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Nutrient, Suspended Sediment, and Trace Element Loads
in the Blackstone River Basin in Massachusetts and

Rhode Island, 2007 to 2009

By Marc J. Zimmerman, Marcus C. Waldron, and Leslie A. DeSimone

Abstract

Nutrients, suspended sediment, and trace element loads
in the Blackstone River and selected tributaries were estimated
from composite water-quality samples in order to better
understand the distribution and sources of these constituents
in the river basin. The flow-proportional composite water-
quality samples were collected during sequential 2-week
periods at six stations along the river’s main stem, at three
stations on tributaries, and at four wastewater treatment plants
in the Massachusetts segment of the basin from June 2007
to September 2009. Samples were collected at an additional
station on the Blackstone River near the mouth in Pawtucket,
Rhode Island, from September 2008 to September 2009. The
flow-proportional composite samples were used to estimate
average daily loads during the sampling periods; annual
loads for water years 2008 and 2009 also were estimated
for the monitoring station on the Blackstone River near the
Massachusetts-Rhode Island border. The effects of hydrologic
conditions and net attenuation of nitrogen were investigated
for loads in the Massachusetts segment of the basin.

Sediment resuspension and contaminant loading dynamics
were evaluated in two Blackstone River impoundments, the
former Rockdale Pond (a breached impoundment) and Rice
City Pond.

Total nitrogen and phosphorus loads along the Blackstone
River in Massachusetts showed similar general patterns
during the sampling periods monitored in this study. Total
nitrogen loads were relatively low at the farthest upstream
monitoring station in Millbury, Massachusetts (typically
less than 430 kilograms per day (kg/d) for total nitrogen
and 37 kg/d for total phosphorus). Loads typically increased
(5- to 10-fold for nitrogen and 6- to 15-fold for phosphorus)
downstream from the first, large wastewater treatment
plant along the river, the Upper Blackstone Water Pollution
Control Abatement District in Millbury. Further downstream,
total nitrogen and phosphorus loads remained elevated but
variable (typically about 1,000 to 3,000 kg/d for nitrogen
and about 100 to 370 kg/d for phosphorus) from Millbury to
the Massachusetts-Rhode Island border near Millville, Mass.
Monitored tributaries of the Blackstone River and wastewater

treatment plants other than the Upper Blackstone Water
Pollution Control Abatement District rarely contributed more
than a small fraction of the total nitrogen and phosphorus
loads observed at the main stem monitoring stations. Loads
of suspended sediment also were substantially larger along
the river’s main stem than in tributaries during most sampling
periods. Very large loads of suspended sediment from the West
River tributary during several sampling periods may have been
associated with flood-control operations.

The estimated annual load of total nitrogen in the
Blackstone River at Millville, about 1.3 miles upstream
from the Massachusetts-Rhode Island border, was
936,000 kilograms (kg) (2,600 kg/d) in water year 2008 and
878,000 kg (2,400 kg/d) in water year 2009. The estimated
annual load of total phosphorus at Millville was 81,400 kg in
water year 2008 (223 kg/d) and 80,900 kg (222 kg/d) in water
year 2009. The estimated annual load of suspended sediment
in was 4,940,000 kg (13,600 kg/d) in water year 2008 and
7,040,000 kg (19,300 kg/d) in water year 2009. The higher
load in water year 2009 likely reflects several large storms in
summer 2009, which resulted in streamflows in the Blackstone
River that were 10 times the typical July flows. Loads of total
nitrogen, total phosphorus, and trace elements were almost
always lower in the Blackstone River at Millville than in the
river near its mouth at the Pawtucket monitoring station, when
loads were monitored at both stations in the latter part of
water year 2008 and in water year 2009. Loads of suspended
sediment at Millville and Pawtucket varied by about the same
range, but were usually lower at Pawtucket than at Millville.

Total nitrogen loads were higher during sampling periods
when the base-flow contribution to streamflow was substan-
tially less than the runoff contribution than in sampling periods
when the base-flow dominated. During these sampling periods
when the runoff component of streamflow was relatively large,
loads of total nitrogen in wastewater discharge from Upper
Blackstone Water Pollution Control Abatement District also
were high but also constituted smaller fractions of the total
nitrogen loads in the river. Nitrogen attenuation may have
occurred during some sampling periods, based on net changes
in total nitrogen load between consecutive monitoring stations,
especially in the Blackstone River reach between the South
Grafton and Uxbridge monitoring stations.
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Analysis of the representative constituents (total phos-
phorus, total chromium, and suspended sediment) upstream
and downstream of impoundments indicated that the existing
impoundments, such as Rice City Pond, can be sources of par-
ticulate contaminant loads in the Blackstone River. Loads of
particulate phosphorus, particulate chromium, and suspended
sediment were consistently higher downstream from Rice City
Pond than upstream during high-flow events, and there was
a positive, linear relation between streamflow and changes
in these constituents from upstream to downstream of the
impoundment. Thus, particulate contaminants were mobilized
from Rice City Pond during high-flow events and transported
downstream. In contrast, downstream loads of particulate
phosphorus, particulate chromium, and suspended sediment
were generally lower than or equal to upstream loads for the
former Rockdale Pond impoundment. Sediments associated
with the former impoundment at Rockdale Pond, breached in
the late 1960s, did not appear to be mobilized during the high-
flow events monitored during this study.

Introduction

The Blackstone River Basin in central Massachusetts
and Rhode Island comprises an area of 475 square miles (mi?)
and includes one of New England’s largest cities, Worcester,
Massachusetts (fig. 1). From its origin near Worcester, the
river flows 48 miles (mi) through Woonsocket and Pawtucket,
Rhode Island, before discharging into Narragansett Bay. The
river basin has a long history of contamination, dating back to
the industrial revolution. Improved infrastructure and waste-
water treatment have resulted in improved water quality, but
the river’s water quality is still categorized as impaired along
its entire length (Massachusetts Department of Environmental
Protection, 2010; Massachusetts Executive Office of Energy
and Environmental Affairs, 2015).

English settlers colonized the Blackstone River Valley in
the 17th century (Kerr, 1990). The landscape and hydrology of
the river basin were conducive hydropower development and,
as a consequence, to industrialization; cotton mills came first,
followed by factories that processed cotton cloth and that built
supporting machinery or that just needed readily accessible
hydropower. In addition to providing the power that mills and
other factories required, the river also served as an open sewer
for the wastes that were created by industry and the burgeon-
ing population. The disposal of cotton dyes, industrial wastes,
and sewage in the river left behind contaminated sediments
containing toxic organic chemicals and metals.

Improvements to infrastructure and to wastewater
treatment, especially after the passage of the Clean Water Act
(33 U.S.C. §1251 et seq.) in 1972, have reduced point- and
nonpoint-source contaminant loadings that are eventually
transported by the river to Narragansett Bay (Rhode Island
Department of Environmental Management, 1998). Loads are
currently being reduced through wastewater treatment plant

upgrades, but reductions in contaminant loadings are still
needed to achieve water-quality goals (U.S. Environmental
Protection Agency, 2007; Upper Blackstone Water Pollution
Abatement District, 2012, 2013; Massachusetts Executive
Office of Energy and Environmental Affairs, 2015). Nutrients
may contribute to eutrophication in the Blackstone River

and Narragansett Bay, and trace elements may have toxic
effects on aquatic organisms in the Blackstone River. In order
to better focus reduction efforts, more detailed information

is needed about loadings to the Blackstone River and its
major tributaries. To address this need, the Massachusetts
Department of Environmental Protection (MassDEP) and the
U.S. Geological Survey (USGS) initiated a cooperative study
of nutrient, suspended sediment, and trace element loads in the
Blackstone River in 2006.

The overall objectives of the study were to (1) deter-
mine the magnitude and spatial and temporal patterns of
nutrient, suspended sediment, and trace element loads
in the Massachusetts and Rhode Island segments of the
Blackstone River and (2) quantify the transport of nutrients
and trace elements from Massachusetts to Rhode Island and
to Narragansett Bay. Within the context of those objectives,
expanded investigations were undertaken to evaluate
nitrogen-attenuation throughout the Blackstone River
Basin and to assess resuspension and transport of nutrients,
suspended sediment, and trace elements from two main
stem impoundments.

Previous Studies

Numerous studies of historical contamination in the
Blackstone River have been undertaken. McGinn (1981)
outlined plans for dredging sediments and testing samples for
toxic trace elements and organic compounds. Izbicki (1993)
described the results of a 3-year study of the Blackstone’s
stratified-drift aquifers, surface-water and groundwater qual-
ity, and the effect of induced infiltration from the river on the
quality of well-water supplies. Surface-water-quality data were
tabulated by Izbicki (1993) but not discussed in detail.

Wright and others (2001) reported the results of detailed
investigations of water quality during the summer, dry-season,
low-flow months of July and August 1991. The study included
results of monitoring the chemistry and toxicity of discharges
to the river, river-water and sediment quality, and an evalua-
tion of the biological communities. Surface-water chemistry
was found to have minimal toxic effects on test organisms,
but the sediments showed substantial toxic effects. Excessive
nutrients and trace elements were identified as primary causes
of poor water quality in the Blackstone River and Narragansett
Bay; the Upper Blackstone Water Pollution Abatement District
(UBWPAD), a wastewater treatment plant, was found to be
the largest source of nitrate, regardless of flow conditions, and
the largest source of phosphorus under dry-weather conditions.
Wet-weather runoff generally coincided with the largest loads
of contaminants. The urban center of Worcester, in the river’s
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Figure 1. The Blackstone River Basin in Massachusetts and Rhode Island.
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headwaters, contributed substantially to loads of trace element
contaminants in stormwater runoff.

The MassDEP has evaluated the status of water-quality
conditions in the Blackstone River watershed with respect to
designated uses (Massachusetts Department of Environmental
Protection, 2010). The report by MassDEP consists of an
extensive, but not all-inclusive, list of water bodies in the
watershed and observations of water-quality conditions, based
on sampling conducted primarily in 2003. The University
of Massachusetts initiated a study of water quality in the
Blackstone River in 2004, which included water-quality
modeling for the period 1996 through 2008 (Upper Blackstone
Water Pollution Abatement District, 2012, 2013; Water
Resources Research Center, 2015, and references therein).

In 2009, Parker and others (2011) performed a time-of-
travel study to determine how long it takes for water to travel
45 mi from near the river’s headwaters in Worcester to the
mouth at the head of tide in Pawtucket. Under low to moderate
streamflow of about 200 cubic feet per second (ft*/s), the travel
time from Worcester (near the town boundary with Millbury)
to the head of tide in Pawtucket was slightly less than 1 week
(about 163 hours); the travel time from Worcester to the
Massachusetts-Rhode Island State boundary (Millville station)
was about 3 days.

Study Area

To take into consideration the major sources and transport
of nutrients, suspended sediment, and trace elements in the
Massachusetts segment of the Blackstone River, the main
study area extended from a location immediately upstream
from the UBWPAD to Millville close to the border with
Rhode Island (fig. 1). Water-quality samples were collected
at nine monitoring stations along the river’s main stem in
Massachusetts (table 1). Water-quality measurements from
three tributaries, the West, Mumford, and Quinsigamond
Rivers, draining 127 mi?, also were included in the
study, as were data from wastewater treatment plants in
Millbury, Grafton, Northbridge, and Uxbridge, Mass. From
September 2008 through September 2009, with the addition
of a monitoring station on the Blackstone River at Pawtucket,
the study area was expanded to include the river segment
between Millville and Pawtucket. Inclusion of tributaries to
the Blackstone River in Rhode Island was beyond the scope
this study.

Purpose and Scope

This report describes loads of nutrients, suspended
sediment, and trace elements in the Blackstone River between
May 2007 and September 2009. Loads of total and dissolved
nutrients, suspended sediment, and selected trace elements
(cadmium, chromium, copper, lead, nickel, and zinc) at
the boundary between Massachusetts and Rhode Island
(Blackstone River Millville station) are described for the

complete 2008 and 2009 water years.' Loads of total nitrogen,
total phosphorus, suspended sediment, and the same trace
elements at Pawtucket, R.1., are described for parts of 2008
and 2009. Within the Massachusetts segment of the basin,
upstream of the State boundary, loads of total and dissolved
nutrients and suspended sediment are described for parts
of water years 2008 and 2009 at monitoring stations along
the Blackstone River and along its tributaries. Loads at
Massachusetts stations upstream of the State boundary are
based on about 26 2-week composite samples collected
during spring, summer and early fall seasons (late March
through September); loads at the Millville station are based
on 57 2-week composite samples collected year round;
loads at the Pawtucket station are based on 14 2-week
composite samples. The effects of hydrologic conditions
and net attenuation of nitrogen loads are also described for
loads in the Massachusetts segment of the basin. Finally,
the report describes a detailed investigation of the potential
for resuspension and transport of constituent loads from
impoundments on the river, using Rice City Pond and the
former Rockdale Pond as study areas.

Methods

An automated sampling system, designed and built
by the USGS, collected nutrient, suspended sediment, and
trace element samples for use in estimating loads entering
and leaving the Massachusetts segment of the Blackstone
River. Flow-proportional, water-quality samples of total and
dissolved constituents were collected and composited during
approximately 2-week periods at multiple locations along the
Blackstone River and some of its tributaries (fig. 2; table 1)
to improve understanding of temporal and spatial loading
patterns. Because of highly variable chemical-constituent
concentrations associated with treatment-plant operations
and stormwater runoff, these sampling approaches were
particularly important for estimating loads in the Blackstone
River basin.

Wooden or metal shelters housed instrumentation (fig. 3)
to monitor river stage and to collect samples. The shelters
contained digital data loggers with data-storage modules that
recorded and stored all generated data, automated sampling
devices for collecting water samples, and telephone-modem
systems to allow near-real-time reporting of provisional stage,
discharge, and times of sample collection to the Northborough,
Mass., office of the USGS New England Water Science
Center. Sealed, rechargeable, 26-ampere-hour batteries
powered the instrumentation. Municipal power supplies or
solar power maintained battery charges.

'A water year is a continuous period from October 1 through September 30
and is designated by the year in which it ends.



Measuring Streamflow

During the study period, streamflow was measured at
12 locations in Massachusetts and 1 in Rhode Island (figs. 1
and 2; table 1) by measuring river stage every 15 minutes by
means of a pressure transducer connected to a data logger.
Stage measurements were used to compute streamflow by
means of stage-to-discharge relations (or ratings) that were
developed with periodic manual measurements of stage
and discharge every 6 to 8 weeks made either by wading or
by acoustic Doppler technology (Rantz and others, 1982;
Kennedy, 1984; Turnipseed and Sauer, 2010).

At the Blackstone River Millville monitoring station
(01111230), low stream velocities prevented accurate
measurements of streamflow using standard USGS streamflow
measuring protocols (Rantz and others, 1982). For this
reason, streamflow was not measured at this station but was
estimated using streamflow data from the Blackstone River
Rt. 122 Uxbridge monitoring station (01111212), about
3.5 mi upstream and the drainage-area ratio method; to
trigger sampling, a telephone-modem system communicated
information between the two stations.

Automated, Flow-Proportional, Water-Quality
Sampling

Flow-proportional, water-quality samples for chemical
analysis were collected at 10 monitoring stations, using
either automated sampling devices designed and built by
the USGS for this study (fig. 3) or commercially available,
automatic samplers (Teledyne Isco model 6700). Flow-
proportional samples are composited from subsamples
collected at frequencies that are proportional to streamflow;
more subsamples are collected during periods of high flow
and fewer are collected during periods of low flow to yield a
composite sample that is representative of the total volume
of water flowing past the sampling station during the time
period of sampling. For the most part, samples were collected
and composited over approximately 2-week periods. Sample
collection took place in spring, summer, and early fall
(late March through September) at 9 of the 10 monitoring
stations where flow-proportional composite sampling was
conducted (fig. 4; table 1), and year-round at Millville, near
the Massachusetts-Rhode Island border. From the project’s
start in May 2007 through late May 2008, sample collection at
the nine part-year monitoring stations took place for 2-week
periods followed by 2-week periods when there was no sample
collection. Starting in late May 2008, 2-week sampling periods
in spring, summer, and early fall were continuous, without
being broken by intervening periods when there was no
sampling. Samples generally were not collected from October
through February at the part-year monitoring stations. Sample
collection at Millville was, by design, essentially continuous,
interrupted only by problems related to logistics. Overall
during the study, about 26 2-week composite samples were
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collected at most main stem and tributary monitoring stations;
57 and 14 2-week composite samples were collected at the
Millville (01111230) and Pawtucket (01113895) stations,
respectively, on the main stem Blackstone River.

Total and dissolved nutrient, suspended sediment, and
trace element loads to the Blackstone River were monitored
from May 2007 through September 2009, but not all
constituents were measured at all stations at all times (table 1;
appendixes 1 and 2). Nutrients and suspended sediments
were measured at all monitoring stations during the study
period. Trace elements were measured at Millville, near the
Massachusetts-Rhode Island border, and at Pawtucket near the
river’s outlet to Narragansett Bay to compare loads entering
and leaving Rhode Island. Trace elements were measured at
four additional stations located upstream and downstream
of two impoundments in Massachusetts to evaluate the
potential for resuspension and transport of trace elements
under different streamflow conditions (appendixes 3 and 4).
Nutrient, suspended sediment, and trace element samples were
collected at the Pawtucket (01113895) station in September
and October 2008 and May through September 2009.

Water-quality samples were collected by means of
automated sampling equipment at time increments determined
by the volume of water that passed by the station (trigger
volume), which was calculated from measurements of
stage using a stage-to-discharge relation. Water samples
were collected incrementally during the 2-week period
and composited automatically into large sample-collection
bottles in the field. To estimate trigger volumes for each
2-week period, the likely effects of runoff on streamflow
were predicted using local weather forecasts and real-time
streamflow information. The targeted sampling rate was five
samples per day. The trigger volume varied throughout the
year with the seasonal variations in streamflow and base flow.
The equipment was designed to collect and composite separate
sets of nutrient and trace element samples for base-flow and
storm-flow conditions, which were operationally defined
as times of little to no change in stage and times of rapidly
changing stage, respectively. However, taking into account
flow regulation, seasonal changes in base flow, and seasonal
differences in the relations between rainfall and runoff, the
flows that were originally defined as storm flows could not,
in reality, be ascribed to storms; therefore, rather than report
separate storm- and base-flow loads in this report, storm- and
base-flow loads were summed to yield a single estimate of
total load during each 2-week compositing period.

The sampling sequence triggered by the data logger was
as follows: (1) determine the flow condition (base or storm
flow); (2) calculate that the trigger volume had been reached;
(3) collect three equal, sequential volumes of water (about
100 milliliters [mL] each), the first of which was filtered
through a large-capacity 0.45-micrometer (um) capsule
filter; (4) composite each sample into its proper bottle; and
(5) back flush the sample line. Each of the three sequential
samples was deposited into one of three large polyethylene
sample-collection bottles—one for whole-water chemical
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Table 1.

Monitoring stations in the Blackstone River Basin, Massachusetts and Rhode Island, and data-collection information.

[USGS, U.S. Geological Survey; ID, identification number; River mile, distance upstream from river mouth; DO, dissolved oxygen; WWTP, wastewater treatment
X, method was used; NA, not available]

Latitude

Longitude

USGS station ID Station name Description of station location (decimal  (decimal ?rll‘illt:ar
degrees) degrees)
01109659 Blackstone River Millbury upstream  Railroad yard at intersection of Route 146 and 42.20833 -71.78222  44.7
1-90, Millbury, MA
01109730 Blackstone River Millbury down- West Main Street, Millbury, MA 42.18898 -71.76507  42.0
stream
01109852 Blackstone River Wilkinsonville Depot Road, Wilkinsonville village, Sutton, MA 42.17722  -71.72056  38.6
01110095 Quinsigamond River Pleasant Street, Grafton, MA 42.19861 -71.69361  36.8
01110400 Blackstone River South Grafton Upstream of Rockdale Pond, Fairview Cemetery, 42.16528 -71.67167 34.0
(Rockdale Pond upstream) 0.8 miles downstream of Depot Street, South
Grafton, MA
01110500 Rockdale Pond downstream Downstream of Rockdale Pond on the Blackstone — 42.15371 -71.65201  32.6
River, Sutton Street, Northbridge, MA
01110530 Rice City Pond upstream Upstream of Rice City Pond on the Blackstone 4211167 -71.62472  29.2
River, 1.2 miles upstream of East Hartford
Road, Northbridge, MA
01110535 Rice City Pond outlet Downstream of Rice City Pond on the Blackstone ~ 42.09833  -71.62222  27.8
River, East Hartford Road, Uxbridge, MA
01111050 Mumford River Depot Street, Uxbridge, MA 42.07510 -71.62479 259
01111208 West River Hecla Street, Uxbridge, MA 42.07056 -71.60861 24.2
01111212 Blackstone River Uxbridge Route 122 bridge, Uxbridge, MA 42.05482 -71.61645 232
01111230 Blackstone River Millville Railroad bridge near Route 122, Millville, MA 42.02288 -71.57229 19.2
01113895 Blackstone River Pawtucket Roosevelt Street, Pawtucket, RI 41.88871 -71.38144 2.0
420215071365301 Uxbridge WWTP Uxbridge wastewater treatment plant NA NA 21.3
420647071380801 Northbridge WWTP Northbridge wastewater treatment plant NA NA 29.2
421020071404401 Grafton WWTP Grafton wastewater treatment plant NA NA 354
421241071472701 UBWPAD WWTP Upper Blackstone Water Pollution Abatement NA NA 44.4

District wastewater treatment plant
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plant; UBWPAD, Upper Blackstone Water Polution Abatement District; MA, Massachusetts; RI, Rhode Island; EWI, equal width increment;
Field parameters Nutrients Metals
' Whole . Whole  Sus-
; ; ... Water Fil- Fil-
Data collection methods ~ Starung  Ending Specific oo T ed  Water o g Water pended
date date pH DO conduc- = © water  lumfil- e, (unfil- sedi-
tance P tered) tered) ~ ment
ture sample sample
sample sample
2-week composite by 5/31/2007  9/29/2009 X X X X X X X
automated water sampler
and EWI
2-week composite by 7/24/2007  9/29/2009 X X X X X X X
automated water sampler
and EWI
2-week composite by 8/28/2007  9/29/2009 X X X X X X X
automated water sampler
and EWI
2-week composite by 5/29/2007  9/28/2009 X X X X X X X
automated water sampler
and EWI
2-week composite by auto-  8/28/2007  9/29/2009 X X X X X X X X X X
mated water sampler and
Sonde and EWI
Sonde and EWI 3/17/2008 9/22/2008 X X X X X X X X X X
Sonde and EWI 3/18/2008  9/24/2008 X X X X X X X X X X
Sonde and EWI 3/18/2008  9/24/2008 X X X X X X X X X X
2-week composite by 5/29/2007  9/30/2009 X X X X X X X
automated water sampler
and EWI
2-week composite by 5/30/2007  9/30/2009 X X X X X X X
automated water sampler
and EWI
2-week composite by 5/30/2007  9/30/2009 X X X X X X X
automated water sampler
and EWI
2-week composite by 6/4/2007  9/30/2009 X X X X X X X X X X
automated water sampler
and EWI
2-week composite by 9/3/2008 10/1/2009 X X X
automated water sampler
and EWI
2-week composite by 5/23/2007  9/16/2009 X X X
WWTP staff
2-week composite by 5/24/2007  9/16/2009 X X X
WWTP staff
2-week composite by 5/24/2007  9/16/2009 X X X
WWTP staff
2-week composite by 5/22/2007  9/15/2009 X X X

WWTP staff
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Blackstone River

UBWPAD l 01109659
Kettle Brook WWTP @
Aqueduct
M 01109730
01110095
01109852 M
Grafton
WWTP
Mumford River 01110400
01110500 Northbridge
WWTP

01110530

Douglas 01110535

WWTP

01111208

Hopedale
WWTP

01111212
Uxbridge N

WWTP ._
01111230 M

Branch River /

Woonsocket

WWTP O—

T 01113895

01111050

analysis, one for filtered (or dissolved) chemical analysis, and
one for determination of suspended sediment concentration.
Inline filtration was used for dissolved fractions because the
method reduces the potential for changes in geochemical
speciation in samples held for extended periods between
sample collection and processing. Sample lines entered the
bottles through fittings in the caps so that there would be little
evaporation during the compositing period. Whole-water- and
filtered-water-sample bottles were stored in either a propane-
or electric-powered refrigerator at 4 degrees Celsius (°C)
plus or minus (£) 2 °C. The capsule filters were also kept in
the refrigerator.

A scaled-down sampling system was used at the
Blackstone River Pawtucket monitoring station (01113895).
Because real-time filtering was not possible, only whole-
water (unfiltered) samples were collected, using methodology
similar to that of upstream water-quality monitoring stations.
No separate sampling of storm and base flows was conducted;
samples were collected in proportion to flow to yield a single
composite sample per sampling period. Samples collected at

Quinsigamond River

West River Figure 2. The Blackstone River

Basin, Massachusetts and Rhode
Island, major tributaries, and

Upton
WWTP wastewater treatment plants.
Shown are U.S. Geological Survey
streamflow and water-quality
monitoring stations where nutrient
Mill River

and suspended sediment loads
were measured (blue squares),
turbidity and trace element loads
were estimated (red dots, upstream

Peters River

MASSACHUSETTS and downstream of impoundments),
__________ and discharges from wastewater
RHODE ISLAND treatment plants (WWTPs; solid

green circles) were monitored.
WWTPs not monitored for the
study in this report are shown as
open green circles. UBWPAD,
Upper Blackstone Water Pollution
Abatement District wastewater
treatment plant

this station were kept cool by packing the sample-collection
bottle in ice that was exchanged nearly every other day.

In the field, samples were preserved according to USGS
protocols (Wilde and others, 2009), with slight modification.
Specifically, sample-collection bottles for the collection of
whole-water nutrient and trace element samples were preacidi-
fied with 4.5-normal (N) sulfuric acid (H,SO,) instead of 4.5N
nitric acid (HNO,); this modification was followed to avoid
contamination of the nutrient sample with nitrogen. Dissolved
nutrient samples were not acidified, except at the Blackstone
River Millville monitoring station during the period when
trace element samples were collected. At the Blackstone River
Millville station, because nutrient and trace element samples
were composited in the same sample-collection bottle (and
the trace element samples required acidification), dissolved
nutrient and trace element samples were preacidified with
4.5N H,SO,. Water samples analyzed for suspended sediment
concentration do not require preservation and were collected
in unacidified, unrefrigerated sample bottles.
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Alpha-numeric display

Digital cellular modem

Data logger

Relay bank

Thermal fuses

NEMA enclosure

Filtering pump

Flow switch

Filtered vent

Level switch

Volumetric holding cell

Pinch valve

—— Refrigerator

Sampling pumps:
(1) Base (low) flow
(2) Storm (high) flow

Figure 3. The automated sampling system used in the Blackstone River Basin, Massachusetts and Rhode Island. NEMA,
National Electrical Manufacturers Association.
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A. 01109659 Blackstone River Millbury upstream B. 01109730 Blackstone River Millbury downstream

C. 01109852 Blackstone River Wilkinsonville D. 01110095 Quinsigamond River

E. 01110400 Blackstone River South Grafton
(Rockdale Pond upstream) F. 01110500 Rockdale Pond downstream

Figure 4. Water-quality- and streamflow-monitoring locations in the Blackstone River Basin in Massachusetts and Rhode
Island.
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G. 0111530 Rice City Pond upstream H. 01110535 Rice City Pond outlet
1. 01111050 Mumford River J. 01111208 West River
K. 01111212 Blackstone River Uxbridge L. 01111230 Blackstone River Millville

Figure 4. Water-quality- and streamflow-monitoring locations in the Blackstone River Basin in Massachusetts and Rhode
Island.—Continued
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M. 01113895 Blackstone River Pawtucket

Figure 4. Water-quality- and streamflow-monitoring locations in the Blackstone River Basin in Massachusetts and Rhode Island.

—Continued

Modifications were made to the procedures used to
preserve whole-water samples during the study in response to
ongoing review of analytical data for total nitrogen. Initially
(June through December 2007), the volume of acid added to
whole-water sample bottles was based on the bottle volume
(9 liters [L]), the expectation that bottles could be filled or
half-filled, depending on flow conditions, and the sample
preservation requirements (1 mL of 4.5N H.SO, ina
125-mL sample). Consequently, 72 mL (or 32 mL acid with
the expectation of a half-filled bottle) was added to the whole-
water sample bottles when they were deployed in the field.
After several months of sample collection, it was determined
that sample bottles at some stations were typically not filled
at the end of the sampling period. The volume of acid added
to the whole-water sample bottle was reduced by about half
at some stations, to 32 mL, to avoid overacidification of the
whole-water samples; this change began with some of the
sample bottles deployed in January 2008. Overacidification of
samples can adversely affect the alkaline-persulfate digestion
method for total nitrogen analysis and result in low recovery
of inorganic and organic nitrogen (Patton and Kryskalla,
2003). After further review of the analytical data for total
nitrogen, the volume of added acid to whole-water sample
bottles before the bottles were deployed for sample collection
was further reduced to about 5 mL starting in January 2009 at
all stations. After the samples were retrieved from the field,
additional acid was added to these whole-water samples while
monitoring pH to achieve the desired level of acidification
(pH less than 2). The volume of acid added to samples starting
in January 2009 was typically about 0.5 percent of the total
sample volume.

After approximately 14 days, water-quality samples
were retrieved by the USGS, stored on ice, and transported

to the Northborough office of the USGS New England Water
Science Center. Whole-water, filtered, and suspended sediment
base- and storm-flow samples were processed separately.
Each sample was subsampled (or split) into appropriate
sample bottles as needed to meet requirements for laboratory
analysis. Nutrient and trace element samples were split using
a polyethylene churn; suspended sediment samples were split
using a polycarbonate cone splitter. After processing, samples
for analysis of nutrients, trace elements (cadmium, chromium,
copper, lead, nickel, and zinc), calcium, magnesium, and
specific conductance samples were shipped overnight to

the USGS National Water Quality Laboratory (NWQL) in
Denver, Colorado; suspended sediment samples were shipped
to the USGS Sediment Laboratory in Louisville, Kentucky.
Analytical methods are described in Fishman and Friedman
(1989), Fishman (1993), Garbarino and Struzeski (1998),
Patton and Kryskalla (2003), and Shreve and Downs (2005).

Data Collection for Turbidity

Instrumentation used to monitor turbidity at four of the
streamflow and water-quality monitoring stations consisted of
Eureka Manta 2 multiparameter sondes with wiper-equipped
McVan turbidity sensors. The sensors used monochrome
near infrared (780-900 nanometer [nm]) light projected from
light-emitting diodes (LED) at a 90-degree (°) £2.5° angle and
measured turbidity in formazin nephelometric units (FNU).
Turbidity was recorded at intervals of 15 minutes. The sen-
sors were calibrated in the laboratory, and the calibration was
checked and adjusted if necessary in the field approximately
every 6 weeks during the study period in accordance with



USGS protocols (Anderson, 2005; Wagner and others, 2006)
and manufacturer’s specifications.

Manual Water-Quality Sampling

Equal-width increment (EWI) samples for nutrients,
suspended sediment, and trace elements were collected manu-
ally according to USGS protocols (U.S. Geological Survey,
20006) at the monitoring stations upstream and downstream of
impoundments at stations 01110400, 01110500, 01110530, and
0111535 (table 1) for the resuspension study. EWI and con-
current point samples (nine pairs of samples, one to two per
station) also were collected at stream monitoring stations over
a range of flow conditions; the point samples were collected
from the intake of the automatic sampler at a single point in
time. The EWI and point samples were collected concurrently
to ensure that the point samples represent the entire cross sec-
tion of the river. Most constituent concentration measurements
(80 percent) were in good agreement, with relative percent dif-
ferences between analytical results in EWI and point measure-
ments of less than 20 percent (appendix 2).

Wastewater Effluent Sampling

Wastewater effluent samples were collected in 2007,
2008, and 2009, from four wastewater treatment plants that
discharge in the Blackstone River Basin in the study area
(fig. 1)—the UBWPAD in Millbury and the Grafton,
Northbridge, and Uxbridge wastewater treatment plants.
Samples were collected to yield a 2-week composite sample
of effluent discharge that was timed to match the sampling
periods at stream monitoring stations. Eighteen samples at
each wastewater treatment plant were collected, for a total of
72 samples (appendix 5). For 14 consecutive days each month,
treatment-plant operators collected two 500-mL wastewater
effluent samples each day. Sample bottles were supplied to
plant operators by the USGS. The sample bottles for total
nitrogen and total phosphorus analyses were preacidified
with 3 mL of 4.5N H,SO,. Immediately following collection,
samples were refrigerated. The samples collected at the
UBWPAD were samples from a daily, flow-composited
sample, whereas samples collected at the other treatment
plants were grab samples, which were assumed to represent
each day’s discharge.

After 14 days, the daily flow-proportional samples
from the wastewater treatment plants were collected by
USGS staff and transported on ice to the USGS laboratory
in Northborough. In the laboratory, subsamples (volumes of
water from each 125 mL daily sample bottle) were collected
from sample bottles and manually composited to provide
samples representative of the 2-week sampling period; the
volume of the subsample each day was proportional to daily
wastewater treatment plant discharges, as a fraction of the
total wastewater treatment plant discharge during the 2-week
sampling period. Flow-proportional volumes were determined
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from daily discharge volumes, which were written on each
sample bottle at the time of collection by the treatment-plant
operators. Subsamples were collected from each acidified
wastewater effluent sample bottle and composited directly

in 125-mL polyethylene bottles. Subsamples were collected
from each unacidified wastewater effluent sample bottle

and composited in 3-L polyethylene bottles; the resulting
composited sample was then filtered through a 0.45-um filter
and a 125-mL polyethylene bottle was filled with the filtered,
composited sample. After processing, nutrient samples were
shipped overnight to the NWQL for analysis.

Water-quality samples were not collected at the
Woonsocket wastewater treatment plant for this study (fig. 2).
Concentration and discharge data provided by the Woonsocket
wastewater treatment plant were used to estimate constituent
loads from this facility.

Quality-Control Sampling and Data

This section describes the results of quality-control
sampling, including blank and replicate samples, and an
investigation into the effects of the 2-week in situ holding
time. Quality-control sampling was based on a quality assur-
ance project plan developed before data collection (Robert
F. Breault and Kim Campo, U.S. Geological Survey, written
commun., 2007).

Blank and Replicate Quality-Control Samples

Fifteen equipment and (or) preservation blank samples
were analyzed to investigate the potential for contamination
from the sampling equipment or acid used in sample
preservation. The blanks were collected by pouring distilled
water or distilled blank water to which preservation acid had
been added into composite sample collection bottles and then
processed following the procedures described previously
for environmental samples. Blanks for wastewater treatment
plant samples were poured into four to five wastewater
sample collection bottles and composited, as were the daily
wastewater samples. All blank samples were collected and
processed in the Northborough laboratory. After processing,
blank samples were shipped to the NWQL for analysis, as
were environmental samples. Results showed that a large
majority of the analyses did not have detections of any of the
analytes and most of the concentrations of analytes that were
detected in blank samples were less than or at their method
detection levels (table 24). Four analytes were detected in the
blank sample associated with the UBWPAD on May 22, 2008;
however, the sample bottle used for this blank sample was
not rinsed with 5 percent hydrochloric acid, a requirement by
USGS protocols (Wilde, 2004). Among the three trace element
blanks, two had analyte detections that exceeded the method
detection levels. Trace elements were not detected in the
third sample.
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Table 2B. Concentrations of water-quality constituents in replicate samples for nutrients and relative percent differences between
environmental-sample concentrations and replicate samples for nutrients from the Blackstone River Basin in Massachusetts and

Rhode Island.

[Values in bold indicate values exceeding performance criteria. mg/L, milligrams per liter; N, nitrogen; P, phosphorus; USGS, U.S. Geological Survey; RPD,

relative percent difference; e, estimated value less than method detection level; <, less than; --, no data or RPD cannot be calculated]

Quality- Ammonia, U N, O e, phonus, ot Nirosen.
control ) dissolved, . dissolved, . b . total,
sample Date Time as N dissolved, as N dissolved, dissolved, total, dissolved, as N
asN asP asP asP asN
type (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
Blackstone River Millbury upstream (USGS station 01109659)
Replicate  7/8/2008 10:56 0.098 0.44 0.02 0.008 0.03 0.196 1.04 1.4
Composite 7/8/2008 10:55 0.099 0.44 0.02 0.007 0.03 0.216 1.02 1.37
RPD 1.02 0.00 0.00 13.33 0.00 9.71 1.94 2.17
Replicate  6/9/2009 10:11 0.121 0.458 0.018 005 0.017 0.058 1.23 0.99
Composite 6/9/2009 10:10 0.123 0.457 0.018 005 0.017 0.057 1.24 0.92
RPD 1.64 0.22 0.00 0.00 0.00 1.74 0.81 7.33
Replicate  6/9/2009 10:16 0.127 0.342 0.012 0.007 0.019 0.166 1 1.3
Composite 6/9/2009 10:15 0.116 0.344 0.011 0.006 0.02 0.171 0.94 1.17
RPD 9.05 0.58 8.70 15.38 5.13 2.97 6.19 10.53
Replicate  8/18/2009  9:51 0.138 0.341 0.01 <.008 0.021 0.165 0.94 1.22
Composite 8/18/2009  9:50 0.139 0.341 0.01 <.008 0.021 0.165 0.93 1.13
RPD 0.72 0.00 0.00 -- 0.00 0.00 1.07 7.66
Blackstone River Millbury downstream (USGS station 01109730)
Replicate  6/11/2008  16:31 0.826 3.08 0.172 0.776 0.82 1.21 4.69 5.24
Composite 6/11/2008  16:30 0.819 3.08 0.172 0.76 0.82 1.24 4.69 5.23
RPD 0.85 0.00 0.00 2.08 0.00 2.45 0.00 0.19
Replicate  4/27/2009  16:01 2.35 0.83 0.098 0.047 0.09 0.35 3.87 4.38
Composite 4/27/2009  16:00 2.3 0.84 0.096 0.047 0.09 0.35 3.81 4.33
RPD 2.15 1.20 2.06 0.00 0.00 0.00 1.56 1.15
Blackstone River Wilkinsonville (USGS station 01109852)
Replicate  8/5/2008 14:46 0.185 1.73 0.072 0.173 0.207 0.369 2.48 2.66
Composite 8/5/2008 14:45 0.185 1.72 0.072 0.173 0.213 0.34 2.56 2.74
RPD 0.00 0.58 0.00 0.00 2.86 8.18 3.17 2.96
Replicate  7/21/2009  9:56 0.232 1.11 0.009 0.03 0.07 0.16 2.14 1.72
Composite 7/21/2009  9:55 0.239 1.1 0.009 0.03 0.07 0.17 2.1 1.75
RPD 2.97 0.90 0.00 0.00 0.00 6.06 1.89 1.73
Replicate ~ 7/21/2009  10:01 0.136 0.63 0.021 0.055 0.07 0.23 1.15 1.47
Composite 7/21/2009  10:00 0.136 0.63 0.022 0.054 0.07 0.22 1.23 1.43
RPD 0.00 0.00 4.65 1.83 0.00 4.44 6.72 2.76
Quinsigamond River (USGS station 01110095)
Replicate  7/23/2008  0:06 °0.017 0.024 0.003 005 0.013 0.033 0.86 0.41
Composite 7/23/2008  0:05 €0.012 0.024 0.003 005 0.014 0.035 0.85 0.41
RPD 34.48 0.00 0.00 0.00 7.41 5.88 1.17 0.00
Blackstone River South Grafton (USGS station 01110400)
Replicate  5/27/2008  14:06 0.27 3.37 0.11 0.308 0.36 1.05 4.55 4.88
Composite 5/27/2008  14:05 0.25 3.44 0.11 0.313 0.389 1.07 4.58 4.88
RPD 7.69 2.06 0.00 1.61 7.74 1.89 0.66 0.00
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Table 2B. Concentrations of water-quality constituents in replicate samples for nutrients and relative percent differences between
environmental-sample concentrations and replicate samples for nutrients from the Blackstone River Basin in Massachusetts and

Rhode Island.—Continued

[Values in bold indicate values exceeding performance criteria. mg/L, milligrams per liter; N, nitrogen; P, phosphorus; USGS, U.S. Geological Survey; RPD,

relative percent difference; e, estimated value less than method detection level; <, less than; --, no data or RPD cannot be calculated]

Quality- Ammonia, U N, O e phonus, ot Nirosen.

control ) dissolved, . dissolved, . h . total,

sample Date Time as N dissolved, as N dissolved, dissolved, total, dissolved, as N

asN asP asP asP asN
type (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
Blackstone River South Grafton (USGS station 01110400)—Continued
Replicate  6/24/2008  16:41 0.14 2.33 0.122 0.326 0.391 0.54 3.06 3.17
Composite 6/24/2008  16:40 0.14 2.34 0.122 0.313 0.386 0.58 3.05 3.19
RPD 0.00 0.43 0.00 4.07 1.29 7.14 0.33 0.63
Replicate ~ 4/27/2009  15:56 1.69 1.77 0.162 0.057 0.11 0.234 4.04 4.08
Composite 4/27/2009  15:55 1.74 1.68 0.159 0.057 0.113 0.237 4.02 3.82
RPD 2.92 5.22 1.87 0.00 2.69 1.27 0.50 6.58
Replicate  5/13/2009  11:46 0.75 2.63 0.164 0.109 0.133 0.289 3.92 3.89
Composite 5/13/2009  11:45 0.761 2.67 0.166 0.108 0.133 0.281 4.09 3.91
RPD 1.46 1.51 1.21 0.92 0.00 2.81 4.24 0.51
Replicate ~ 5/13/2009  11:51 0.835 2.46 0.177 0.023 0.085 0.21 4.16 3.63
Composite 5/13/2009  11:50 0.819 2.47 0.172 0.024 0.086 0.207 4.29 3.63
RPD 1.93 0.41 2.87 4.26 1.17 1.44 3.08 0.00
Replicate  7/7/2009 13:06 -- -- -- -- -- 0.279 -- 1.52
Composite 7/7/2009 13:05 -- -- -- -- -- 0.283 -- 1.58
RPD -- -- -- - - 1.42 -- 3.87
Replicate ~ 8/18/2009  9:46 0.137 2.24 0.023 0.235 0.29 0.541 3.11 3.1
Composite 8/18/2009  9:45 0.131 2.24 0.023 0.235 0.305 0.537 3.15 3.09
RPD 4.48 0.00 0.00 0.00 5.04 0.74 1.28 0.32
Replicate ~ 8/18/2009  9:51 0.139 1.56 0.017 0.182 0.23 0.453 2.37 2.39
Composite 8/18/2009  9:50 0.139 1.65 0.017 0.183 0.227 0.462 2.33 2.41
RPD 0.00 5.61 0.00 0.55 1.31 1.97 1.70 0.83
Replicate ~ 9/15/2009  11:16 0.099 3.45 0.036 0.304 0.388 0.553 4.07 4.26
Composite 9/15/2009  11:15 0.095 3.5 0.035 0.309 0.385 0.549 4.05 4.16
RPD 4.12 1.44 2.82 1.63 0.78 0.73 0.49 2.38
Mumford River (USGS station 01111050)

Replicate  8/5/2008 12:16 <.020 0.1 .002 004 0.009 0.03 0.43 0.4
Composite 8/5/2008 12:15 <.020 0.101 002 004 0.01 0.029 0.42 0.43
RPD - 1.00 0.00 0.00 10.53 3.39 2.35 7.23
Replicate  6/24/2009  11:06 0.023 0.129 0.003 <.008 0.01 0.023 0.61 0.43
Composite 6/24/2009  11:05 0.023 0.128 0.003 <.008 0.011 0.022 0.62 0.41
RPD 0.00 0.78 0.00 9.52 4.44 1.63 4.76
Replicate  6/24/2009  11:11 0.036 0.133 0.003 <.008 0.01 0.031 0.56 0.45
Composite 6/24/2009  11:10 0.034 0.133 0.003 <.008 0.011 0.033 0.55 0.44
RPD 5.71 0.00 0.00 9.52 6.25 1.80 2.25
Replicate  8/5/2009 10:51 °0.013 0.132 0.002 004 0.013 0.049 0.81 0.65
Composite  8/5/2009 10:50 0.012 0.13 0.002 004 0.013 0.04 0.81 0.49
RPD 8.00 1.53 0.00 0.00 0.00 20.22 0.00 28.07
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Table 2B. Concentrations of water-quality constituents in replicate samples for nutrients and relative percent differences between
environmental-sample concentrations and replicate samples for nutrients from the Blackstone River Basin in Massachusetts and

Rhode Island.—Continued

[Values in bold indicate values exceeding performance criteria. mg/L, milligrams per liter; N, nitrogen; P, phosphorus; USGS, U.S. Geological Survey; RPD,

relative percent difference; e, estimated value less than method detection level; <, less than; --, no data or RPD cannot be calculated]

Quality- Ammonia, U N, O e, phonus, ot Nirosen.
control ) dissolved, . dissolved, . b . total,
sample Date Time as N dissolved, as N dissolved, dissolved, total, dissolved, as N
asN asP asP asP asN
type (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
Mumford River (USGS station 01111050)—Continued
Replicate  8/5/2009 10:56 ©.020 0.141 0.003 004 0.013 0.118 1.37 0.87
Composite  8/5/2009 10:55 ©.020 0.14 0.003 <.008 0.013 0.123 1.37 0.89
RPD 0.00 0.71 0.00 -- 0.00 4.15 0.00 227
Replicate  9/2/2009 9:31 <.020 0.061 <.002 <.008 0.007 0.02 0.55 0.32
Composite 9/2/2009 9:30 <.020 0.061 <.002 <.008 0.009 0.02 0.55 0.32
RPD - 0.00 - -- 25.00 0.00 0.00 0.00
Replicate  9/2/2009 9:36 ©010 0.061 001 <.008 ¢0.005 0.02 0.81 0.5
Composite 9/2/2009 9:35 010 0.061 001 <.008 €0.007 0.019 0.77 0.51
RPD 0.00 0.00 0.00 -- 33.33 5.13 5.06 1.98
West River (USGS station 01111208)
Replicate  5/27/2009  11:51 °0.012 0.233 0.004 004 0.013 0.029 0.93 0.74
Composite 5/27/2009  11:50 0.016 0.241 0.005 004 0.015 0.029 0.92 0.67
RPD 28.57 3.38 22.22 0.00 14.29 0.00 1.08 9.93
Replicate  5/27/2009  11:56 0.087 0.215 0.006 006 0.029 0.041 1.69 0.82
Composite 5/27/2009  11:55 0.082 0.216 0.006 ¢.006 0.028 0.04 1.77 1.07
RPD 5.92 0.46 0.00 0.00 3.51 2.47 4.62 26.46
Blackstone River Uxbridge (USGS station 01111212)
Replicate  9/2/2008 14:26 0.057 0.82 0.034 0.085 0.11 0.32 1.39 1.49
Composite  9/2/2008 14:25 0.058 0.83 0.034 0.082 0.11 0.33 1.33 1.49
RPD 1.74 1.21 0.00 3.59 0.00 3.08 4.41 0.00
Replicate ~ 5/14/2009  11:46 0.127 1.98 0.074 007 0.03 0.16 3.32 2.66
Composite 5/14/2009  11:45 0.129 1.98 0.075 007 0.03 0.15 3.34 2.66
RPD 1.56 0.00 1.34 0.00 0.00 6.45 0.60 0.00
Replicate ~ 7/8/2009 16:31 0.199 0.75 0.021 0.008 0.04 0.26 1.64 1.37
Composite 7/8/2009 16:30 0.203 0.75 0.021 0.009 0.04 0.23 1.56 1.33
RPD 1.99 0.00 0.00 11.76 0.00 12.24 5.00 2.96
Replicate ~ 7/8/2009 16:36 0.117 0.7 0.021 0.016 0.05 0.33 1.42 1.43
Composite 7/8/2009 16:35 0.112 0.7 0.02 0.016 0.04 0.29 1.38 1.23
RPD 4.37 0.00 4.88 0.00 22.22 12.90 2.86 15.04
Replicate  9/16/2009  10:51 0.115 1.93 0.017 0.09 0.13 0.43 2.58 2.69
Composite 9/16/2009  10:50 0.117 1.95 0.016 0.093 0.13 0.41 2.76 2.59
RPD 1.72 1.03 6.06 3.28 0.00 4.76 6.74 3.79
Blackstone River Millville (USGS station 01111230)
Replicate  6/3/2008 15:16 0.033 2.12 0.061 0.167 0.17 0.25 2.75 2.54
Composite 6/3/2008 15:05 0.034 2.11 0.065 0.181 0.19 0.27 2.77 2.6
RPD 2.99 0.47 6.35 8.05 11.11 7.69 0.72 2.33
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Table 2B. Concentrations of water-quality constituents in replicate samples for nutrients and relative percent differences between
environmental-sample concentrations and replicate samples for nutrients from the Blackstone River Basin in Massachusetts and
Rhode Island.—Continued

[Values in bold indicate values exceeding performance criteria. mg/L, milligrams per liter; N, nitrogen; P, phosphorus; USGS, U.S. Geological Survey; RPD,
relative percent difference; e, estimated value less than method detection level; <, less than; --, no data or RPD cannot be calculated]

Ouslity- Ammonia, U Wi, o, phorss,toal | Nirogen
control ) dissolved, . dissolved, . h . total,
sample Date Time as N dissolved, as N dissolved, dissolved, total, dissolved, as N
asN asP asP asP asN
type (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
Blackstone River Millville (USGS station 01111230)—Continued
Replicate ~ 9/16/2008  17:41 036 1.4 - -- 0.11 0.174 1.91 1.64
Composite 9/16/2008  17:40 036 1.4 - - 0.11 0.179 1.91 1.73
RPD 0.00 0.00 - -- 0.00 2.83 0.00 5.34
Replicate  2/15/2009  20:51 -- -- -- -- -- 0.05 -- 1.84
Composite 2/15/2009  20:50 -- -- - -- - 0.05 -- 1.71
RPD - - - - -- 0.00 -- 7.32
Northbridge WWTP (USGS station 420647071380801)
Replicate  5/14/2009  12:01 0.107 9.86 0.025 0.082 0.11 0.21 10.9 11.6
Composite 5/14/2009  12:00 0.119 9.86 0.028 0.083 0.11 0.21 11.1 11.4
RPD 10.62 0.00 11.32 1.21 0.00 0.00 1.82 1.74
Grafton WWTP (USGS station 421020071404401)
Replicate ~ 7/23/2008  12:01 19.9 227 0.172 1.49 1.53 1.71 24.1 28.1
Composite 7/23/2008  12:00 19.7 2.26 0.165 1.27 1.52 1.72 27.5 27.3
RPD 1.01 0.44 4.15 15.94 0.66 0.58 13.18 2.89
UBWPAD WWTP (USGS station 421241071472701)
Replicate ~ 10/22/2007 12:01 3.91 6.56 0.362 2.39 2.53 2.58 12 12.2
Composite 10/22/2007 12:00 3.91 6.56 0.365 2.46 2.52 2.04 12 9.56
RPD 0.00 0.00 0.83 2.89 0.40 23.38 0.00 24.26
Replicate  5/13/2009  12:01 7.44 2.46 0.687 0.21 0.24 0.33 11 11.6
Composite 5/13/2009  12:00 7.43 245 0.692 0.216 0.24 0.34 11.1 11.7
RPD 0.13 0.41 0.73 2.82 0.00 2.99 0.90 0.86
Replicate ~ 6/10/2009  12:01 6.12 2.95 0.905 0.085 0.12 - 10.3 --
Composite 6/10/2009  12:00 5.11 2.77 0.565 0.479 0.52 0.83 9.34 9.21
RPD 17.99 6.29 46.26 139.72 125.00 - 9.78 -
Replicate  6/10/2009° 12:01 6.24 3.17 0.677 0.115 0.15 -- 10.3 --
RPD, compared with 19.91 13.47 18.04 122.56 110.45 -- 9.78 --
first replicate
RPD, compared with 1.94 7.19 28.82 30.00 22.22 -- 0.00 --

original composite

Second replicate was taken from the refrigerated sample on 7/2/2009.
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About 40 split-replicate nutrient samples were collected,
including samples at all of the stream monitoring stations and
from three of the four wastewater treatment plants (table 2B).
Replicates from stream monitoring stations were sequential
splits taken from the composite sample bottles; replicates from
the wastewater treatment plants were separately composited
from the daily sample bottles after the environmental samples
were composited. Variability among samples was evaluated
using calculated relative percent differences. Few samples
showed differences that exceeded the project performance
criterion of 20 percent (Robert F. Breault and Kim Campo,
U.S. Geological Survey, written commun., 2007), and there
were no systematic discrepancies between environmental and
replicate samples. Only about 5 percent of all analyses showed
differences that exceeded 20 percent; these included a number
of analyses with results near the method detection levels, in
which small differences corresponded to relatively large per-
centages of analytical values. The replicate sample collected
from the UPWPAD on June 10, 2009, had relative percent
differences that exceeded 20 percent for three constituents. A
second replicate sample was taken for this sample (which had
been kept refrigerated in the laboratory) about 3 weeks later
on July 2, 2009 (sample date and time in table 2B is listed as
“6/10/2009 12:01”), and had similar analytical values for these
constituents as in the first replicate sample; the reasons for the
discrepancies between the initial composite sample and the
replicate samples is not known.

Two split-replicate samples for trace elements were
collected, both from the Blackstone River Millville monitoring
station (01111230). The number of replicate samples for trace
elements was smaller than the number of replicate samples
for nutrients because sampling for trace elements was less
extensive than nutrient sampling. The split-replicate samples
were from a pair of point samples and a pair of composite
samples. Only one of the 12 metals analyzed (total lead in
the sample collected on September 16, 2008) exceeded the
project performance criterion of a 20 percent difference in
concentration (table 2C).

Effect of Sample Holding Time

An experiment was performed to investigate the effect
of holding the samples in the composite bottles during
the 2-week sampling period on analyte concentrations.
An EWI sample was collected from the Blackstone River
South Grafton station (01110400) on June 6, 2007, for the
experiment. An initial subsample was filtered and sent to the
NWQL for analysis shortly after collection. The remaining
sample water was held refrigerated, unfiltered, and in a carboy
that was made up of the same material as the composite
bottles, for 14 days. After 14 days (June 21, 2007), a final
sample and a final sample replicate were filtered and sent
to the NWQL for analysis. Comparison of initial and final
analyses showed that concentrations of dissolved nitrogen
and phosphorus species, except for nitrite, decreased by less
than 10 percent during the 2-week holding period (table 2D).

Methods 21

The potential losses of nitrite concentrations are negligible
because nitrite concentrations were typically less than

2 percent of total nitrogen concentrations in environmental
samples. Similarly, concentrations of dissolved chromium,
copper, nickel, and zinc decreased by less than 10 percent
relative to initial concentrations. More substantial decreases
in concentrations of dissolved cadmium and lead (table 2E)
indicated that there may have been losses of these constituents
during the 2-week holding period, possibly by sorption

onto bottle walls or onto particulates or colloidal material

in the sample water. However, these results are not entirely
representative of the sampling procedures used in this study
in that the experimental sample was held unfiltered during the
2-week period. In the field, composite samples for dissolved
constituents, including trace elements, in stream samples
were filtered upon collection. The in-situ filtering removed
particulates and thus reduced the potential for metals sorption
and loss from solution.

Concentration Data and Constituent Load
Calculations

Concentrations of total nitrogen, total phosphorus, sus-
pended sediment, and trace elements in composite, point, and
EWI samples from stream monitoring stations and in com-
posite samples from wastewater treatment plants are given in
appendixes 1 through 5. In this section, the use of these data to
calculate constituent loads is described.

Concentration Data

In general, concentrations of nutrients, trace elements,
and suspended sediment from samples that are composited
over time at stream monitoring stations represent average
concentrations during the period in which the samples were
collected. When the composite sample is collected using flow-
proportional sampling, as was done in the study detailed in
this report, this average is a flow-weighted average. The study
detailed in this report incorporated the added complexity of
collecting two composite samples during each sampling period
so that average concentrations during the sampling period at
stream monitoring stations are represented by two samples—
one that was intended to represent concentrations during high-
flow (storm) conditions, and one that was intended to represent
concentrations during low-flow (base-flow) conditions. The
fraction of time (and of total streamflow) represented by the
high- and low-flow samples differed for each sampling period,
depending on the distribution of high- and low-flow conditions
in the river during that period. The distribution of high- and
low-flow conditions, in turn, was a function of storm events,
river regulation, and the stream-stage-based definitions of high
and low flow that were programmed into the automated sam-
pler. Consequently, the raw concentration data from composite
samples at stream monitoring stations (appendixes 1 and 3)
should be interpreted in conjunction with the associated flow
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data to understand concentrations and loads in the streams dur-
ing the sampling periods. In this report, the concentration data
from composite samples are used with flow data to calculate
constituent loads.

The attempt to collect separate composite samples rep-
resenting high- and low-flow conditions required that stream
stage and change-in-stage criteria be set for the automated
sampler in advance, at the beginning of the sampling period,
to distinguish high- and low-flow conditions in the river that
might occur during the sampling period. In practice, it was not
possible for several reasons to set these criteria with sufficient
accuracy to allow consistent sampling of high- and low-flow
conditions. First, streamflow regulation by dam operations on
the Blackstone River caused unexpected changes in stream
stage that were variable and not related to storm events at
some monitoring stations. Second, seasonal changes in base-
flow levels and station-specific and seasonal differences in
rainfall-to-runoff relations could not be adequately accounted
for, especially at newly monitored stations that did not have
long-term flow records. Consequently, separate high- and
low-flow constituent loads were not computed for the study
presented in this report. Instead, the high- and low-flow
composite samples were combined to yield a single load for
each constituent for the entire sampling period. This was pos-
sible because the streamflow associated with the subsample
for each of the high- and low-flow composite samples was
measured and recorded by the automated sampling system.
Thus, although the attempt to measure high-(storm-) and low-
(base-) flow loads was not successful, the composited samples
provided flow-proportional representative samples of instream
conditions and constituent loads during the sampling periods.

The system design to separate high- and low-flow
samples had consequences for the analyzed concentrations
of total nitrogen in composite samples, including too much
preservation acid in some bottles. Depending on stream stage
during the sampling period, a variable number of subsamples
was collected from the stream by the automated sampler and
composited into the high- or low-flow sample bottles. During
sampling periods dominated by high stream stage, for exam-
ple, more subsamples would be composited into the high-flow
bottle and fewer subsamples would be composited into the
low-flow bottle, so that the low-flow bottle would have only a
small total sample volume at the end of the sampling period;
the opposite would occur during sampling periods dominated
by low stream stage. The amount of stream water that would
be collected in the sample bottles could not be entirely antici-
pated, because it depended on the weather.

Changes in dam operations, independent of the weather,
would also sometimes result in unanticipated changes in
stream stage and affect the distribution of subsamples between
high- and low-flow conditions. Composite sample bottles
sometimes also contained less water at the end of the sampling
period than expected because of malfunctions in the sampling
process. The composite bottles almost always had adequate
sample volume for chemical analyses, but low sample vol-
umes meant that the volume of acid added to whole-water

bottles when they were deployed was too much for the final
sample (overacidification). This happened consistently to
whole-water samples that were collected before January

2009, in which the percentage of 4.5N H_SO, in whole water
samples was typically 1 percent or more, and occasionally was
much larger (the recommended percentage, based on 1 mL
acid per 125 mL of sample, is 0.8 percent). The problem was
recognized and procedures were changed. Starting in January
2009, the amount of acid added to sample bottles before they
were deployed was substantially reduced; additional acid was
added after samples were retrieved from the field and while
monitoring pH to achieve the desired level of acidification (pH
less than 2) in the preserved samples. In samples collected
after January 2009, the percentage of 4.5N H,SO, in whole
water samples in the field was typically about 0.4 percent,
which is less than the recommended value but was sufficient
to reduce the pH of samples in the field to about 4.

Overacidification of sample water can result in low
recovery of inorganic and organic nitrogen by the alkaline
persulfate digestion analytical method (Patton and Kryskalla,
2003) for total nitrogen that was used in the study presented
in this report. Overacidification likely was a factor in the
discrepancies between the analytical results for total nitrogen
and total dissolved nitrogen in a large number of composite,
whole-water samples from stream monitoring stations
(appendix 1). In 45 percent of these composite samples,
total nitrogen was less than total dissolved nitrogen by more
than 10 percent of the total nitrogen value; 10 percent was
considered a conservative maximum value for differences
in total and dissolved concentrations due to laboratory
analytical error. This discrepancy between total nitrogen and
total dissolved nitrogen varied in ways that were consistent
with overacidification as a cause; the discrepancy was
larger in small-volume samples and in samples with high
final percentages of preservation acid. Moreover, only two
(4 percent) of the EWI and point samples had differences
between total nitrogen and total dissolved nitrogen (total
less than dissolved) that exceeded 10 percent; the EWI and
point samples were not collected in preacidified bottles and
received the appropriate amount of acid for their sample
volumes during postsample processing. Similarly, only
three (4 percent) of the wastewater samples had differences
between total nitrogen and total dissolved nitrogen (total less
than dissolved) greater than 10 percent; although collected
in preacidified bottles, the volume of the wastewater samples
were consistently sufficient so that the preadded acid had
little effect.

Although these patterns suggest that overacidification
was a factor in the large discrepancies between total nitrogen
and total dissolved nitrogen that were observed in composite
samples, such discrepancies were not eliminated when
preservation procedures were changed in January 2009 to
ensure that too much acid was not added. Discrepancies
persisted, primarily in composite samples from the monitoring
stations on the tributaries (Quinsigamond, Mumford, and West
Rivers) rather than in samples from stations on the main stem



Blackstone River downstream of wastewater treatment plants.
There are other possible reasons for low total nitrogen values;
in particular, the alkaline persulfate digestion method is known
to underestimate total nitrogen concentrations in some whole
water samples because of particulate nitrogen that is resistant
to the digestion (Rus and others, 2012). This may partly
explain why the discrepancies were largest and most frequent
in samples from the tributary streams and from the main stem
Blackstone River station situated upstream of the wastewater
discharges; a larger fraction of the nitrogen in these streams
may have been unreactive.

Use of concentration data for total nitrogen from
samples in which total nitrogen was considerably less than
total dissolved nitrogen was considered unacceptable for
load calculations because it was considered unlikely that
the total nitrogen values were correct. For all samples in
which total nitrogen concentrations were less than dissolved
nitrogen concentrations by more than 10 percent of the total
nitrogen value, loads were calculated by using the analytical
values of total dissolved nitrogen. Analytical values of total
dissolved nitrogen concentrations were compared with the
sum of analyzed dissolved nitrogen species to verify that the
analytical values of total dissolved nitrogen concentrations
were reasonable. This approach will underestimate total
nitrogen loads for these samples because it does not include
particulate nitrogen. However, this was not expected to
greatly affect study findings. The majority of the samples in
which total nitrogen was less than total dissolved nitrogen by
more than 10 percent were from tributaries or the upstream
main stem station. Nitrogen loads at tributary station or
the upstream main stem station were relatively very small
compared with nitrogen loads from wastewater treatment
plants or loads at other main stem Blackstone River stations
(based on samples in which total nitrogen values were greater
than total dissolved nitrogen values). In addition, samples in
which total nitrogen was less than total dissolved nitrogen by
more than 10 percent tended to represent smaller fractions
of the total flow (and thus total load) during the sampling
period, especially at main stem stations. Finally, the particulate
fraction of the total nitrogen in the river samples does not
appear large based on the differences between total and total
dissolved nitrogen concentrations in EWI and point samples,
which were relatively unaffected by the problem with total
nitrogen concentrations at all stations except the Blackstone
River Millbury upstream station (01109659; appendix 3).

For sampling periods in which total dissolved nitrogen
concentrations exceeded total nitrogen concentrations but by
less than 10 percent, total nitrogen concentrations were used
to calculate total loads. In some cases, in which total dissolved
nitrogen concentrations exceeded total nitrogen concentra-
tions in both low- and high-flow samples, this resulted in total
nitrogen loads for the sampling period that were less than total
dissolved nitrogen loads. The differences in loads that result
from this source are less than 10 percent.

An additional, minor adjustment was made to all con-
centrations from samples in preacidified bottles. These were
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the composite samples for analysis of total nitrogen and

total phosphorus at all stream monitoring stations (except

the Blackstone River Pawtucket station, 01113895) and the
composite samples for analysis of dissolved and total analytes
at the Blackstone River Millville station (01111230) before
November 18, 2008. Analytical concentrations from the
NWQL were multiplied by a dilution factor to account for the
volume of the preadded acid. Addition of the preservation acid
increased the volume of the sample but did not contribute any
analytes to the sample. Thus, analytical results for samples to
which acid was added were slightly less than actual concen-
trations in the environmental sample because of the dilution
effect of the added volume of the acid. Typically in water-
quality analyses, this effect is negligible and is not corrected
for. In most samples in this study, where the volumetric per-
centage of acid was small (less than 2 percent), this correction
similarly changed the analytical results by very little. How-
ever, as a result of this procedure, concentration data given in
appendixes 1, 3, and 5 differ slightly from values stored in the
USGS National Water Information System database.

Constituent Loads

Constituent loads in the composite samples were esti-
mated for all stream monitoring stations and wastewater treat-
ment plants. Constituent loads were calculated by multiplying
the total discharge volume during the sampling period by
individual constituent concentrations. Total discharge vol-
umes at the monitoring stations (appendix 1) were calculated
using the streamflow data collected at 15-minute intervals at
each station; the discharges at wastewater treatment plants
were calculated from the total daily discharges reported by
each wastewater treatment plant. For monitoring stations,
each 15-minute streamflow volume was attributed to either
the parts of the sampling period when subsamples were being
composited into the high-flow sample bottle or to the parts of
the sampling period when subsamples were being composited
into the low-flow bottle. Streamflow volumes for the entire
sampling period were separately totaled for the high- and
low-flow parts of the sampling period. The total flow volumes
associated with high- or low-flow periods were multiplied by
the constituent concentrations in the high- or low-flow sample,
respectively, to yield flow-weighted components of total load.
The load components associated with the high- and low-flow
parts of the sampling period thus calculated were added to
yield a single load per sampling period. Loads are reported as
daily mean loads (kilogram-per-day).

Where constituent concentrations were unavailable for
a particular composite sample and estimates were needed to
calculate annual loads for the Blackstone River Millville sta-
tion (01111230), the average of the loads from the preceding
and following samples were substituted. If there were gaps for
two sample periods, the average of the preceding and follow-
ing sample loads was used for both missing loads. If there
were gaps of three sample loads (a situation that occurred
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only once), the average of the preceding and following sample
loads was used to estimate the load for the second of the three
missing samples. Then, the load for the second missing sample
was used similarly to calculate an average for the missing
previous and following sample loads. Censored data values
(concentrations reported as less than method detection limits)
were replaced by values equal to one-half the method detec-
tion limits.

In all tables and figures, a single starting date is used to
designate the time of each sampling period, even though the
actual starting and ending dates for the composite samples
(appendixes 1, 3, and 5) at the individual monitoring stations
may have varied by a day or two from these single starting
dates. The starting date used in tables and figures reflects the
starting date of the first sample collected during the sampling
period, except for a few dates when the composite sample
at the Blackstone River Pawtucket station started before the
sampling period was begun at stations in the Massachusetts
segment of the basin. Actual starting and ending dates at indi-
vidual stations varied because the logistics of operating 9 or
10 monitoring stations for automated sample collection made
it impracticable to start and stop sampling on the same date at
all the stations. These single starting dates are used to simplify
the presentation in text, tables, and figures. Constituent loads
for the 2-week sampling periods also were converted to daily
mean loads for the period to normalize for some differences in
sampling periods among monitoring stations.

Constituent loads (daily mean loads) for examining
the effects of sediment resuspension were calculated from
estimated constituent concentrations; the concentrations were
estimated using turbidity measurements (data collected at
15-minute intervals) and regression analysis of turbidity and
concentration in EWI samples. The regression analysis is
described in the “Potential for Resuspension and Transport
of Trace Element- and Nutrient-Enriched Bottom Sediment
From Two Impoundments” section. Constituent loads were
calculated as the product of concentration and instantaneous
streamflow for the 15-minute interval, and loads for the
15-minute intervals were summed for the day. The average
of the 15-minute interval loads was the daily mean load for
the day.

Base Flow and Runoff Components of
Streamflow

The base flow and runoff components of streamflow
during sampling periods were calculated from daily mean
streamflow data at the Blackstone River Millville monitoring
station (01111230) using the online software program Web-
Based Hydrograph Analysis Tool (WHAT; Lim and others,
2005). This program provides several options of methods
to determine base flow separation. These methods and
their associated parameters were tested to determine which
provided the best representation of base flow separation during
the entire study period (Phillip J. Zarriello, U.S. Geological

Survey, oral commun., 2012). After the appropriate method
and parameters were selected (single parameter, digital filter
equal to 0.98), they were applied to separate daily mean
streamflow for each day of the study period into base flow
and runoff (where runoff is calculated as total flow minus
base flow). The fraction of total streamflow from base flow in
each sampling period was summarized by calculating a base
flow index (BFI) for the sampling period. The BFI is equal to
the base flow divided by the total streamflow; thus, BFI may
range from 1.0 (base flow equals total flow) to 0.0 (no base
flow). In this study, an overall BFI was calculated for each
sampling period as the sum of total base flow on all days of
the sampling period divided by the sum of total streamflow
on all days of the sampling period. In addition, the base

flow and total flow data generated by WHAT were used to
create hydrographs that were combined with hydrographs of
antecedent streamflow conditions.

Constituent Loads in the Blackstone
River Basin

Constituent loads in the Blackstone River Basin,
including inputs from wastewater treatment plants and
tributaries, are described in this section, with the primary
focus on nitrogen. Nitrogen, phosphorus, and suspended
sediment loads were determined for most monitoring
stations, and loads of trace elements were determined for
the monitoring station at the Massachusetts-Rhode Island
border, in Millville. Loads of total nitrogen and trace elements
were determined for the monitoring station near the river’s
mouth in Pawtucket for the latter part of the study period
(September 2008 to September 2009). Loads described in this
report, unless otherwise indicated, are daily mean loads based
on composite samples collected during approximately 2-week
sampling periods.

Nitrogen, Phosphorus, and Suspended Sediment
Loads in the Massachusetts Segment of the
Blackstone River Basin

Estimated loads of total nitrogen, total phosphorus, and
suspended sediment at seven stream monitoring stations along
the main stem Blackstone River, three monitoring stations on
tributaries of the Blackstone River, and four wastewater treat-
ment plants on the main stem Blackstone River are the basis
for the discussion of constituent loads in this section. Loads at
most of these stations were measured during about 26 2-week
composite sampling periods in summer and early fall 2007
and spring, summer, and early fall 2008 and 2009. Loads of
these constituents, along with streamflow at the Blackstone
River Millville station, are shown for selected, representative
sampling periods in figure 5; loads for all sampling periods are
presented in table 3 (at back of report) and appendix 6.



Constituent Loads in the Blackstone River Basin

A. Sampling period starting August 28, 2007
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Figure 5. Loads of total nitrogen, total phosphorus, and suspended sediment at stream monitoring stations and wastewater
treatment plants (WWTPs) from composite samples in the Blackstone River Basin, Massachusetts and Rhode Island, for the 2-week
sampling periods starting A, August 28, 2007, B, April 28, 2008, C, June 24, 2008, D, September 16, 2008, E, May 13, 2009, F, July 7, 2009,
and G, September 1, 2009. BFI, base-flow index (average during the sampling period); mi, miles; UBWPAD, Upper Blackstone Water
Pollution Abatement District.
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B. Sampling period starting April 28,2008

Estimated constituent load
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Loads of total nitrogen, total phosphorus, and suspended sediment at stream monitoring stations and wastewater treatment

plants (WWTPs) from composite samples in the Blackstone River Basin, Massachusetts and Rhode Island, for the 2-week sampling
periods starting A, August 28, 2007, B, April 28, 2008, C, June 24, 2008, D, September 16, 2008, E, May 13, 2009, F, July 7, 2009, and
G, September 1, 2009. BFI, base-flow index (average during the sampling period); mi, miles; UBWPAD, Upper Blackstone Water Pollution

Abatement District—Continued



€. Sampling period starting June 24, 2008

Estimated constituent load

Constituent Loads in the Blackstone River Basin
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Figure 5. Loads of total nitrogen, total phosphorus, and suspended sediment at stream monitoring stations and wastewater treatment

plants (WWTPs) from composite samples in the Blackstone River Basin, Massachusetts and Rhode Island, for the 2-week sampling
periods starting A, August 28, 2007, B, April 28, 2008, C, June 24, 2008, D, September 16, 2008, E, May 13, 2009, F, July 7, 2009, and

G, September 1, 2009. BFI, base-flow index (average during the sampling period); mi, miles; UBWPAD, Upper Blackstone Water Pollution
Abatement District.—Continued
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D. Sampling period starting September 16, 2008

Estimated constituent load
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Figure 5. Loads of total nitrogen, total phosphorus, and suspended sediment at stream monitoring stations and wastewater treatment
plants (WWTPs) from composite samples in the Blackstone River Basin, Massachusetts and Rhode Island, for the 2-week sampling
periods starting A, August 28, 2007, B, April 28, 2008, C, June 24, 2008, D, September 16, 2008, E, May 13, 2009, F, July 7, 2009, and

G, September 1, 2009. BFI, base-flow index (average during the sampling period); mi, miles; UBWPAD, Upper Blackstone Water Pollution
Abatement District.—Continued



E. Sampling period starting May 13,2009
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G. Sampling period starting September 1, 2009
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sampling periods starting A, August 28, 2007, B, April 28, 2008, C, June 24, 2008, D, September 16, 2008, E, May 13, 2009, F, July 7, 2009,

and G, September 1, 2009. BFI, base-flow index (average during the sampling period); mi, miles; UBWPAD, Upper Blackstone Water
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The loads described in this report are primarily for
monitoring stations in the Massachusetts segment of the
basin. The farthest upstream station in Millbury (Blackstone
River Millbury upstream station, 01109659) is upstream of
the location where effluent from the UBWPAD wastewater
treatment plant is discharged and is just downstream of the
Worcester-Millbury town border. The farthest downstream
station in Massachusetts (Blackstone River Millville station,
01111230) is about 1.3 mi upstream from the Massachusetts-
Rhode Island border.

One of the major objectives of this study was to estimate
loads of total nitrogen, total phosphorus, suspended sediment,
and trace elements leaving Massachusetts and entering Rhode
Island via the Blackstone River. To meet this objective, sam-
pling at the Blackstone River Millville station extended year
round from June 2007 through September 2009. These data
were used to estimate total annual loads of constituents leav-
ing Massachusetts during water years 2008 and 2009.

Total nitrogen loads are partly based on concentrations
of total dissolved nitrogen for part or all of some sampling
periods at some stations. This approach was used to address
discrepancies between analytical results for total nitrogen and
total dissolved nitrogen in many of the composite samples.
The approach likely underestimates the total nitrogen loads
calculated on the basis of these samples. However, use of
these estimates is not expected to greatly affect study findings
because they are most frequently used for samples from
tributaries and at the Blackstone River Millbury upstream
station (where loads are relatively small compared with
main stem loads) and samples that represent relatively small
fractions of total streamflow during the sampling period (see
the “Methods” section for a more detailed discussion).

Nitrogen

Total Nitrogen Loads

Total nitrogen loads along the Blackstone River in
Massachusetts showed a similar general pattern during all
sampling periods monitored in this study: relatively low total
nitrogen loads at the farthest upstream monitoring station
(Blackstone River Millbury upstream station, 01109659),

a 5- to 10-fold increase in total nitrogen load downstream

of the UBWPAD, and total nitrogen loads that remained
elevated but varied from Millbury to the Massachusetts-
Rhode Island border near Millville (fig. 5; table 3, at back

of report). The tributaries and wastewater treatment plants
other than the UBWPAD rarely constituted more than a small
fraction of the total nitrogen loads observed at the main stem
monitoring stations.

Total nitrogen loads at the Blackstone River Millbury
upstream station (01109659), given as daily mean loads,
were typically less than 430 kilograms per day (kg/d), with a
median value of 170 kg/d (tables 3, at back of report, and 4).
At the next station downstream (Blackstone River Millbury

downstream station, 01109730), total nitrogen loads were
typically 1,000 to 2,000 kg/d, with a median value 1,450 kg/d.
This large increase reflected nitrogen inputs from the
UBWPAD, which were typically 950 to 1,200 kg/d with a
median value of 1,100 kg/d. Nitrogen loads contributed by
the three monitored tributaries to the main stem Blackstone
River were much smaller, with median values of 77 kg/d for
the Mumford River, 66 kg/d for the Quinsigamond River, and
49 kg/d for the West River. Similarly, nitrogen inputs from
the Grafton, Northbridge, and Uxbridge wastewater treatment
plants were relatively small, with median values of 124, 44,
and 31 kg/d, respectively.

At all monitoring stations along the Blackstone River
downstream of the UBWPAD, total nitrogen loads were typi-
cally about 1,000 to 3,000 kg/d (tables 3, at back of report, and
4). There was no overall consistent spatial pattern in loads in
the Blackstone River downstream of the UBWPAD. Over-
all decreases in total nitrogen load (fig. 54, period starting
August 28, 2007), increases in total nitrogen load (figs. 5B, D,
and F;; periods starting April 28, 2008, September 16, 2008,
and July 7, 2009, respectively) or stable or variable trends
(figs. 5C, E, and G; periods starting June 24, 2008, May 13,
2009, and September 1, 2009, respectively) were observed
along the river from the Blackstone River Millbury down-
stream station (01109730) to the Blackstone River Millville
station (01111230). Consistent patterns also were not observed
between adjacent main stem monitoring stations, except for
a relatively consistent small increase in total nitrogen load
between the Blackstone River Wilkinsonville (01109852) and
Blackstone River South Grafton (01110400) stations after
May 2008 (fig. SC-F; appendix 6). The Grafton wastewater
treatment plant discharge and the Quinsigamond River enter
the river in this reach (fig. 2).

Nitrogen Loads and Hydrologic Conditions

Total nitrogen loads in the Blackstone River, between the
UBWPAD and the Massachusetts-Rhode Island border varied
considerably in magnitude among the various sampling peri-
ods. Differences were largely due to differences in hydrologic
conditions. Evaluation of the distribution and magnitudes of
estimated daily mean total nitrogen loads indicated that the
following hydrologic factors during sampling periods were
important: (1) the relative contributions of runoff and base
flow to total streamflow and (2) antecedent streamflow condi-
tions. The distribution of streamflow from runoff and base
flow may be related to loads because of the different possible
sources of nitrogen in the watershed. Antecedent streamflow
conditions may be related to loads in several ways. For exam-
ple, a storm that generates runoff that occurs in an upstream
reach of the Blackstone River Basin a few days from the start
of sampling may transport a nutrient or trace element load
downstream where the storm flows may no longer be appar-
ent. Particulate fractions of the total load may settle along the
river bottom only to be resuspended by a subsequent change
of stream velocity associated with new runoft. Therefore, base
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flows during sampling periods and the antecedent hydrologic
conditions were examined for the study detailed in this report
in relation to the distribution of nitrogen constituent loads
throughout the Blackstone River Basin to better understand the
observed patterns of nitrogen loads at monitoring stations.

In order to simplify interpretation, streamflow in the
Blackstone River at the Millville station (01111230) based
on measured flow at the Blackstone River Uxbridge station
(01111212) was used to represent these factors for the entire
basin. Hydrographs of antecedent conditions and the fractions
of total streamflow during the sampling period from base flow
and from runoff (Lim and others, 2005) were based on daily
mean discharge at the Blackstone River Millville station. The
fraction of total streamflow from base flow is measured by
the BFI. In this report, the BFI for sampling periods ranged
from 0.25 to 0.99 (appendix 6). Under natural conditions,
base flow in a river is predominantly flow that originates
from groundwater discharge. However, in a river that receives
effluent from wastewater treatment plants, flow in the
river during base-flow conditions also includes wastewater
treatment plant discharge and in fact may be dominated by
wastewater treatment plant discharges during low flows
(Barbaro and Zarriello, 2007).

Extremely large daily total nitrogen loads (three or more
stations with total nitrogen loads larger than 3,000 kg/d) in
the Massachusetts segment of the Blackstone River were
estimated for the sampling periods starting March 24, April 28,
September 2, 2008, and July 21, 2009 (fig. 5; table 3, at back
of report; appendix 6). The BFI values for these periods were
0.79, 0.40, 0.25, and 0.41, respectively, indicating that the
base-flow component of stream flow was relatively small (for
three of the four) and large proportions of the flow in the river
originated as storm runoff. Examination of the associated
hydrographs shows that all these periods experienced elevated
stream flows (flows about 500 ft*/s or larger). Although
the March 24, 2008, sampling period had a relatively high
BFI, indicating low runoff during the period, it also had an
antecedent high discharge period. These sampling periods also
had high total nitrogen loads from the UBWPAD—2,000 kg/d
for the March and April 2008 sampling periods, about twice
the median value (wastewater treatment plant loads were
not measured for the September 2, 2008, and July 21, 2009,
sampling periods). Thus, the general pattern of large increases
in main stem river loads downstream of the UBWPAD was
maintained during these high-flow periods. However, the high
streamflows also were associated with additional increases
in estimated loads further downstream that were probably
attributable to nonpoint source runoff and resuspension and
transport of nitrogenous material in the river.

During sampling periods when estimated total nitrogen
loads were low (most stations with total nitrogen loads of
about 1,000 kg/d or less), the BFI was relatively high, ranging
from 0.74 to 0.99. These included sampling periods starting
June 26, 2007, July 23, 2007, August 28, 2007, September 24,
2007, July 8, 2008, August 19, 2008, and September 15, 2009
(fig. 5; table 3, at back of report; appendix 6). Total nitrogen
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loads at the UBWPAD also were relatively low during these
sampling periods (less than or equal to the 25th percentile

in four of the five sampling periods in which wastewater
treatment plant loads were measured). These periods of low
nitrogen loads and high BFI values were characterized by low
total streamflow (less than 250 ft’/s at the Blackstone River
Millville station).

Some of the differences in total nitrogen loads between
upstream and downstream monitoring stations along the
Blackstone River in a sampling period resulted from the tim-
ing of streamflow changes within and before the sampling
period. Substantial increases in streamflow before or early in
the sampling period were associated with increases in nitrogen
loads at downstream monitoring stations. This occurred during
sampling periods starting on March 24, 2008, April 28, 2008,
July 22,2008, August 5, 2008, July 7, 2009, and July 21, 2009
(figs. 54 and F; appendix 6).

A scatter plot of total nitrogen loads and BFI for the
Blackstone River Millville monitoring station for all sampling
periods shows an inverse relation between total nitrogen loads
and BFI values (fig. 64). Thus, total nitrogen loads were lower
when base flow (nonstorm flow) constituted a larger fraction
of total streamflow, and total nitrogen loads were higher when
runoff constituted a larger fraction of streamflow. When base
flow was more than 60 percent of total flow (BFI larger than
0.6), total nitrogen loads were typically less than 1,000 kg/d;
at lower values of BFI, total nitrogen loads were more vari-
able, ranging between about 2,000 to 4,000 kg/d. The higher
total nitrogen loads during periods of higher runoff resulted in
part from high loads from the UBWPAD during these periods,
as mentioned earlier in this section, but also likely resulted
from higher contributions of total nitrogen from sources in the
watershed that were delivered to the river during runoff events.
There is one outlier value for which nitrogen load is high and
BFT also is high (BFI equal to 0.79, total nitrogen load equal
to 4,300 kg/d). The starting date of the sampling period associ-
ated with the outlier value was March 24, 2008; the antecedent
conditions included a runoff event that is typically associated
with high total nitrogen loads in the downstream reaches of
the river (see discussion earlier in this section).

An analysis of total wastewater treatment plant loads as a
percentage of total nitrogen loads in the river at the Blackstone
River Millville station (fig. 6B) provides additional informa-
tion about the possible sources of the nitrogen loads. There are
fewer data for this analysis than for the comparison of total
nitrogen loads and BFI (fig. 64) because wastewater treatment
plant loads were not measured as frequently as were the loads
at the Millville station. Total wastewater treatment plant loads
as a percentage of total nitrogen loads increase with increas-
ing BFI. Thus, wastewater treatment plant loads represent the
greatest fraction of total nitrogen loads in the river when most
of the flow in the river is base flow and there is little contri-
bution of flow from storm runoff. Although the highest total
nitrogen loads were during periods of higher runoff, the pro-
portion of river flows that originated as wastewater was higher
during periods of lower runoff as could be expected in a river
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Figure 6. Comparison of total nitrogen loads and base-flow
index at the stream monitoring station at the Blackstone River at
Millville, Massachusetts (01111230), from 2007 to 2009, for

A, total nitrogen load and B, total nitrogen load from wastewater
treatment plants as percentage of total nitrogen load in the river.
WWTP, wastewater treatment plant.

that receives a substantial input of wastewater discharge. The
data (fig. 6) also suggest that sources other than wastewater
are important during periods of high runoff; during sampling
periods when runoff was 40 percent or more of total flow (BFI
less than or equal to 0.6), wastewater treatment plant loads
accounted for no more than about 70 percent of the total nitro-
gen load at the Blackstone River Millville station. The outlier
on this graph (BFI equal to 0.97, total wastewater treatment
plant load equal to 179 percent of total load at the Blackstone
River Millville station) represents the sampling period starting
August 28, 2007 (fig. 54), in which streamflow was very low
and total nitrogen loads decreased substantially downstream
along the main stem of the river; nitrogen attenuation may
have occurred during this sampling period.

Nitrogen Attenuation

A mass-balance approach was used to investigate
nitrogen attenuation in the Blackstone River. Nitrogen loads
entering and leaving each monitored main stem reach were
compared to determine whether loads decreased within
the reach and to investigate the relative importance of the
reach with respect to attenuation. The following five reaches
(figs. 1 and 2) were investigated for each sampling period:

(1) Millbury upstream to Millbury downstream (01109659 to
01109730; 2.7 mi), (2) Millbury downstream to Wilkinsonville
(01109730 to 01109852; 3.4 mi), (3) Wilkinsonville to South
Grafton (01109852 to 01110400; 4.6 mi), (4) South Grafton to
Uxbridge (01110400 to 01111212; 10.8 mi), and (5) Uxbridge
to Millville (01111212 to 01111230; 4.0 mi). There were no
attenuation data for the reach upstream from the Millbury
upstream station because there was no monitoring upstream of
that station. Sampling periods for which there are no data on
loads from the wastewater treatment plants are not included

in this analysis. In water year 2007, there are two sampling
periods with full sets of data; in water year 2008, there were
seven; and in water year 2009, there were five.

Nitrogen loads entering a reach consisted of the nitrogen
load in the main stem river at the upstream end of the reach,
nitrogen loads from monitored tributaries and wastewater
treatment plants that discharged to the river within the reach,
and nitrogen loads from unmonitored areas of the water-
shed that drained to the river along the reach. Nitrogen loads
leaving the reach consisted of the nitrogen load at the main
stem monitoring station at the downstream end of the reach.
Consequently, the change in nitrogen load along the reach was
calculated as follows:

Change = TotN, — (TotN, + TotN, , +

TOtNWWTP * TOtNunmonit)’ )
where
TotN is the total nitrogen load at the monitoring
station at the upstream end of the reach;
TotN,, is the total nitrogen load at the monitoring
station at the downstream end of the reach;
TotN,, is the total nitrogen load at monitored
tributaries along the reach;
TotN,,,,, is the total nitrogen load at wastewater
treatment plants along the reach; and
TotN, .~ is the total nitrogen load estimated for

unmonitored areas that drain to the river
along the reach.

Net losses or gains along reaches were indicated by negative
or positive values, respectively. The change calculated in this
way indicates losses or gains in the nitrogen load carried by
the river after changes due to additional point and nonpoint
source inputs are taken into account. Thus, nitrogen attenua-
tion was indicated for sampling periods and reaches for which
the net change was negative (table 5).
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The comparisons of loads entering and leaving reaches
included estimates of nitrogen inputs from unmonitored areas
along the reach. These unmonitored areas consisted of the
small watershed areas that drain to the major tributaries down-
stream of tributary monitoring stations (which for logistical
reasons were at short distances upstream of the confluences of
tributaries and the Blackstone River) and the small areas of the
watershed that drain directly to the river between monitored
tributaries. Nitrogen loads from these small unmonitored areas
were estimated using the nitrogen load in the three monitored
tributaries—the Quinsigamond, Mumford, and West Rivers.
The drainages of these tributaries account for 27 percent of
the area of the Blackstone River Basin. The land-use-area
characteristics for the tributaries are quite similar to the
characteristics of the entire basin. To use the data from these
tributaries, the daily mean total nitrogen load from the three
major tributaries for each sampling period was applied to
each unmonitored contributing area on a per unit area basis.
This was done by relating the unmonitored area above each
station to the combined area of the three major tributaries. For
example, if the unmonitored area was 10 percent of the area of
the three monitored tributaries, then the nonpoint-source load
in that area would be 10 percent of the sum of the load from
the monitored tributaries. This was done to estimate loads
from unmonitored areas for each sampling period.

Although loads from unmonitored areas were included,
they accounted for very small fractions of the total loads in
stream reaches for stations in the Massachusetts segment of
the basin in most (75 percent) sampling periods, as follows:
less than 1 percent at the Blackstone River Millbury down-
stream monitoring station (01109730), less than 4 percent at
the Blackstone River Wilkinsonville station (01109852), less
than 2 percent at the Blackstone River South Grafton sta-
tion (01110400), less than 12 percent at the Blackstone River
Uxbridge station (01111212), and less than 3 percent at the
Blackstone River Millville station (01111230).

For the two sampling periods with sufficient monitor-
ing data in 2007, net decreases in total nitrogen loads were
observed (table 5) in all reaches except the reach between
Millbury upstream and Millbury downstream monitoring
stations (01109659 to 01109730). Both of those periods were
marked by low to moderate storm runoff and moderate to
high BFI values (appendix 6). These data suggest that, under
low-flow conditions, nitrogen loads may be attenuated in the
downstream reaches.

In 2008, the net changes in total nitrogen loads at in
the reaches between the Millbury upstream and Millbury
downstream stations (01109659 to 01109730) and the
Millbury downstream and the Wilkinsonville stations
(01109730 to 01109852) were not large and most often
represented increases. The net change in loads in the reaches
between the Wilkinsonville and South Grafton stations
(01109852 to 01110400), South Grafton and Uxbridge
stations (01110400 to 01111212), and Uxbridge to Millville
stations (01111212 to 01111230) included both increases
and decreases.

In 2009, the variability in net changes among the loads
at the monitoring stations was not substantially different from
the variability in 2008. However, net losses were always
observed in the reach between the Millbury downstream and
Wilkinsonville stations (01109730 to 01109852) and, in all but
one sampling period, in the reach between the South Grafton
and Uxbridge stations (01110400 to 01111212). Net losses
between the South Grafton and Uxbridge stations in 2009, as
well as in 2007 and 2008, were consistently about 20 percent
or larger.

Examination of the median and average net changes in
total nitrogen loads between consecutive monitoring stations
moving downstream serves to synthesize the results (table 5).
In the farthest upstream reach (Millbury upstream to Millbury
downstream stations, 2.7 mi), there was little indication of
nitrogen attenuation, as small net increases in total load were
observed. Farther downstream, nitrogen attenuation may have
occurred during some of the sampling periods, especially in
the 10.6-mi reach between the South Grafton and Uxbridge
stations. Total nitrogen loads at the downstream end of this
reach were substantially lower than nitrogen load inputs to
the reach in most sampling periods, with median and average
decreases of total nitrogen loads of about 20 percent (table 5).
Decreases in total nitrogen loads in the reaches between the
Millbury downstream and Wilkinsonville stations (3.4 mi),
Wilkinsonville and South Grafton stations (4.6 mi), and
Uxbridge and Millville stations (4.0 mi) were less, averaging 5
to 10 percent.

The analysis suggests that attenuation of the nitrogen
load in the river may have occurred in parts of the Blackstone
River in the Massachusetts segment of the basin during some
of the sampling periods. Results were variable, however.
Also, because the total nitrogen loads data are limited to
sampling periods when all monitoring stations were active,
the specific results may not be applicable throughout the year
(for example, during the winter months) or during different
hydrologic conditions.

Phosphorus

Total phosphorus loads along the Blackstone River
showed the same general pattern as nitrogen loads, but
overall were lower and more variable than nitrogen loads.
Generally, total phosphorus loads were relatively low at
the farthest upstream monitoring station (Blackstone River
Millbury upstream station, 01109659), increased 6- to 15-fold
downstream of the UBWPAD, and then were relatively high
but variable from the Blackstone River Millbury downstream
station to the Massachusetts-Rhode Island border near the
Blackstone River Millville station (fig. 5; table 3, at back of
report). As with nitrogen, contributions of total phosphorus
load from the tributaries and wastewater treatment plants
(other than UBWPAD) were only small fraction of the loads
observed at the main stem river monitoring stations.

Total phosphorus loads at the Blackstone River Millbury
upstream station were typically less than about 37 kg/d, with



a median value of 22.5 kg/d (tables 3, at back of report, and
4). At the next station downstream (Blackstone Millbury
downstream station, 01109730), total phosphorus loads were
typically 178 to 260 kg/d, with a median value of 228 kg/d,
reflecting the relatively large inputs from the UBWPAD. Total
phosphorus loads discharged from the UBWPAD changed
during the study period, however. Total phosphorus loads

at the UBWPAD were mostly near 200 kg/d in 2007 and
2008 (figs. SA—E; tables 3, at back of report, and 5). In 2009,
however, the loads decreased substantially to near 100 kg/d
(fig. 5F; tables 3, at back of report, and 5), except for the total
phosphorus load during the September 2, 2009, sampling
period that slightly exceeded 200 kg/d (fig. 5G). The decrease
in phosphorus loads probably reflected the implementation of
new effluent limits for the UBWPAD that became effective
on October 1, 2008, under the U.S. Environmental Protection
Agency’s National Pollutant Discharge Elimination System
(U.S. Environmental Protection Agency, 2014).

Total phosphorus loads at monitoring stations along the
Blackstone River downstream of the UBWPAD typically
were about 100 to 370 kg/d (tables 3, at back of report, and
4). Loads varied among monitoring stations, but there were
some consistent patterns. In 2008 and 2009, total phosphorus
loads at almost all the Blackstone River monitoring stations
downstream of the UBWPAD were larger than the loads in
UBWPAD discharge (table 4); the reverse trend was observed
in 2007. Total phosphorus loads at the Blackstone River South
Grafton monitoring station were almost always larger than
loads at the Blackstone River Wilkinsonville station 4.6 mi
upstream (figs. 5B—F’; table 3, at back of report); a consistent
increase was also observed in total nitrogen load in this reach,
which includes inputs from the Grafton wastewater treatment
plant and the Quinsigamond River. Finally, total phosphorus
loads at the Blackstone River Millville monitoring station
were almost always less than loads at the Blackstone River
Uxbridge monitoring station , 4.0 mi upstream (figs. SA-F;
table 3, at back of report) and the Blackstone River South
Grafton monitoring station, 14.8 mi upstream, suggesting a
net loss of phosphorus load upstream of the Blackstone River
Millville monitoring station. Total phosphorus loads usually
increased between the Blackstone River Millville station, near
the Massachusetts-Rhode Island border, and the Blackstone
River Pawtucket monitoring station near the river’s mouth
in Rhode Island, which were measured from September
2008 through September 2009 (figs. SF—G; table 3, at back
of report).

Suspended Sediment

Suspended sediment was not measured in wastewater
treatment plant effluents; hence, loads of suspended sediment
data are described only for tributary and main stem monitoring
stations (fig. 5; table 3, at back of report). The suspended
sediment loads determined for main stem monitoring stations
generally were substantially larger than those determined for
the tributaries; tributary loads rarely exceeded 1,000 kg/d,
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whereas median loads of suspended sediment at main stem
stations ranged from 3,110 kg/d to more than 10,000 kg/d
(table 3, at back of report). Sampling periods with very small
loads of suspended sediment in the tributaries were noted
during sampling periods starting June 26, July 24, August 28,
and September 24, 2007, and September 1 and 15, 2009

(fig. 5F; table 3, at back of report).

There were several sampling periods during which
large loads of suspended sediment entered the study area
from upstream of the Blackstone River Millbury upstream
monitoring station (the drainage area of the highly urbanized
city of Worcester) and from the three tributaries. During the
sampling period starting September 2, 2008 (table 3, at back
of report), the load upstream from the UBWPAD was about
760,000 kg/d, substantially more than the loads determined
elsewhere along the river’s main stem; Hurricane Hannah,
which struck the region during this sampling period, generated
the runoff transporting the suspended sediment load from the
metropolitan Worcester area. The sampling period starting
July 21, 2009, was also marked by an extremely large-storm-
generated suspended sediment load of about 200,000 kg/d
entering at the upstream boundary of the study area.

During some sampling periods (those starting April 28,
August 5, and September 2 and 16, 2008, and July 9 and 23,
and August 4, 2009), the loads entering the Blackstone River
from the West River were very large, especially in comparison
to the loads carried in the main stem (fig. 5F;; table 3, at back
of report). The U.S. Army Corps of Engineers operates the
flood-control West Hill Dam on the West River in Uxbridge.
Under normal meteorological conditions, West Hill Dam does
not retain (impound) much water. When rainfall is heavy, dam
operators hold back potential flood waters until the waters
can be released safely. These releases may carry substantial
amounts of suspended sediment that was previously retained
in the dam’s impoundment.

There was considerable variability in the relative
suspended sediment loads at the Blackstone River monitoring
stations at Millville, nearby Uxbridge (4.0 mi upstream from
Millville), and Pawtucket. Changing hydrological conditions
that may resuspend sediments and the timing of releases
from West Hill Dam are probably the primary causes of the
observed differences. Over a wide range of loads, loads at
Millville were almost always less than or equal to the loads at
Uxbridge; exceptions occurred during the October 22, 2007,
and the June 9 and 23, 2009, sampling periods (table 3, at back
of report).

Annual Loads of Nitrogen, Phosphorus, and
Suspended Sediment at Millville, Massachusetts

The estimated annual load of total nitrogen in the
Blackstone River at the Millville monitoring station, about
1.3 mi upstream from the Massachusetts-Rhode Island border,
was 936,000 kg (2,600 kg/d) in water year 2008 and was
somewhat lower at 878,000 kg (2,400 kg/d) in water year
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20009 (table 6). The estimated annual load of total nitrogen
(936,000 kg) was about 4 percent lower than the estimated
annual load of total dissolved nitrogen (973,000 kg) in water
year 2008; the estimated load of total nitrogen may have
been biased toward a low value because of errors in total
nitrogen concentrations that were not entirely corrected by
the procedure of using dissolved nitrogen loads in place

of total nitrogen loads for sampling periods in which total
nitrogen concentrations exceeded total dissolved nitrogen
concentrations by more than 10 percent (see the “Methods”
section for detailed discussion). The estimated annual load
of total phosphorus in the Blackstone River at the Millville
station was 81,400 kg in water year 2008 (223 kg/d) and only
slightly less at 80,900 kg (222 kg/d) in water year 2009. In
contrast, the estimated annual load of suspended sediment

in water year 2009 (7,040,000 kg or 19,300 kg/d) was about
40 percent larger in water year 2009 than in water year 2008
(4,940,000 kg or 13,600 kg/d). The higher load of suspended
sediment in water year 2009 likely reflects the larger flows
in 2009 compared with those in 2008 (see “Comparisons of
Nutrient, Suspended Sediment, and Trace Element Loads at
Millville and Pawtucket” section) and several large storms in
water year 2009.

Table 6. Estimated total annual loads of nutrients, suspended
sediment, and selected trace elements in the Blackstone River at
Millville, Massachusetts, in water years 2008 and 2009.

[--, not available]

Annual load
Constituent
Water year 2008  Water year 2009
Nutrients and suspended sediment, in kilograms
Total phosphorus 81,400 80,900
Dissolved phosphorus 47,000 32,000
Total nitrogen 936,000 878,000
Dissolved nitrogen 973,000 804,000
Suspended sediment 4,940,000 7,040,000
Trace elements, in kilograms
Total cadmium 259 --
Dissolved cadmium 177 --
Total chromium 1,250 -
Dissolved chromium 256 --
Total copper 3,760 --
Dissolved copper 2,100 --
Total lead 1,670 -
Dissolved lead 251 --
Total nickel 1,510 -
Dissolved nickel 1,150 --
Total zinc 11,900 -
Dissolved zinc 9,800 -

Annual mean streamflows in the Blackstone River
Basin during water years 2008 and 2009 were similar, though
slightly higher in 2009 than in 2008. Annual mean flow at
the Blackstone River Uxbridge station was 541 ft*/s in 2008
and 618 ft¥/s in 2009. Annual mean flow at the long-term
streamflow gaging station on Blackstone River in Woonsocket
(01112500) was 841 ft*/s in 2008 and 989 ft*/s in 2009; the
long-term (1929-2012) mean annual flow at the Woonsocket
streamflow gaging station is 793 ft¥/s. Thus, streamflow in
water year 2009 was only about 18 percent larger than stream-
flow in water year 2008, and streamflow during the period of
the study presented in this report (water years 2008 and 2009,
during which most of the data on loads were collected) was on
average only about 15 percent larger than long-term average
flows. This suggests that loads of constituents from sources
that are related to runoff and streamflow (such as nonpoint
sources in the watershed and resuspension) likely represent
typical current hydrologic conditions in the basin. Loads of
constituents from point sources such as wastewater treatment
facilities may vary independently of precipitation-driven flow.

Comparisons of Nutrient, Suspended Sediment,
and Trace Element Loads at Millville,
Massachusetts, and Pawtucket, Rhode Island

Loads of total nitrogen, total phosphorus, and suspended
sediment at the Blackstone River Millville and Blackstone
River Pawtucket monitoring stations are compared for parts
of water years 2008 and 2009 in figure 7. Loads of selected
trace elements at the two stations, which were measured at
the Blackstone River Pawtucket station for a short time only,
are compared in figure 8 for the latter part of water year 2008
and are listed in table 7. The time periods shown in figure 8
and listed in table 7 represent the entire time during which
sampling was conducted at the Blackstone River Pawtucket
monitoring station.

Total nitrogen and total phosphorus loads at the
Blackstone River Pawtucket monitoring station were almost
always larger than total nitrogen and total phosphorus loads
upstream at the Millville monitoring station (figs. SD—F and
7A4-B; table 3, at back of report). Suspended sediment loads
at the Pawtucket station, though usually less than loads at the
Millville station, showed similar patterns of relatively high
and low values (fig. 7C). The largest loads of total nitrogen,
total phosphorus, and suspended sediment at both the Millville
and Pawtucket stations generally coincided with periods of
high streamflow, especially during two high flow events during
summer 2009. The largest loads at the Pawtucket station were
observed during the 2-week sampling period from July 22,
2009, to August 6, 2009. Streamflows in the Blackstone River
during this period, as well as during a period at the beginning
of July 2009, were as high as 10 times the mean month July
flows in the river (based on long-term data at the Woonsocket
station, 01112500). The 2-week total mass, not estimated daily
mean loads, of total nitrogen at Pawtucket was 77,000 kg;
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Potential for Resuspension and Transport of Trace Element- and Nutrient-Enriched Bottom Sediment 49

the total masses of total phosphorus and suspended sediment
were 14,000 and 1,800,000 kg, respectively. Loads of total
nitrogen, total phosphorus, and suspended sediment at the
Millville station during this sampling period also were among
the largest measured at that monitoring station.

The comparison of total nitrogen and total phosphorus
loads in the Blackstone River at the Millville and Pawtucket
stations suggests that have been sources of these constituents
to the river downstream of the Millville monitoring station.
The median difference in total loads between the Millville and
Pawtucket stations for the individual sampling periods was
680 kg/d for total nitrogen and 52 kg/d for total phosphorus,
representing about 30 percent (total nitrogen) and about
25 percent (total phosphorus) of the loads at the Pawtucket
monitoring station. Potential sources in the drainage area
between the Millville and Pawtucket stations, which is
relatively large (212 mi?), include the Woonsocket wastewater
treatment plant, inflow from tributaries, and direct runoff to
the river. These potential sources were not directly monitored
in this study. Information on discharge volumes and nitrogen
concentrations was provided by the Woonsocket wastewater
treatment plant. Nitrogen loads calculated from these data
ranged from 66 to 156 kg/d, with a median value of 95 kg/d
for the six sampling periods for which data were available,
generally much smaller than the total difference in nitrogen
load between the Millville and Pawtucket monitoring stations.
Estimates of loads from the unmonitored area between the
Millville and Pawtucket stations, using the yields from the
three monitored tributaries in Massachusetts for the analysis
of nitrogen attenuation, indicates that these loads may be
large enough to account for the remaining difference between
the loads at the Millville and Pawtucket stations in some
sampling periods.

Loads of total cadmium, chromium, copper, lead, nickel,
and zinc were larger at the Pawtucket monitoring station than
at the upstream Millville station during most of the 2-month
period when these constituents were monitored at both sta-
tions in the latter part of water year 2008 (fig. 8). In the last
sampling period, at the end of October 2008, loads of total
cadmium, chromium, copper, and zinc at the Millville sta-
tion were slightly larger than or about equal to loads at the
Pawtucket station. The largest loads of all trace elements were
measured during the early September 2008 sampling period.
The highest streamflow during the 2-month period also was
measured at this time, in a short, intense, runoff event. Loads
decreased steadily from early September through October
2008 (fig .8; table 7); streamflow also decreased.

A relation between loads of trace elements and
streamflow also was seen more generally at the Millville
station where trace element loads were measured throughout
water year 2008. Trace element loads at the Millville station
increased to their maximum levels during winter 2008
(table 7), when streamflow was seasonally high. Another peak
in trace element loads at Millville occurred in fall 2008, again
in association with increased streamflow.

Potential for Resuspension and
Transport of Trace Element- and
Nutrient-Enriched Bottom Sediment
From Two Blackstone River
Impoundments

Impoundments on the Blackstone River have been identi-
fied as major sources of particulate trace element and nutrient
contamination, especially during periods of increased flow due
to storms (Wright and others, 2001). The Blackstone River
initiative, a multistate, multiagency effort to assess water and
sediment quality in the river, was designed to gather data and
modeling results to document changing conditions in the river
(Wright and others, 2001). The study identified resuspension
of previously deposited bottom sediment as a major source of
trace element loading in the river.

This section of the report describes the study design and
results of an evaluation of the extent and potential effects of
sediment resuspension on contaminant loading in Blackstone
River impoundments. First, the effects of precipitation and
subsequent changes in streamflow on turbidity are examined.
Next, linear regression equations are developed to (1) relate
turbidity to concentrations of selected constituents of concern
and (2) use these equations to generate time series of con-
centrations of these constituents. Concentrations of a subset
of constituents representing trace elements, nutrients, and
suspended sediment are used to estimate loads and the changes
in loads that occurred in the impoundments in response to
storms. Finally, relations between the magnitudes of storm
flows and the resultant changes in loads of particulate constitu-
ents during passage through the reservoirs are quantified and
compared.

Two run-of-the-river impoundments typical of those
along the river were selected for investigation—Rice City
Pond and the former Rockdale Pond (figs. 94—B). Operations
of the Northbridge wastewater treatment plant and the River-
dale Dam (hydropower), situated between the two impound-
ments, cause diel fluctuations in water levels in both areas.

The Rockdale Mill Pond Dam, constructed in
1856, originally impounded 15 acres just upstream from
Northbridge, Mass., between about 30 and 32 river miles
upstream from the mouth (Vanasse Hangen Brustlin, Inc.,
2005). The dam was breached and removed in the late 1960s.
The riverbanks included a former toxic waste site (chlorinated
solvents) and remained devoid of vegetation cover (fig. 94).
Concerns were expressed in the Blackstone River restoration
study (U.S. Army Corps of Engineers, 1994) and by the
Blackstone River initiative (Wright and others, 2001) that the
exposed banks of the former impoundment would be subject
to erosion during high flows, thus mobilizing toxic metals and
other contaminants.
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Figure9. The A, former Rockdale Pond impoundment and B, Rice City Pond impoundment on the Blackstone River,
Massachusetts. The impoundments are the low-lying areas between the upstream (01110400 and 01110530) and downstream
(01110500 and 01110535) monitoring stations.—Continued
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Rice City Pond, a 105-acre impoundment on the
Blackstone River in Uxbridge and Northbridge, was originally
constructed in 1865 to provide a reliable water supply for the
Blackstone Canal (Vanasse Hangen Brustlin, Inc., 2005). In
1955, the earthen dam burst due to high flows associated with
Hurricane Diane and was replaced with a concrete structure
(U.S. Army Corps of Engineers, 1997). Reconnaissance
studies associated with the formation of the Blackstone River
Corridor national historic site found high levels of trace
elements, polycyclic aromatic hydrocarbons and petroleum in
the impounded bed sediments (Wright and others, 2001).

The Blackstone River initiative found that Rice City Pond
served as a settling basin for particulate contaminants at low
flows and suggested that these particles could be mobilized at
higher flows and transported downstream (Wright and others,
2001). Rice City Pond was found to be the most important
source of total suspended solids, chromium, and lead, and,
during high flows, copper of any station on the river. Concen-
trations of cadmium, chromium, copper, nickel, and zinc were
all found to increase substantially downstream of the dam dur-
ing high-flow events associated with storms. These findings,
together with the reduction in hardness due to dilution during
high flows, led to violations of trace element-concentration
criteria during the study period (Wright and others, 2001). The
results also suggested that wet-weather loadings could domi-
nate the river for days after storms, depending on the magni-
tude of the storm and the constituent considered.

In order to assess hypothesized relations among turbidity,
streamflow, and transport of suspended sediment, nutrients,
and trace elements, monitoring stations with continuously
operating turbidity probes (15-minute intervals) were
established on the Blackstone River upstream and downstream
from Rice City Pond and from the former Rockdale Pond.
Streamflow was also monitored continuously (15-minute
intervals) at these stations. The stations were as follows:

(1) 01110400, Blackstone River South Grafton (former
Rockdale Pond upstream); (2) 01110500, (former) Rockdale
Pond downstream; (3) 01110530, Rice City Pond upstream;
and (4) 01110535, Rice City Pond outlet or downstream

(fig. 1; table 1). The Blackstone River South Grafton (former
Rockdale Pond upstream station, 01110400) is also a station at
which loads of nitrogen, phosphorus, and suspended sediment
were monitored and is referred to as the Blackstone River
South Grafton station in sections of the report that describe
constituent loads; the station is referred to as the former
Rockdale Pond upstream station in this section of the report.

Turbidity Patterns in Relation to Streamflow and
Precipitation

Turbidity is a measure of the degree to which the water
loses its transparency due to the presence of particulates
suspended in the water column. Submersible sondes outfitted
with turbidity probes were deployed during water year 2008
(October 2007 through September 2008) to continuously (at

15-minute intervals) monitor turbidity in order to obtain data
to use in developing mathematical relations between turbidity
and concentrations of suspended sediment, nutrients, and
trace elements.

Turbidity patterns recorded during water year 2008 show
long periods (days to weeks) at all four stations when the
turbidity was substantially less than 50 formazin nephelo-
metric units (FNU; figs. 10-12). Turbidity exceeded 50 FNU
at the upstream monitoring stations more often than at the
downstream stations. The low-flow periods, characterized by
relatively low turbidity, are interspersed with brief (less than
48-hour) intervals with elevated turbidity values.

During low-flow periods in autumn 2007 and summer
2008, the timing of the increases in turbidity appears to be
directly related to streamflow; for example, at the former
Rockdale Pond upstream station (01110400), turbidity was
less than 50 FNU and usually less than 20 FNU from mid-
October to mid-December 2007. Streamflow during this period
rarely exceeded about 100 ft*/s, despite the occurrence of at
least four storms in the watershed with rainfall totals on the
order of 1 inch (in.).

Increases in streamflow, especially to rates larger than
500 ft’/s, were generally associated with short-lived spikes
in turbidity to levels as high as 200 FNU, for example, on
December 24, 2007, at the former Rockdale Pond upstream
station (01110400). In this case, a storm with precipitation of
about 0.75 in. caused the streamflow to increase only to about
250 ft¥/s but presumably caused resuspension of sediment par-
ticles upstream from the monitoring station. Within 24 hours,
the turbidity readings returned to predisturbance levels.
Turbidity remained low for the next several days until another
relatively large storm, on January 11, 2008, with 1.2 in. of pre-
cipitation, produced a large increase in streamflow (650 ft%/s).
The turbidity response to this storm, with a peak of 91 FNU,
however, was substantially smaller than the previous storm’s
peak. One explanation for this difference is that the surficial-
sediment deposits that were resuspended by the December
24 streamflow increase had accumulated during the previous
low-flow period during which sediments were deposited; the
surficial-sediment deposits were depleted when the January 11
storm struck, and the effect on turbidity was diminished.

Detailed examination of turbidity data from all four
monitoring stations during short time periods with rapid
changes in streamflow helps to explain the effects of
streamflow on turbidity. As streamflow increased to its peak
during the December 24, 2007, storm (fig. 124), the turbidity
values began to rise as well. Turbidity values at individual
monitoring stations reached their peaks in downstream
order. The turbidity peak at the upstream end of the former
Rockdale Pond (station 01110400) was larger than the peak
at the downstream end (station 01110500), and the peak at
the upstream end of Rice City Pond (station 01110530) was
smaller than the peak at the impoundment’s downstream
end (station 01110535). These patterns suggest that the
two river sections were behaving differently with respect
to resuspension and transport of previously deposited bed



5.0

Precipitation,
ininches

3,000

2,500

Daily mean discharge,
in cubic feet per second

1,000 -

500

2,000

1,500 |

Potential for Resuspension and Transport of Trace Element- and Nutrient-Enriched Bottom Sediment

4.79inches

Rockdale Pond upstream
(01110400)

EXPLANATION
=== Discharge
== Turbidity

3,000
2,500 |
=2 2000 |
&8
C @
 »n
(& .
» o
- o
=
§§ 1,500 F
E o
>
= =
C O
(=
1,000 F
500
0
Q
N
Q&
R

Figure 10. Turbidity patterns at Blackstone River monitoring stations upstream (01110400) and downstream

Rockdale Pond downstream
(01110500)

EXPLANATION

=== Discharge

== Turbidity

. L)
S e S ® & 8
@’b* N » S
¥ i 4

300

1 250

1 200

1 150

1 100

50

300

250

200

150

100

50

Turbidity.
in formazin nephelometric units

Turbidity.
in formazin nephelometric units

(01110500) from the former Rockdale Pond impoundment on the Blackstone River, Massachusetts, during
water year 2008, in relation to measured streamflow at the monitoring station and to precipitation at the

Upper Blackstone Water Pollution Control Abatement District wastewater treatment plant in Millbury, Mass.

53



54 Nutrient, Suspended Sediment, and Trace Element Loads in the Blackstone River Basin in Mass. and R.1., 2007 to 2009
40
N 4.79inches
S » 30 f
S
©C
2 o
8= 20
=
& 10 |
0.0
3,000
N EXPLANATION
Rice City Pond upstream Disch
(01110530) iseharge
== Turbidity
2500 [ 1 250
2
€
=] =1
25 e
s @ L | 5
g3 200 200 g
2 3 ]
o 5]
= 25
3 58
€ o = c
=2 150 | 150 s
c O £
(=Y =
= 8
£
1000 | 100
500 | 50
N n
: ¥ b Lol dl o
3,000 300
EXPLANATION
Rice City Pond downstream «—— Discharge
(01110535) Turbidi
2500 urbidity 1 250
=]
&5 £
S g 200 1 200 5
[S 2. o
2 © =
kS s— ®
58 z5
£ b}
2 1,500 0 55
23 2 2
o c £
N
©
3
1,000 2
£
500
0 W b A b M 1 _
N N Q Q $  ® N NS N N & N
K N 0 N < § X N N S S
NS N S Q @ & > R 3 N N S &
A PO SR A P P S

Figure 11.

Turbidity patterns at Blackstone River monitoring stations upstream (01110530) and downstream

(01110535) from the Rice City Pond impoundment on the Blackstone River, Massachusetts, during water year
2008, in relation to measured streamflow at the monitoring station and to precipitation at the Upper Blackstone
Water Pollution Control Abatement District wastewater treatment plant in Millbury, Mass.



Potential for Resuspension and Transport of Trace Element- and Nutrient-Enriched Bottom Sediment 55

A. December 22 to 28, 2007

500

250

200

150

Turbidity,
in formazin nephelometric units

100 -

Streamflow,
in cubic feet per second

50 |-

1,200

EXPLANATION
Streamflow

1,000 e=====_Rockdale Pond
upstream (01110400)

2 Turbidity

£ -

s 800 s Rockdale Pond

— o

g =5 e Upstream (01110400)
é:g % g’_ e Downstream (01110500)
2 %’_ 600 s 3 Rice City Pond
2 2 &2 e Upstream (01110530)

=

B 3 @ Downstream (01110535)

E 400 <

8

£

200

Figure 12. Turbidity patterns at four Blackstone River monitoring stations upstream and downstream from the former
Rockdale Pond and Rice City Pond impoundment on the Blackstone River, Massachusetts, in relation to measured streamflow
at during the A, December 22 to 28, 2007, and B, March 15 to April 4, 2008, storms. Streamflow at all four stations was similar
and is represented by streamflow at the Rockdale Pond upstream station.



56 Nutrient, Suspended Sediment, and Trace Element Loads in the Blackstone River Basin in Mass. and R.1., 2007 to 2009

sediment. High flow resulted in sediment resuspension and
downstream transport in the intact impoundment (Rice City
Pond); in contrast, sediment resuspended in the breached
impoundment (the former Rockdale Pond) was not transported
downstream but was quickly redeposited within the reach.

In mid-March to early April 2008, two storms took place
about 2 weeks apart (fig. 12B). The streamflow during these
storms was substantially larger than that of the December
2007 storm. The first storm in March 2008 resulted in turbid-
ity peaks that barely exceeded 10 FNU; the peak turbidities of
the second storm in April 2008 ranged from about 20 FNU to
slightly more than 70 FNU, despite the fact that the maximum
flow was about 30 percent lower during the second storm than
it was for the first. As in the case of the December 2007 storm,
the peak turbidity at the upstream end of the former Rockdale
Pond was larger than at its downstream end, and the peak tur-
bidity at the upstream end of Rice City Pond was less than at
its downstream end. Again, the intact impoundment acted as a
source of sediment, whereas the breached impoundment acted
more as a sink.

Turbidity as a Surrogate for Particulate Trace
Elements, Nutrients, and Suspended Sediment

The main purpose of the turbidity study was to evaluate
the effects of sediment resuspension on mobilization and
transport of contaminants that were previously deposited in
the impoundments, either behind a dam (Rice City Pond)
or along the exposed banks of a channel that cut through
a former impoundment (the former Rockdale Pond). To
accomplish this, it was necessary to develop relations between
turbidity and measured concentrations of nutrients and trace
elements at the four streamflow and water-quality monitoring
stations to estimate concentrations for these constituents
between sampling events. Estimated concentration data were
then combined with flow records to estimate loads. Linear-
regression models were constructed for relations between
concentrations of particle-bound trace elements, particle-
bound phosphorus, and suspended sediment, and measured
turbidity using data collected during water year 2008 at each
of the stations (table 8). The particulate concentrations all
were strongly and positively correlated with turbidity. The
median coefficient of determination (R?) for all selected
constituents at the four monitoring stations was 0.881; the
minimum R? was 0.662 and the maximum R*was 0.985.

As expected, correlations between turbidity and suspended
sediment concentrations were strong. The lowest R? value for
turbidity and suspended sediment concentrations was 0.843
and the highest was 0.985; the slopes of the linear regressions
ranged from 1.15 to 1.52.

About 10 percent of the turbidity readings for this part
of the study detailed in this report (stations upstream and
downstream from impoundments) provided constituent
concentrations that were outside the ranges of the calibration
curves for the trace elements, nutrients, and suspended

Table 8. Variables of linear regression equations for
constituent loads and measured turbidity for four streamflow
and water-quality-monitoring stations on the Blackstone River,
Massachusetts, during water year 2008.

[R?, coefficient of determination, n, number of samples; USGS, U.S. Geologi-
cal Survey; pg/L, micrograms per liter; mg/L, milligrams per liter]

Constituent Slope Intercept R? n

Blackstone River South Grafton
(Rockdale Pond upstream; USGS station 01110400)

Particulate cadmium (pg/L) 0.0285  0.0557 0.881 6
Particulate chromium (pg/L) 0.0284 -0.2164 0977 6
Particulate copper (ng/L) 0.7876  -1.1521 0926 6
Particulate lead (ug/L) 0.8287 -0.9724 0955 6
Particulate nickel (pg/L) 0.0890 -0.3752 0915 6
Particulate zinc (pug/L) 0.9878 -1.1173 0833 6
Particulate phosphorus (mg/L)  0.0087  0.0735 0.662 6
Suspended sediment (mg/L) 1.2679  2.8331 0843 6
Rockdale Pond downstream (USGS station 01110500)
Particulate cadmium (ug/L) 0.0234  0.0466 0.864 7
Particulate chromium (pg/L) 0.1444  0.7006 0.830 7
Particulate copper (ng/L) 0.4847  1.6157 0.880 7
Particulate lead (ng/L) 0.5182  0.7887 0927 7
Particulate nickel (ug/L) 0.0455  0.6396 0915 7
Particulate zinc (ug/L) 0.8392 -0.7157 0833 7
Particulate phosphorus (mg/L)  0.0079  0.0656 0.822 7
Suspended sediment (mg/L) 1.1463  2.9250 0.948 7
Rice City Pond upstream (USGS station 01110530)
Particulate cadmium (pg/L) 0.0219  0.0377 0.825 7
Particulate chromium (pg/L) 0.1660  0.7055 0.890 7
Particulate copper (ng/L) 0.4763 1.3748 0.885 7
Particulate lead (ng/L) 0.5001  0.9877 0927 7
Particulate nickel (ug/L) 0.0567 -0.0711 0930 7
Particulate zinc (ug/L) 0.9699 -1.2395 0914 7
Particulate phosphorus (mg/L)  0.0093  0.0658 0.831 7
Suspended sediment (mg/L) 1.2462  2.8775 0.891 7
Rice City Pond outlet (USGS station 01110535)
Particulate cadmium (pg/L) 0.0228  0.1292 0.684 7
Particulate chromium (pg/L) 0.1887  0.8303 0.788 7
Particulate copper (ng/L) 0.4154  2.8959 0.795 7
Particulate lead (ug/L) 0.4677 1.4896 0.863 7
Particulate nickel (ug/L) 0.0596  0.0104 0849 7
Particulate zinc (ug/L) 0.8948  0.4081 0.802 7
Particulate phosphorus (mg/L)  0.0102  0.0581 0.885 7
Suspended sediment (mg/L) 1.5177  -0.5460 0985 7
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sediment, but were nevertheless used in regression
development. The decision to use turbidity readings outside
of the ranges of calibration curves was based on previous
research (Métadier and Bertrand-Krajewski, 2012) showing
that these linear relations are maintained outside the
calibration ranges.

Effects of Sediment Resuspension on
Contaminant Concentrations and Loads

Effects of sediment resuspension on particulate trace
element concentrations are best determined by examining
high-flow periods. During low-flow periods, resuspension is
minimal and turbidity is consistently low. Sampling periods
were selected for analysis because they represented times
when the turbidity records were complete, that is, without gaps
caused by equipment problems. Graphs presented in this sec-
tion depict the estimated particulate constituent concentrations
calculated using the individual regression equations for each
monitoring station.

Changes in Trace Element Concentrations
Resulting From Sediment Resuspension

At the former Rockdale Pond upstream monitoring
station (01110400), daily mean streamflow increased from
88 ft3/s on December 23, 2007 to 336 ft*/s on December 24,
2007 (fig. 134). Streamflow at the station began to decrease
after peaking on December 24 but remained higher than it was
before the event. The increase was accompanied by increases
in estimated daily mean concentrations of particulate cad-
mium, chromium, copper, lead, nickel, and zinc. Based on the
regression equations, the largest increase was for particulate
zinc, which increased from about 2.6 micrograms per liter
(ng/L) on December 23 to a peak of 71 pg/L on December 24.
Particulate copper and lead also increased by similar amounts.
The concentration of particulate chromium, which was less
than 1 ng/L before the event, increased to a peak of 20.6 pg/L.
Particulate cadmium and nickel increased by smaller amounts
compared with other constituents.

Downstream of the former Rockdale Pond monitoring
station (01110500), daily mean streamflow increased from
about 100 ft*/s on December 23 2007, to about 325 ft¥/s on
December 24, 2007, dropped to about 200 ft*/s over the next
2 days, and remained between 200 and 250 ft*/s for several
days more (fig. 13B). Concentrations of trace elements also
peaked on December 24 (zinc, 54.3 pg/L; lead, 34.8 ng/L;
copper, 33.4 ug/L; chromium, 10.2 pug/L; nickel, 3.62 pg/L;
and cadmium, 1.8 ug/L). Trace element concentrations fell off
substantially by the next day (December 25) and continued to
decline over the next few days. Concentrations of copper, lead,
and zinc remained higher than the concentrations of cadmium,
chromium, and nickel.

At the monitoring station upstream of Rice City Pond
(01110530), daily mean streamflow increased from about

100 ft3/s on June 22, 2008, to almost 600 ft*/s on June 24,
2008 and fell to less than 250 ft*/s on June 27 (fig. 144).
Trace element concentrations also peaked on June 24 (zinc,
24.9 ug/L; lead, 14.5 pg/L; copper, 14.2 ng/L; chromium,
5.19 pg/L; nickel, 1.46 pg/L; and cadmium, 0.629 pg/L).

At the outlet of Rice City Pond at monitoring station
01110535, results presented a similar picture, with streamflow
peaking on December 24, 2007 (fig. 14B). For the most part,
streamflow ranged between about 100 and 150 ft*/s for most of
November and December; from December 23 to December 24,
streamflow rose to more than 350 ft*/s. Concentrations of trace
elements also peaked on December 24 (zinc, 43.7 pg/L; lead,
24.1 ng/L; copper, 23.0 pg/L; chromium, 9.96 pg/L; nickel,
2.89 ug/L; and cadmium, 1.23 pg/L).

At all monitoring stations, trace element concentrations
decreased sharply as soon as the flow began to decrease.
Particulate copper, lead, and zinc concentrations generally
decreased sharply in the first 24 hours, then slowly continued
toward previous levels. Particulate cadmium, chromium,
and nickel concentrations returned almost to previous
concentrations within about 24 hours, even though flows
remained elevated.

Changes in Constituent Loading Resulting From
Sediment Resuspension

In order to determine the mass of materials that may be
resuspended as a result of storm runoff, estimated daily loads
of suspended sediment and representative constituents of trace
elements and nutrients, based on the regressions, were exam-
ined for two time periods at all four monitoring stations. The
chemical constituents selected were chromium and phosphorus
and the time periods were December 19, 2007, to January 1,
2008, and March 16 to April 4, 2008, which are periods with
nearly complete datasets for all four monitoring stations.

From December 23 to 24, 2007, the load of chromium
at the former Rockdale Pond upstream monitoring station
(01110400) increased from less than 1 kg/d to about 17 kg/d
(fig. 154). Loads at the other monitoring stations increased to
about half that amount. By December 27, chromium loads at
all stations decreased to about double their initial values. The
loads remained at about those levels for the remainder of the
period at all stations.

During the March to April 2008 period, the largest chro-
mium loads occurred at the monitoring station at the outlet to
Rice City Pond (01110535), which is also the farthest down-
stream station in the resuspension study (fig. 15B); the lowest
loads were at the former Rockdale Pond upstream station
(01110400), the farthest upstream station. During the March
to April 2008 period, streamflow in the river was about double
the streamflow in December 2007 to January 2008.

Loads of particulate phosphorus were low (about 20 to
30 kg/d) at all four monitoring stations before the storm of
December 23 to 24, 2007 (fig. 164). Peak loads represented
20- to 30-fold increases compared with starting conditions.
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Figure 13. The effects of sediment resuspension on estimated particulate trace element concentrations at streamflow
and water-quality monitoring stations A, upstream (station 01110400) and B, downstream (station 01110500) from the former
Rockdale Pond impoundment on the Blackstone River, Massachusetts, during selected high-flow events in water year 2008.
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Figure 14. The effects of sediment resuspension on estimated particulate trace element concentrations at streamflow and
water-quality monitoring stations A, upstream (station 01110530) and B, downstream (station 01110535) from the Rice City Pond
impoundment on the Blackstone River, Massachusetts, impoundment during selected high-flow events in water year 2008.
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Figure 16. The effects of sediment resuspension on particulate phosphorus loads at four Blackstone River monitoring
stations upstream and downstream from the former Rockdale Pond and Rice City Pond impoundments on the Blackstone River,
Massachusetts, for A, December 19 to 31, 2007, and B, March 16 to April 4, 2008.
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The largest maximum daily load was measured at the former
Rockdale Pond upstream monitoring station (011110400).
After the storm peak flow receded, loads at the three stations
for which data were available decreased to about 50 kg/d
(fig. 164).

For the first storm during the March to April 2008 period
(March 19-20; fig. 16B), the total particulate phosphorus load
was largest at the Rice City Pond outlet monitoring station
(01110535; almost 400 kg/d). For the second storm (April 1-2,
2008), the load was largest at the former Rockdale Pond
upstream monitoring station (01110400; more than 450 kg/d).
Between the two storms, loads decreased to slightly less than
their initial values at the start of the time period.

During the December 23 to 24, 2007, storm, peak
suspended sediment loads ranged from about 48,000 kg/d
(Rice City pond upstream, station 01110530) to almost
80,000 kg/d (the former Rockdale Pond upstream, station
01110400). Before the storm, the loads were in the range of
1,000 to 2,000 kg/d (fig. 174).

In the March to April 2008 period, initial suspended
sediment loads were less than 10,000 kg/d and increased to
between about 20,000 kg/d (former Rockdale Pond upstream,
station 01110400) and 35,000 kg/d (Rice City Pond outlet,
station 01110535) during the first storm (March 19 to 20,
2008) before returning to approximately the same loads as
before the storms (fig. 17B). During the second storm (April 1
to 2, 2008), loads ranged from about 20,000 kg/d at the Rice
City Pond upstream station (01110530) to about 55,000 kg/d at
the former Rockdale Pond upstream station (01110400).

Applying the regression equations relating turbidity to
concentration at the four monitoring stations yields consistent
results for particulate chromium, particulate phosphorus,
and suspended sediment. During the December 2007 to
January 2008 period, low-flow loads were approximately the
same at all stations (figs. 154, 164, and 174). During peaking
storm flows, loads at the former Rockdale Pond upstream
monitoring station (01110400) were largest, followed by
monitoring stations at the Rice City Pond outlet (01110535),
the former Rockdale Pond downstream (01110500), and Rice
City Pond upstream (011110530).

During the March to April 2008 period, initial loads
were not the same (figs. 158, 168, and 17B); initial loads
for particulate chromium and phosphorus were greatest at
the outlet from Rice City Pond, whereas those for suspended
sediment were greatest at the upstream end of the former
Rockdale Pond. Daily mean streamflows peaked on March 20,
at which point all three constituent loads exhibited maximum
values at the outlet to Rice City Pond (01110535). Between
storms, constituent loads at all four monitoring stations
decreased. When streamflows peaked again on April 2, loads
for all three constituents were largest at the former Rockdale
Pond upstream monitoring station (01110400).

Effects of Flow on Changes in Constituent Loads
During Passage Through Impoundments

The role of river impoundments in promoting deposition
and subsequent resuspension and transport of particulate
contaminants was investigated by comparing relations
between the magnitudes of maximum daily mean streamflows
during high-flow events with changes in particulate-
constituent loads during passage through the Rice City and
the former Rockdale and impoundments. Figures 18 through
20 show differences between estimated loads at the stations
bracketing the impoundments for periods of high flow during
water year 2008, plotted against the corresponding maximum
daily mean flows for the upstream monitoring stations
(stations 01110400 and 01110530) for each impoundment. The
examples illustrated in the figures include one particulate trace
element (chromium), one particulate nutrient (phosphorus),
and suspended sediment; however, other constituents exhibited
similar behavior.

Most of the changes in particulate chromium loading
during high-flow events in the former Rockdale Pond were
negative (fig. 184); that is, during most high-flow events,
there was more particulate chromium entering than leaving
the formerly impounded river reach, indicating that the
reach was acting as a sink for particulate chromium. This
effect was relatively independent of the magnitude of the
flow. Exceptions occurred during two extremely high flow
events in September 2008. On September 7 and again on
September 27, daily mean flows reached 2,500 and 710 ft'/s,
respectively. These were among the highest flows recorded
during the water year 2008 monitoring period. Both of these
events were accompanied by exceptionally large increases
in the estimated maximum loads at the upstream end of the
study reach (94,700 kg/d on September 7 and 54,200 kg/d on
September 27). In both cases, however, these large initial loads
of particulate material quickly settled out of the water column
so that the chromium load that exited the formerly impounded
area was greatly reduced.

In contrast, there was a strong, positive relation between
the change in chromium load and peak flow in Rice City Pond
(fig. 18B), indicating that the intact impoundment was acting
primarily as a source for particulate chromium. Changes in the
estimated chromium loads ranged from less than 0.6 kg/d at
peak flows less than 300 ft/s to more than 3.4 kg/d at a peak
flow of 1,310 ft/s. One exception to this pattern occurred on
March 9, 2008, at the highest daily mean flow (2,240 {t*/s)
recorded during the study period at the Rice City Pond
upstream station (01110530). This peak followed a month-
long period when flows tended to be larger than 1,000 ft*/s and
never lower than 500 ft¥/s. The estimated chromium load at the
upstream monitoring station (26.6 kg/d) was by far the largest
encountered during the study period and was very similar
to that at the downstream monitoring station (25.8 kg/d),
indicating that most of the extremely large particulate load was
deposited within the impoundment. In general, however, the
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Figure 17. The effects of sediment resuspension on suspended sediment loads at four Blackstone River monitoring stations
upstream and downstream from the former Rockdale Pond and Rice City Pond impoundments on the Blackstone River,
Massachusetts, for A, December 19, 2007, to January 1, 2008, and B, March 16 to April 4, 2008.



64

Change in maximum daily particulate
chromium load, in kilograms per day

Change in maximum daily particulate
chromium load, in kilograms per day

Figure 18. The effects of streamflow on changes in maximum
daily particulate chromium loads in the A, former Rockdale Pond
and B, Rice City Pond impoundments on the Blackstone River,
Massachusetts, during high-flow events in water year 2008.
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intact Rice City impoundment acted as a source of particulate
chromium to the river.

Similar responses were observed for the relation
between maximum daily mean streamflow and resuspension
of particulate phosphorus (fig. 194). There was very little
net transport of particulate phosphorus out of the formerly
impounded section of Rockdale Pond, regardless of the level
of flow at the upstream monitoring station. Either there was
no measureable change in phosphorus load in response to
the increased flow or there was less particulate phosphorus
leaving the reach than entering. In Rice City Pond, on the
other hand, there was generally a direct positive relation
between the maximum daily mean flow and the amount of
particulate phosphorus that was resuspended and transported
downstream (fig. 19B8). The change in particulate phosphorus
load ranged from about 17 kg/d at the lowest flows associated
with observed high-flow events to about 114 kg/d at the
highest flows. Again, the extremely high peak daily mean flow
that occurred on March 9, 2008, resulted in a net decrease in
particulate phosphorus load, presumably because most of the
sediment deposits had already been scoured by previous high-
flow events.

The effect of flow on suspended sediment was similar
to that of other particulate contaminants, that is, no change
or a loss during transport through the former Rockdale
Pond reach and increases in direct proportion to flow dur-
ing transport through Rice City Pond (fig. 20). Suspended
sediment increased during transport through Rice City Pond,
with changes of less than 1,000 kg/d at the lowest recorded
maximum flows to more than 20,000 kg/d at a maximum flow
of 1,310 ft¥/s.

The data presented in this report suggest that Blackstone
River impoundments can be substantial sources of particulate
contaminants, but that once dams are breached, there is little
opportunity for accumulation of sediment and not much evi-
dence of substantial downstream transport. The hypothesis that
contaminated sediment deposits upstream from the site of the
former Rockdale Mill Pond Dam might be subject to scour-
ing and transport during high-flow events was not supported
in this study. It is also possible that much of the contaminated
sediment deposited in the former Rockdale Pond before the
dam was breached had already been removed from scouring
associated with previous storm events. Rice City Pond, on the
other hand, appears to be a site of accumulation and settling of
particulate contaminants during periods of low flow, and these
deposits are mobilized during high-flow events and trans-
ported downstream.
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Figure 19. The effects of streamflow on changes in maximum
daily particulate phosphorus loads in the A, former Rockdale Pond

and B, Rice City Pond impoundments on the Blackstone River,
Massachusetts, during high-flow events in water year 2008.
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Summary

The Blackstone River Basin has a long history of con-
tamination, dating back to the industrial revolution. Improved
infrastructure and wastewater treatment have resulted in
improved water quality, but the river’s water quality is still
[2015] categorized as impaired along its entire length. Con-
cerns about continuing water-quality degradation and potential
effects on Narragansett Bay in Rhode Island, into which the
river drains, prompted a cooperative study of contaminant
loads in the river by the U.S. Geological Survey and the
Massachusetts Department of Environmental Protection.

The loads of nutrients, suspended sediment, and trace
elements were estimated at monitoring stations along the
Blackstone River and selected tributaries in an effort to
understand the distribution and sources of these constituents in
the river basin. The loads of these constituents were monitored
in the Massachusetts segment of the basin from 2007 to
2009 for nutrients and suspended sediment and from 2007 to
2008 for trace elements. One objective of the study was to
monitor the loads of nitrogen and other constituents leaving
Massachusetts and entering Rhode Island via the Blackstone
River; these loads were estimated on an annual basis for water
years 2008 and 2009. The effects of hydrologic conditions and
the net attenuation of nitrogen loads were also investigated
for loads in the Massachusetts segment of the basin. Finally,
the extent and potential effects of sediment resuspension on
contaminant loads were evaluated by analyzing concentrations
of nutrients, suspended sediment, and trace elements and
turbidity at monitoring stations upstream and downstream
from two Blackstone River impoundments—Rice City Pond
and the former Rockdale Pond (a breached impoundment).
Data for the resuspension study were collected primarily
in 2008.

Loads of nutrients, suspended sediment, and trace
elements (where collected) were estimated from flow-
proportional, composite water-quality samples that were
collected over 2-week periods. These samples were collected
at six stations on the main stem Blackstone River, at
monitoring stations on three tributaries—the Quinsigamond,
Mumford, and West Rivers—and at four wastewater treatment
plants in the Massachusetts segment of the basin during
2007 to 2009. Flow-proportional, 2-week composite samples
were collected at an additional station near the mouth of the
Blackstone River in Pawtucket, Rhode Island, in parts of 2008
and 2009.

Total nitrogen loads are partly based on concentrations
of total dissolved nitrogen for part or all of some sampling
periods at some stations. This approach was used to address
discrepancies between analytical results for total nitrogen and
total dissolved nitrogen in many of the composite samples.
The approach likely underestimated the total nitrogen loads
calculated based on these samples. However, use of these esti-
mates is not expected to greatly affect study findings because
they are most frequently used for samples from in tributaries
and at the most-upstream Blackstone River station (where

loads are relatively small compared with main stem loads) and
for samples that represent relatively small fractions of total
streamflow during the sampling period.

Loads of total nitrogen along the Blackstone River in
Massachusetts showed a similar general pattern during all
sampling periods monitored in the study: relatively low total
nitrogen loads at the farthest upstream monitoring station in
Millbury, Massachusetts (typically less than 430 kilograms
per day [kg/d]); a 5- to 10-fold increase in load downstream
of the Upper Blackstone Water Pollution Control Abatement
District (UBWPAD) wastewater treatment plant on the river in
Millbury; then, total nitrogen that remained elevated (typically
about 1,000 to 3,000 kg/d) but varied from the Blackstone
River Millbury upstream station to the Massachusetts-Rhode
Island border near the Blackstone River Millville station. The
tributaries and wastewater treatment plants other than the
UBWPAD rarely contributed more than a small fraction of the
loads observed at the main stem monitoring stations.

Changes in nitrogen loads along the river were investi-
gated by analyzing relations with hydrologic conditions, and
changes in net nitrogen load among consecutive monitoring
stations along the river. Total nitrogen loads varied with hydro-
logic condition; the highest loads were observed during sam-
pling periods when the contribution of base flow was less than
the runoff component of streamflow. During these sampling
periods, loads of total nitrogen from the UBWPAD wastewater
discharge also were high, but loads from the UBWPAD also
constituted smaller fractions of the total nitrogen loads in the
river. Nitrogen attenuation may have occurred during some of
the sampling periods as indicated by net changes in total nitro-
gen load between consecutive monitoring stations, especially
in the 10.8-mile (mi) reach of the Blackstone River between
the South Grafton and Uxbridge monitoring stations. Total
nitrogen loads at the downstream end of this reach were lower
than the nitrogen load at the upstream end of the reach during
most of the sampling periods.

Loads of total phosphorus along the Blackstone River
in Massachusetts showed a general pattern similar to that of
nitrogen: relatively low total phosphorus loads at the farthest
upstream monitoring station in Millbury (typically less
than 37 kg/d); a 6- to 15-fold increase in load downstream
of the UBWPAD:; then, total phosphorus loads that were
relatively high (typically about 100 to 370 kg/d) but varied
from the Blackstone River Millbury upstream station to the
Massachusetts-Rhode Island border. Total phosphorus loads
at the UBWPAD were less in 2009 (typically near 100 kg/d)
than in 2007 and 2008 (mostly near 200 kg/d). Contributions
of total phosphorus load from the tributaries and wastewater
treatment plants, as with nitrogen, were only small fraction of
the loads observed at the main stem monitoring stations.

Loads of suspended sediment also were substantially
larger in the main stem river than in tributaries during most
sampling periods. Tributary loads rarely exceeded 1,000 kg/d,
whereas median loads of suspended sediment at main stem
stations ranged from 3,160 kg/d to more than 10,000 kg/d.
Suspended sediment was not measured in wastewater



treatment plant samples. Very large loads of suspended sedi-
ment (more than 100,000 kg/d) from the West River during
several sampling periods may have been associated with flood-
control operations at a dam on this tributary.

The estimated annual load of total nitrogen in the
Blackstone River at the Millville station, about 1.3 mi
upstream from the Massachusetts-Rhode Island Border, was
936,000 kilograms (kg; 2,600 kg/d) in water year 2008 and
878,000 kg (2,400 kg/d) in water year 2009. The estimated
annual load of total phosphorus at the Blackstone River
Millville station was 81,400 kg in water year 2008 (223 kg/d)
and 80,900 kg (222 kg/d) in water year 2009. The estimated
annual load of suspended sediment was 4,940,000 kg
(13,600 kg/d) in water year 2008 and 7,040,000 kg
(19,300 kg/d) in water year 2009; the higher load in water year
2009 likely reflects the larger streamflows and several large
storms in 2009. Loads of total nitrogen, total phosphorus, and
trace elements were almost always lower in the Blackstone
River at the Millville station than near the mouth of the
river at the Pawtucket monitoring station when loads were
monitored at both stations in the latter part of water year 2008
and in water year 2009; loads of suspended sediment at the
Millville and Pawtucket stations varied in about the same
range, but were usually lower at the Pawtucket station than at
the Millville station.

Analysis of the representative constituents total phos-
phorus, total chromium, and suspended sediment upstream
and downstream of impoundments indicated that the existing
impoundments, such as Rice City Pond, can be sources of par-
ticulate contaminant loads in the Blackstone River. Loads of
particulate phosphorus, particulate chromium, and suspended
sediment were consistently higher downstream from Rice City
Pond than upstream during high-flow events, and there was
a positive, linear relation between streamflow and changes
in these constituents from upstream to downstream of the
impoundment. Thus, particulate contaminants were mobilized
from Rice City Pond during high-flow events and transported
downstream. In contrast, downstream loads of particulate
phosphorus, particulate chromium, and suspended sediment
were generally lower than or equal to upstream loads for the
former Rockdale Pond impoundment. The dam at the former
Rockdale Pond was breached in the late 1960s, and sediments
associated with the former impoundment did not appear to be
mobilized during the high-flow events monitored during the
study detailed in this report.
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12 Nutrient, Suspended Sediment, and Trace Element Loads in the Blackstone River Basin in Mass. and R.1., 2007 to 2009

Table 3. Loads of total nitrogen, total phosphorus, and suspended sediment at stream monitoring stations and wastewater treatment
plants from 2-week composite samples in the Blackstone River Basin, Massachusetts and Rhode Island, from 2007 to 2009.

[Total nitrogen load values in bold were calculated by using the total dissolved nitrogen (N) concentration value for one or both of the two samples. kg/d, kilo-
grams per day; N, nitrogen; P, phosphorus; USGS, U.S. Geological Survey; --, no data]

. . Load (kg/d)
Starting date Ending date - -
and time and time Total nitrogen, T_otal nitrogen, Phosphorus, _Phosphorus, Susp_ended
asN dissolved, as N total, as P dissolved, as P sediment
Blackstone River Millbury upstream (USGS station 01109659)
6/26/07 12:25 7/9/07 12:40 72.3 62.2 4.81 0.78 1,050
7/23/07 11:20 8/5/07 18:15 128 78.7 21.7 1.71 7,460
8/28/07 10:35 9/12/07 7:44 55.4 433 7.95 0.52 1,960
9/24/07 14:50 10/9/07 7:00 -- - -- -- 283
10/22/07 13:00 11/7/07 3:45 137 141 17.6 2.42 3,200
3/24/08 8:52 4/7/08 5:20 506 506 26.3 3.27 6,020
4/28/08 9:40 5/12/08 5:50 430 453 38.7 6.82 12,000
5/27/08 11:15 6/11/08 14:10 162 139 16.2 1.45 3,630
6/11/08 12:00 6/23/08 11:30 158 120 33 2.98 12,600
6/24/08 11:35 7/8/08 8:00 186 174 23.2 3.73 25,300
7/8/08 10:50 7/22/08 2:00 101 85 12.7 2.08 3,240
7/22/08 12:05 8/5/08 7:20 549 429 96.3 10.6 24,800
8/6/08 6:10 8/19/08 12:30 323 296 36.7 4.89 22,200
8/21/08 10:50 9/2/08 9:40 112 112 3.4 0.77 1,120
9/3/08 8:55 9/14/08 9:25 5,760 5,150 1,010 69.1 760,000
9/16/08 7:35 9/30/08 3:10 264 273 28.6 5.38 16,000
4/27/09 15:45 5/13/09 4:05 226 216 16 2.37 6,210
5/13/09 9:50 5/26/09 10:00 152 152 5.24 1.64 1,080
5/26/09 13:00 6/9/09 0:25 120 120 3.85 1 732
6/9/09 10:10 6/22/09 13:35 172 142 233 2.87 7,620
6/23/09 9:20 7/7/09 7:05 619 455 106 10 42,600
7/7/09 9:55 7/21/09 4:30 520 407 99.2 9.18 54,400
7/21/09 8:45 8/4/09 7:20 580 550 103 12.2 202,000
8/4/09 8:10 8/18/09 3:30 215 215 10.8 2.69 3,010
8/18/09 9:45 9/1/09 7:20 167 144 27.7 2.81 5,490
9/1/09 8:55 9/15/09 6:35 107 93.3 11.2 1.02 959
9/15/09 10:30 9/29/09 4:25 83.8 75.8 7.69 0.71 1,180
Blackstone River Millbury downstream (USGS station 01109730)
7/24/07 10:50 8/7/07 10:00 955 930 236 201 1,380
8/28/07 9:35 9/12/07 6:30 938 878 218 182 2,050
9/24/07 12:35 10/7/07 9:05 1,140 1,090 257 236 544
10/22/07 10:55 11/7/07 9:02 1,250 1,240 260 210 1,800
3/24/08 10:20 4/7/08 5:05 2,470 2,650 149 70.1 4,920
4/28/08 10:40 5/12/08 4:45 2,620 2,530 238 129 5,560
5/27/08 21:30 6/11/08 8:55 1,350 1,380 208 165 1,970
6/11/08 16:25 6/23/08 9:20 1,050 955 232 164 5,300
6/24/08 12:10 7/8/08 10:50 1,420 1,350 267 191 5,610
7/8/08 12:05 7/22/08 2:10 1,020 940 206 163 2,040
7/22/08 13:00 8/5/08 11:20 1,650 1,490 291 171 13,400
8/5/08 13:10 8/18/08 16:45 1,520 1,460 223 130 8,890
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Table 3. Loads of total nitrogen, total phosphorus, and suspended sediment at stream monitoring stations and wastewater treatment
plants from 2-week composite samples in the Blackstone River Basin, Massachusetts and Rhode Island, from 2007 to 2009.—Continued

[Total nitrogen load values in bold were calculated by using the total dissolved nitrogen (N) concentration value for one or both of the two samples. kg/d, kilo-
grams per day; N, nitrogen; P, phosphorus; USGS, U.S. Geological Survey; --, no data]

. . Load (kg/d)
Starting date Ending date - -
and time and time Total nitrogen, T_otal nitrogen, Phosphorus, _Phosphorus, Susp_ended
asN dissolved, as N total, as P dissolved, as P sediment
Blackstone River Millbury downstream (USGS station 01109730)—Continued
8/19/08 14:00 9/2/08 9:05 1,070 1,120 187 155 1,050
9/2/08 11:15 9/14/08 2:30 2,600 2,390 562 266 43,200
9/16/08 14:00 9/30/08 8:40 1,480 1,470 217 146 5,100
4/27/09 15:55 5/13/09 7:40 2,040 1,940 134 36.9 14,000
5/13/09 10:20 5/26/09 11:00 1,830 1,530 178 20.8 4,010
5/26/09 22:40 6/8/09 18:35 1,430 1,440 75.4 37.6 1,420
6/9/09 9:45 6/23/09 8:35 1,540 1,490 150 55.6 6,820
6/23/09 19:05 7/7/09 9:40 2,490 1,700 386 67.6 38,100
7/7/09 12:35 7/21/09 12:40 1,770 1,560 245 71.9 23,700
7/21/09 9:20 8/4/09 8:10 2,080 1,750 264 96.9 25,400
8/4/09 8:50 8/17/09 18:25 1,210 1,100 117 38 7,440
8/18/09 10:15 9/1/09 7:35 2,570 2,600 355 271 6,330
9/1/09 9:55 9/15/09 9:25 1,130 1,130 233 194 1,450
9/15/09 9:30 9/29/09 5:50 980 965 105 75.3 1,840
Blackstone River Wilkinsonville (USGS station 01109952)
8/28/07 7:40 9/12/07 5:45 923 909 222 195 2,650
9/24/07 13:00 10/7/07 3:45 1,030 1,030 218 209 407
10/22/07 11:20 11/7/07 5:15 1,570 1,570 270 234 2,580
3/24/08 11:39 4/7/08 6:40 2,320 2,410 953 48.9 5,470
4/28/08 11:00 5/12/08 5:30 3,680 3,370 239 116 8,580
5/27/08 15:10 6/11/08 11:50 1,380 1,410 197 161 1,060
6/11/08 17:30 6/23/08 9:20 1,030 966 198 160 1,460
6/24/08 19:45 7/8/08 12:25 1,370 1,260 242 172 3,620
7/8/08 12:45 7/22/08 12:00 974 933 189 158 1,350
7/22/08 21:20 8/5/08 13:20 1,800 1,540 317 181 15,000
8/5/08 14:40 8/18/08 22:30 1,580 1,500 197 131 7,840
8/19/08 14:20 9/2/08 10:35 1,060 1,010 171 144 240
9/2/08 11:45 9/16/08 4:05 2,460 1,910 722 191 89,100
9/16/08 8:50 9/30/08 9:30 1,580 1,590 225 162 6,260
4/27/09 15:10 5/13/09 3:15 2,200 -- 108 -- 3,110
5/13/09 10:45 5/26/09 11:10 1,620 1,490 60.1 20 3,240
5/26/09 23:25 6/9/09 4:45 1,400 1,350 62.8 29.1 1,160
6/9/09 13:25 6/23/09 6:30 985 989 65.1 34.1 7,260
6/23/09 17:25 7/7/09 7:55 2,590 1,770 443 63.2 69,600
7/7/09 12:30 7/21/09 8:20 1,850 1,820 267 71.6 24,900
7/21/09 9:55 8/4/09 7:00 917 904 80.5 31.9 7,830
8/4/09 9:20 8/18/09 8:40 1,220 1,180 92 37.9 2,260
8/18/09 8:45 9/1/09 8:55 1,120 1,040 173 98.3 3,100
9/1/09 10:20 9/15/09 2:20 1,140 1,040 208 165 985
9/15/09 10:05 9/29/09 5:45 913 981 98.5 71.2 1,120
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Table 3. Loads of total nitrogen, total phosphorus, and suspended sediment at stream monitoring stations and wastewater treatment
plants from 2-week composite samples in the Blackstone River Basin, Massachusetts and Rhode Island, from 2007 to 2009.—Continued

[Total nitrogen load values in bold were calculated by using the total dissolved nitrogen (N) concentration value for one or both of the two samples. kg/d, kilo-
grams per day; N, nitrogen; P, phosphorus; USGS, U.S. Geological Survey; --, no data]

. . Load (kg/d)
Starting date Ending date - -
and time and time Total nitrogen, T_otal nitrogen, Phosphorus, _Phosphorus, Susp_ended
asN dissolved, as N total, as P dissolved, as P sediment
Quinsigamond River (USGS station 01110095)
6/27/07 15:00 7/10/07 13:40 22.8 22.8 0.59 0.31 139
7/23/07 14:30 8/7/07 2:00 20.2 20.2 1.24 1.03 253
8/28/07 8:10 9/12/07 7:15 6.35 6.35 0.23 0.1 36
9/24/07 13:20 10/9/07 5:40 5.12 5.12 0.03 0.02 6
10/22/07 11:45 11/7/07 13:00 9.11 9.11 0.18 0.09 20
3/24/08 17:15 4/7/08 2:35 317 317 6.3 0.96 1,260
4/28/08 11:25 5/8/08 3:05 189 193 6.08 2.38 4,380
5/27/08 14:20 6/7/08 11:30 103 90.7 4.26 1.29 931
6/11/08 17:40 6/24/08 14:50 46.8 46.1 3.22 1.25 631
6/24/08 18:40 7/7/08 8:00 58.4 59.7 3.5 1.61 668
7/8/08 16:00 7/22/08 5:35 29.8 29.8 1.17 0.58 229
7/23/08 0:00 8/5/08 15:15 89 83.9 7.56 3.22 986
8/6/08 11:35 8/16/08 19:40 159 159 9.17 4.18 1,560
8/19/08 16:05 9/2/08 14:35 56.2 56.2 1.09 0.53 78
9/2/08 16:20 9/14/08 4:30 137 138 9.39 3.63 757
9/16/08 9:45 9/30/08 13:00 62.9 62.9 3.05 1.23 219
4/27/09 15:55 5/13/09 9:50 121 121 3.3 1.47 749
5/13/09 12:10 5/26/09 10:50 79.2 79.2 1.88 1.2 423
5/26/09 17:20 6/9/09 8:15 65.7 65.7 2.09 0.67 568
6/9/09 12:00 6/23/09 7:50 89.4 89.4 5.24 1.72 961
6/23/09 17:55 7/7/09 10:45 180 183 134 3.82 4,680
7/7/09 12:15 7/21/09 7:00 283 283 15.8 5.41 2,460
7/21/09 10:25 8/4/09 5:00 312 312 15.3 4.86 2,650
8/4/09 9:55 8/17/09 16:50 152 152 441 1.45 957
8/18/09 9:10 9/1/09 8:55 62.5 62.5 3.3 1.06 493
9/1/09 10:50 9/15/09 10:10 47.3 473 1.4 0.55 179
9/15/09 10:30 9/28/09 21:15 40.6 40.6 0.74 0.43 49
Blackstone River South Grafton (USGS station 01110400)
8/28/07 9:55 9/12/07 6:25 824 831 192 148 2,590
9/24/07 13:50 10/6/07 18:45 958 947 195 170 1,070
10/22/07 12:10 11/7/07 14:10 1,480 1,580 278 214 3,890
3/24/08 12:35 4/7/08 6:50 3,560 3,590 188 83.7 8,140
4/29/08 7:55 5/12/08 5:10 3,590 3,530 314 178 10,200
5/27/08 14:00 6/10/08 17:05 1,010 935 221 79.4 11,300
6/11/08 16:35 6/22/08 14:30 1,260 1,160 231 152 3,430
6/24/08 16:40 7/8/08 16:04 1,540 1,450 283 185 8,660
7/8/08 16:05 7/22/08 14:20 1,000 937 222 133 4,660
7/23/08 2:00 8/3/08 0:00 2,300 2,030 587 226 42,800
8/5/08 12:15 8/19/08 15:00 2,130 2,070 358 181 15,400

8/19/08 15:40 9/1/08 0:15 1,110 1,130 184 123 3,090
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Table 3. Loads of total nitrogen, total phosphorus, and suspended sediment at stream monitoring stations and wastewater treatment
plants from 2-week composite samples in the Blackstone River Basin, Massachusetts and Rhode Island, from 2007 to 2009.—Continued

[Total nitrogen load values in bold were calculated by using the total dissolved nitrogen (N) concentration value for one or both of the two samples. kg/d, kilo-
grams per day; N, nitrogen; P, phosphorus; USGS, U.S. Geological Survey; --, no data]

. . Load (kg/d)
Starting date Ending date - -
and time and time Total nitrogen, T_otal nitrogen, Phosphorus, _Phosphorus, Susp_ended
asN dissolved, as N total, as P dissolved, as P sediment
Blackstone River South Grafton (USGS station 01110400)—Continued
9/2/08 16:00 9/13/08 12:00 3,290 2,780 1,040 254 98,400
9/16/08 9:15 9/30/08 12:45 1,880 1,750 305 152 20,800
4/27/09 15:55 5/13/09 11:25 2,330 2,250 175 73.3 13,800
5/13/09 11:45 5/26/09 12:00 1,830 1,870 115 52 6,280
5/27/09 9:45 6/9/09 6:50 1,430 1,430 98.9 46.2 2,910
6/9/09 12:50 6/22/09 19:30 1,680 1,750 210 77.7 15,300
6/23/09 21:50 7/7/09 12:20 2,920 2,400 594 108 83,900
7/7/09 13:00 7/21/09 10:50 2,370 715 399 21.6 41,800
7/21/09 11:15 8/4/09 10:35 3,230 2,930 525 135 80,800
8/4/09 10:35 8/18/09 3:25 1,520 1,550 154 62.4 10,600
8/18/09 9:45 9/1/09 1:35 1,290 1,260 238 123 11,500
9/1/09 11:15 9/15/09 6:55 860 854 132 83.5 6,670
9/15/09 11:15 9/29/09 7:00 992 980 137 92.8 3,350
Mumford River (USGS station 01111050)
7/24/07 14:15 8/6/07 10:55 20 20 0.97 0.36 170
8/28/07 14:15 9/10/07 10:30 10.9 10.9 0.42 0.78 52.8
9/24/07 15:40 10/9/07 10:25 7.11 7.11 0.3 0.11 56.1
10/22/07 15:25 11/7/07 1:40 -- 394 1.36 0.41 671
3/24/08 16:20 4/7/08 7:00 638 638 5.98 1.5 1,450
4/28/08 12:20 5/12/08 10:35 200 200 7.08 3.78 1,190
5/27/08 13:05 6/9/08 12:50 335 - 1.48 - 252
6/11/08 14:50 6/24/08 4:30 384 38.4 1.16 0.53 150
6/24/08 15:00 7/8/08 15:21 26.2 26.2 0.73 0.36 155
7/8/08 15:25 7/22/08 13:15 14.1 14.1 0.26 0.26 181
7/22/08 20:55 8/3/08 0:01 61.2 62.2 3.17 1.58 445
8/5/08 12:10 8/19/08 4:55 63.5 61.8 3.8 1.34 740
8/19/08 15:15 9/2/08 5:35 - 333 - 0.38 107
9/2/08 14:45 9/16/08 5:50 929 99 4.2 2.27 815
9/16/08 11:15 9/30/08 14:05 101 101 3.35 1.65 395
4/28/09 16:40 5/14/09 10:25 90.7 -- 4.89 -- 979
5/14/09 23:05 5/27/09 5:50 154 154 2.4 1.06 332
5/27/09 11:10 6/9/09 17:40 78.8 78.8 2.09 0.68 325
6/10/09 12:20 6/24/09 11:00 76.8 76.8 3.18 1.12 496
6/24/09 11:05 7/8/09 8:25 203 203 11 3.95 2,270
7/8/09 11:15 7/22/09 6:05 256 256 6.61 2.2 2,010
7/22/09 10:20 8/4/09 23:10 327 327 23.6 8.34 3,130
8/5/09 10:50 8/19/09 1:40 152 152 10.7 1.94 1,470
8/19/09 8:45 9/2/09 5:25 68.5 68.5 4.96 1.18 590
9/2/09 9:30 9/16/09 7:05 89.6 89.6 2.67 1.1 409

9/16/09 9:10 9/30/09 17:10 70.8 70.8 1.41 0.69 313
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Table 3. Loads of total nitrogen, total phosphorus, and suspended sediment at stream monitoring stations and wastewater treatment
plants from 2-week composite samples in the Blackstone River Basin, Massachusetts and Rhode Island, from 2007 to 2009.—Continued

[Total nitrogen load values in bold were calculated by using the total dissolved nitrogen (N) concentration value for one or both of the two samples. kg/d, kilo-
grams per day; N, nitrogen; P, phosphorus; USGS, U.S. Geological Survey; --, no data]

. . Load (kg/d)
Starting date Ending date - -
and time and time Total nitrogen, T_otal nitrogen, Phosphorus, _Phosphorus, Susp_ended
asN dissolved, as N total, as P dissolved, as P sediment
West River (USGS station 011111208)
7/24/07 13:30 8/7/07 5:55 2.82 2.82 0.21 0.07 39.3
8/28/07 14:50 9/9/07 20:50 1.68 1.68 0.11 0.01 27.2
9/24/07 17:05 10/7/07 19:30 0.32 0.32 0.01 -- 1.91
10/22/07 16:40 11/7/07 12:14 1 11 0.27 0.15 39.8
3/24/08 16:38 4/7/08 2:05 402 402 9.61 1.21 6,080
4/28/08 13:05 5/12/08 14:10 148 123 124 2.76 38,500
5/27/08 14:25 6/9/08 13:20 4.9 41.2 3.85 0.48 7,360
6/11/08 16:45 6/23/08 20:10 254 23.8 2 0.61 1,500
6/24/08 21:05 7/8/08 14:55 19.5 14.9 1.76 0.42 829
7/8/08 15:55 7/21/08 23:20 8 6.95 0.48 0.14 177
7/22/08 17:35 8/2/08 17:05 473 39 3.44 1.48 1,990
8/5/08 12:50 8/18/08 10:35 114 116 17.6 5.35 46,000
8/19/08 14:10 8/31/08 22:10 34 26.6 3.28 0.78 --
9/2/08 23:15 9/16/08 11:50 162 118 41.7 3.04 298,000
9/16/08 12:40 9/30/08 14:35 95.7 88.8 19.5 1.84 91,500
4/28/09 17:40 5/14/09 8:45 95.1 95.1 5.87 2.46 6,330
5/14/09 11:05 5/26/09 22:50 50.5 50.5 1.65 0.67 1,400
5/27/09 11:50 6/10/09 2:30 61.9 61.9 1.64 0.99 762
6/10/09 12:50 6/22/09 20:05 56 54.8 3.43 1.75 840
6/24/09 11:40 7/8/09 5:55 150 144 12.2 5.94 3,040
7/8/09 11:40 7/22/09 10:40 201 201 15 5.65 110,000
7/22/09 20:25 8/5/09 9:20 279 258 33.6 9.94 102,000
8/5/09 10:55 8/18/09 19:50 120 120 11 2.72 11,600
8/19/09 10:20 9/2/09 8:10 34.6 34.6 2.95 0.82 862
9/2/09 10:55 9/16/09 14:05 30.5 30.5 1.34 0.52 316
9/16/09 10:55 9/30/09 17:25 26.2 26.2 0.85 0.39 350
Blackstone River Uxbridge (USGS station 011111212)
6/26/07 13:30 7/10/07 12:55 944 944 154 102 3,970
7/23/07 13:20 8/6/07 3:10 849 811 150 105 3,900
8/28/07 14:40 9/10/07 8:15 628 629 90.2 77.2 677
9/24/07 15:15 10/6/07 0:05 742 757 111 96 1,000
10/22/07 14:00 11/7/07 5:25 1,260 1,260 219 162 4,190
3/24/08 14:29 4/7/08 2:35 5,970 5,970 299 69.6 24,200
4/28/08 14:10 5/12/08 13:00 4,470 4,030 532 138 61,000
5/27/08 12:45 6/11/08 12:30 1,570 1,500 232 77.1 13,200
6/11/08 14:10 6/24/08 13:45 1,400 1,110 340 101 16,000
6/24/08 14:50 7/8/08 13:35 1,380 1,260 290 126 12,900
7/8/08 14:30 7/22/08 11:15 823 852 185 81.6 7,520
7/22/08 21:25 8/6/08 8:05 1,990 1,640 420 162 58,700
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Table 3. Loads of total nitrogen, total phosphorus, and suspended sediment at stream monitoring stations and wastewater treatment
plants from 2-week composite samples in the Blackstone River Basin, Massachusetts and Rhode Island, from 2007 to 2009.—Continued

[Total nitrogen load values in bold were calculated by using the total dissolved nitrogen (N) concentration value for one or both of the two samples. kg/d, kilo-
grams per day; N, nitrogen; P, phosphorus; USGS, U.S. Geological Survey; --, no data]

. . Load (kg/d)
Starting date Ending date - -
and time and time Total nitrogen, T_otal nitrogen, Phosphorus, _Phosphorus, Susp_ended
asN dissolved, as N total, as P dissolved, as P sediment
Blackstone River Uxbridge (USGS station 011111212)—Continued
8/6/08 13:15 8/18/08 15:55 2,190 2,020 373 144 27,600
8/19/08 19:45 9/1/08 1:55 1,030 1,020 121 74.3 3,710
9/2/08 14:20 9/16/08 9:05 2,650 2,440 490 186 52,400
9/16/08 17:55 9/28/08 18:35 1,810 1,920 257 114 14,200
4/28/09 16:45 5/14/09 11:30 2,580 2,570 254 50.5 26,900
5/14/09 11:45 5/27/09 4:50 2,060 2,060 93.2 18.5 5,560
5/27/09 11:30 6/7/09 2:00 2,050 2,050 168 24.3 14,100
6/10/09 13:05 6/24/09 10:30 1,710 1,780 280 52.2 26,300
6/24/09 11:25 7/8/09 11:55 3,210 2,870 590 128 51,100
7/8/09 16:30 7/22/09 8:10 2,680 2,680 521 75.3 70,100
7/22/09 10:45 8/5/09 10:30 3,590 3,250 681 191 113,000
8/5/09 11:45 8/19/09 1:30 1,600 1,600 172 25.6 14,500
8/19/09 9:55 9/2/09 7:35 1,300 1,280 249 86.3 52,000
9/2/09 10:40 9/16/09 6:20 1,210 1,190 219 109 7,590
9/16/09 10:45 9/30/09 8:55 988 1,030 128 49 5,430
Blackstone River Millville (USGS station 011111230)
6/26/07 13:55 7/9/07 10:00 860 883 118 83.2 2,870
7/10/07 14:45 7/23/07 11:00 792 792 101 78.7 1,250
7/23/07 12:50 8/6/07 9:50 854 852 138 102 2,000
8/6/07 10:40 8/28/07 14:05 733 687 91 78.8 1,440
8/28/07 15:05 9/9/07 7:10 592 592 73.1 67.2 434
9/10/07 13:30 9/20/07 8:45 904 921 130 115 1,330
9/24/07 14:45 10/4/07 17:05 711 740 100 91.4 905
10/9/07 13:40 10/21/07 3:00 1,450 1,460 238 184 4,730
10/23/07 9:00 11/7/07 5:05 1,270 1,340 207 163 5,050
11/7/07 10:30 11/19/07 8:20 1,510 1,490 203 154 2,960
11/19/07 9:05 12/4/07 0:10 1,520 1,520 159 128 1,150
12/18/07 17:25 12/30/07 14:15 1,950 1,920 215 158 4,760
1/3/08 8:40 1/17/08 10:50 3,280 3,460 263 118 17,400
1/17/08 11:20 1/30/08 8:15 - 4,450 72.3 143 4,570
1/30/08 10:20 2/12/08 12:40 5,420 5,450 383 168 25,100
2/12/08 13:05 2/26/08 8:20 6,060 5,840 337 109 21,800
2/26/08 12:00 3/10/08 14:40 4,800 4,300 247 101 21,400
3/11/08 13:40 3/24/08 8:55 6,280 6,280 251 129 9,840
3/24/08 13:27 4/7/08 8:55 4,330 4,330 139 87.6 11,800
4/7/08 12:03 4/21/08 9:40 3,170 3,310 168 73.9 12,200
4/21/08 13:40 4/28/08 5:10 2,190 2,140 124 63.6 8,540
4/28/08 22:05 5/9/08 16:45 3,890 4,040 351 171 53,600
5/12/08 12:50 5/27/08 11:00 2,360 2,360 166 92.8 12,000
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Table 3. Loads of total nitrogen, total phosphorus, and suspended sediment at stream monitoring stations and wastewater treatment
plants from 2-week composite samples in the Blackstone River Basin, Massachusetts and Rhode Island, from 2007 to 2009.—Continued

[Total nitrogen load values in bold were calculated by using the total dissolved nitrogen (N) concentration value for one or both of the two samples. kg/d, kilo-
grams per day; N, nitrogen; P, phosphorus; USGS, U.S. Geological Survey; --, no data]

. . Load (kg/d)
Starting date Ending date - -
and time and time Total nitrogen, T_otal nitrogen, Phosphorus, _Phosphorus, Susp_ended
asN dissolved, as N total, as P dissolved, as P sediment
Blackstone River Millville (USGS station 011111230)—Continued
5/27/08 12:25 6/11/08 13:05 1,460 1,460 159 91.7 5,670
6/11/08 22:30 6/24/08 10:20 1,230 1,250 197 108 8,740
6/24/08 14:25 7/8/08 12:40 1,410 1,340 222 128 11,700
7/8/08 14:00 7/22/08 11:20 782 755 97.7 67.8 2,270
7/23/08 1:10 8/6/08 9:43 2,090 1,980 344 189 36,200
8/6/08 9:55 8/18/08 20:05 2,120 2,030 302 144 27,600
8/19/08 14:10 8/31/08 11:15 1,040 1,030 112 74 2,290
9/2/08 14:00 9/16/08 9:10 2,690 2,640 417 195 35,700
9/16/08 17:40 9/30/08 14:25 2,230 1,980 249 138 11,400
9/30/08 19:35 10/10/08 6:00 2,040 2,150 213 144 11,400
10/14/08 13:10 11/3/08 12:45 1,610 1,680 181 124 12,300
11/18/08 9:20 11/24/08 16:10 1,800 1,820 228 179 2,980
11/25/08 8:25 12/2/08 13:35 3,780 3,820 358 156 25,000
12/2/08 20:10 12/10/08 8:40 2,600 2,610 170 101 12,500
12/10/08 12:40 12/16/08 12:40 7,780 6,970 947 268 154,000
12/16/08 15:05 12/29/08 18:55 3,420 2,900 151 120 21,000
12/30/08 17:25 1/6/09 5:25 3,820 3,820 108 64 6,430
1/6/09 17:00 1/19/09 2:05 3,210 3,220 144 67 12,500
1/21/09 10:00 1/29/09 22:00 2,440 2,450 101 48 3,610
2/15/09 20:50 3/4/09 19:10 1,980 1,410 69 25 5,600
3/5/09 14:30 3/14/09 0:45 3,960 4,090 224 84 16,500
3/27/09 9:10 4/9/09 5:05 3,310 -- 284 -- 21,900
4/9/09 10:25 4/25/09 18:20 3,280 -- 207 64 22,300
4/28/09 16:35 5/14/09 5:50 1,400 -- 107 -- 19,300
5/14/09 11:25 5/27/09 7:25 1,100 1,240 47 17 3,410
5/27/09 11:55 6/10/09 10:40 998 1,050 60 14 3,180
6/10/09 12:40 6/23/09 23:10 1,910 1,070 194 27 28,600
6/24/09 12:00 7/8/09 9:40 2,350 2,280 338 133 63,600
7/8/09 12:30 7/22/09 8:35 3,000 3,000 860 71 43,000
7/22/09 11:30 8/5/09 12:15 3,540 3,670 420 184 64,500
8/5/09 12:30 8/19/09 2:20 1,560 1,560 129 30 9,900
8/19/09 10:25 9/2/09 6:40 1,350 1,390 164 76 11,600
9/2/09 11:15 9/16/09 6:55 1,740 1,610 338 216 2,980
9/16/09 11:40 9/30/09 8:40 1,060 1,050 87 47 2,810
Blackstone River Pawtucket (USGS station 011113895)
9/3/08 12:00 9/17/08 12:00 3,940 -- 634 -- 37,700
9/17/08 12:00 10/1/08 12:00 2,730 -- 362 -- 20,300
10/1/08 12:00 10/15/08 13:00 2,860 -- 393 -- 6,700
10/15/08 13:00 10/28/08 12:00 2,530 - 397 - 6,260



Table 3. Loads of total nitrogen, total phosphorus, and suspended sediment at stream monitoring stations and wastewater treatment

Table 3

1

plants from 2-week composite samples in the Blackstone River Basin, Massachusetts and Rhode Island, from 2007 to 2009.—Continued

[Total nitrogen load values in bold were calculated by using the total dissolved nitrogen (N) concentration value for one or both of the two samples. kg/d, kilo-
grams per day; N, nitrogen; P, phosphorus; USGS, U.S. Geological Survey; --, no data]

. . Load (kg/d)
Starting date Ending date - -
and time and time Total nitrogen, T_otal nitrogen, Phosphorus, _Phosphorus, Susp_ended
asN dissolved, as N total, as P dissolved, as P sediment
Blackstone River Pawtucket (USGS station 011113895)—Continued
5/14/09 12:00 5/27/09 12:00 2,160 - 109 - 8,480
5/28/09 12:00 6/11/09 12:00 1,490 - 66.0 -- -
6/11/09 12:00 6/25/09 12:00 2,390 - 235 -- 14,600
6/26/09 12:00 7/8/09 12:00 4,320 - 638 -- 68,600
7/8/09 12:00 7/22/09 12:00 3,390 - 399 -- 8,130
7/22/09 12:00 8/6/09 12:00 5,170 - 949 -- 124,000
8/6/09 8:00 8/20/09 8:45 1,990 - 148 - 16,800
8/20/09 8:45 8/31/09 0:00 1,890 - 128 -- --
8/31/09 12:00 9/17/09 15:00 1,430 - 123 -- 2,670
9/17/09 15:00 10/1/09 16:20 1,240 - 89.3 - 1,960

Grafton wastewater treatment plant (USGS station 421020071404401)

5/24/07 6/6/07 159 153 15.1 14.6 --
6/25/07 7/8/07 125 125 12 11.7 --
7/24/07 8/6/07 118 121 11.6 11 --
8/29/07 9/11/07 124 123 13.2 13.8 --
9/25/07 10/8/07 116 116 12.4 11.8 --
10/23/07 11/5/07 156 141 6.77 6.33 --
3/24/08 4/6/08 197 202 15.8 14.9 -
4/29/08 5/12/08 200 197 18.8 16.8 --
5/28/08 6/10/08 107 107 13.2 13.9 --
6/25/08 7/8/08 97.3 954 11.5 11.8 -
7/23/08 8/5/08 195 197 12.3 10.9 --
8/20/08 9/2/08 194 189 6.66 5.45 --
9/17/08 9/30/08 192 188 11.8 8.01 -
5/14/09 5/27/09 117 118 19.2 19.1 -
6/11/09 6/24/09 135 135 20.6 20.3 --
7/9/09 7/22/09 110 102 13.9 12.4 -
8/6/09 8/19/09 75.8 72.9 10.5 10 --
9/3/09 9/16/09 85.9 95.9 13.9 14.3 --
Northbridge wastewater treatment plant (USGS station 420647071380801)
5/24/07 6/6/07 27.6 27.7 3.59 3.45 --
6/25/07 7/8/07 35.5 37.5 1.46 1.16 --
7/24/07 8/6/07 62.9 66.7 0.56 0.3 -
8/29/07 9/11/07 36.4 37.4 0.38 0.21 --
9/25/07 10/8/07 72.6 72.9 2.36 2.18 --
10/23/07 11/5/07 51.6 51.2 4.76 4.23 -
3/25/08 4/8/08 43.6 41.9 4.16 342 --
4/29/08 5/12/08 43.5 42.9 0.79 0.39 --
5/28/08 6/10/08 46.9 46.9 0.7 0.39 --
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Table 3. Loads of total nitrogen, total phosphorus, and suspended sediment at stream monitoring stations and wastewater treatment
plants from 2-week composite samples in the Blackstone River Basin, Massachusetts and Rhode Island, from 2007 to 2009.—Continued

[Total nitrogen load values in bold were calculated by using the total dissolved nitrogen (N) concentration value for one or both of the two samples. kg/d, kilo-
grams per day; N, nitrogen; P, phosphorus; USGS, U.S. Geological Survey; --, no data]

. . Load (kg/d)
Starting date Ending date - -
and time and time Total nitrogen, T_otal nitrogen, Phosphorus, _Phosphorus, Susp_ended
asN dissolved, as N total, as P dissolved, as P sediment
Northbridge wastewater treatment plant (USGS station 420647071380801)—Continued
6/25/08 7/8/08 32 322 1.42 1.13 --
7/23/08 8/5/08 45.1 44.7 0.83 0.53 --
8/20/08 9/2/08 432 45.5 0.4 0.1 --
9/17/08 9/30/08 47.2 44.4 0.49 0.21 --
5/14/09 5/27/09 42.2 41 0.78 0.41 --
6/11/09 6/24/09 38.5 39.9 0.51 0.34 --
7/9/09 7/22/09 44.3 45 0.3 0.23 --
8/6/09 8/19/09 49.8 50.2 0.61 0.51 --
9/3/09 9/16/09 50.7 51.9 0.6 0.42 --
Upper Blackstone Water Pollution Abatement District wastewater treatment plant (USGS station 421241071472701)
5/22/07 6/4/07 1,240 1,230 139 120 --
6/24/07 7/7/07 620 605 177 174 -
7/22/07 8/4/07 657 683 197 191 --
8/28/07 9/10/07 870 890 205 207 --
9/25/07 10/7/07 1,250 1,200 308 289 --
10/22/07 11/4/07 1,000 1,270 215 266 --
3/23/08 4/5/08 2,030 2,320 112 82.7 --
4/28/08 5/11/08 2,070 2,020 167 136 -
5/26/08 6/8/08 1,170 1,190 170 174 --
6/24/08 7/7/08 1,050 1,090 208 191 --
7/21/08 8/3/08 1,110 965 187 166 -
8/19/08 9/1/08 948 948 176 169 --
9/16/08 9/29/08 1,140 1,210 174 162 --
5/13/09 5/26/09 1,330 1,260 38.7 27.3 -
6/10/09 6/23/09 1,140 1,160 103 64.4 --
7/8/09 7/21/09 1,060 1,030 116 93.2 --
8/5/09 8/18/09 908 890 94 82.8 -
9/2/09 9/15/09 1,050 1,030 217 205 --
Uxbridge wastewater treatment plant (USGS station 420215071365301)
5/23/07 6/5/07 39.3 39.8 0.32 0.17 -
6/26/07 7/9/07 36 37.8 0.22 0.16 --
7/24/07 8/6/07 27.2 27.9 2.19 2.09 --
8/29/07 9/11/07 27.5 28.3 0.81 0.76 -
9/25/07 10/8/07 29.6 29.3 0.28 0.33 --
10/23/07 11/5/07 33.4 33.6 0.34 0.18 --
3/25/08 4/7/08 37.9 38.3 8.08 7.77 -
4/29/08 5/12/08 34.4 343 2.5 2.13 --
5/28/08 6/10/08 28.1 27.5 0.76 0.76 --

6/25/08 7/8/08 253 274 0.55 0.4 --



Table 3. Loads of total nitrogen, total phosphorus, and suspended sediment at stream monitoring stations and wastewater treatment

Table 3

plants from 2-week composite samples in the Blackstone River Basin, Massachusetts and Rhode Island, from 2007 to 2009.—Continued

[Total nitrogen load values in bold were calculated by using the total dissolved nitrogen (N) concentration value for one or both of the two samples. kg/d, kilo-
grams per day; N, nitrogen; P, phosphorus; USGS, U.S. Geological Survey; --, no data]

. . Load (kg/d)
Starting date Ending date - -
and time and time Total nitrogen, T_otal nitrogen, Phosphorus, _Phosphorus, Susp_ended
asN dissolved, as N total, as P dissolved, as P sediment
Uxbridge wastewater treatment plant (USGS station 420215071365301)—Continued
7/23/08 8/5/08 31.6 29.6 0.84 0.58 -
8/20/08 9/2/08 28.5 28.6 1.03 0.66 -
9/17/08 9/30/08 29.8 30.3 1.47 1.2 -
5/14/09 5/27/09 34.1 31.2 1.26 1.02 -
6/11/09 6/24/09 31.6 31.9 1.94 1.72 -
7/9/09 7/22/09 34.1 35.8 1.84 1.44 -
8/6/09 8/19/09 24.1 24.1 1.55 1.25 -
9/3/09 9/16/09 29.8 31 2.36 1.8 --







Appendixes 1 Through 6

[Appendixes 1 through 5 are available separately at http://pubs.usgs.gov/sir/2015/5026/;
appendix 6 follows]
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A. Sampling period starting June 26, 2007

Estimated Constituent Load

EXPLANATION
1,000 e e
11 13 1 Monitoring station type
[ Mainstem
2 ] I Wastewater treatment plant (WWTP)
500 1 | [ Tributary

Total
nitrogen

Monitoring station name

1 Blackstone River Millbury upstream (44.7 mi)
2 UBWPAD WWTP (44.4 mi)
3 Blackstone River Millbury downstream (42.0 mi)
4 Blackstone River Wilkinsonville (38.6 mi)
5 Quinsigamond River (36.8 mi)
"' 6 Grafton WWTP (35.4 mi)
7 Blackstone River South Grafton (34.0 mi)
8 Northbridge WWTP (29.2 mi)
9 Mumford River (25.9 mi)
b 10 West River (24.2 mi)
) 11 Blackstone River Uxbridge (23.2 mi)
12 Uxbridge WWTP (21.3 mi)
14 13 Blackstone River Millville (19.2 mi)
AT T 14 Blackstone River Pawcatuck (2 mi)

Load, in kilograms per day

Total
phosphorus

Load, in kilograms per day

nsno samples

5,000 I B LA ELELELELE ELRLRL AL B LI LI B ELRL

No samples

Suspended 4,000 _ for WWTPs

sediment _ ]
3000 ]

2000 [ .

100 3 4 7 210 1]
: 2 25 2 22 2 ]
0 PP Y e S PSP PR | PP PR BT SR

50 45 40 35 30 25 20 15 10 5 0

Load, in kilograms per day

Miles upstream from river mouth

EXPLANATION

Flow component

I Antecedent total flow
I Sampling period runoff

Streamflow at Blackstone River Millville station
Sampling period BFI = 0.90

300

250
I Sampling period base flow

200

150

Daily mean discharge,
in cubic feet per second

Q Q a Q a Q a Q Q a Q a Q
O N N O N O ) O Q' Q! O ) O
& - o N\ o> & > o> N\ o> &> 4 o>
S A A A O S

Figure 6-1. Constituent loads and streamflow at stream monitoring stations and wastewater treatment plants in the Blackstone
River Basin, Massachusetts and Rhode Island, for the sampling period starting A, June 26, 2007. BFI, base-flow index (average during
the sampling period); mi, miles; UBWPAD, Upper Blackstone Water Pollution Act.
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B. Sampling period starting July 23, 2007

Estimated Constituent Load
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Figure 6-2. Constituent loads and streamflow at stream monitoring stations and wastewater treatment plants in the Blackstone
River Basin, Massachusetts and Rhode Island, for the sampling period starting B, July 23, 2007. BFI, base-flow index (average during
the sampling period); mi, miles; UBWPAD, Upper Blackstone Water Pollution Abatement District.
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C. Sampling period starting August 28, 2007

Estimated Constituent Load
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Figure 6-3. Constituent loads and streamflow at stream monitoring stations and wastewater treatment plants in the Blackstone
River Basin, Massachusetts and Rhode Island, for the sampling period starting C, August 28, 2007. BFI, base-flow index (average
during the sampling period); mi, miles; UBWPAD, Upper Blackstone Water Pollution Abatement District.



D. Sampling period starting September 24, 2007
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Figure 6-4. Constituent loads and streamflow at stream monitoring stations and wastewater treatment plants in the Blackstone River
Basin, Massachusetts and Rhode Island, for the sampling period starting [, September 24, 2007. BFI, base-flow index (average during the
sampling period); mi, miles; UBWPAD, Upper Blackstone Water Pollution Abatement District.

I Sampling period base flow



90 Nutri

E. Sampling

ent, Suspended Sediment, and Trace Element Loads in the Blackstone River Basin in Mass. and R.1., 2007 to 2009

period starting October 22, 2007
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F. Sampling period starting March 24, 2008

Estimated Constituent Load
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Figure 6-6. Constituent loads and streamflow at steam monitoring stations and wastewater treatment plants in the Blackstone River
Basin, Massachusetts and Rhode Island, for the sampling period starting F, March 22, 2008. BFI, base-flow index (average during the
sampling period); mi, miles; UBWPAD, Upper Blackstone Water Pollution Abatement District.
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G. Sampling period starting April 28, 2008
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H. Sampling period starting May 27, 2008
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EXPLANATION

Monitoring station type

I Mainstem

[ Wastewater treatment plant (WWTP)
[ Tributary

Monitoring station name

1 Blackstone River Millbury upstream (44.7 mi)
2 UBWPAD WWTP (44.4 mi)

3 Blackstone River Millbury downstream (42.0 mi)
4 Blackstone River Wilkinsonville (38.6 mi)

5 Quinsigamond River (36.8 mi)

6 Grafton WWTP (35.4 mi)

7 Blackstone River South Grafton (34.0 mi)

8 Northbridge WWTP (29.2 mi)

9 Mumford River (25.9 mi)

10 West River (24.2 mi)

11 Blackstone River Uxbridge (23.2 mi)

12 Uxbridge WWTP (21.3 mi)

13 Blackstone River Millville (19.2 mi)

14 Blackstone River Pawcatuck (2 mi)

nsno samples

EXPLANATION

Flow component

I Antecedent total flow

400 +

300

200

Daily mean discharge
in cubic feet per second

100
0
DN

N
§S
o\

I Sampling period runoff

I Sampling period base flow

$ &

)

& e & & & §

o> > \3 3 » N
B A T M

%\'\

Figure 6-8. Constituent loads and streamflow at stream monitoring stations and wastewater treatment plants in the Blackstone River
Basin, Massachusetts and Rhode Island, for the sampling period starting 4, May 27, 2008. BFI, base-flow index (average during the
sampling period); mi, miles; UBWPAD, Upper Blackstone Water Pollution Abatement District.
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1. Sampling period starting June 11, 2008
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Figure 6-9. Constituent loads and streamflow at stream monitoring stations and wastewater treatment plants in the Blackstone River Basin,
Massachusetts and Rhode Island, for the sampling period starting /, June 11, 2008. BFI, base-flow index (average during the sampling period);
mi, miles; UBWPAD, Upper Blackstone Water Pollution Abatement District.



Appendix 6 95

J. Sampling period starting June 24, 2008
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Figure 6-10. Constituent loads and streamflow at stream monitoring stations and wastewater treatment plants in the Blackstone River Basin,
Massachusetts and Rhode Island, for the sampling period starting J, June 24, 2008. BFI, base-flow index (average during the sampling period);
mi, miles; UBWPAD, Upper Blackstone Water Pollution Abatement District.
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K. Sampling period starting July 8, 2008
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Figure 6-11. Constituent loads and streamflow at stream monitoring stations and wastewater treatment plants in the Blackstone River Basin,
Massachusetts and Rhode Island, for the sampling period starting K, July 8, 2008. BFI, base-flow index (average during the sampling period);
mi, miles; UBWPAD, Upper Blackstone Water Pollution Abatement District.



L. Sampling period starting July 22, 2008

Estimated Constituent Load
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Figure 6-12. Constituent loads and streamflow at stream monitoring stations and wastewater treatment plants in the Blackstone River Basin,
Massachusetts and Rhode Island, for the sampling period starting L, July 22, 2008. BFI, base-flow index (average during the sampling period);
mi, miles; UBWPAD, Upper Blackstone Water Pollution Abatement District.
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M. Sampling period starting August 5, 2008
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Figure 6-13. Constituent loads and streamflow at stream monitoring stations and wastewater treatment plants in the Blackstone River
Basin, Massachusetts and Rhode Island, for the sampling period starting M, August 5, 2008. BFI, base-flow index (average during the

sampling period); mi, miles; UBWPAD, Upper Blackstone Water Pollution Abatement District.
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N. Sampling period starting August 19, 2008
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Figure 6-14. Constituent loads and streamflow at stream monitoring stations and wastewater treatment plants in the Blackstone
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0. Sampling period starting September 2, 2008
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Figure 6-15. Constituent loads and streamflow at stream monitoring stations and wastewater treatment plants in the Blackstone River
Basin, Massachusetts and Rhode Island, for the sampling period starting 0, September 2, 2008. BFI, base-flow index (average during the
sampling period); mi, miles; UBWPAD, Upper Blackstone Water Pollution Abatement District.
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P. Sampling period starting September 16, 2008
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Figure 6-16. Constituent loads and streamflow at stream monitoring stations and wastewater treatment plants in the Blackstone River
Basin, Massachusetts and Rhode Island, for the sampling period starting P, September 16, 2008. BFI, base-flow index (average during
the sampling period); mi, miles; UBWPAD, Upper Blackstone Water Pollution Abatement District.
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0. Sampling period starting April 27, 2009
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Figure 6-17. Constituent loads and streamflow at stream monitoring stations and wastewater treatment plants in the Blackstone

River Basin, Massachusetts and Rhode Island, for the sampling period starting @, April 27, 2009. BFI, base-flow index (average during
the sampling period); mi, miles; UBWPAD, Upper Blackstone Water Pollution Abatement District.
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R. Sampling period starting May 13, 2009
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Figure 6-18. Constituent loads and streamflow at stream monitoring stations and wastewater treatment plants in the Blackstone
River Basin, Massachusetts and Rhode Island, for the sampling period starting R, May 13, 2009. BFI, base-flow index (average during
the sampling period); mi, miles; UBWPAD, Upper Blackstone Water Pollution Abatement District.
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S. Sampling period starting May 26, 2009
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Figure 6-19. Constituent loads and streamflow at stream monitoring stations and wastewater treatment plants in the Blackstone
River Basin, Massachusetts and Rhode Island, for the sampling period starting S, May 26, 2009. BFI, base-flow index (average during
the sampling period); mi, miles; UBWPAD, Upper Blackstone Water Pollution Abatement District.
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T. Sampling period starting June 9, 2009

Estimated Constituent Load

EXPLANATION
3,000 ""I""I""I'"'I""I""I""I""I""I1'4"'
I | Monitoring station type
Total > 1 _9 typ
. S i 1 I Mainstem
nitrogen 5 L |
S 2000 - " 13 E [ Wastewater treatment plant (WWTP)
E 3 2 1 [ Tributary
> |
E=} [ 2 ]
'E 1,000 4 E Monitoring station name
-é‘ ] 1 Blackstone River Millbury upstream (44.7 mi)
3 L1 56 8 910/ 12 ] 2 UBWPAD WWTP (4.4 mi)
0 3 Blackstone River Millbury downstream (42.0 mi)
4 Blackstone River Wilkinsonville (38.6 mi)
20 5 Quinsigamond River (36.8 mi)
F 6 Grafton WWTP (35.4 mi)
Total E 7 Blackstone River South Grafton (34.0 mi)
phosphorus E’_ 0 8 Northbridge WWTP (29.2 mi)
2 9 Mumford River (25.9 mi)
g 10 West River (24.2 mi)
:5: 100 11 Blackstone River Uxbridge (23.2 mi)
£ 12 Uxbridge WWTP (21.3 mi)
=]
< r 13 Blackstone River Millville (19.2 mi)
)
oL 14 Blackstone River Pawcatuck (2 mi)
nsno samples
30,000 e T T e T T T
[ 11 13 No samples
Suspended o for WWTPs
sediment 2 L 1
= 20,000 E
8 - 4
> 7 14
%)
2 10000 [ ]
@ 1 3 4 )
3
D)

0
50 45 40 35 30 25 20 15 10 5 0

Miles upstream from river mouth

EXPLANATION

Flow component

Streamflow at Blackstone River Millville station Sampling period BFI = 0.45

500

o = I Antecedent total flow
o ©

3 40 I Sampling period runoff
[ S Iaren ) i

£2 I Sampling period base flow
S B 300

o 2

E o

>

z5

o f=

100

0
f & & & & & & & & & & & & &
SR G R U U I L
& & & SN S ) S ERSEEE A S

Figure 6-20. Constituent loads and streamflow at stream monitoring stations and wastewater treatment plants in the Blackstone
River Basin, Massachusetts and Rhode Island, for the sampling period starting 7, June 9, 2009. BFI, base-flow index (average during
the sampling period); mi, miles; UBWPAD, Upper Blackstone Water Pollution Abatement District.
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U. Sampling period starting June 23, 2009

Estimated Constituent Load

EXPLANATION
5,000 AN BN BN LN UL BN B BLELELELE BLLALELE BLRLELL
Total > No samples 14 Monitoring station type
nitrogen S 4000 F for WWTPs I 4 [ Mainstem
i{’- 2000 C 7 1 1 [ Wastewater treatment plant (WWTP)
E 3 4 13 ] [ Tributary
o [ ]
S 2000 F ]
= Monitoring station name
= 1,000 - 1 b 1 Blackstone River Millbury upstream (44.7 mi)
3 . 5 910 ] 2 UBWPAD WWTP (44.4 mi)
3 Blackstone River Millbury downstream (42.0 mi)
4 Blackstone River Wilkinsonville (38.6 mi)
200 5 Quinsigamond River (36.8 mi)
.'"'"'"'"""7"""'"'1'1'""""""""'1’4". 6 Grafton WWTP (35.4 mi)
Total g 600 No samples 7 7 Blackstone River South Grafton (34.0 mi)
phosphorus T I for WWTPs | 1
@ 500 |- 4 E 8 Northbridge WWTP (29.2 mi)
2 a0l 3 ” ] 9 Mumford River (25.9 mi)
S ol 1 10 West River (24.2 mi)
Z% L . 11 Blackstone River Uxbridge (23.2 mi)
£ wr . ] 12 Uxbridge WWTP (21.3 mi)
§ 100 10 E 13 Blackstone River Millville (19.2 mi)
I ] 39 ] 14 Blackstone River Pawcatuck (2 mi)
ns no samples
100,000 1
L No samples
Suspended & gy000 | ! for WWTPs |
sediment 5 I 4 14 |
= 13
60,000 |- E
g [ 11 ]
S 40000 |- 3 4
=
£ i 1
< 20000 .
S L
0

50 45 40 3% 30 25 2 15 10 5 0
Miles upstream from river mouth

Streamflow at Blackstone River Millville station Sampling period BFI = 0.29 EXPLANATION

2500 Flow component
I Antecedent total flow
I Sampling period runoff

2000

1000 I Sampling period base flow

1500

Daily mean discharge
in cubic feet per second

1000

0

) ) X ) ) ) X O ) O O X
~S§§> ﬂ§ﬁ§> q§{55 ,({§§> c§ﬁsb ~Sﬁ§> ﬂ§§§b ¢§)fb °§§§5 ~X§§> n§§§> Q§ﬁsb Asﬁsb
NP PN PN S\ A A\ A\ G\ G\

Figure 6-21. Constituent loads and streamflow at stream monitoring stations and wastewater treatment plants in the Blackstone River
Basin, Massachusetts and Rhode Island, for the sampling period starting U, June 23, 2009. BFI, base-flow index (average during the
sampling period); mi, miles; UBWPAD, Upper Blackstone Water Pollution Abatement District.



V. Sampling period starting July 7, 2009
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Figure 6-22. Constituent loads and streamflow at stream monitoring stations and wastewater treatment plants in the Blackstone River
Basin, Massachusetts and Rhode Island, for the sampling period starting V, July 7, 2009. BFI, base-flow index (average during the sampling
period); mi, miles; UBWPAD, Upper Blackstone Water Pollution Abatement District.



108 Nutrient, Suspended Sediment, and Trace Element Loads in the Blackstone River Basin in Mass. and R.1., 2007 to 2009

W. Sampling period starting July 21, 2009
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Figure 6-23. Constituent loads and streamflow at stream monitoring stations and wastewater treatment plants in the Blackstone River Basin,
Massachusetts and Rhode Island, for the sampling period starting W/, July 21, 2009. BFI, base-flow index (average during the sampling period);
mi, miles; UBWPAD, Upper Blackstone Water Pollution Abatement District.
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X. Sampling period starting August 4, 2009
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Figure 6-24. Constituent loads and streamflow at stream monitoring stations and wastewater treatment plants in the Blackstone River
Basin, Massachusetts and Rhode Island, for the sampling period starting X, August 4, 2009. BFI, base-flow index (average during the
sampling period); mi, miles; UBWPAD, Upper Blackstone Water Pollution Abatement District.
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Y. Sampling period starting August 18, 2009
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Figure 6-25. Constituent loads and streamflow at stream monitoring stations and wastewater treatment plants in the Blackstone River
Basin, Massachusetts and Rhode Island, for the sampling period starting ¥, August 18, 2009. BFI, base-flow index (average during the
sampling period); mi, miles; UBWPAD, Upper Blackstone Water Pollution Abatement District.
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Z. Sampling period starting September 1, 2009
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Figure 6-26. Constituent loads and streamflow at stream monitoring stations and wastewater treatment plants in the Blackstone River
Basin, Massachusetts and Rhode Island, for the sampling period starting Z, September 1, 2009. BFI, base-flow index (average during the
sampling period); mi, miles; UBWPAD, Upper Blackstone Water Pollution Abatement District.
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AA. Sampling period starting September 15, 2009
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Figure 6-27. Constituent loads and streamflow at stream monitoring stations and wastewater treatment plants in the Blackstone River
Basin, Massachusetts and Rhode Island, for the sampling period starting AA, September 15, 2009. BFI, base-flow index (average during
the sampling period); mi, miles; UBWPAD, Upper Blackstone Water Pollution Abatement District.
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