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Estimated Sediment Thickness, Quality, and Toxicity 
to Benthic Organisms in Selected Impoundments in 
Massachusetts

By Robert F. Breault, Jason R. Sorenson, and Peter K. Weiskel

Abstract
There are presently more than 3,000 dams in Massachu-

setts. Many of these dams are no longer used for their original 
purpose, and some are in disrepair. Contaminants bound to 
sediment trapped behind dams have the potential to affect the 
downstream environment in the event of a sudden release or 
dam failure. These sediments may also be an ongoing source 
of contaminants to overlying water and to organisms living 
on or in bottom sediment. In addition, dams do not entirely 
retain impounded sediment and associated contaminants. Such 
sediments are subject to scour, resuspension, and downstream 
redistribution during storm events.

The U.S. Geological Survey and the Massachusetts 
Department of Fish and Game, Division of Ecological  
Restoration, collaborated to collect baseline information 
on the quantity and quality of sediment impounded behind 
selected dams in Massachusetts, including sediment thickness 
and the occurrence of contaminants potentially toxic to 
benthic organisms. The thicknesses of impounded sediments 
were measured, and cores of sediment were collected from 
32 impoundments in 2004 and 2005. Cores were chemically 
analyzed, and concentrations of 32 inorganic elements and 
108 organic compounds were quantified. Sediment thicknesses 
varied considerably among the 32 impoundments, with 
an average thickness of 3.7 feet. Estimated volumes also 
varied greatly, ranging from 100,000 cubic feet to 81 million 
cubic feet. Concentrations of toxic contaminants as well 
as the number of contaminants detected above analytical 
quantification levels (also known as laboratory reporting 
levels) varied greatly among sampling locations. Based 
on measured contaminant concentrations and comparison 
to published screening thresholds, bottom sediments were 
predicted to be toxic to bottom-dwelling (benthic) organisms 
in slightly under 30 percent of the impoundments sampled. 
Statistically significant relations were found between several 
of the contaminants and individual indicators of urban land 
use and industrial activity in the upstream drainage areas of 
the impoundments. However, models developed to estimate 
contaminant concentrations at unsampled sites from upstream 

landscape characteristics had low predictive power, consistent 
with the long and complex land-use history that is typical of 
many drainage areas in Massachusetts.

Introduction
More than 3,000 dams presently impound the streams 

of Massachusetts, according to the Division of Ecological 
Restoration of the Massachusetts Department of Fish and 
Game (MDER, written commun., 2013). Nearly 1,500 of these 
dams are also listed in the National Inventory of Dams (U.S. 
Army Corps of Engineers, 1996). Worcester County, in central 
Massachusetts, has more dams than any other county in the 
United States (425; Graf, 1999). Because many Massachusetts 
dams no longer serve their original purposes, may present 
safety risks, and have the potential to impair ecological 
conditions, public interest in removing unused dams has 
grown substantially in recent years. Dams not only restrict the 
recreational use of rivers for boaters, they also limit or block 
the free passage of fish and other biota, slow water velocities, 
cause sediment and organic matter to settle out, and commonly 
raise water temperatures. This combination of factors affects 
water quality, impairs in-stream habitat, alters food web 
dynamics, and limits access to different habitats for resident 
and migratory fish (Wang and others, 2010; Armstrong and 
others, 2011). Dam removal can increase the amount of 
suitable aquatic habitat in a stream system, both upstream 
and downstream of the original structure, as well as restore 
ecological processes (for example, the natural movement of 
water, sediment, and organic matter) that form and maintain 
downstream habitat and food web dynamics over time (Poff 
and Hart, 2002; Gardner and others, 2011).

The purposeful breaching and removal of dams can have 
unintended effects on the downstream environment if not 
thoughtfully planned and implemented. One potential nega-
tive effect is the release of toxic contaminants by mobilization, 
transport, and downstream redeposition of impounded sedi-
ment. Many contaminants discharged to rivers and streams in 
the form of industrial wastes, accidental spills, or urban runoff 
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Figure 1. The locations of dams in Massachusetts. Data are from the U.S. Army Corps of Engineers (1996).

commonly adhere to solids suspended in the water column of a 
stream and ultimately accumulate in slack water environments, 
such as impoundments behind dams. The accumulation of 
contaminated sediments behind dams in Massachusetts began 
principally after 1810, in the early years of the industrial revo-
lution in the Commonwealth (Brown and Tager, 2000, p. 121). 
Urbanization in the latter part of the 19th century and through-
out the 20th century further increased the load of contaminants 
from urban watershed sources to stream impoundments (see, 
for example, Breault and others, 2000, 2004, 2005).

Although contaminants trapped in sediment behind dams 
are often considered buried, it is incorrect to assume that these 
contaminants are immobile. For example, some contaminants 
are easily exchanged between bottom sediment and the overly-
ing water column, allowing these contaminants to become 
biologically available under certain environmental conditions. 
Moreover, sediment-bound contaminants can be scoured, 
resuspended, transported downstream and redeposited dur-
ing storm events, potentially affecting aquatic organisms, 

including fish, a long distance from the original source. Ben-
thic organisms, which live on or within the bottom sediment, 
may be directly exposed to hazardous levels of these contami-
nants and, in turn, indirectly expose fish and other wildlife to 
the contaminants through food-web magnification. Humans 
may be exposed through ingestion of affected wildlife or by 
direct physical contact.

The Massachusetts Office of Dam Safety (ODS) requires 
regular safety inspections at dams under ODS jurisdiction. 
However, such inspections do not presently (2012) include 
estimates of the volume of impounded bottom sediment nor do 
they include the occurrence of potentially toxic contaminants 
trapped behind these dams. Hence, this aspect of the overall 
hazard associated with accidental dam failures or purposeful 
dam breaches is not fully known. Impounded sediment 
volumes and chemical data, together with information 
regarding the structural integrity of each dam, are necessary 
to inform decisions regarding potential dam removal projects 
in the Commonwealth. Accordingly, the U.S. Geological 
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Survey (USGS), in cooperation with the MDER, collected 
baseline information concerning the thickness and volume of 
impounded bottom sediment and the occurrence of potentially 
toxic contaminants trapped behind 32 selected dams in 
Massachusetts. These data may be used to help prioritize dams 
that pose the greatest risk to the environment in case of either 
dam failure or purposeful dam breach, as well as identify 
sediment that may be acting as a present day source of toxic 
contaminants to the environment.

Purpose and Scope

This report describes the methods used to measure the 
thickness, estimate the volume, and collect cores of bottom 
sediment impounded behind selected dams in Massachusetts. 
The report also characterizes the chemical quality of the 
impounded sediment, including sediment-associated inorganic 
elements and organic compounds. The potential toxicity of 
the impounded sediment to benthic organisms is assessed 
by comparing observed concentrations of contaminants to 
consensus-based sediment quality guidelines. Finally, the 
report describes and interprets relations among contaminant 
concentrations in sediment, present day land use, and available 
indicators of past industrial history in the watersheds of the 
study impoundments.

Field, Laboratory, and Statistical 
Methods

The USGS assessed soft-sediment thicknesses and chem-
istry in 32 impoundments in Massachusetts by probing with 
a steel rod and collecting and chemically analyzing sediment 
cores. Chemical analysis of sediment cores (one homogenized 
sample per impoundment) included 32 inorganic elements 
and 108 organic compounds; the organic compounds included 
polycyclic aromatic hydrocarbons (PAHs), polychlorinated 
biphenyls (PCBs), and dichlorodiphenyl-trichloroethane 
(DDT) pesticide compounds. Potential toxicity was estimated 
using predictive relations between sediment contaminant 
concentrations and the probable effects on bottom-dwelling 
(benthic) organisms (Ingersoll and others, 2000; MacDonald 
and others, 2000). Relations between present day land use and 
sediment quality were evaluated by means of statistical cor-
relation analysis.

Site Selection and Sampling Techniques

Dams were selected in consultation with the MDER using 
several criteria, including the likelihood that the dam might 
be removed, land use in the upstream drainage basin (rang-
ing from undeveloped to drainage basins with long industrial 
histories), local interest, and geographical location (fig. 2; 
table 1).

Soft-sediment thicknesses were measured manually 
with a steel rod at an average of 20 locations in each of the 
32 impoundments; the number of measurements made in the 
study ranged from 8 to 30 per impoundment. The steel rod was 
pushed into the soft sediment from a boat or, in cases where 
impoundments were drained or dams breached, by standing on 
the sediment surface (fig. 3). Changes in the ease of penetra-
tion and the sound emitted from the rod as it was slowly 
pushed through the soft sediment were interpreted as changes 
in sediment character. In general, the interface between 
soft sediment and the original stream channel or flood plain 
material was felt as an abrupt change in the amount of force 
necessary to advance the probe. On occasion, this change was 
accompanied by an audible noise, as the tip of the rod encoun-
tered gravel or cobbles that were likely part of the historical 
flood plain or stream channel. The distance the rod was pushed 
(minus the measured water depth) was measured and recorded 
as the soft-sediment thickness. Sediment cores were visu-
ally inspected and their length was measured, to verify that 
soft-sediment thicknesses inferred from probing with the steel 
rod corresponded to changes in the sediment texture observed 
in cores from each impoundment in question. The average 
sediment thickness for an impoundment was calculated by 
summing the recorded depths and dividing by the number of 
measurements made in the impoundment.

At least one core was collected from each impoundment. 
The number and locations of cores collected was determined 
based on the size of each impoundment and the distribution 
of the estimated bottom-sediment thicknesses within each 
impoundment. Each core extended from the sediment water 
interface to the soft sediment bottom (to a maximum depth 
of about 8 ft). Cores were collected from a small boat, a 
custom-built pontoon boat and platform, or a solid platform 
placed directly on the sediment surface (fig. 4). Sediment 
was collected with a coring device comprising a polyethylene 
piston, a slide hammer, and a disposable polycarbonate core 
barrel. The core barrel was pushed by hand or hammered into 
the sediment. Before driving the core barrel into the sediment, 
the piston was suspended in the core barrel and secured with a 
steel cable to either the boat gunwale or the platform to keep 
the piston from moving as the core barrel was pushed into 
the sediment. Suction produced by the piston minimizes core 
compaction as the core barrel is pushed forward and helps to 
retain sediment in the barrel as it is pulled out of the sediment. 
Sediment cores were retrieved by hand or with a battery-
powered winch.

In most cases, the core barrel was pushed past the soft-
sediment bottom into the underlying material; however, in a 
few cases the soft-sediment thickness was greater than the core 
barrel length (8 ft). In these cases, the maximum core length 
was 8 ft. After retrieval, the bottom of each core was checked 
for evidence suggesting that the barrel was pushed deep 
enough to collect samples representative of the entire soft-
sediment thickness. The end of the core barrel was frequently 
plugged with either fine gray clay, which was deposited long 
before the dam was built, or the remains of vegetation that 
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Figure 2. Locations of impoundments in Massachusetts assessed in this study and the drainage areas to the dams that 
form the impoundments. Sites 24 and 31 are located less than 0.2 mile (mi) apart, and sites 20 and 27 are located less 
than 0.70 mi apart. Both pairs of sites are shown by a single red symbol. Location data are from the U.S. Army Corps of 
Engineers (1996).

presumably grew in the flood plain before inundation (fig. 5). 
If the core barrel appeared not to extend through the entire 
soft-sediment thickness and the total sediment thickness was 
less than 8 ft, the sample was discarded, the core barrel rinsed 
with ambient water, and another core was collected. It is 
important to note that core samples collected from individual 
impoundments may or may not represent the entire history 
of sediment deposition, given the limited number of core 
samples collected and the fact that only one composite sample 
was submitted for laboratory analyses. As stated above, the 
dynamic nature of sediment transport in river systems also 
means that some historically impounded sediment has likely 
been resuspended and transported downstream by large storms 
or dam breach or both. In some cases, sediment may have also 
been previously dredged and disposed of elsewhere during the 
history of the impoundment.

In the laboratory, cores from each impoundment were 
homogenized in a precleaned Teflon bag to produce one 

composite sample for each impoundment. Prior to filling, the 
Teflon bags were cleaned first with 5-percent hydrochloric 
acid, then with methanol, and finally with deionized water. 
Subsamples were collected and placed in precleaned plastic 
(inorganic elements) or glass (organic compounds) containers 
for delivery to appropriate analytical laboratories. Samples 
were shipped on ice in sealed plastic coolers along with 
accompanying documentation.

Chemical Analysis of Sediment

Chemical analysis of 32 inorganic elements was done 
at SGS Laboratory, Lakefield, Ontario, Canada, by means of 
inductively coupled plasma mass spectrometry (ICP–MS). 
Chemical analysis of 108 organic compounds was done at the 
USGS National Water Quality Laboratory (NWQL) in Denver, 
Colorado, by means of high-resolution gas chromatography/
low-resolution mass spectrometry (HRGC/LRMS).
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A

B

Figure 3. Measurement of soft-sediment thickness where A, 
dam has been breached and the impoundment has been drained 
and B, impoundment is present at the time of sampling.

Analysis of Inorganic Elements
Before chemical analysis, SGS collected from each 

sample an unsieved aliquot (about 1 gram). Next, the sample 
was digested with 2 milliliters (mL) of nitric acid (HNO3)  
and heated at 80 to 90 degrees Celsius for ½ hour. After the 
sample had cooled slightly, the digestates were spiked with 
4 mL of hydrochloric acid (HCl) and heated for 2 hours in a 
water bath. Next, the digestates were allowed to cool to room 
temperature and diluted with distilled water to a final volume 
of 20 mL. About 5 mL of this solution was poured into a test 
tube for ICP–MS analysis (U.S. Environmental Protection 
Agency, 1996).

Environmental samples were analyzed by SGS in batches 
of up to 40 samples. Each batch was accompanied by quality 
assurance/quality control (QA/QC) samples—including pro-
cedural blanks, laboratory duplicates, matrix-spike samples, 
and recovery standards—to test laboratory bias and variability. 
Before analytical results were accepted, QA/QC samples had 
to meet the following methodology criteria: inorganic element 
concentrations measured in procedural blanks were required to 
be less than quantification limits; relative percentage differ-
ences (RPDs) between laboratory duplicate and matrix-spike 
samples were no more than 10 percent; and percent recoveries 
were within the 50 to 100 percent range. Laboratory instru-
ments were calibrated in accordance with the standard operat-
ing procedures of SGS and were required to meet method 
specifications (SGS Laboratory, written commun., 2006).

Organic Analysis
The day before the chemical analysis, the USGS labora-

tory extracted unsieved sediment overnight with dichloro-
methane in a Soxhlet apparatus and split into two aliquots 
(Foreman and others, 1995; Furlong and others, 1996). The 
first aliquot was analyzed for PAHs and alkyl-PAHs by capil-
lary column gas chromatography with detection by mass 
spectrometry (Furlong and others, 1996). The second aliquot 
was analyzed for chlorinated hydrocarbons by dual capillary 
column gas chromatography with electron capture detection 
(Noriega and others, 2004).

Environmental samples were analyzed at the USGS 
National Water Quality Laboratory (NWQL) in batches of 
up to 12 samples. Each batch was accompanied by QA/QC 
samples—including procedural blanks, laboratory duplicates, 
matrix-spike samples, and recovery standards—to test 
laboratory bias and variability (Noriega and others, 2004). 
Before analytical results were accepted, QA/QC samples 
had to meet the following methodology criteria: chemical 
concentrations measured in procedural blanks were less than 
quantification limits; RPDs between laboratory duplicate 
and matrix-spike samples were no more than 10 percent; 
and percent recovery ranges were within 50 to 120 percent. 
Laboratory instruments were calibrated in accordance with the 
standard operating procedures of the USGS and were required 
to meet method specifications.
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A

B

pontoon or B, at the sediment surface where the impoundment has been drained.
Figure 4. Methods used to obtain cores from impoundments. Cores were collected A, from floating 
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A

B

Figure 5. Examples of core penetration through the full thickness of impounded sediment into 
preimpoundment material. Core samples contain A, floodplain vegetation, and B, inorganic clay.
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Bias and Variability in Field and Laboratory 
Analyses

Environmental samples were collected and analyzed 
along with field duplicates (or split samples) and blind refer-
ence samples. These QA/QC samples were collected, pro-
cessed, and analyzed in exactly the same way as the environ-
mental samples. Therefore, the field QA/QC samples can be 
used to assess bias and variability associated with environ-
mental conditions, sample collection, and sample processing 
as well as with laboratory processing. Field duplicates were 
collected at 3 of 32 locations and consisted of two representa-
tive aliquots of sediment that were taken from the homoge-
nized sample and were analyzed separately. RPDs for detect-
able inorganic element concentrations between field duplicate 
samples averaged 2.9 percent, with one exception. The RPD 
for detectable molybdenum concentration measured in the 
Mountain Lake impoundment field duplicate sample (site 13) 
was 66 percent. Blind reference samples for the inorganic ele-
ments, consisting of National Institute of Standards and  
Technology (NIST) standard reference material (SRM) 2711 
Montana Soil, were submitted to SGS for analysis. RPDs 
between the SGS-reported inorganic element concentrations 
and the NIST-certified values for the blind samples were all 
less than 15 percent, with the exception of that for titanium, 
which had an RPD of about 28 percent. Field duplicate 
samples were not analyzed for organic compounds.

Quality assurance for organic constituents was conducted 
at the NWQL. No blind reference samples were submitted to 
NWQL. However, percent recovery of laboratory surrogate 
organic constituents ranged between 30 and 95 percent, and 
RPDs between sample and replicate results were less than 
25 percent for 103 of the 115 constituents investigated for two 
of the replicate sample pairs and less than 25 percent for 88 
of the constituents for the third replicate sample pair. Average 
and median RPDs between all replicate sample pairs were 18 
and 6 percent, respectively.

Concentrations of inorganic elements and organic 
compounds greater than the detection limit indicate that the 
compound concentration is greater than the laboratory report-
ing level (LRL) for a given analytical technique. Nondetec-
tion may indicate either that the compound is not present in 
the sample or that the concentration of the compound in the 
sample is less than the LRL for the analytical technique used. 
The LRL is generally equal to twice the long-term method 
detection limit (LT–MDL) for a given analyte and laboratory 
method (Childress and others, 1999).

Estimated Toxicity of Sediment

The consensus-based sediment quality guidelines  
(Ingersoll and others, 2000; MacDonald and others, 2000) 
were used in this study to compare impounded-sediment 
chemistry results to predicted impacts on benthic dwelling 

organisms. It is important to note that these guidelines are 
empirical, effects-based thresholds derived from laboratory 
toxicology tests on a limited range of organisms. As such, the 
thresholds do not account for chronic toxicity that results from 
prolonged exposure, toxicity caused by mixtures of chemicals, 
nor to biological availability of contaminants or other mortal-
ity drivers that may be governed by environmental conditions. 
For example, high sediment-oxygen demand (SOD) may 
result in low dissolved oxygen (DO) concentrations that can 
be lethal to some aquatic organisms; by contrast, acid-volatile 
sulfides (AVS) may chemically bind some toxic chemicals 
making them biologically immobile.

Nevertheless, estimation of sediment toxicity from 
concentrations of common contaminants and known 
threshold effect concentrations (TECs) and probable effect 
concentrations (PECs) has been shown to be a reasonable 
predictor of toxicity in a laboratory setting for a limited range 
of organisms (Ingersoll and others, 2000; MacDonald and 
others, 2000). The TEC for a given contaminant is defined as 
the concentration below which harmful effects are unlikely 
to be observed, and the PEC is defined as the concentration 
above which effects are likely to be observed (MacDonald and 
others, 2000).

Understanding of potential sediment toxicity is facilitated 
by determination of PEC quotients (PECQs) for individual 
contaminants within a sample (MacDonald and others, 2000). 
The PECQ is defined as the ratio of the concentration of a 
contaminant in a sample to the contaminant PEC. To obtain 
an estimate of the overall toxicity of a sediment sample x, 
the PECQs for the individual contaminants (and contaminant 
groups) in a sample are averaged to obtain the overall sample 
PECQ, also known as the PECQx, as follows:

PECQ

C
PEC
nx

x y

y

x

=
∑ ,

, (1) 

where
 PECQx is the average PECQ for sediment sample x,
 Cx,y is the concentration of contaminant y or 

contaminant group y in sample x,
 PECy is the PEC for chemical y (MacDonald and 

others (2000), and
 nx is the number of contaminants or contaminant 

groups used in sample x.

Before calculating the PECQx, the contaminant concentrations 
are first adjusted for censored data (data below the laboratory 
reporting level). In accordance with the practice of Breault 
and others (2005, p. 10), censored data were set equal to zero 
in the calculation of the PECQ and PECQx values. Conse-
quently, our approach to the calculation of PECQx for a sample 
does not include any toxicity associated with undetected 
constituents.
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In the current study, 10 PECQs (for arsenic, cadmium, 
chromium, copper, lead, nickel, and zinc, total PAHs, total 
PCBs, and total DDTs) were averaged to determine a PECQx 
for each sample. For the purposes of this report, total PAHs 
equal the sum of anthracene, benzo(a)anthracene, benzo(a)
pyrene, chrysene, 9H-fluorene, fluoranthene, naphthalene, 
phenanthrene, and pyrene; total PCBs equal the sum of all 
polychlorinated biphenyl congeners; and total DDTs equal the 
sum of ortho,para’-DDE, para,para’-DDE, ortho,para’-DDD, 
para,para’-DDD, ortho,para’-DDT, and para,para’-DDT.

The probability of observing sediment toxicity in a 
sample may be estimated from the PECQx using the following 
equation (MacDonald and others, 2000):

 

not be calculated for these three sites. At all other sites, surface 
areas reported in the NID for each impoundment (U.S. Army 
Corps of Engineers, 1996) were multiplied by average thick-
nesses to give planning-level estimates of sediment volumes 
(table 2). Sediment volumes estimated in this manner ranged 
from 110,000 ft3 (Deleano Pond Dam on an unnamed tributary 
of the Skug River in North Andover, site 28) to 81 million 
cubic feet (Mft3; Talbot Mills Dam on the Concord River in 
Billerica, site 16). It is important to note that sediment may not 
accumulate in a uniform manner behind a dam; commonly it 
forms a wedge shape based upon the gradual settling of differ-
ent grain sizes in response to reduced water velocities within 
an impoundment. Therefore, actual volumes of impoundment 
sediment may be greater or less than the estimated volumes 
presented here.

Concentrations of Inorganic Elements

Contaminant concentrations in the sediment cores (inor-
ganic elements and organic compounds) varied substantially 
among impoundments. Many of these contaminants are on the 
U.S. Environmental Protection Agency list of 126 priority pol-
lutants (U.S. Environmental Protection Agency, undated). The 
priority pollutant elements arsenic, chromium, copper, lead, 
nickel, and zinc were detected at all 32 impoundment sites. 
The priority pollutant element cadmium was detected at 14 of 
the 32 sites.

The highest concentrations of the inorganic elements 
copper, nickel, and zinc were measured at the Worcester 
Consolidated Station Dam (site 29) on the Blackstone River 
in Millbury (fig. 6; table 3). This finding is consistent with the 
long industrial history of the Blackstone River and its water-
shed, which, together with the Charles River, is considered 
the birthplace of the industrial revolution in Massachusetts 
(Brown and Tager, 2000, p. 121). Among the 32 impoundment 
sites, the highest concentrations of the inorganic elements 
arsenic, cadmium, chromium, and lead were measured at the 
Mill Pond Dam #1 on the Town Brook in Plymouth (site 20), 
the Mill Pond Dam on the North Nashua River in Fitchburg 
(site 19), the Perryville Pond Dam on the French River in 
Dudley (site 6), and the Tel Electric Pond Dam on the West 
Branch Housatonic in Pittsfield (site 25), respectively. The 
Rice City Pond Dam on the Blackstone River in Uxbridge 
(site 21) also had relatively higher concentrations of the prior-
ity pollutant elements than most other sites, with the second 
highest concentrations of cadmium, chromium, copper, and 
nickel and the third highest concentrations of lead and zinc 
among the 32 sites (fig. 6).

Y x= × −( )101 48 1 0 36. .

where
 Y is the estimated probability of toxicity, in 

percent; and
 x is the average probable effects quotient for  

a sample (PECQx); as calculated in  
equation 1.

 (2)

Sediment Thickness, Chemical Quality, 
and Estimated Toxicity

The thickness, chemical quality, and estimated toxicity 
of bottom sediment were assessed at each of the 32 impound-
ments selected for this study. Major results are presented in the 
following sections.

Measured Sediment Thicknesses and Estimated 
Volumes

Average sediment thicknesses ranged from 0.5 to 6.7 ft 
among the impoundments, with an overall average of 3.7 ft 
(table 2). Minimum sediment thicknesses ranged from 0 to 
2.6 ft. The maximum measured sediment thickness was about 
15 ft (D.F. Rile Grist Mill Dam, site 12). At the Conway 
Electric Dam on the South River in Conway (site 11), sedi-
ment thicknesses were found to be greater than what could be 
feasibly measured with a steel rod (greater than 20 ft). At the 
Pentucket Pond Outlet and Carding Mill Dams (sites 8 and 
14), local field conditions precluded collection of thickness 
data. For these reasons, estimates of sediment volume could 
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Table 2. Bottom-sediment thicknesses and estimated volumes of sampled impoundments in Massachusetts in 2004 and 2005.

[Estimated sediment volumes are rounded values. no., number; ft, feet; ft2, square feet; ft3, cubic feet; --, not sampled]

Site 
no.

Dam

Estimated 
surface 

area,  
in ft2

Average 
water 
depth,  

in ft

Average 
sediment 
thickness,  

in ft

Minimum 
sediment 
thickness,  

in ft

Maximum 
sediment 
thickness,  

in ft

Number 
of mea-

sure-
ments

Estimated 
sediment 
volume,  

in ft3

Number of 
sediment 
cores col-

lected

1 Factory Village Pond 220,000 6.2 3.4 1.1 7.0 29 750,000 4
2 Horseshoe Pond 2,600,000 1.6 4.4 1.9 6.1 16 12,000,000 2
3 Sheomet Lake 1,300,000 6.9 2.5 0.0 4.2 24 3,200,000 2
4 North Webster Village Pond 3,700,000 4.4 4.5 0.0 7.8 15 17,000,000 5
5 Ballardvale 1,600,000 2.3 3.3 0.0 5.1 23 5,200,000 5
6 Perryville Pond1 1,100,000 3.0 4.5 2.5 9.5 50 1,917,000 3
7 Ipswich Mills 1,300,000 4.1 3.3 0.0 8.5 27 4,300,000 2
8 Pentucket Pond Outlet2 4,000,000 -- -- -- -- -- -- 4
9 Felton Lake 540,000 7.0 2.8 0.1 5.5 15 1,500,000 1

10 Watertown 630,000 5.0 1.5 0.0 5.2 17 950,000 3
11 Conway Electric3 98,700 -- -- -- -- -- -- 2
12 D.F. Rile Grist Mill 770,000 8.5 5.0 0.0 15.0 18 3,900,000 7
13 Mountain Lake 460,000 (4) 6.4 1.5 9.3 21 2,900,000 2
14 Carding Mill Pond2 1,800,000 -- -- -- -- -- -- 3
15 Robert Meadow Upper Reservoir 240,000 8.6 6.7 1.4 10.6 19 1,600,000 2
16 Talbot Mills 22,000,000 9.3 3.7 0.0 8.0 12 81,000,000 3
17 Mill River 870,000 2.5 4.8 2.6 7.2 11 4,200,000 2
18 Windsor Reservoir 3,200,000 (4) 4.0 0.3 8.0 26 13,000,000 2
19 Mill Pond 200,000 3.1 3.3 0.0 9.6 26 660,000 2
20 Mill Pond #1 40,800 2.5 4.8 2.6 7.2 11 200,000 1
21 Rice City Pond 940,000 1.3 5.4 0.3 8.1 8 5,000,000 6
22 Assabet River5 210,000 1.5 4.5 0.3 11.0 140 1,483,200 3
23 Upper Flints Pond 3,100,000 4.9 1.7 0.6 4.0 21 5,400,000 3
24 Stony Brook 59,800 2.5 2.0 0.6 3.8 23 120,000 3
25 Tel Electric Pond 610,000 4.3 3.4 0.0 6.5 21 2,000,000 3
26 Monument Pond #2 320,000 4.7 2.4 1.4 4.4 18 770,000 3
27 Town Brook #1 50,500 1.8 3.4 0.8 4.9 16 170,000 3
28 Deleano Pond 220,000 4.0 0.5 0.0 1.8 27 110,000 7
29 Worcester Consolidated Station 2,400,000 3.2 4.0 1.0 6.7 30 9,600,000 4
30 Cooks Canyon Lower Pond 30,800 2.5 5.1 0.3 11.4 25 160,000 2
31 Unnamed, Stony Brook 120,000 2.5 2.0 0.6 3.8 23 240,000 3
32 Unnamed, Winnetuxet River 17,200 2.3 3.2 0.2 5.7 25 55,000 2

1Data from Zimmerman and Breault (2003).
2Field conditions precluded measurement.
3Thickness greater than 20 ft probe length.
4Impoundment was dry at time of measurement.
5Data from Zimmerman and Sorenson (2005).
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Table 3. Concentrations of inorganic elements measured in bottom-sediment cores collected from selected impoundments in 
Massachusetts in 2004 and 2005.

[Concentrations were determined on unmilled samples using method 3050b digestion from U.S. Environmental Protection Agency (1996). DUP, field duplicate 
sample; no., number; ppm, parts per million; %, percent; <, less than value shown]

Site 
no.

Dam name
Beryll-
lium, 

in ppm

So-
dium, 
in %

Magne-
sium, 
in %

Alumi-
num, 
in %

Phos-
phorus, 

in %

Potas-
sium, 
in %

Cal-
cium, 
in %

Scan-
dium, 

in ppm

Tita-
nium, 
in %

Vana-
dium, 

in ppm

1 Factory Village Pond 4.2 1.08 0.28 5.91 0.15 2.19 0.6 5.3 0.2 46
2 Horseshoe Pond 1.5 0.89 0.2 3.73 0.1 1.06 0.56 4.3 0.19 54
3 Sheomet Lake 1.9 0.8 0.58 5.46 0.12 0.85 0.87 10 0.29 94
4 North Webster Village Pond 2.1 1.12 0.3 4.75 0.04 1.48 0.99 3.9 0.16 27
5 Ballardvale 2.4 1.11 0.36 4.73 0.05 1.51 1.01 4.6 0.18 36
6 Perryville Pond 2.2 1.1 0.31 4.57 0.07 1.5 0.93 4.2 0.16 33
7 Ipswich Mills 1.7 1.36 0.39 4.82 0.03 1.73 0.76 4 0.12 36
8 Pentucket Pond Outlet 1.2 0.44 0.33 2.4 0.05 0.52 1.18 3.3 0.08 31
9 Felton Lake 1.7 0.99 0.28 4.54 0.23 0.86 1.22 9.2 0.51 37

10 Watertown 1.8 1.36 0.68 5.47 0.09 1.66 1.26 7.8 0.33 78
11 Conway Electric 1.9 1 1 6.15 0.06 1.22 1.42 15.3 0.3 93
12 D.F. Rile Grist Mill 1.6 1.43 0.67 5.62 0.05 1.22 1.27 9.8 0.28 70
13 Mountain Lake 2.1 1.53 0.55 6.39 0.1 1.66 1.32 8 0.3 68
14 Carding Mill Pond 2.4 0.78 0.26 3.73 0.25 0.88 1.32 4.7 0.16 36
15 Robert Meadow Upper Reservoir 2.9 1.12 0.56 6.45 0.09 1.52 1.12 9.8 0.31 83
16 Talbot Mills 1.9 0.97 0.25 4.02 0.1 1.3 0.98 3.6 0.1 30
17 Mill River 1.5 1.45 0.25 4.57 0.03 1.6 0.83 4.3 0.21 36
18 Windsor Reservoir 1.5 0.87 0.64 5.48 0.07 2.17 0.84 7.3 0.28 61
19 Mill Pond 2.7 1.05 0.24 7.07 0.07 1.58 0.67 5.4 0.45 50
20 Mill Pond #1 1.5 0.6 0.22 2.84 0.07 0.88 0.41 3.3 0.14 42
21 Rice City Pond 1.9 1.08 0.36 4.71 0.18 1.54 0.8 4.9 0.21 43
22 Assabet River 2.1 1.19 0.62 5.53 0.14 1.27 1.22 8 0.25 63
23 Upper Flints Pond 2.2 1.14 0.21 4.18 0.06 1.47 0.87 3.3 0.14 21
24 Stony Brook 1.6 0.81 0.48 4.05 0.11 0.89 1.31 5.7 0.2 61
25 Tel Electric Pond 1.5 0.56 1.66 5.18 0.08 1.71 2.52 7.9 0.18 66
26 Monument Pond #2 1.4 0.85 0.25 3.58 0.03 1.12 0.43 3.4 0.15 34
27 Town Brook #1 2.1 0.61 0.2 3.67 0.06 0.97 0.38 5.3 0.18 54
28 Deleano Pond 1.9 0.17 0.16 1.41 0.15 0.15 1.05 5.5 0.05 14
29 Worcester Consolidated Station 1.9 1.05 0.42 5.25 0.12 1.77 0.84 5.6 0.23 49
30 Cooks Canyon Lower Pond 2.8 1.65 0.33 6.12 0.18 1.67 1.67 5.3 0.35 46
31 Unnamed, Stony Brook 1.3 0.79 0.37 3.64 0.1 0.79 1.11 4.5 0.17 49
32 Unnamed, Winnetuxet 0.9 0.7 0.15 2.61 0.03 0.96 0.32 2.3 0.14 25
1 DUP-Factory Village Pond 4 1.09 0.28 5.95 0.15 2.21 0.61 5.2 0.2 47

13 DUP-Mountain Lake 2.2 1.51 0.56 6.37 0.1 1.65 1.34 8.1 0.3 70
25 DUP-Tel Electric Pond 1.5 0.57 1.63 5.21 0.08 1.71 2.46 8 0.18 68
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Table 3. Concentrations of inorganic elements measured in bottom-sediment cores collected from selected impoundments in 
Massachusetts in 2004 and 2005.—Continued

[Concentrations were determined on unmilled samples using method 3050b digestion from U.S. Environmental Protection Agency (1996). DUP, field duplicate 
sample; no., number; ppm, parts per million; %, percent; <, less than value shown]

Site 
no.

Dam name
Chro-
mium, 
in ppm

Manga-
nese, 

in ppm

Iron, 
in %

Co-
balt, 

in ppm

Nick-
el, 

in ppm

Cop-
per, 

in ppm

Zinc, 
in ppm

Arse-
nic, 

in ppm

Stron-
tium, 

in ppm

Yt-
trium, 
in ppm

Zirco-
nium, 

in ppm

1 Factory Village Pond 32 472 2.25 9 13 36.5 213 24 111 10.9 35.7
2 Horseshoe Pond 33 546 2.97 8 11 25.1 250 15 95.2 17.1 57.1
3 Sheomet Lake 53 602 3.64 17 28 26 216 4 80.9 17.3 37
4 North Webster Village Pond 91 297 1.23 3 10 35.9 51.8 6 137 10.5 38
5 Ballardvale 43 379 1.55 6 13 7.9 149 7 121 11.9 47.7
6 Perryville Pond 196 377 1.69 5 13 109 293 8 130 10.4 43.7
7 Ipswich Mills 37 372 2.08 5 11 9.9 59.2 7 120 7.4 32
8 Pentucket Pond Outlet 42 702 3.24 12 28 17.2 112 23 67.3 13 21.4
9 Felton Lake 22 285 1.89 4 6 11.2 105 4 96.1 54.7 28.4

10 Watertown 60 581 3.23 8 17 42.5 197 10 162 15.7 56.2
11 Conway Electric 63 1,310 4.27 8 22 17.6 72.2 3 150 23.7 30.8
12 D.F. Rile Grist Mill 35 681 2.86 8 16 11.2 68.2 3 149 19.1 28.2
13 Mountain Lake 50 577 3.67 7 15 20.7 91.4 8 238 16.5 32.7
14 Carding Mill Pond 35 469 2 10 21 63.6 191 9 125 21.5 34.6
15 Robert Meadow Upper Reservoir 58 789 3.32 8 22 21.2 116 3 152 18.1 50.1
16 Talbot Mills 77 451 1.74 12 16 50.6 143 13 123 10.7 22.6
17 Mill River 19 430 1.63 3 8 12.5 32 3 146 11.9 39.4
18 Windsor Reservoir 43 539 3.24 9 15 14.5 85.1 5 128 15.2 59.8
19 Mill Pond 60 360 1.79 7 14 75.3 204 11 160 10.4 41.7
20 Mill Pond #1 31 447 2.06 5 11 48.7 120 37 64.3 11.5 37.3
21 Rice City Pond 158 561 2.8 5 29 223 296 15 138 11.5 66.2
22 Assabet River 82 557 2.5 11 22 155 278 12 163 14.4 45.6
23 Upper Flints Pond 33 419 1.26 3 9 17.2 34.1 7 133 9.2 27.3
24 Stony Brook 42 650 2.68 11 18 25 132 14 113 11.7 40.3
25 Tel Electric Pond 103 805 3.69 11 25 69.8 293 8 79.3 12.3 56.8
26 Monument Pond #2 25 271 1.61 4 8 10.7 35.1 3 82.8 8.2 44.4
27 Town Brook #1 155 266 1.99 7 17 57.9 143 19 96.5 13.6 52.5
28 Deleano Pond 24 154 0.61 2 9 22.7 21 4 71.7 17.8 10.3
29 Worcester Consolidated Station 103 537 3.78 6 36 376 325 21 155 12.4 57.6
30 Cooks Canyon Lower Pond 31 468 1.83 6 10 23.6 88.4 5 454 17.4 24.7
31 Unnamed, Stony Brook 42 907 2.97 12 18 26.6 104 16 96.5 11.4 37.1
32 Unnamed, Winnetuxet 19 347 1.84 6 8 10.4 46.7 9 71.5 6.8 33.1
1 DUP-Factory Village Pond 32 470 2.27 9 14 39.5 212 25 111 11.5 36

13 DUP-Mountain Lake 50 573 3.81 7 15 20.5 94.1 7 236 16.4 32.9
25 DUP-Tel Electric Pond 111 792 3.69 11 26 75.7 300 8 79.9 13.1 59.2
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Table 3. Concentrations of inorganic elements measured in bottom-sediment cores collected from selected impoundments in 
Massachusetts in 2004 and 2005.—Continued

[Concentrations were determined on unmilled samples using method 3050b digestion from U.S. Environmental Protection Agency (1996). DUP, field duplicate 
sample; no., number; ppm, parts per million; %, percent; <, less than value shown]

Site 
no.

Dam name
Molyb-
denum, 
in ppm

Silver, 
in ppm

Cad-
mium, 
in ppm

Tin, 
in ppm

Anti-
mony, 
in ppm

Bari-
um, 

in ppm

Lantha-
num, 

in ppm

Tung-
sten, 

in ppm

Lead, 
in 

ppm

Bis-
muth, 

in ppm

Lithi-
um, 

in ppm

1 Factory Village Pond <1 <2 1 10 <5 479 27.4 <10 153 <5 32
2 Horseshoe Pond 2 <2 2 <10 <5 321 25.6 <10 49 <5 11
3 Sheomet Lake 2 <2 2 <10 <5 336 24.6 <10 46 <5 24
4 North Webster Village Pond <1 <2 <1 40 <5 336 21.6 <10 47 <5 17
5 Ballardvale <1 <2 <1 <10 <5 343 19.8 <10 26 <5 19
6 Perryville Pond <1 <2 1 20 <5 323 20.3 <10 104 <5 18
7 Ipswich Mills <1 <2 <1 <10 <5 346 14.6 <10 32 <5 18
8 Pentucket Pond Outlet 2 <2 <1 <10 <5 143 17.2 <10 13 <5 13
9 Felton Lake 1 <2 2 <10 <5 327 60.8 <10 29 <5 16

10 Watertown 2 <2 4 <10 7 440 24.7 <10 142 <5 16
11 Conway Electric <1 <2 <1 <10 <5 363 24.8 <10 20 <5 40
12 D.F. Rile Grist Mill <1 <2 <1 <10 <5 381 24.9 <10 17 <5 23
13 Mountain Lake 1 5 <1 <10 6 582 43.7 <10 82 <5 14
14 Carding Mill Pond 3 <2 2 <10 <5 291 34.5 <10 85 <5 17
15 Robert Meadow Upper Reservoir 1 <2 <1 <10 <5 404 35.3 <10 37 <5 59
16 Talbot Mills 1 <2 <1 <10 <5 329 16.8 <10 63 <5 13
17 Mill River <1 <2 <1 <10 <5 466 18.2 <10 16 <5 9
18 Windsor Reservoir <1 <2 <1 <10 <5 501 31.1 <10 16 <5 19
19 Mill Pond 2 <2 19 20 20 531 26 <10 205 <5 30
20 Mill Pond #1 2 <2 <1 <10 <5 304 18.7 <10 93 <5 10
21 Rice City Pond 2 2 11 60 <5 451 25.4 30 174 <5 20
22 Assabet River 2 2 1 20 <5 438 27.6 <10 110 <5 25
23 Upper Flints Pond 1 <2 <1 <10 <5 383 16.7 <10 29 <5 13
24 Stony Brook 2 <2 <1 <10 <5 318 21.1 <10 67 <5 23
25 Tel Electric Pond 1 <2 1 <10 <5 420 25.9 <10 241 <5 36
26 Monument Pond #2 <1 <2 <1 <10 <5 329 14.1 <10 15 <5 13
27 Town Brook #1 2 <2 <1 40 <5 344 21.6 <10 164 <5 23
28 Deleano Pond 4 <2 <1 <10 <5 77 23.2 <10 18 <5 5
29 Worcester Consolidated Station 1 <2 9 60 7 468 29.5 <10 156 <5 27
30 Cooks Canyon Lower Pond <1 <2 <1 <10 <5 862 45.3 <10 77 <5 10
31 Unnamed, Stony Brook 2 <2 <1 <10 <5 296 21.6 <10 45 <5 21
32 Unnamed, Winnetuxet 2 <2 <1 <10 <5 307 13.2 <10 18 <5 9
1 DUP-Factory Village Pond <1 <2 1 10 <5 442 29.5 <10 156 <5 32

13 DUP-Mountain Lake 2 5 <1 <10 <5 568 39.8 <10 85 <5 14
25 DUP-Tel Electric Pond 1 <2 1 <10 <5 398 26.3 <10 257 <5 37
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Concentrations of Organic Compounds

High concentrations of organic compounds in bottom 
sediment are generally the result of human activity, although 
some PAHs have natural sources (Van Metre and others, 
2004). Of the 108 organic compounds tested in this study, 64 
were measured in concentrations greater than the laboratory 
reporting level (table 4, in back of report). In general, 
the highest concentrations of organic compounds were 
measured at the Ballardvale Dam (site 5) on the Shawsheen 
River in Andover (table 4, in back of report). Almost half 
of the individual compounds detected were found at their 
highest concentration at this site [number (n) of maximum 
concentrations = 26]. The site with the second largest number 
of maximum concentrations (n = 10) was the Deleano Pond 
Dam (site 28). This result was unexpected. Deleano Pond 
drains a relatively small drainage area (0.3 square mile) with 
no commercial, industrial, or transportation land use and is 
presently within the Harold Parker State Forest in northeastern 
Massachusetts. The Deleano Pond Dam was built in the 1930s 
and may have had an industrial history that is not evident by 
information readily available from a geographic information 
system (GIS). High concentrations of individual organic 
compounds were also measured at the Tel Electric Pond Dam 
(site 25) and the Felton Lake Dam on the Housatonic River in 
Washington (site 9) compared with measurements at the other 
sampling locations.

The maximum concentrations for the three major groups 
of organic compounds considered in this study (total PAHs, 
total PCBs, and total DDTs) are also of interest (fig. 7; table 4, 
in back of report). The maximum concentration of total PAHs 
was found at the Ballardvale Dam (site 5) where individual 
compounds were also present at elevated concentrations. The 
maximum concentration of total PCBs was found at the Mill 
Pond Dam (site 19; estimated value), and the maximum con-
centration of total DDTs was found at the Stony Brook Dam in 
Lincoln (site 24).

The major groups of compounds differed in their fre-
quency of detection. Total PAHs were found most frequently, 
with detections at all 32 sites (100 percent of sites). Total 
PCBs were the least widespread, with detections at only 10 
of the sites (31 percent). Total DDTs were found at 29 of the 
sites (91 percent), a detection frequency between that of the 
other two groups. The relatively high rate of detection for total 
PAHs (69 percent of sites) suggests a potential likelihood of 
nonpoint sources of total PAHs in the contributing watersheds 
to the impoundments. The potential role of nonpoint sources 
of PAHs to impoundments is supported by recent research 
on sources of PAHs to the lakes and reservoirs of the United 
States (Van Metre and others, 2010). By contrast, the lower 
rate of detection for total PCBs (31 percent of sites) suggests 
that point sources may play an important role at sites where 
PCBs were detected during the present study. Recent research 
in Massachusetts (Breault and others, 2004) has provided site-
specific information on the role of PCB point sources in the 
contamination of impounded sediment.

Estimated Toxicity of Sediments

Although concentrations of priority pollutants may be 
used to help prioritize dam removal projects, contaminant con-
centrations alone do not indicate the potential risk posed by 
toxic contaminants. Potential toxicity of sediments to benthic 
organisms may be estimated by comparing observed contami-
nant concentrations in sediment to widely accepted criteria 
such as threshold effects concentrations (TECs) and probable 
effects concentrations (PECs; MacDonald and others, 2000). 
The TECs and PECs for each of the contaminants consid-
ered in this study (inorganic elements and organic compound 
groups) are shown on figures 6 and 7.

Among the inorganic elements, lead exceeded the PEC 
most frequently, with 7 of 32 impoundments (22 percent) 
having average lead concentrations above the PEC. Cad-
mium, chromium, and copper each exceeded the PEC at three 
impoundments (9 percent of sites), and arsenic exceeded the 
PEC at one impoundment. The remaining inorganic elements 
(nickel and zinc) did not exceed their PECs at any of the 
impoundments. Among the organic compound groups, total 
PAHs, total PCBs, and total DDTs exceeded the PEC at three, 
two, and zero sites, respectively.

The overall sediment toxicity at each of the impound-
ments was estimated by calculating the average PECQx for 
a sample (MacDonald and others (2000). The PECQx values 
(table 5) are used to assign an overall likelihood of toxicity (in 
percent) to each sediment sample (table 6). These likelihood 
values serve as indicators of the potential risk posed by the 
sediment to local and downstream receptors.

The likelihood of toxicity ranged from 8 to 70 percent 
among the sampling locations, and averaged 28 percent. A 
likelihood value of 28 percent means that 28 out of 100 toxic-
ity tests are likely to show some level of toxicity for a given 
sample. Values greater than 60 percent were obtained for 3 of 
the 32 sites: Mill Pond Dam (site 19), Rice City Pond Dam 
(site 21), and Worcester Consolidated Station Dam (site 2). 
Cadmium was the largest single contributor to the estimated 
sediment toxicity at the two sites with the highest overall 
toxicity (Mill Pond Dam and Rice City Pond Dam; table 5). 
although total PCBs were also a large contributor to toxicity 
at the Mill Pond Dam. Copper was the largest contributor to 
toxicity at the Worcester Consolidated Station Dam, the site 
with the third highest overall toxicity. The Ballardville Dam 
(site 5) was the site where toxicity was most strongly domi-
nated by a single contaminant—in this case, total PAHs, which 
contributed 70 percent of the overall toxicity. Chromium was a 
widespread contaminant; it contributed the largest single frac-
tion of toxicity at 11 of the 32 sites, including not only sites 
with relatively low overall toxicity [Mill River Dam on the 
Mill River in Taunton (site 17) and Monument Pond #2 Dam 
on the Assonet River in Freetown (site 26)], but also sites with 
relatively high overall toxicity [Perryville Pond Dam (site 6) 
and Town Brook #1 Dam on the Town Brook in Plymouth 
(site 27)].
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Table 6. Likelihood of toxicity of bottom-sediment cores collected from selected 
impoundments in Massachusetts in 2004 and 2005.

[Likelihoood of toxicity calculated from equation 2 of this report (MacDonald and others, 2000). The 
average probable effects concentration quotient for a site (PECQx) is the average of the PECQs for arsenic, 
cadmium, chromium, copper, lead, nickel, and zinc, total polycyclic aromatic hydrocarbons (PAHs), 
total polychlorinated biphenyls (PCBs), and total dichlorodiphenyl-trichloroethylene (DDTs). For the 
purposes of this report, total DDTs comprise the sum of dichlorodiphenyl-trichloroethane and dichlorodi-
phenyl-dichloroethylene compounds. Total PAHs comprise the sum of the concentrations of anthracene, 
9H-fluorene, naphthalene, phenanthrene, benzo(a)anthracene, benzo(a)pyrene, chrysene, fluoranthene, and 
pyrene. no., number]

Site no. Dam name
Mean 
PECQ

Estimated likelihood of toxicity 
of bottom-sediment cores,  

in percent

1 Factory Village Pond 0.365 32
2 Horseshoe Pond 0.254 23
3 Sheomet Lake 0.262 24
4 North Webster Village Pond 0.204 19
5 Ballardvale 0.583 46
6 Perryville Pond 0.481 39
7 Ipswich Mills 0.132 13
8 Pentucket Pond Outlet 0.221 21
9 Felton Lake 0.428 36

10 Watertown 0.389 33
11 Conway Electric 0.169 16
12 D.F. Rile Grist Mill 0.144 14
13 Mountain Lake 0.211 20
14 Carding Mill Pond 0.327 29
15 Robert Meadow Upper Reservoir 0.191 18
16 Talbot Mills 0.292 26
17 Mill River 0.081 8
18 Windsor Reservoir 0.140 14
19 Mill Pond 1.148 70
20 Mill Pond #1 0.343 30
21 Rice City Pond 0.942 63
22 Assabet River 0.482 39
23 Upper Flints Pond 0.121 12
24 Stony Brook 0.242 22
25 Tel Electric Pond 0.842 59
26 Monument Pond #2 0.085 8
27 Town Brook #1 0.513 41
28 Deleano Pond 0.136 13
29 Worcester Consolidated Station 0.936 62
30 Cooks Canyon Lower Pond 0.212 20
31 Unnamed, Stony Brook 0.222 21
32 Unnamed, Winnetuxet 0.102 10
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This evaluation of potential toxicity was intended to 
distinguish contaminants or contaminant groups that are likely 
to be associated with adverse biological effects at specific 
sampling locations. Additionally, these data were calculated 
for homogenized core samples and may not represent poten-
tial toxicity at the present day sediment surface (top 4 inches) 
where many benthic organisms live and feed. Nevertheless, 
estimated toxicity values can be used to help evaluate the rela-
tive ecological risks present in the studied impoundments.

Relations Among Contaminant 
Concentrations, Land Use, and 
Industrial History

Present day land use has been shown to be an accurate 
predictor of shallow sediment chemistry in certain situa-
tions. For example, Chalmers and others (2007, figs. 2 and 
3) showed that the percentage of commercial, industrial, and 
transportation (CIT) land use in a drainage basin can be used 
to predict concentrations of both individual contaminant 
concentrations and average PECQs for lake and impoundment 
sediment accumulated since 1990 in New England. However, 
predicting potential risk to biota posed by toxic contaminants 
buried at deeper levels within sediment—representing point- 
and nonpoint-source contamination from activities in the 
drainage basin many decades in the past—has not been tested 
using this approach.

Correlation analysis was conducted to evaluate relations 
between basin characteristics and sediment contaminant 
concentrations, following the approach of Chalmers and others 
(2007). Concentrations of individual inorganic elements and 
organic compound groups (total PAHs, total PCBs, and total 
DDTs) were used as response variables. The explanatory 
variables tested were obtained from publicly available 
geospatial data layers, and included the drainage basin area 
upstream of each dam, the number of upstream dams, the 
percentage of impervious area, the percentage of commercial, 
industrial, and transportation land use in the basin in 1971 
and 2005, and the number of 21E1 sites (Massachusetts Office 
of Geographic and Environmental Information, 2009). In 
addition, the number of factories operating in the 1830s in 
each drainage basin was obtained from a recent geospatial 
compilation of historical information (Hall and others, 2002). 
Information concerning land use in 1971 and the number of 
factories operating in each drainage basin in the 1830s was 
included in the analysis (table 7) to represent conditions prior 
to the effects of the U.S. Clean Water Act, enacted in 1972 
(U.S. Environmental Protection Agency, 2011).

1Sites noted as 21E sites are oil and (or) hazardous material disposal sites 
that have been reported and classified under Massachusetts General Laws 
chapter 21E (General Court of the Commonwealth of Massachusetts, undated) 
and the Massachusetts Contingency Plan (310 CMR 40.0000; Massachusetts 
Department of Environmental Protection, undated).

Correlations between several of the response variables 
and particular explanatory, or landscape, variables were found 
to be statistically significant (p values less than 0.05) or highly 
significant (p less than 0.01; table 8). The landscape variable 
with the largest number of significant correlations with con-
taminant concentrations was the number of factories in each 
drainage area in the 1830s. Concentrations of five of the inor-
ganic elements (chromium, copper, zinc, cadmium, lead) as 
well as total PAH concentrations were significantly correlated 
with this variable. Three other landscape variables (number of 
dams, commercial and industrial land use in 1971, and number 
of 21E sites) were found to be significantly correlated with 
inorganic metal concentrations, with each landscape variable 
showing significant correlations with a different subset of 
inorganic elements (table 8). One of the inorganic elements 
(arsenic) and two of the groups of organic compounds (total 
PCBs and total DDTs) showed no significant correlations with 
any of the landscape variables.

Other statistical approaches (univariate, multivariate, 
and logistic regression modeling with and without transfor-
mations of variables) were also tested to predict contaminant 
concentrations and toxicity potential. Numerous individual 
correlations between chemical concentrations and present day 
landscape variables were found to be statistically significant 
(as described above). However, none of the regression models 
described a sufficient amount of the overall variability to 
make the models useful for prediction of the depth-averaged, 
bulk sediment concentration at unsampled impoundments 
in Massachusetts. These findings suggest that human activi-
ties in Massachusetts drainage basins have varied to such an 
extent during the past 200 years that it may not be feasible to 
predict the depth-averaged quality of impounded sediment 
behind most unsampled impoundments, using models based 
largely on recent land use in the contributing drainage basin. 
If the objective of a particular investigation is to predict the 
chemical quality and potential toxicity of recently deposited 
(post-1990) sediment behind a dam in Massachusetts, existing 
models relating chemistry and potential toxicity to geospa-
tial indicators of urbanization in New England (for example, 
Chalmers and others, 2007) may be sufficient for screening 
purposes. However, if the objective is to characterize average 
sediment quality and potential toxicity over the entire range 
of sediment depths, the results of this study suggest that site-
specific sampling will likely be required.

The data collected and interpreted for this study could 
provide a starting point for a statewide database of information 
concerning Massachusetts impoundments. Such a database 
could include data on impoundment water depths (bathym-
etry), impounded sediment thicknesses, sediment chemical 
quality, and potential toxicity of sediment to benthic organ-
isms. This information could be used to help prioritize sites for 
dam removal, and to inform impounded sediment management 
decisions in the Commonwealth.
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Table 8. Relations between sediment-core contaminant concentrations and land use in the drainage areas of selected impoundments 
in Massachusetts.

[CIT 2005 is the sum of commercial, industrial, and transportation land use for 2005; CI 1971 is the sum of commercial and industrial land use for 1971. Num-
ber of 21E sites is the number of oil and (or) hazardous material disposal sites that have been reported and classified under Massachusetts General Laws chapter 
21E and the Massachusetts Contingency Plan. r is the Pearson’s correlation coefficient. p value, a measure of statistical significance; p values less than 0.05 are 
considered significant and are in bold type. The number of factories in 1830s was obtained from Hall and others (2002); all other information was obtained from 
the Massachusetts Office of Geographic and Environmental Information (2009). DDT, dichlorodiphenyl-trichloroethane; PAH, polycyclic aromatic hydrocarbon; 
PCB, polychlorinated biphenyl]

Landscape characteristic
Chromium Nickel Copper Zinc Arsenic

r p value r p value r p value r p value r p value

Drainage area, in square miles 0.295 0.101 0.083 0.652 0.206 0.259 0.224 0.218 0.022 0.907
Number of dams 0.489 0.004 0.192 0.293 0.491 0.004 0.435 0.013 0.140 0.443
Impervious cover, in percent 0.168 0.357 0.120 0.515 0.339 0.057 0.168 0.357 0.207 0.256
CIT 2005, in percent 0.273 0.130 0.239 0.187 0.486 0.005 0.317 0.077 0.127 0.490
CI 1971, in percent 0.329 0.066 0.417 0.018 0.615 0.000 0.437 0.012 0.155 0.398
Number of 21E sites 0.417 0.018 0.317 0.077 0.523 0.002 0.416 0.018 0.130 0.480
Number of factories in the 1830s 0.500 0.004 0.159 0.386 0.398 0.024 0.394 0.026 0.047 0.800

Cadmium Lead Total PAH Total PCB Total DDT

r p value r p value r p value r p value r p value

Drainage area, in square miles 0.195 0.286 0.189 0.301 0.293 0.104 0.055 0.764 -0.212 0.245
Number of dams 0.398 0.024 0.316 0.078 0.316 0.078 0.144 0.431 -0.242 0.182
Impervious cover, in percent 0.122 0.506 0.203 0.266 0.049 0.790 -0.060 0.745 -0.059 0.750
CIT 2005, in percent 0.249 0.170 0.242 0.182 0.058 0.755 0.029 0.874 -0.130 0.478
CI 1971, in percent 0.346 0.052 0.360 0.043 0.121 0.511 0.065 0.724 -0.080 0.663
Number of 21E sites 0.377 0.034 0.337 0.059 0.340 0.057 0.056 0.760 -0.199 0.276
Number of factories in the 1830s 0.397 0.024 0.366 0.039 0.508 0.003 0.141 0.440 -0.209 0.251
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Summary

Contaminants in impounded sediment may be a source  
of contaminants to the overlying water column, to organisms 
that live on or in bottom sediment, and to wildlife and humans 
that come into contact with contaminated sediment. Such 
sediment may also be an ongoing source for resuspension, 
downstream transport, and dispersal of contaminants. The 
U.S. Geological Survey and the Massachusetts Department 
of Fish and Game, Division of Ecological Restoration 
collaborated to collect baseline information describing the 
thickness of impounded sediment and the concentrations of 
sediment-associated contaminants behind 32 dams throughout 
Massachusetts. Sediment-core samples were collected, and 
concentrations of 32 inorganic elements and 108 organic 
compounds were quantified.

Sediment thicknesses across the 32 impoundments 
ranged from 0 to more than 20 feet and averaged 3.7 feet. 
Bottom-sediment volumes—estimated by multiplying 
the average sediment thickness by impoundment surface 
area—ranged from about 55,000 cubic feet to 81 million 
cubic feet. Concentrations of contaminants toxic to benthic 
organisms, as well as the number detected above laboratory 
reporting levels, varied greatly among sampling locations. 
Of the impoundments sampled, the highest concentrations 
of inorganic elements and organic compounds generally 
were measured in samples collected from impoundments 
downstream of present or former urban and industrial areas, 
including the Blackstone and North Nashua Rivers (elements) 
and the Shawsheen River (organic compounds). The estimated 
probability of toxicity of bottom sediment ranged from about 
8 to 70 percent among the sampling locations and averaged 
slightly under 30 percent. Statistically significant correlations 
(p less than 0.05) were found between concentrations of some 
of the contaminants and upstream basin characteristics. In 
particular, significant correlations were found between the 
number of factories operating in each drainage basin in the 
1830s and the concentrations of several inorganic elements 
(cadmium, chromium, copper, lead, and zinc) as well as total 
PAH concentrations. However, predictive statistical models 
developed from the data were found to have a high degree 
of uncertainty. This result is consistent with the complex 
industrial history to which impoundments in Massachusetts 
have typically been subjected over their periods of deposition. 
This result also indicates that site-specific sampling may likely 
be required to characterize overall, depth-averaged sediment 
quality at unsampled impoundments in Massachusetts.
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