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Figure 1. Channel morphology and thickness of post-industrial era streambed sediment in the Muddy River, Massachusetts, October 1997.

INTRODUCTION

The Muddy River is a natural and cultural resource of
major importance to the municipalities of Boston and
Brookline, the Commonwealth of Massachusetts, and the
Nation. It forms an integral part of a century-old parkland
corridor (commonly known as the Emerald Necklace)
designed by Frederic Law Olmsted in 1892 to link the center
of Boston to Franklin Park in the southern part of the city.
During the past century, urbanization has degraded the water,
biota, and bottom sediments and made the river prone to
flooding during heavy storms. Previous investigations of
sediment quality in 1992, 1995, and 1996, indicate that the
sediments, at least those near the land surface (0 to 0.3 m
deep), are contaminated with trace metals, organochlorine
pesticides, polychlorinated biphenyls (PCBs), polyaromatic
hydrocarbons (PAHs), and total petroleum hydrocarbons
(TPH) (U.S. Army Corps of Engineers, 1996).

Existing data are insufficient to make informed
regulatory decisions regarding the advisability of sediment
removal from the Muddy River, and the optimal disposal or
reuse options for the dredged sediments. In particular, more
information is needed regarding the spatial distribution of
contaminants in the streambed sediment. Determinations of
water depth, thickness of streambed sediment, and sediment
volume in the study area also are needed, particularly in the
light of possible changes in sediment distribution and
volume caused by the major flood of October 20-21, 1996.

The Muddy River flows generally north for about
5.6 km from its source at Jamaica Pond to its confluence
with the Charles River, forming the municipal border
between Boston and Brookline for about one-half of its
length (fig. 1). Along most of its course, the Muddy River
drains a highly urbanized and densely populated area—about
25 percent is in the City of Boston, 65 percent in the Town of
Brookline, and 10 percent in the City of Newton (Blanc and
others, 1994). In addition, the river flows through a series of
parklands that form part of one of the first linear park
systems in the United States. These parklands contain paths
designed for pedestrians and bicyclists, historic bridges,
wildlife, and idyllic views that make it one of the most
attractive urban park systems in the Nation.

From its source at Jamaica Pond, the Muddy River flows
north through three interconnected ponds—Ward, Willow, and
Leverett, which form the focus for Olmsted Park. The
channelized section of the Muddy River (from Leverett Pond
to Park Drive) and the surrounding parklands are referred to as
the Riverway. The Riverway links Olmsted Park and Jamaica
Pond to the Back Bay Fens. Stone bridges—three vehicular
(Brookline Avenue, Nederlands Road, and Longwood Avenue)
and three pedestrian, span the river along this section. At Park
Drive, the Muddy River flows through two 6-foot culverts to
the Brookline Avenue Gatehouse. When open, this gatehouse
diverts some of the flow of the Muddy River directly to the
Charles River by way of the Muddy River Conduit, and the
rest of the flow to the Back Bay Fens, otherwise all water
flows to the Charles through the Back Bay Fens.

The last reach of the Muddy River, referred to as the
Back Bay Fens, extends from Park Drive to the Charles
River, and includes a small pool in front of Emmanuel
College. The Back Bay Fens is a slow, meandering section of
the Muddy River surrounded by extensive parklands. These
parklands receive heavy recreational use due to the proximity
of many colleges, hospitals, and museums (Blanc and others,
1994). This section of the river is all that remains of the
3.0 km? Back Bay of the Charles River, which was filled in
the mid- to late 19th century.
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This report describes the (1) bathymetry and thickness
of streambed sediment throughout the study area; (2) volume
of streambed sediment in the study area; and (3) occurrence
and distribution of total trace metals and organic compounds
in sampled streambed sediment. A pamphlet included with
this map sheet presents the physiochemical properties of
sampled streambed sediment, including trace metals (arsenic,
cadmium, chromium, copper, lead, mercury, nickel, and
zinc), organic compounds (organochlorine pesticides, PCBs,
PAHs, TPHs), total organic carbon content (TOC), grain-size
distribution, percentage of moisture, and toxicity
characteristic leaching procedure (TCLP). These data are
included with the map to provide a detailed listing of each
constituent that can be used to select and design a remedial
program for sediments in the Muddy River.

STUDY METHODS

The water-depth, or bathymetry data, were collected
from a small boat using a hand-held, digital depth sounder
and a portable, high precision Global Positioning System
(GPS). Channel morphology was mapped from water depths
that were converted to channel bottom elevations referenced
to sea level.

The sediment-thickness data were collected using
Ground Penetrating Radar (GPR). GPR is a versatile
geophysical survey method that can be used in shallow water
(down to 0.15 m), is capable of adequate penetration of earth
materials with detailed resolution, and is not affected by
aquatic vegetation (Izbicki and others, 1991). The GPR
recording equipment and antenna were towed in an inflatable
raft, while latitude and longitude were determined with a
GPS. GPR systems emit short pulses of electromagnetic
energy from a transmitting antenna. This energy enters the
material (in this study, the water column and bottom
sediments in the river) and passes through the material until
it encounters an interface between materials having different
dielectric constants. At such interfaces, some of the energy is
reflected. The reflected energy is detected by a surface
receiver, and the traveltime and strength of the signal is
recorded.

Streambed-sediment thicknesses were calculated from
traveltimes interpreted from graphical GPR records and radar
wave velocities reported by Markt (1988). Measurements of
sediment thickness at numerous sites probed with a steel rod,
were used to confirm the sediment-thickness values derived
from GPR data. More than 91 percent of the interpreted
values obtained by radar were within 0.7 m of the measured
sediment thickness.

Streambed-sediment samples were collected on
October 30-31, 1997. Sediment-sampling sites were selected
to represent areas of high sediment deposition in each of the
river reaches. In addition, sample sites representing areas of
low sediment deposition were selected in the Riverway.
Using these criteria, 15 sites were selected for sampling. Two
sediment cores were collected from Leverett Pond (sites 1
and 2 on fig. 1). Five cores were collected from the Riverway
(sites 3 to 7) and eight cores were collected from the Back
Bay Fens (sites 8 to 15).

At each of the 15 sites, cores of soft streambed
sediment were collected. The cores extended to the interface
between the soft sediment (post-industrial era sediments) and
either the fill material or the naturally occurring deposits of
pre-industrial age; this interface was determined by manual
probing and reference to data on the underlying geology
(Cotton and Delaney, 1975). Cores were composited in a
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pre-cleaned Teflon bowl by mixing with a Teflon stirrer, and
delivered to the Office of Measurement and Evaluation of the
U.S. Environmental Protection Agency (USEPA), Region I,
for chemical analysis.

The reliability of the laboratory data was ensured by
conducting split sample surveys and applying established
laboratory quality-assurance procedures. Comparison of the
results of analyses of split samples generated by subsampling
in the field indicated that no observable sample
contamination occurred during the collection, handling, and
preparation of the samples. In addition to being useful for
assessment of contamination, analysis of split samples is a
direct measure of the precision of an analytical procedure.
Analyses of split samples indicate that concentrations are in
close agreement for all constituents. For example, the mean
standard error was 29 parts per million (ppm) for the results
of three split samples from trace metal analysis (copper, lead,
and zinc) with median concentrations ranging from 158 to
561 ppm.

CHANNEL MORPHOLOGY

Bathymetry

The response of a river to rainfall and snowmelt runoff
is controlled partly by the characteristics of its drainage
basin and partly by the morphology of its channel. Under
natural conditions, a large fraction of water inputs (rain or
snow) to a drainage basin will infiltrate the soil and be
transported slowly to the river channel. Likewise, the river
will tend to construct and maintain a channel capable of
accommodating most flows (Leopold, 1994). Urbanization
can promote flooding by increasing the proportion of
impervious area in the drainage basin, resulting in a greater
peak flow than would be expected if infiltration could take
place. Bathymetric survey data were used to map the channel
morphology of the Muddy River (fig. 1); this map provides
information that will be useful in estimating the response of
the river to the runoff of rainfall and snowmelt.

Leverett Pond

Leverett Pond is a broad, shallow basin with bottom
elevations ranging from 0.8 m above sea level to 0.9 m below
sea level (fig. 1). The pond receives a large volume of
inorganic sediment from stormwater runnoff. Because of the
large area and shallow depth (water depths of about 0 to
1.7 m) of Leverett Pond, a high proportion of the water is in
direct contact with sediment, which creates a high potential
for chemical and biological interaction between the sediment
and pond water.

The Riverway

The Riverway is a relatively straight, narrow section of
the river, a consequence of channelization during
construction of the adjacent park and flood control and
drainage improvement measures. Examination of the
water-depth data, however, shows that processes favoring
creation of meanders are present even in this relatively
straight channel (Leopold and Wolman, 1957). The thalweg
(the deepest part of the channel) meanders randomly back
and forth from one bank to the other. Along with the
meandering thalweg, alternating point bars are deposited
adjacent to the banks. The minimum bottom elevations or
pools commonly occur at the downstream end of these point
bars. The minimum bottom elevations of some pools in this
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reach were about 1.5 m below sea level (water depth about
2.0 m), which is considerably deeper than the mean bottom
elevation of the Riverway of 0.19 m above sea level (water
depth about 0.4 m) (fig. 1). The longitudinal cross section of
the Riverway shows that these pools result from the natural
processes, constrictions, and bends that increase water
velocity (fig. 2).

The Back Bay Fens

The Back Bay Fens is a broad, shallow reach whose
meandering channel morphology was, initially, artificially
constructed when the tidal flats and marshes of the area were
filled in the late 19th century. The present-day convoluted
channel contains pools created by natural erosion at the
concave banks, and shallow areas created by deposition at
the convex banks. The minimum bottom elevation of these
pools is about 1.6 m below sea level (fig. 1), and the pools
are about 2.1 m deep. The average water depth of the Back
Bay Fens, however, is less than 0.5 m. Although the bottom
profiles of the Back Bay Fens and the Riverway are similar
as a result of natural meandering processes, their overall
channel patterns differ (fig. 2).

Bedforms and Sedimentary Structures

Urbanization speeds the delivery of water into a river
channel from the many impervious surfaces (roofs, pavement,
and cement), resulting in a quicker and greater peak flow for
any given storm than would be expected for non-urbanized
areas. These increased peak flows can transport large
sediment loads, which are subsequently deposited downstream
where the energy gradient decreases (Leopold, 1994).
Consequently, the accumulation of streambed sediments has
been an historical problem along the Muddy River,
particularly in the Back Bay Fens, where energy gradients are
virtually zero. The construction of the Charles River Dam in
1910 further reduced the gradient and eliminated any tidal
flushing of these sediments that occurred prior to 1910.
Accumulated sediments were dredged from the Muddy River
in the 1930’s and again in the early 1960’s. During the spring
and summer of 1976, the Commonwealth of Massachusetts
removed about 11,500 m3 of sediment from the Back Bay
Fens (U.S. Army Corps of Engineers, 1992).

Many of the sedimentary structures in the Muddy River
(including point bars and deltas) have been colonized by the
grass Phragmites australis. Phragmites is a tall reed species as
much as 7 m tall, topped with a distinctive fuzzy tassel. Its
presence usually indicates that a hydrologic disturbance has
occurred. The completion of the Charles River Dam in 1910
greatly decreased the salinity of the Muddy River and favored
the spread of Phragmites at the expense of salt-marsh species
of plants. Colonization of these sedimentary structures by
Phragmites significantly enhances sedimentation by
increasing the channel roughness. As flowing water with
entrained sediment encounters a Phragmites stand, its velocity
is reduced and the transport capacity of the flow is reduced
(Thornton and others, 1997). When the sediment load exceeds
the transport capacity, the sediment is deposited within the
Phragmites stand. As deposition continues, Phragmites can
form extensive stands that encompass large areas, and in some
cases span the entire width of the river.

Leverett Pond

About 22,100 m3 of soft sediment have been deposited
in Leverett Pond by streams, storm drains, and wind (fig. 3).
In the calmer, deeper portions of the pond, about 1.0 m of
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soft sediment has been deposited by the settling of fine-
grained particles. The most prominent sedimentary structure
in Leverett Pond is the sandy delta at the inflow of the
Village Brook Drain. During storms, this drainage system
concentrates and discharges runoff collected from about

8.0 km? of a highly urbanized area in the Town of Brookline.

The Riverway

Channelization of the Riverway has resulted in
sedimentary structures characteristic of a nearly straight river
that is trying to form meanders. Within this reach, pebbles
and other coarse particles have become concentrated in the
center of the channel, where water depths, velocities,
and river competence are greatest. Finer grained materials
have been deposited adjacent to the banks and in the
low-energy-gradient sections of the reach below the Muddy
River Foot Bridge. About 17,500 m?3 of streambed sediment
has been deposited within the channel and as point bars on
alternating sides of the channel throughout the Riverway
(fig. 3). As of 1992, Phragmites occupied as much as
30 percent (about 8,000 m?) of the Riverway shoreline
(U.S.Army Corps of Engineers, 1992).

The Back Bay Fens

Low hydraulic gradients, fine-grained sediment load and
the sinuosity of the Back Bay Fens has resulted in
morphological features characteristic of a meandering river
system (fig. 1). These features consist primarily of point bars
that build outward on the inside, or concave side of meander
loops. About 69,600 m3 of sediments have accumulated in
different parts of this reach of the river owing to channel flow,
periodic overbank flooding, Phragmites stands, discharge from
combined sewer overflows (CSOs), and storm drains. For
example, sediment-laden stormwater from the Stony Brook
Conduit CSO has deposited large quantities of fine- and
coarse-grained material at the mouth of the conduit. The
coarser sand materials have been deposited at or near the
mouth, whereas the finer grained sediments have be
transported downstream and deposited throughout the rest of
the Back Bay Fens. In addition to carrying sediment, this CSO
discharges stormwater and sanitary sewage into the river about
2 to 3 times a month (Blanc and others, 1994).

As in the Riverway, the shallow water, lack of shading,
influx of nutrient-rich sediments, and low salinity of the Back
Bay Fens has provided optimal conditions for the colonization
of almost one-third of the streambed sediment in the Back Bay
Fens by Phragmites. Phragmites covers about 70 percent of the
shoreline and occupies an area of about 21,500 m? throughout
the Back Bay Fens (U.S. Army Corps of Engineers, 1992).
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STREAMBED-SEDIMENT QUALITY

Occurrence and Distribution of Trace
Elements and Organic Compounds

Trace metals and organic compounds in streambed
sediments generally were detected in the lowest
concentrations in erosional areas far removed from
storm-drain inputs; the highest concentrations were detected
in depositional areas near the outfalls of the major drainage
systems—Daisy Field, Village Brook, Huntington Avenue,
Tannery Brook, Emmanuel College, and Stony Brook. High
concentrations in the depositional areas were associated with
high concentrations of TOC (total organic carbon) and
abundant fine-grained sediments. In the erosional areas, the
fine-grained sediments that contain contaminants are
re-suspended and transported downstream.

Leverett Pond

Total concentrations of trace metals and organic
compounds in sediment collected from Leverett Pond were
detected in higher concentrations at site 1 than at site 2, with
the exception of total PAHs. However, total PAH
concentrations in sediment collected at sites 1 and 2 were
among the highest concentrations of total PAHs detected.
The concentration of total organochlorine pesticides was the
highest in the sediment collected at site 1 on the Muddy
River. In contrast, concentrations of total organochlorine
pesticides and total PCBs in sediment collected at site 2 were
among the lowest detected. The higher concentrations
detected in sediment collected at site 1 compared to site 2
may be attributed to the quiescent nature of the pond and the
proximity of site 1 to a probable source of the contaminants
at these two sites—Willow Pond and Daisy Field Drain.

The Riverway

Concentrations of trace metals and organic compounds
in sediment collected at site 3 show a slight increase, relative
to site 2, with the exception of PAHs. Concentrations of total
organochlorine pesticides in sediment collected at site 3 were
among the highest detected. Probable contaminant sources
include stormwater runoff from about 9.6 km? of highly
urbanized and industrialized areas. Storm runoff enters this
reach primarily at the Village Brook, the Huntington Avenue,
and the Tannery Brook Drains.

Concentrations of trace metals and organic compounds
generally were lower in sediment collected at site 4 than at
site 3 except for total PAHs, which were detected at the
highest concentration in the study. Although no major point
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sources discharge to the Muddy River between sites 4 and 5,
concentrations of the trace elements and most organic
compounds in sediment collected at site 5 were higher than
site 4 and even higher at site 6. The likely source of
additional contaminants to these sites is the Longwood
Avenue Drain, which discharges to the Riverway just
upstream from site 4. Contaminants discharged to the
Riverway by the Longwood Avenue Drain may be
transported beyond sites 4 and 5 (due to the high water
velocities in this reach) and deposited within the vicinity of
site 6, where water velocities decrease. Without the influence
of any other major sources of contaminants between sites 6
and 7, concentrations of trace metals and organic compounds
detected in sediment collected at site 7 were among the
lowest in the study. In particular, concentrations of
organochlorine pesticides were lowest in sediment collected
at site 7 and PCBs were not detected in sediment collected at
site 7.

The Back Bay Fens

Sediments collected in the Back Bay Fens may be
more highly contaminated with trace metals and organic
compounds than other river reaches in the study area (fig. 4).
Concentrations of trace metals and organic compounds in
this river reach generally were among the highest detected,
with the exception of site 8. Because there are no major
inflows and potential sources of contamination, contaminant
concentrations of sediment collected at site 8 were relatively
low. In particular, concentrations of total metals and TPH
were the lowest detected in this study. Contaminant
concentrations of sediment collected at site 9 generally were
higher than all other sediment samples collected. For
example, the concentrations of total organochlorine
pesticides and PAHs were among the highest detected and
total metals in sediment collected from site 9 was the highest
measured in this study. Contaminant concentrations decrease
in sediment collected at site 10, probably due to the lack of
inputs from major point sources and lack of transport from
upstream sources. In particular, the concentration of the total
PAHs of streambed sediment was lower in the sediment
collected at site 10 than any other measured in this study.

Concentrations of many of the trace metals and organic
compounds were similar in sediment collected at sites 11-15,
and TPHs, and PCBs were detected in the highest
concentrations. In addition, total trace metals, TPH, total
PCBs, and total organochlorine pesticides were among the
highest measured in sediment collected at sites 11-15. These
five cores were all collected downstream from the Stony
Brook Conduit CSO (combined sewer overflow). The
similarity in contaminant concentrations in sediment
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Figure 2. Hydrogeological section showing channel morphology, bathymetry, and thickness of post- and pre-industrial era streambed sediments along the center of the Muddy River, Massachusetts, October 1997.
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Figure 4. Geographical distribution of total trace metals and organic compounds in sediment cores, Muddy River, Massachusetts, October 1997. (Data generated by the U.S. Environmental Protection Agency, Region |, Office of Environmental Measurement and Evaluation.)

the Muddy River, Boston and Brookline, Massachusetts, October 1997

collected at sites 11-15 may be a result of the large influx of
sediment and sediment-associated contaminants from this
CSO. This influx effectively dominates any other influxes of
trace metal and organic compound contaminants from
smaller point and non-point sources that discharge to the
Back Bay Fens or that are transported there from upstream
sources.

Factors Contributing to Distribution of
Contaminants

Sources

Urban runoff from streets and atmospheric deposition
(non-point sources), and inadvertent spills, storm drains, and
illegal sewage connections (point sources) contribute
contaminants to the sediments of the Muddy River. For
example, more than 100 drains discharge stormwater into the
river in the three reaches. During storms, these drains
typically discharge suspended solids, trace metals, and
organic compounds from impervious surfaces directly into
the river. Because little water infiltrates into the drainage-
basin surface, streamflow during periods of dry weather,
which is sustained by ground-water seepage into the river, is
greatly reduced. This effectively concentrates pollutants and
generally lowers the aesthetic amenities of the river
(Leopold, 1968).

Sediment Transport

The geographic distribution of a contaminant in
streambed sediment is controlled primarily by the regional
occurrence of its sources (Breault and Harris, 1997). Once a
contaminant is discharged to a river, however, it can be
readily adsorbed by the fine-grained suspended sediments
that eventually settle out on the streambed (Horowitz, 1991).
The distribution of these sorbed contaminants within the
streambed sediment depends on the physical processes
controlling particle transport (Wittkowski and others, 1987).
During periods of high flow, the water velocities may be
high enough to resuspend the sediment-associated
contaminants, move them downstream, and redeposit them in
another reach of the river. These fine-grained sediments tend
to accumulate in sections of a river reach where the
velocities decrease, such as the convex sides of meander
loops, pools, and in stands of Phragmites.

Physiochemical Characteristics

Grain size and TOC are fundamental attributes of
streambed sediment and thus are important descriptive
properties of such sediments. Grain-size characteristics and
TOC concentrations not only reflect depositional conditions
(Boggs, 1987) but also are the most significant factors
controlling streambed sediment capacity for concentrating
and retaining trace elements and organic compounds
(Goldberg, 1954; Thurman, 1985).

The relation between contaminant enrichment and the
concentration of naturally occurring organic matter and grain
size was investigated using linear correlation coefficients
(Spearman rho values). A positive Spearman rho value
indicates a direct relation between the two variables, a
negative value indicates an inverse relation.

Total trace metals, total PCBs, and TPHs all showed
strong associations with TOC, with Spearman rho values
from 0.8 to 0.9. Total organochlorine pesticides showed
weaker associations (less than 0.3). PAHs showed a weak
inverse association (about -0.1). Only total trace metals and
TPHs showed associations with grain size, with Spearman
rho values of 0.3 and 0.5, respectively. Hence, there may be
a direct relation between the occurrence of trace metals,
PCBs, TPHs, and TOC in Muddy River sediments.

Although these statistical associations do not provide
conclusive evidence of causal relations (Helsel and Hirsch,
1992), they do indicate that enrichment of these
contaminants likely relates to the concentrations of TOC. As
such, it may be possible to use TOC as a surrogate to
estimate the likelihood that a particular sediment sample will
have elevated concentrations of trace elements, PCBs, and
TPHs.
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CONVERSION FACTORS, WATER-QUALITY UNITS,
AND VERTICAL DATUM

CONVERSION FACTORS

Multiply By To obtain
cubic meter (m3) 35.31 cubic foot
kilometer (km) 0.6214 mile
meter (m) 3.281 foot
millimeter (mm) 0.03937 inch
square meter (m?) 0.0000003861 square mile
square kilometer (km?) 0.3861 square mile

WATER-QUALITY UNITS

Concentrations of chemical constituents in sediment are given in
parts per million (ppm). Parts per million is equivalent to milligrams
per kilogram.

VERTICAL DATUM

Sea level: In this report, "sea level" refers to the National Geodetic
Vertical Datum of 1929 (NGVD of 1929)--a geodetic datum derived
from a general adjustment of the first-order level nets of both the
United States and Canada, formerly called Sea Level Datum of 1929.
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