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ABSTRACT: Centuries-long intensive land-use change in the north-eastern United States provides the opportunity to study the
timescale of geomorphic response to anthropogenic disturbances. In this region, forest-clearing and agricultural practices following
EuroAmerican settlement led to deposition of legacy sediment along valley bottoms, including behind mill dams. The South River in
western Massachusetts experienced two generations of damming, beginning with mill dams up to 6-m high in the eighteenth–
nineteenth century, and followed by construction of the Conway Electric Dam (CED), a 17-m-tall hydroelectric dam near the water-
shed outlet in 1906. We use the mercury (Hg) concentration in upstream deposits along the South River to constrain the magnitude,
source, and timing of inputs to the CED impoundment. Based on cesium-137 (137Cs) chronology and results from a sediment mixing
model, remobilized legacy sediment comprised 74þ26

�35 % of the sediment load in the South River prior to 1954; thereafter, from 1954
to 1980s, erosion from glacial deposits likely dominated (63 ± 14%), but with legacy sediments still a substantial source (37 ± 14%).
We also use the CED reservoir deposits to estimate sediment yield through time, and find it decreased after 1952. These results are
consistent with high rates of mobilization of legacy sediment as historic dams breached in the early twentieth century, and suggest
rapid initial response to channel incision, followed by a long decay in the second half of the century, that is likely dependent on large
flood events to access legacy sediment stored in banks. Identifying sources of sediment in a watershed and quantifying erosion rates
can help to guide river restoration practices. Our findings suggest a short fluvial recovery time from the eighteenth–nineteenth
century to perturbation during the first half of the twentieth century, with subsequent return to a dominant long-term signal from
erosion of glacial deposits, with anthropogenic sediment persisting as a secondary source. © 2020 John Wiley & Sons, Ltd.
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Introduction

Human alterations to streams, such as dam construction,
channel straightening, or riparian deforestation, often result in
a myriad of consequences to natural processes, including
interruptions to flow and sediment-transport regimes (Poff
et al., 2013; Magilligan and Nislow, 2005). These changes
can have lasting impacts on channel morphology for decades
to centuries, and restoration attempts are often challenging, as
pre-disturbance conditions may be unknown (Poff
et al., 1997). Dam removal, in particular, is one example of a
means to attempt to restore a channel to its pre-disturbance
state (Foley et al., 2017). However, the timescale of fluvial
response, or resilience, to anthropogenic perturbations is not
well constrained, raising questions regarding the return of a

system to its pre-disturbance state (e.g. Merritts et al., 2013;
Thoms et al., 2018).

Legacy sediments associated with past land uses including
forest clearing and dam construction fill valley bottoms in many
parts of the world (e.g. James, 2013; Macklin et al., 2014; Stout
et al., 2014; Wohl, 2015; Dearman and James, 2019;
James, 2019; Johnson et al., 2019). Many legacy sediment stud-
ies have been done on streams impacted by widespread his-
toric damming in the Mid-Atlantic region of the eastern
United States (e.g. Walter and Merritts, 2008; Merritts
et al., 2013; Donovan et al., 2016; Pizzuto et al., 2016). The
entire north-eastern United States also has a history of anthro-
pogenic modifications, including deforestation, dam construc-
tion, reforestation, and dam removal, and provides the
opportunity to study the timescales of geomorphic response to
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watershed disturbance. Deforestation, up to 60–80% clearance
(Francis and Foster, 2001), and resulting soil erosion led to ele-
vated sediment yield from hillslopes. The concurrent construc-
tion of mill dams beginning in the late 1600s in the eastern
United States aided in the widespread impoundment of sedi-
ment in valley bottoms (Walter and Merritts, 2008; Johnson
et al., 2019). Region-wide reforestation (up to 65–90%; Francis
and Foster, 2001), dam breaching and removal, and on-going
erosion of legacy sediment all influence the geomorphic re-
sponse over the past ~150years. Studies quantifying bank ero-
sion of legacy sediment using historical aerial photographs
and maps typically span a few decades (e.g. Walter and
Merritts, 2008; Donovan et al., 2015), but this interval usually
postdates extensive dam breaching. Further, the timescale over
which stream channels respond to these disturbances and
completely erode legacy deposits is unknown.
However, recent monitoring studies of dam removals mea-

sure monthly to yearly timescales of geomorphic changes to
the channel (e.g. Doyle et al., 2003; Sawaske and Frey-
berg, 2012; Foley et al., 2017; Major et al., 2017). A recent
compilation of ~20 studies by Major et al. (2017) found that
in nearly all cases erosion rates were most rapid in the first year
after dam removal. Studying two sand-filled reservoirs in the
north-eastern United States, Collins et al. (2017) found that >
50% of impounded sediment was removed within two months
of dam removal. These findings are consistent with conceptual
models that predict a rapid initial response of channel incision
(e.g. Doyle et al., 2002; Pizzuto, 2002). To our knowledge, no
dam removal studies address longer timescale processes (10+
years) following breaching, which may allow for removal of

the remainder of the deposit, including historic sediment stored
in terraces adjacent to the incised channel. Therefore, a knowl-
edge gap exists between short-term dam-removal studies and
longer-term legacy sediment erosion studies that typical begin
decades after dam breaching. Here, we seek to bridge this
gap by applying a suite of methods that allow us to quantify
channel and watershed responses to dam removal and
land-use change over a century-long timescale.

In the South River watershed of western Massachusetts, USA,
large volumes of legacy sediment blanket the valley bottoms
(Johnson et al., 2019; Figure 1). Much of this was deposited be-
hind more than 30 eighteenth–nineteenth century mill dams,
most of which breached naturally in the past ~150years. Sedi-
ment cores collected from the infilled reservoir behind the Con-
way Electric Dam (CED), an intact 17-m-tall dam built in 1906,
~1km upstream from the confluence of the Deerfield River,
provide a record of twentieth century erosion from the water-
shed upstream. This is therefore an ideal location to examine
the rate of legacy sediment erosion upstream following historic
dam breaches over a timescale that includes the initial, rapid
phase from reservoirs and the long tail of erosion of channel
banks.

We hypothesize that the most rapid rates of upstream legacy
sediment erosion recorded by the CED deposit occurred early
in the twentieth century, when or soon after many of the mill
dams breached. Second, guided by previous studies suggesting
ongoing high rates of legacy sediment erosion (e.g. Walter and
Merritts, 2008; Merritts et al., 2013), we propose that legacy
sediment sources led to increased fluvial sediment supply
throughout the entire twentieth century. These expectations

FIGURE 1. Location map of the South River watershed in western Massachusetts (inset), base map is 2m LiDAR with hillshade overlay. Sampling
sites of legacy sediment (red circles) and glacial sediment (purple circles) are shown. Historic dams along the mainstem river (including the Conway
Electric Dam [CED]; Figure 4) are denoted by black triangles. Yellow circle represents the location of USGS gage site 01169900. Mapping of legacy
sediment deposits along the mainstem river is from Johnson et al. (2019); mapping of glacial-age terraces was completed by field observations and
interpretation of LiDAR imagery, largely based on height above the channel, and were focused solely along the mainstem. [Colour figure can be
viewed at wileyonlinelibrary.com]
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imply that the CED reservoir sediment is derived primarily from
erosion and remobilization of formerly impounded mill dam
sediment, not mass wasting of glacial deposits that dominate
the surface geology of the watershed. We test these hypotheses
by reconstructing sediment yields from the CED reservoir sedi-
ment, and developing a simple mixing model based on the ob-
servation that industrial-age legacy sediment has a higher
mercury (Hg) concentration than glacially derived sediment
(e.g. till and outwash), distinguishing the two sources. By
treating Hg as a tracer along with analysis of historic aerial pho-
tographs, we use accumulation behind two generations of
dams to estimate the fluvial response time to anthropogenic
disturbances.

Study Area

The South River originates in Ashfield Lake, a natural lake en-
larged by a 5-m dam, and flows for 25km through the towns
of Ashfield and Conway, to its junction with the Deerfield River
(Figure 1). The bedrock geology of the 68km2 watershed is
characterized by Devonian micaceous schists interbedded with
calcareous schists (Emerson, 1898). During Pleistocene degla-
ciation, the northward-flowing drainage was blocked by ice
that formed lakes, and glacial-age sediments along the valley
include lacustrine deposits, till, and coarse stratified deposits
(Stone and DiGiacomo-Cohen, 2010; MassGIS, 2015). Several
30–40m thick outcrops exist along the mainstem, which are
composed of lodgement till overlain by several meters of
glacio-fluvial sand (Figure 1). These outcrops display evidence
of mass wasting related to large storm events, such as Tropical
Storm Irene in 2011 (Field, 2013). In addition, foreset sediments
from a glacial-age delta that fed into a small lake that filled this
valley following the last glaciation are exposed in sand quarries
in the upper watershed. At present, most sediment entrainment
in steep, post-glacial watersheds in New England is from fluvial
erosion of glacial sediments, and not from rill erosion or agri-
cultural sources (Yellen et al., 2014; Dethier et al., 2016),
where glacial sediment is accessed through gullying and river-
bank mass wasting events that are reactivated during high flow
events. Thus, for this study, we assumed minimal topsoil

erosion (Tomer and Locke, 2011; Fox et al., 2016), and focused
on two primary sediment sources: (1) near channel mass
wasting of glacial overburden; (2) exposed banks of legacy sed-
iment. These were noted by Field (2013) to be the main con-
tributors to the sediment load. We sampled both types
extensively along the mainstem of the South River (Figure 1).

Historic land-use activity in the watershed was primarily log-
ging and pasturing, and up to ~80% of land was cleared by the
early 1800s (Francis and Foster, 2001; Foster and
Motzkin, 2009). The first generation of dams constructed for
milling began in Ashfield in 1744, and 32 mills with dams up
to 6-m tall operated throughout the watershed until the early
twentieth century (Howes, 1910; Field, 2013; Johnson
et al., 2019). Manufacturing activities subsequently decreased,
and most of the remaining mills were abandoned between
1904 and 1916 (Barten and Kantor, 2013; Field, 2013). Al-
though minimal documentation exists on when the mill dams
were removed or breached, many dams were damaged and
repaired after a flood in 1869 (Barten and Kantor, 2013). The
Tucker and Cook Dam, downstream of sample site MPSR5
(Figures 1, 2), was dismantled following the 1936 freshet, and
extensive damage occurred along the river due to flooding from
a Category 3 hurricane in 1938, likely breaching most of the re-
maining dams (Jahns, 1947; Barten and Kantor, 2013). Analysis
of 1940 aerial photographs shows evidence of few intact dams
remaining on the South River and its tributaries at that time.

While all dams raise base level and provide opportunities for
impoundment of sediment in upstream channels and flood-
plains, smaller, channel spanning run-of-the-river dams and in-
set dams (versus those that span the entire alluvial valley) can
store less (e.g. Merritts et al., 2013; Pearson and Pizzuto, 2015).
In the South River watershed, several of the dams associated
with milling show clear evidence of sediment impoundment.
The Tucker and Cook Dam (site MPSR5) was a 6-m tall granite
block dam that created a large reservoir in order to store water
for downstream mills (Figure 2; Field, 2013; Johnson
et al., 2019). At present, up to 3.5-m-high banks of impounded
sediment remain following its partial removal in 1936. Site
MPSR1 similarly shows evidence of a 90-m-wide,
valley-spanning former mill dam that impounded sediment up
to 2-m thick (Figure 3; Field, 2013). Johnson et al. (2019)

FIGURE 2. Topographic (A, B) and aerial imagery (C, D) of site MPSR5, at the former location of the 6-m-tall Tucker and Cook Dam, built in 1837,
which created a large reservoir. The dam was partially removed in 1936, following a flood (Barten and Kantor, 2013; Field, 2013). The 1940 aerial
imagery (C) shows the channel incised through the former impounded sediment. Black line on the 1886 map (A) represents the dam location; black
dot on 2014 map (D) shows sampling location. (A)–(D) All shown at the same scale. (E) Field photograph of the sampling location. [Colour figure can
be viewed at wileyonlinelibrary.com]
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estimated that the watershed contains 1.9×106 ± 7.9×105 m3

of legacy sediment in the valley bottoms, which includes mill-
pond and non-millpond deposits associated with the period
since land clearing by EuroAmerican settlers (Figure 1).
The second generation of dam construction in the watershed

occurred in 1906, with the completion of the CED for hydro-
electricity to power a trolley car. The CED is a 17-m tall con-
crete structure located 1km upstream from the Deerfield River
(Figures 1, 4). The reservoir impounded by the dam acts as a
trap for sediment eroded from the 99% of the South River wa-
tershed that is upstream of the dam. It is one of three dams cur-
rently remaining on the mainstem river (Figure 1).

Methods

Sediment sampling and processing

Four 7.6cm diameter sediment cores (VC1 333cm; VC2 290
cm; VC3 473cm; VC4 160cm) were collected in a linear tran-
sect in the floodplain within the impoundment adjacent to the
South River channel directly upstream of the CED using a
vibracore apparatus in July 2013 (Figure 4). An additional
vibracore (VC5) measuring 500cm was collected in the reser-
voir deposit 450m upstream of these cores in May 2017
(Figures 1, 4). Cores were sampled at every 10-cm in 1cm

FIGURE 3. Topographic (A, B) and aerial imagery (C, D) at site MPSR1 showing the presence of a twentieth century mill dam and reservoir. No res-
ervoir is shown on the 1886 map, however, a dam may have existed at this site and was washed out in an 1878 flood (Field, 2013). The dam breached
sometime between 1940 and 1970, based on interpretation of aerial imagery. Black dot on the 2014 map (D) shows sampling location. (A)–(D) All
shown at the same scale. (E) Field photograph of the sampling location. [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 4. (A) Photograph of researchers standing on impounded sediment in the channel just upstream of the Conway Electric Dam (CED), which
is on the left side of image. (B) A 2014 aerial orthophotograph of the CED impoundment (30cm resolution; from MassGIS) and vibracore locations at
this site. [Colour figure can be viewed at wileyonlinelibrary.com]

2383ESTIMATING THE TIMESCALE OF FLUVIAL RESPONSE USING TWO GENERATIONS OF DAMS

© 2020 John Wiley & Sons, Ltd. Earth Surf. Process. Landforms, Vol. 45, 2380–2393 (2020)

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


increments and any layer with a notable change in stratigraphy
within the interval was also sampled.
We selected sites for sampling legacy (anthropogenic sedi-

ment accumulated behind mill dams) and glacial-age sediment
based on interpretations of features in LiDAR (light detection
and ranging) imagery, previously mapped legacy sediment ter-
races by Johnson et al. (2019), previously published geologic
mapping by Stone and DiGiacomo-Cohen (2010), and field ob-
servations. Samples were collected in June 2016 from 11 ac-
tively eroding glacial-age outcrops (n = 11) and in vertical
profiles at four eroding legacy exposures upstream of breached
mill dams (n = 57) along the mainstem of the South River
(Figure 1). Locations of the sites were obtained using a hand-
held Trimble Juno SB unit and a real-time kinematic (RTK) Leica
Viva GNSS GS14 Rover.
Glacial, legacy, and CED (VC3 and VC5) sediment samples

were oven dried at 60 °C for geochemical and grainsize analy-
ses. Samples were analyzed using loss on ignition (LOI) to de-
termine organic content for dried samples using standard
procedures (Dean, 1974). Of the four cores collected in 2013
(VC1, VC2, VC3, VC4), geochemical analyses were only com-
pleted on VC3, as it was the longest of the four recovered, and
all are presumably similar because of their close proximity and
similar grain size and organic concentrations. We measured
bulk density every 10cm for both VC3 and VC5 during the
LOI process. The volumes of water, inorganic, and organic ma-
terial were determined during drying, and combined to calcu-
late the sample total volume, assuming a density of 2.65g/
cm3 for clastic sediment, and 1.2g/cm3 for organics. Wet bulk
density was calculated by dividing the wet mass by the total
sample volume. Dry inorganic bulk density was calculated by
multiplying the wet bulk density value by the mass of clastic
sediment (post-LOI) and dividing by the mass of the entire
wet sample.
Post-LOI samples were dispersed using 0.2% sodium meta-

phosphate, then wet-sieved at 63μm to obtain the weight per-
cent for the < 63μm fraction. Sediment in the > 63μm
fraction was analyzed using a Horiba CAMSIZER Digital Image
Processing Particle Size Analyzer in order to obtain weight per-
centages in 100 size classes from 63μm to 1cm. Cumulative
grain-size distributions and D10, D50, and D90 values (the grain
size for the percentage of the sample finer than this diameter)
for the entire distribution (< 63μm fraction added to the >
63μm fraction) were calculated using the program Gradistat
Version 8.0 (Blott and Pye, 2001).
Dried sub-samples were homogenized for Hg and

cesium-137 (137Cs) analyses by powdering with a mortar and
pestle. Direct combustion analyses for Hg were conducted on
0.05–0.1g of sediment using a Teledyne Leeman Labs
Hydra-C mercury analyzer with cold vapor atomic absorption.
All Hg concentrations were normalized for organic content by
diving the LOI value for that sample because Hg has a high af-
finity for organics. Generally, samples with D50 > 200μm were
not analyzed for Hg, as Hg does not concentrate on coarser
sediment due to low surface area (Horowitz and Elrick, 1987).
Therefore, measurements were focused on fine-grained or
organic-rich sediment. Hg analyses for VC3 were completed
from 200 to 473cm, as the sediment in the upper portion of
the core was medium sand or coarser.
We used the presence of 137Cs associated with nuclear

weapons testing to constrain the chronology of VC3 and
VC5 (Pennington et al., 1973). Sample layers with D50 <
200 um (four from VC3, four from VC5, each 25–30g) were
collected and homogenized, and 137Cs concentrations were
measured using gamma spectrometry on a Canberra
GL2020R Low Energy Germanium Detector. We also mea-
sured lead-210 (210Pb), but down-core changes in the activity

of this short-lived radioisotope are complicated in deposi-
tional environments where rates and characteristics of sedi-
mentation may vary (Kirchner, 2011), and therefore was not
used in our geochronological analysis. The presence or ab-
sence of 137Cs was used to determine if sediment in the
CED was deposited after or before 1954, respectively. Our
coarse sampling interval did not permit more detailed geo-
chronologic interpretations, such as the location of the
137Cs peak (Pennington et al., 1973).

Reservoir change analysis

We used georeferenced aerial photographs from 1940, 1952,
1972, and 1981 to measure the progradation of the delta into
the CED reservoir (Figure 5). The longitudinal stream profile
was obtained from a LiDAR 2-m horizontal resolution digital
elevation model (DEM, 2012 data; OCM, 2020). We then es-
timated the 1906 pre-dam profile by manually projecting a
straight line from the upstream end of the CED impoundment
to the bottom of the dam (Figure 6). The difference between
the 2012 and 1906 interpreted pre-dam profile, in combina-
tion with 137Cs interpretation from VC3 and VC5 (Figures 7,
8), was used to estimate the depth of the impoundment de-
posit at each delta front position. The total volume of sedi-
ment stored behind the dam was calculated using the area
of the sediment mapped, along with the average depth of
the sediment, assuming that the valley bottom is V-shaped
(McCusker and Daniels, 2008). Similarly, the sediment vol-
ume for each interval between aerial photographs contains
both the sediment area of the prograding delta and the
amount of sediment located in front of the delta, forming
the foreset and bottomset, and also assumes a V-shaped val-
ley bottom. Sediment yields through time were calculated fol-
lowing the methods of McCusker and Daniels (2008), and
were converted from m3 to t/yr/km2 using our measured aver-
age inorganic-fractioned dry bulk sediment density, and a
watershed area of 68km2.

Eroded legacy sediment analysis

To provide a rough comparison with sediment stored in the
CED reservoir, we estimated the maximum volume of legacy
sediment removed from the channel from behind former mill
dams using a LiDAR analysis along reaches of the channel
where the adjacent banks are composed of legacy sediment
(Figure 1; Johnson et al., 2019). Width across the channel was
measured at 80m intervals using aerial photographs (Galster
et al., 2008), and topographic profiles generated from the Li-
DAR DEM across the channel at these width locations were
used to determine a bank height corresponding to each width
measurement. Average width and heights along the length of
the channel for each reach containing legacy sediment were
used to calculate the volume of eroded material in m3. We em-
phasize that this is a maximum estimate because (1) not all of
the mapped legacy sediment was deposited in former mill
ponds, and (2) more importantly, channels would have existed
within mill ponds as they filled with sediment, even when the
dams were in place.

Sediment mixing model

Sediment fingerprinting, or sediment provenance, is a method
that has been used in fluvial environments over the past several
decades in order to identify sources at the watershed scale,
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FIGURE 5. Unorthorectified aerial photographs showing Conway Electric Reservoir in (A) 1940, (B) 1952, (C) 1972, and (D) 1981. (E) Map
displaying the original extent of the reservoir based on historical documentation stating it reached 1km upstream of the dam (Pease, 1917) in
1906 (blue polygon), and the progradation of the sediment delta front for the years 1940, 1952, 1972, and 1981. Base map is 2m LiDAR hillshade.
Black dots indicate coring locations; grainsize and geochemical analyses primarily focused on VC3 and VC5. [Colour figure can be viewed at
wileyonlinelibrary.com]
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primarily by analyzing samples of sediment in suspension, but
also using samples from river beds, reservoirs, and/or flood-
plains (Haddadchi et al., 2013). Physical characteristics (color,
grain size), bulk geochemistry, mineralogy, mineral magnetic
properties, radionuclides, and isotopes (Walling, 2005; Banks
et al., 2010; Mukundan et al., 2012; Koiter et al., 2013; Laceby
et al., 2017) have all been used in order to differentiate among
sediment sources. Many studies have used mixing models as
quantitative assessments to evaluate statistically relative contri-
butions of different source areas (Collins et al., 1998; Banks
et al., 2010; Gellis and Walling, 2011; Belmont et al., 2014).
We used a two-end-member mixing model (modified from

Palazón et al., 2015) to calculate relative contributions of leg-
acy (xl) and glacial sources (xg). This was based on average
Hg/LOI concentrations as a tracer in the two sources (Hgg,
Hgl) and the sink (HgCED). The fractional relationship for each
source is expressed by:

xg þ x l¼1: (1)

The unknown contributions are solved by:

Hgg�xg þHgl�x l¼HgCED: (2)

Uncertainty in the mixing model was propagated through
Monte Carlo methods (Small et al., 2002), using the average
and standard deviation Hg/LOI concentrations of the log nor-
mal distributions to generate 10000 random possible
end-member concentrations. The log Hg/LOI values were
returned to normal concentrations in ppb before being incorpo-
rated into the mixing model.

FIGURE 6. Longitudinal transect of the Conway Electric Dam reservoir showing locations and Hg/LOI profiles for vibracores VC3 and VC5 (vertical
gray lines). The transect is a smoothed profile generated from LiDAR (2012, 2m resolution). Dashed line is interpreted pre-dam channel bottom. Thin
black lines represent the interpreted delta location determined from aerial photographs (Figure 5). Dates on the cores were determined using the pres-
ence or absence of 137Cs. The top half of VC3 was not sampled for Hg because material was primarily sand. The 137Cs detected near the surface of
VC5 may be due to overbank floodplain deposition after the reservoir filled at this location.

FIGURE 7. Core photograph, percent organics (LOI), percent fines (< 63μm), median grain size (D50), concentrations of Hg/LOI, and 137Cs mea-
sured in the bottom portion of core VC3 at the Conway Electric Dam. The top portion of the core was not sampled for geochemical analyses because
material was primarily sand. 137Cs was detected at the bottom of the core, indicating a sediment age younger than 1954. [Colour figure can be viewed
at wileyonlinelibrary.com]
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Results

Based on dam height and stream gradient, we interpret the
backwater of the early CED impoundment (1906) to extend
about 1.4km upstream from the dam (Figures 4–6). Aerial pho-
tograph analysis reveals that the subaerially exposed part of the
delta that formed in the reservoir had prograded to the dam by
1981.
We estimate that the total volume of sediment trapped and

stored in the reservoir is ~244000m3, based on assuming a
V-shaped valley bottom (McCusker and Daniels, 2008). For
comparison, we estimate that from the time individual dams
breached up to modern day, the maximum volume of legacy
sediment eroded from sections of the channel upstream of the
CED is ~215000m3. The average D50 for the reservoir, based
on VC3 and VC5, is 241μm (D50 range is 22–3180μm; n =
123). The average sediment yield based on the CED volume
from 1906 to 1981 is 70 ± 14 t/yr/km2, based on a measured
dry sediment bulk density of 1000 ± 200kg/m3. Sediment
yields during each of the aerial photograph intervals generally
decreases from 72 ± 14t/yr/km2 between 1906 and 1940 to 5
± 1t/yr/km2 from 1972 to 1981, with the notable exception of
1940 to 1952, when yields doubled (Figure 9; Table 1). These
rate calculations assume that the volume of sediment deposited
on floodplains and the channel within and upstream of the CED
reservoir since 1981 is minimal. However, trapping of bedload
by the dam is an ongoing process, as evidenced by the absence
of coarse gravel immediately upstream of the CED. Instead,
coarse sediment is being deposited near the upstream end of
the reservoir deposit where the slope of the stream decreases
(Figures 4A, 6).
Results from 137Cs measurements in VC3 and VC5 are con-

sistent with aerial photograph interpretations. Thus, 137Cs was
detected at a depth of 473cm, near the bottom of core VC3
(Figure 7), indicating that all of the cored sediment above this
depth was deposited after 1954 (Pennington et al., 1973). In
VC5, 137Cs was detected at 90cm, indicating that the top 90
cm of sediment is younger than 1954, and was likely deposited
as a result of overbank floodplain sedimentation after this sec-
tion of the reservoir filled (Figures 4, 6, 8). Samples between
90 and 154cm were sandy and too coarse to analyze for
137Cs. However, two samples from fine-grained layers below
154cm were analyzed, and no 137Cs was detected, indicating
sediment deposited prior to 1954.

Measured Hg/LOI concentrations in glacial samples (1–4
ppb/LOI; average 2.06ppb/LOI; n = 11) are lower than in leg-
acy sediment (3–380ppb/LOI; average 13.36ppb/LOI; n = 57;
Figure 10). While only 11 glacial samples were collected
throughout the watershed, we assume that due to their low
Hg concentration and low variability, additional samples
would not significantly change these results, as discussed fur-
ther later. Mann–Whitney U tests indicate a statistical signifi-
cance at the 95% confidence level between the means of the
two deposit types (p = 1.49×10-6). Profiles from three of the
four legacy sites (MPSR1, MPSR4, MPSR5) have concentrations
~10–20ppb/LOI (Figures 1, 11). The farthest downstream site
(MPSR2) has some layers with higher concentrations, with a
peak of up to 380ppb/LOI occurring at ~100cm depth. Con-
centrations in the CED range between 2 and 50ppb/LOI, and
are statistically higher in VC5 (7–50ppb/LOI) than VC3 (2–18
ppb/LOI; two sample t-test, p = 0.0014; Figure 6). Hg concen-
tration does not appear to be strongly influenced by either or-
ganics or grain size (Figure 12).

The mixing model analysis was completed using Hg/LOI
concentrations from both VC3 and VC5 to calculate source
contributions to the CED reservoir from dam construction in
1906 to infilling by 1981. From this analysis, 32 ± 10% of the
sediment is derived from glacial sources and 68 ± 10% from
legacy sources upstream. We used the 137Cs geochronology
to analyze source contributions for the first and second halves
of the twentieth century (Figure 6). This analysis suggests that
26þ35

�26 % is from glacial and 74þ26
�35 % is from legacy deposits

from 1906 to 1954. After 1954, 63 ± 14% is from glacial and
37 ± 14% is from legacy deposits.

Discussion

Results from the calculated sediment yield and mixing model
allow us to evaluate the role that mill dam breaching had on
twentieth century legacy sediment sources and erosion. In ad-
dition, they allow for the evaluation of the hypothesis that

FIGURE 9. Sediment yield estimates calculated from sediment stored
behind the Conway Electric Dam. Yield estimates for each of the time
intervals correspond to delta front locations mapped in Figure 5(E).

FIGURE 8. Percent organics (LOI), percent fines (< 63μm), median
grain size (D50), and concentrations of Hg/LOI detected in core VC5
at the Conway Electric Dam. 137Cs was detected at a depth of 90cm,
but not in three samples from lower in the core.
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increased erosion from anthropogenic legacy deposits remains
the primary sediment source, as opposed to mass wasting of
glacial deposits, through the twentieth century.

Mixing model findings and limitations

Glacial sediment sources in the South River watershed provide
a pre-industrial geochemical baseline for Hg/LOI (1–4ppb/LOI)
to compare with the signal of sediment mobilized during the
period since EuroAmerican settlement of the watershed (3–
380ppb/LOI; Figure 10A). Buried glacial sediment has not been
exposed to the fallout of high concentrations of trace metals as-
sociated with industrialization. Higher concentrations of Hg in
legacy sediment (~10–29ppb/LOI; Figure 11) are attributable to
an increase in global atmospheric concentrations produced
from coal burning and other industrial activity, which was
likely adsorbed to hillslope soils and subsequently eroded

during nineteenth century deforestation (Kamman and
Engstrom, 2002; Perry et al., 2005). Hg/LOI concentrations up
to 380ppb/LOI at MPSR2 that are not measured at the other leg-
acy sediment locations may be related to local point-source
pollution from an upstream (~3km) hatting shop during the
early nineteenth century, as mercury nitrate was used in the
processing of fur (Pease, 1917; Varekamp, 2006). MPSR4 also
is located downstream of the hatting site, however it does not
show high Hg concentrations. While records of dam construc-
tion and breaching from this time period are sparse, it is possi-
ble that this discrepancy may be related to the timing of
construction and infilling of mill dam reservoirs in relation to
the timing of the hatting activity.

The Hg/LOI concentrations measured behind the CED re-
quire a mix of high-Hg legacy sediment, and low-Hg glacial
sediment (Figure 10A). The mixing model using data from cores
VC3 and VC5 demonstrates that contributions from legacy sed-
iment sources are higher (68 ± 10%) than glacial sources

Table 1. Calculations of sediment area, average depth, area covered by bottom set deposits in front of the prograding delta, average bottomset
depth, volume, and sediment yield for the different intervals between interpreted positions of the delta front (Figure 6)

Time
Sediment
area (m2)

Sediment average
depth (m)

Bottomset
area (m2)

Bottomset
average depth (m)

Volume
(m3)

Infilling rate
(m3/yr)

Sediment yield
(t/yr/km2)

Photograph Intervals
1906–1940 20519 4.6 39947 6 166626 4901 72 ± 15
1940a–1952 26168 6.2 13779 6 122066 10172 150 ± 30
1952–1972 10176 4.3 3604 3 27029 1351 20 ± 4
1972–1981 3604 1.8 n/a n/a 3153 350 5 ± 1
Average
1906–1981 60467 8.1 n/a n/a 243983 3253 70 ± 14

FIGURE 10. Boxplots of mercury concentrations (ppb/LOI) for samples collected from (A) glacial deposits (sediment source), legacy sediment bank
exposures (sediment source), and at the Conway Electric Dam (CED) (sediment sink), (B) VC3 and VC5 from the CED, and (C) pre- and post-1954 from
VC3 and VC5 at the CED. Concentrations are the lowest in glacial sediment and highest in legacy sediment, and are higher in older sediment depos-
ited behind the CED. Mean and one standard deviation for glacial sediment is 2.06ppb/LOI (1.37–3.08ppb/LOI), 13.36 (4.19–42.60) for legacy, and
10.89 (5.26–22.58) for CED. Mean and one standard deviation for VC3 and VC5 are 6.30ppb/LOI (3.31–11.98) and 15.99ppb/LOI (9.60–26.63), re-
spectively. Mean and one standard deviation for pre-1954 and post-1954 are 11.32ppb/LOI (5.17–24.82) and 8.84ppb/LOI (7.26–10.77), respectively
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(Table 2). We conducted a sensitivity analysis to evaluate con-
tributions for the entire deposit excluding the two highest-Hg/
LOI outliers from MPSR2 (367 and 380ppb/LOI; Figure 11). In
this calculation, glacial sources contributed 15 ± 36% and leg-
acy deposits contributed 85 ± 36%, suggesting that the domi-
nance of legacy sediment in the CED deposit is likely robust.
In addition, Hg concentrations in the CED are overall very sim-
ilar to legacy sediment (Figure 10A), suggesting legacy sedi-
ment is the dominant component. The stored volume of 244
000m3 suggests that the reservoir had sufficient accommoda-
tion space to store all of the maximum 215000m3 of legacy
sediment estimated to have been eroded from upstream mill
dam impoundments. This is ~10% of the 1.9×106 ± 8.0×105

m3 of legacy sediment still stored in the watershed (Johnson
et al., 2019).

Contributions estimated through the mixing model are sub-
ject to assumptions inherent in the approach. Sediment trans-
port dynamics are complex. The model assumes that all
sediment particle sizes transported from each source are
equally mobile. The glacial till matrix, however, is composed
primarily of silt and clay, which can move farther than coarser
sediment in suspension. Legacy sediment is coarser, composed
of silt and fine sand (the D50 at the four sites ranges from 101 to
185μm; Table 3), which could result in shorter distances trav-
eled and preferential trapping behind the CED. Storage of leg-
acy sediment in locations such as channel bars could reduce
loads to the CED and result in an underrepresentation of the
legacy contributions.

Our mixing model includes only two different watershed
sources and one tracer (Equations (1) and (2)). This simple ap-
proach is based on the observation that the most obvious
sources of sediment to the modern channel are banks of legacy
sediment and mass wasting of glacial deposits. The model does
not take into account additional sources, such as gully or rill
erosion of hillslope soil. Such features are developed in
glacial-age deposits, so Hg concentrations are likely lower than
those in legacy sediment, even without the additional Hg that
legacy sediment would have received from industrial contami-
nation. Brena et al. (2014) found that soil O horizons in modern
deciduous forests in western Massachusetts display a range of
Hg values, concentrated near the surface. That suggests that
shallow erosion of forest soils could be an important source
of Hg, and incorporating additional source types into the model
might result in more representative contribution estimates.
However, erosion from gullies would access deeper sediment,
likely containing lower Hg levels (McCusker Hill and
Ouimet, 2015).

Changing sediment sources and yields though the
twentieth century

The CED cores contain significantly less Hg/LOI concentrations
in layers deposited prior to 1954, compared with those depos-
ited afterward (Figures 6, 10B,C). This observation, along with
the sediment yield calculations (Figure 9; Table 3), is consistent
with our first hypothesis of greater erosion from upstream leg-
acy deposits early in the CED history.

FIGURE 11. Depth profiles of Hg concentration (ppb/LOI) at legacy
sediment sites MPSR1, MPSR2, MPSR4, and MPSR5. Hg for MPSR2 (tri-
angles) is displayed on the bottom x-axis, concentrations for the other
three profiles are displayed on the top x-axis.

FIGURE 12. (A) Scatter plot showing correlation between organic content (% LOI) and Hg (bulk concentration), and (B) between grain size (D50)
and Hg. No significant correlation is observed between Hg concentrations and either grain size or organics. [Colour figure can be viewed at
wileyonlinelibrary.com]
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Sediment yield estimates are up to an order of magnitude
higher in the first half of the twentieth century than the second
half, when yields decreased to 5–20t/km2/yr. Annual
suspended sediment yields of 8 to 30t/km2/yr have been mea-
sured in the 1980s to the 1990s in southern New England rivers
(Kulp, 1983; Kulp, 1991; Bent, 2000). However, we note two
limitations of the yield calculations. First, the trapping effi-
ciency of a reservoir decreases through time, and less
suspended load may be trapped as storage capacity decreases
(Brune, 1953; Verstraeten and Poesen, 2000). By 1981, in the
CED reservoir, the delta front had prograded ~100m to the
dam (Figure 5). Since then, the opportunity to trap suspended
load in the CED reservoir is likely limited to overbank deposi-
tion on the newly formed floodplain, and for some decades
prior, the reduced reservoir volume likely decreased the effi-
ciency of suspended sediment trapping. Hg data may be influ-
enced by decreasing trap efficiency, however, it is unlikely that
the Hg concentrations are influenced by grain size (or organic
content) (Figure 12). Further, the averageD50 of the samples de-
posited post-1954 (78μm) is statistically finer than pre-1954
(140μm; two sample t-test, p = 0.03), suggesting either a mini-
mal influence of grainsize on Hg, as Hg is more likely to adsorb
to finer sediment, or that this sediment is from low-Hg glacial
till deposits. Second, nine of the 10 largest floods at the closest
long-term discharge gage (USGS 01168500, Deerfield River at
Charlemont, MA), including the 1936 and 1938 floods
(Jahns, 1947) that breached several dams on the South River,
occurred prior to 1952 (Figure 13). We used this gage as a rep-
resentation of high flow events for the area because of its long
record. However, flow on the Deerfield River has been regu-
lated since 1924, and this gage is located ~25km upstream of
the South River confluence, both of which limit its relevance
to our study. The gage on the South River has only been oper-
ational since 1966 (Figure 13).

Many of the dams in the watershed likely breached during
the mid-nineteenth through mid-twentieth century, particularly
related to large floods in 1869, 1904, 1936, and 1938 (Barten
and Kantor, 2013). In particular, Barten and Kantor (2013) indi-
cate that at least two mill dams breached and released
impounded sediment around or after 1940, but before 1970
(Figures 2, 3), which likely resulted in a pulse of relatively
high-Hg legacy sediment transported to the CED reservoir.
The 1940–1952 interval also has the highest sediment yield
(Figure 9; Table 1). This interval coincides with a decline in
manufacturing and population in the area, occurring simulta-
neously with reforestation. As the area of agricultural land de-
clined starting in the early twentieth century, New England
was approximately 50% reforested by 1920 (Foster
et al., 2008), and the pattern of decreased sediment yields gen-
erally follows this trend of increasing reforestation. In summary,
we cannot quantify the relative importance of the various rea-
sons for high sediment yield in the early twentieth century (in-
cluding trap efficiency and flood events), and we suspect that
dam breaches are likely the most important cause.

Pizzuto (2002) hypothesized that erosion of impounded sed-
iment following dam removal begins with a rapid ‘process
driven’ stage, followed by an ‘event driven’ stage dependent
on floods. These stages have been observed at dam removal
sites throughout the United States (e.g. Pearson et al., 2011;
Sawaske and Freyberg, 2012; Collins et al., 2017; Major
et al., 2017), and suggest an exponential decay of removal of
reservoir sediment. Erosion of South River mill dam sediment
following breaching likely followed a similar trend, and current
erosion is now in the ‘event driven’ phase when sediment en-
trainment from exposed banks occurs primarily during rare
high flow events. Previous studies observe that about 50% of
the total volume is removed from non-cohesive (sand and
gravel) reservoir deposits in less than two years of dam
breaching, whereas it takes greater than two years (sometimes
decades) for cohesive (clay and silt) deposits (Sawaske and
Freyberg, 2012; Merritts et al., 2013; Major et al., 2017; Ritchie
et al., 2018). Sediment removal from behind breached mill
dams in the South River was likely rapid, as legacy sediment
is primarily very fine sand (Table 3). We note however that most
of the legacy sediment remains in the watershed as fill terraces.
We document that this sediment was deposited on surfaces ad-
jacent to the former millponds that were frequently inundated,
and attribute it to the raised base level when the dams were in
place (Johnson et al., 2019). Such sediment might not be in-
cluded in the sediment budget of a dam removal, which tend
to focus on the sediment stored in the reservoir (i.e.
subaqueously), not adjacent landforms (cf. Pearson
et al., 2011).

Contrary to our second hypothesis, our mixing model results
are most consistent with glacial sources as the primary contrib-
utor of sediment in the latter half of the twentieth century
(Table 2). In the Mid-Atlantic region, contemporary legacy sed-
iment loads remain high and are a problem for suspended sed-
iment and nutrient delivery to waterways, including the
impaired Chesapeake Bay (e.g. Walter and Merritts, 2008;
Donovan et al., 2015). However, the relative areal abundance
of legacy sediment differs in New England due to its glacial his-
tory. Johnson et al. (2019) estimated that only 1.5% of the South
River watershed area is comprised of legacy sediment. In the
South River watershed, thick glacial deposits (primarily coarse
stratified deposits) cover ~14% of the South River watershed.
They suggest that the presence of legacy deposits is tied to the
supply of upstream glacial material, and to natural sediment
storage areas such as lakes or wetlands. The abundance of gla-
cial sediment, deceleration in erosion rates soon after dam re-
movals (e.g. Collins et al., 2017), and reactivation of glacial

Table 2. Grainsizes for the four legacy sediment sites as average D50

(μm)

Sample
location

Average
D50 (μm)

D50 1σ range
(μm)

Number
of samples

MPSR1 142 52–386 18
MPSR2 185 79–430 19
MPSR4 144 110–189 17
MPSR5 101 47–222 14

FIGURE 13. Annual peak streamflow from 1914 to 2018 obtained
from USGS gage site 01168500, Deerfield River at Charlemont, MA, lo-
cated within the Deerfield watershed, north of the South River (circles,
left axis), and 1966–2018 from USGS gage site 01169900, South River
near Conway, MA, located 4.2km upstream of the mouth (diamonds,
right axis). Dashed vertical lines represent years 1940, 1952, 1972,
and 1981 corresponding with aerial photographs and complete infilling
of the Conway Electric Dam. Black circles are the 10 highest annual
peak events from 1914 to 1981 on the Deerfield River.
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mass failures (Yellen et al., 2014; Dethier et al., 2016) suggest
these deposits are likely to remain as the dominant source as
erosion of legacy exposures slows, and the channel recovers
from eighteenth century to nineteenth century agricultural
activity and damming. However, the large volume of legacy
sediment that persists in the valley, accessed during high-flow
events, is likely to remain a source of sediment from the
watershed for decades to centuries (or longer).

Future analyses

Refined estimates from different source types could be accom-
plished through further analyses, either through the mixing
model, or by developing a sediment budget (Walling and Col-
lins, 2008; Gellis and Walling, 2011; Mabit et al., 2014). Using
additional geochemical tracers, such as carbon (C) or nitrogen
(N) isotopes related to agricultural activity (Mukundan
et al., 2010; Belmont et al., 2014), or different instrumentation
to identify additional trace metals could be used to develop a
composite mixing model. This would categorize and distin-
guish different sediment sources more accurately, providing a
more holistic representation of sediment contributions. In addi-
tion, incorporating sources such as hillslope soil would allow
for the representation of contributions from different sources
from the entire watershed to the CED reservoir, and would
provide information on the upland source of legacy sediment.
Additionally, temporal changes in factors such as Hg concen-
tration of soils, land use, and erosion processes (sheetwash
versus rill and gully erosion) would need to be considered,
but are difficult to constrain.

Conclusions

We used sediments deposited in the CED reservoir from 1906
to 1981 to estimate sediment sources and yields from the South
River watershed. Hg is an effective tracer to help distinguish the
different source types in the South River watershed, and has
been used at other sites (e.g. Skalak and Pizzuto, 2010). This
study allowed for the investigation of erosion of legacy sedi-
ment over the past > 100years, bridging the gap between ob-
servations of legacy sediment erosion that begin decades after
historic dam breaching and studies of recent dam removals.
Erosion of high-Hg legacy deposits was more rapid during the
early twentieth century ( 74þ26

�35 %) likely as a result of dam
breaching that released pulses of sediment from unvegetated
reservoir deposits. This was followed by an increase in the rel-
ative contribution of erosion from glacial deposits, as repre-
sented by a significant decrease in Hg in the CED cores in the
late twentieth century. Legacy sediment contributions de-
creased to 37 ± 14%, but still remain a substantial contribution
through event-driven erosion. This trend is consistent with the
pattern of high sediment yields in the early twentieth century,
inferred from sedimentation rates in the CED reservoir.
Understanding fluvial readjustment to perturbations related

to human land use compared to background erosion rates

can inform the timescale of response to different generations
of events. Overall, New England watersheds appear to display
a rapid initial response to breaching of historic mill dams. Ero-
sion of legacy sediment dominated the South River sediment
load for the first half of the twentieth century, but appears to
be a secondary source since then. This contrasts with studies
on current legacy sediment erosion in the unglaciated
Mid-Atlantic region, which could be inherently related to the
availability of glacial-age deposits in New England. However,
a large amount of legacy sediment persists in valley bottoms
of the South River watershed, and can still be accessed during
high flow events. This sediment will likely remain a source for
centuries, as exponential decay equations from legacy sedi-
ment erosion of Mid-Atlantic reservoir sediments suggest these
deposits can still contribute significant sediment for 50 to 100
years after breaching (Merritts et al., 2013). Restoration efforts
would benefit from considering whether the long-term pres-
ence of legacy sediment in valley bottoms represents an impor-
tant change to ecosystem services and functions, including
flood storage, water quality, recreation, and habitat.
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