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ABSTRACT
CHANGING SEDIMENT TRANSPORT PROCESSES IN RESPONSE TO
ANTHROPOCENE FORCING
MAY 2016
BRIAN YELLEN, ScB., BROWN
M.A., UNIVERSITY OF MASS ACHUSETTS AMHERST
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Dr. Jonathan D. Woodruff

The denudation of uplands and sediment deposition within lowlands comprises
one of the most fundamental earth processes. Much like plate tectonics or isostasy,
sediment transport runs through nearly every geologic sub-discipline. Its importance
extends to other fields as well, such as soil and plant science, archaeology, and
engineering. Research in the field of sedimentology remains current, with changes in
global sediment transport invoked as a primary line of evidence for the arrival of the
Anthropocene, and sedimentary archives frequently employed to evaluate current
processes relative to the past. In this vein, my doctoral studies have centered on
understanding some aspects of modern sediment transport in the Connecticut River
watershed of the northeastern United States. Although each chapter varies with respect to
time scale and specific location, a common thread of observing modern sediment
transport and associated hydraulic or hydrologic conditions runs through the following
chapters. Particular attention is given to how processes are changing or may change in the
future given anthropogenic modifications of our climate and sea levels.
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Hurricane Irene passed directly over the Connecticut River valley in late August,
2011. Intense precipitation and high antecedent soil moisture resulted in record flooding,
mass wasting and fluvial erosion, allowing for observations of how these rare but
significant extreme events affect a landscape still responding to Pleistocene glaciation
and associated sediment emplacement. Clays and silts from upland glacial deposits, once
suspended in the stream network, were routed directly to the mouth of the Connecticut
River, resulting in record-breaking sediment loads fifteen-times greater than predicted
from the pre-existing rating curve. Denudation was particularly extensive in mountainous
areas. Sediment yield during the event from the Deerfield River, a steep tributary
comprising 5% of the entire Connecticut River watershed, exceeded at minimum 10-40
years of routine sediment discharge and accounted for approximately 40% of the total
event sediment discharge from the Connecticut River. Resultant sedimentation in
Connecticut River floodplain cover was anomalously inorganic, fine grained, and
enriched in elements commonly found in chemically immature glacial tills and
glaciolacustrine material. These unique sedimentary characteristics document the crucial
role played by extreme precipitation from tropical disturbances in denuding this
landscape.
Lacustrine sediment archives spanning the last 100+ years indicate that flooding
during Tropical Storm Irene caused the most severe erosion of any regional historic
flood, surpassing that of events with greater precipitation and peak discharges. Compared
to deposition from historic floods, Irene’s event layer was more massive and more
enriched in unweathered upland sediments, indicating an anomalously high incidence of
mass wasting and sediment entrainment. Precipitation records indicate that neither
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precipitation intensity nor total accumulation distinguished Irene from less erosive
historic floods. However, cumulative precipitation prior to Irene exceeded the 95th
percentile of all days in the record. When allowing for non-stationarity in 20th century
background precipitation, we find a fourfold increase in the probability of Irene-like
conditions, where impacts of extreme rainfall are enhanced by high antecedent
precipitation. We conclude that irrespective of increases in extreme precipitation, the risk
of highly erosive flooding in the region is increasing due to the influence of wetter
baseline conditions associated with a changing climate.
Monthly sediment trap accumulation in an off-channel cove of the
Connecticut River upper estuary showed that these settings comprise the main sites for
sediment storage within high energy estuaries. At our study site, 20-25% of annual
sediment trapping occurred during one month at seasonal low freshwater discharge and
high estuarine salinity. Sediment deposited during these high accumulation times
contained higher δ13C values, and lower 7Be activities, indicative of marine provenance.
Therefore, this efficiently trapped sediment is not directly delivered from the watershed,
but rather redistributed from within the estuary. Considerable seasonal variability in 7Be
activity within the top 0.5 cm of cove sediments coupled with steady 7Be sourcing from
the water column indicate that surface activity of 7Be can be used to reconstruct
deposition rates at sub-seasonal time scales near the mouth of rivers. Water column
observations as well as numerical modeling revealed that salt wedge dynamics play a
critical role in resuspending estuarine sediment. The role of low discharge and high
salinity in storing sediment suggests that sediment export from rivers is likely to decrease
as sea level rises and warm season discharge decreases.
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PREFACE
Chapter 1
Chapter one was published in Geomorphology (2014) and is therefore written in
the first person plural with co-authors Jonathan Woodruff, Laura Kratz, Stephen Mabee,
John Morrison, and Anna Martini. No changes have been made to the published
manuscript, which documents sedimentary characteristics of flooding from Tropical
Storm Irene.

Chapter 2
Chapter two was published in Earth Surface Processes in December, 2015. This
chapter also contains first person plural as it was written with co-authors Jonathan
Woodruff, Timothy Cook, and Robert Newton. Supplemental information in the original
manuscript has been incorporated within chapter 2 of this document. No other changes
have been made.

Chapter 3
Chapter three contains a prepared manuscript written in collaboration with
Jonathan Woodruff, Daniel MacDonald, David Ralston, and David Jones. It therefore
contains third person plural pronouns. This manuscript has not been submitted for
publication at the time of this dissertation completion.
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CHAPTER 1

SOURCE, CONVEYANCE, AND FATE OF SUSPENDED SEDIMENTS
FOLLOWING HURRICANE IRENE. NEW ENGLAND, USA

1.1 Introduction
In late August of 2011, the remnants of Hurricane Irene passed directly over the
Connecticut River watershed in the northeastern United States (Fig. 1.1A), causing
particularly severe flooding and fluvial erosion in narrow river valleys. Peak discharges
in many lower-order upland and mountainous catchments were unprecedented in the
historical record, including eight stream gages in the Connecticut River watershed that
registered flows in excess of 500 year return periods (Olson and Bent, 2013). The
remarkable resultant sediment plume could clearly be seen in satellite images (Fig. 1.1B)
even though discharge on the lower Connecticut River registered only a relatively modest
one-in-seven year event.
High flows in the mountainous terrains of the Connecticut River watershed during
Irene provided a unique opportunity to generalize about geomorphic effects and legacies
resulting from large floods. Here we present detailed hydrologic and sedimentologic
observations from the lower Connecticut River and relate these observations to causal
processes within mountainous catchments of this largest watershed in New England.
Most of the land surface in the uplands and mountains of the Connecticut River
watershed is mantled in till, resulting from multiple continental-scale glaciations. We
pay special attention to the role of high rainfall-induced flooding in denuding a landscape
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shaped by Pleistocene glaciations, the legacy of which results in excess sediment storage
and landscape disequilibrium (Church and Ryder, 1972).
Although disasters relating to flooding and inundation have generally received
more attention in steep terrains of northeastern North America (Gares et al., 1994), fluvial
erosion during large discharge events presents perhaps the greatest natural hazard.
Specific causes and effects of fluvial erosion differ depending on geomorphic and
climatologic context. Here, we show that the combination of extreme rainfall from
tropical disturbances and excess glacially-derived sediments from upland and
mountainous catchments produced anomalously high specific sediment yields that
approach those associated with floods in more recently uplifted terrains. Record peak
flows in the northeastern United States associated with the passage of Hurricane Irene in
late August 2011 allowed for unprecedented observation of downstream transport and
sedimentation following severe upstream erosion.

1.2 Background
A comprehensive understanding of river systems requires evaluating the
geomorphic and sedimentological importance of extreme events. Wolman and Miller
(1960) suggested that river systems transport the majority of their sediment during less
extreme, seasonal flood events because they provide the optimal combination of
relatively frequent occurrence and sufficient magnitude to exceed threshold conditions
for sediment transport. However, seasonal events have later been recognized to have less
of an impact on upstream, low-order tributaries, where flow variability increases and
seasonal events are less likely to exceed transport competence (Church, 2002). Within
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these steeper catchments, extreme floods and resultant landscape disturbances (e.g.,
landslides, gully erosion, channel incision, and scour) play a major role in making
sediment available for transport (Hack and Goodlett, 1960; Jacobson et al., 1989;
Wolman and Gerson, 1978). Yet, due to their infrequence, few quantitative observations
exist of the real-time transport and subsequent sedimentological characteristics of
extreme floods, especially in post-glacial environments along major rivers draining to the
western North Atlantic, as described herein.
In addition to questions about the relative roles of seasonal versus extreme
discharge events, several studies have attempted to identify predictive landscape factors
for sediment yield, or the mass of sediment transported per unit catchment area (Meade,
1969; Ahnert, 1970; Milliman and Meade, 1983; Milliman and Syvitski, 1992). Many
early studies proposed a simple power inverse relationship between basin area and
suspended sediment yield (Brune, 1948; Dendy & Bolton, 1976; Milliman & Syvitski,
1992). They found that low-order streams tended to be in upland and mountainous areas
where stream gradients were higher and thus produced more sediment. As one measured
progressively downstream, the addition of low gradient, less sediment productive areas
with more accommodation space for sediment storage reduced the specific sediment yield
of the whole basin. However, Church and Slaymaker (1989) noted that a simple inverse
relationship between watershed area and sediment yield was not sufficient to describe
post-glacial landscapes in British Columbia. For these watersheds of the Pacific
Northwest, vast stores of glacially-derived sediment within low-gradient trunk valleys
actually caused sediment yield to increase in the downstream direction due to
disproportionately large volumes of sediment introduced during routine bank collapse.
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While the results of Church & Slaymaker (1989) appropriately characterize
sediment yield trends in the Pacific Northwest, it remains unclear whether they reveal
robust relationships that can be extended to other post-glacial landscapes. Compared to
British Columbia, terrain along the passive margin of eastern North America is generally
less steep and contains significant stores of erosion-resistant lodgement till and
glaciolacustrine sediments in upland and mountainous areas (Melvin et al., 1992). Tills
within the study area are generally rich in silt and clay-sized material, ranging 34-46%
depending on underlying parent material and method of emplacement (Newton, 1978).
Rivers of note that drain glacially conditioned landscapes of the western Atlantic Slope
include the Susquehanna, Delaware, Hudson and Connecticut Rivers (Fig. 1.1A). These
systems contribute sediment, organic material, and contaminants to some of the most
productive estuaries and active ports and harbors in North America, including
Chesapeake Bay, Delaware Bay, New York Harbor, and Long Island Sound.
Understanding how major rivers of the western North Atlantic continue to actively
respond to the area’s glacial history is critical for their effective management (e.g.,
Snyder et al., 2009).
Sediment yields from post-glacial landscapes are generally greatest immediately
following glacial retreat, with relatively short relaxation times for steep sediment-mantled
hillslopes (Ballantyne, 2002). However, mountainous landscapes can experience later
rejuvenations of glacial drift mobility by external perturbations (Church and Ryder, 1972;
Church and Slaymaker, 1989), such as exceptional rainfall events (Ballantyne, 2002).
Direct observations of the upland geomorphic effects of extreme precipitation events are
rare though due to their infrequency. In the more mountainous coastal regions of the

4

Western North Pacific Ocean (e.g., Taiwan), tropical cyclones are more common and
resultant impacts have been studied in greater detail. There, torrential rains associated
with tropical cyclones are one of the main triggers for surface erosion, slope failures, and
landslides. Forest disturbance, destabilization of hillslopes, and oversteepening of
channel banks as a result of tropical cyclone flooding act in concert to cause continued
high sediment loads within river systems of the Western North Pacific for years
following initial flooding (Milliman and Kao, 2005).
In contrast to the Western North Pacific, the passive margin of the Western North
Atlantic is characterized by milder slopes and widespread glacial features still present on
the modern landscape. Here in the Western North Atlantic, tropical cyclones are rare, but
nevertheless provide the dominant mechanism for extreme precipitation (Barlow, 2011).
With the exception of a few early studies (e.g., Jahns, 1947; Wolman and Eiler, 1958;
Patton, 1988), observations are scarce for assessing the role of these extreme events in
removing sediments from this post-glacial landscape. Furthermore, it has been unclear
what information the imprint of extreme precipitation within depositional environments
along these river systems provides regarding denudation mechanisms and primary
sources of sediment mobilized by these events.
The following analysis of impacts of Hurricane Irene (2011) on the Connecticut
River provides a unique evaluation of the geomorphic and sedimentological significance
of extreme precipitation events on post-glacial watersheds and their floodplain lowlands.
We make use of extensive water sampling and turbidity monitoring in the lower reach of
the Connecticut River during flooding by Irene. We combine these event observations
with subsequent retrieval of sediment cores from sediment sinks within the Connecticut
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River watershed following the event to evaluate the role that extreme precipitation plays
in the erosion, transport and deposition of sediments within post-glacial landscapes of the
western Atlantic Slope. This study is significant in that it: i) provides a new empirical
assessment for the role of extreme precipitation in mobilization and transport of
sediments, ii) evaluates transport and routing signatures within resultant floodplain
sedimentation by these rare events, thus providing valuable information as a modern
analogue of historic and prehistoric flood events, and iii) extends these evaluations to a
new environment (i.e. glacially conditioned watersheds of the Atlantic Slope).

1.3 Methods
1.3.1 Hydrometric Measurements
Real-time water-column observations of both sediment concentration and
discharge during the Irene flood event were obtained from two USGS gages on the lower
Connecticut River at Thompsonville, CT and Middle Haddam, CT. Just upstream of the
beginning of the tidal section of the river at Thompsonville, CT (see Fig. 1.1A for
location), a DH-95 depth integrated suspended sediment sampler collected daily samples
during the flooding event. Data from this sampler are part of a longer term monitoring
project relating discharge to suspended sediment concentration (SSC). The
Thompsonville mean daily discharge is multiplied with depth-integrated SSC to obtain an
estimate of suspended sediment discharge during the three days of peak flooding by the
Irene event.
Because these gages account for only material in suspension, they therefore
implicitly underestimate total sediment discharge by ignoring bedload transport. Herein,

6

all estimates of sediment load and yield account only for the suspended fraction, which is
consistent with the broader literature on sediment discharge (e.g., Milliman and Meade,
1983). Suspended sediment accounts for most of the sediment transported in larger,
meandering rivers like the lower Connecticut River (e.g., Milliman and Farnsworth,
2011). When quantifying sediment discharge, we use the term “sediment load” to refer to
the mass of suspended sediment exported per unit time, and “sediment yield” to refer to
sediment load estimates normalized for drainage basin area (also called “specific
sediment yield”).
A higher-resolution (15 minute) time-series of turbidity is also available further
downriver at Middle Haddam, CT (Fig. 1.1B). During flooding by Irene an ISCO 6600
EDS pumping sampler collected near hourly discrete water column samples adjacent to
this turbidity sensor, thus providing the data necessary to convert the high-resolution
turbidity time-series to SSC in accordance with standard USGS methods (Guy, 1969;
Rasmussen et al., 2009). This continuous Middle Haddam record is used to assess
higher-resolution temporal trends in transport beyond that recorded by daily SSC
measurements at Thompsonville. We time shift the continuous surface SSC record back
17 hours (corresponding to travel time between the two gages) and compare the SSC
value at sampling time to the average SSC for that day. Thereby, we can evaluate
whether the timing of the three discrete upstream depth-integrated samples at
Thompsonville likely over- or under-estimated total sediment discharge calculations.
To understand sediment mobilization and transport in mountainous watersheds
during the flooding event, we focus our analysis on the 1770 km2 Deerfield River basin
(see Fig. 1.1C for location). This tributary to the Connecticut River is well gaged for
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both discharge and precipitation, lacks significant flood control and was subject to some
of the most extreme precipitation (Fig. 1.1A) and flooding within the entire Connecticut
River catchment during Irene. Annual peak discharge values from the North River, the
Deerfield’s largest gaged and undammed tributary, were used to perform a log-Pearson
type III approximation of flow return period in order to put Irene flooding into a longerterm context (US Water Resources Council Bull. 17B, 1981).
We utilize discharge time-series available from the Deerfield River and the much
larger upper Connecticut River at North Walpole, NH (see Fig. 1.1C for location) during
the Irene event to evaluate contributions from these two sub-basins to the hydrograph
observed just below their confluence at Montague, MA. (Fig. 1.1C). We also estimate
fractional contributions from each sub-basin to the total sediment discharge fluxed past
the Thompsonville and Middle Haddam gages.

1.3.2 Sedimentary Analyses
To further evaluate the source of sediments delivered to the mouth of the
Connecticut River during the Irene event, several ~30 cm gravity cores were collected
from cutoff meanders and an off-channel cove that are connected to the lower
Connecticut River by permanent narrow (<10m) tie channels. Cesium-137 chronologies
of prior sediment records in these cored off-channel water bodies indicate high deposition
rates (2-4 cm/yr) due to tidal pumping (Woodruff et al., 2013), a mechanism by which
tides regularly introduce sediment from the river channel that settles out of suspension
during each tidal cycle. Irene’s sedimentation was compared to sediments sampled
previously following more routine seasonal discharge events of the preceding 2011
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spring floods in order to assess differences in depositional characteristics. To aid in this
comparison, the time-series of discharge and SSC for the Irene event relative to the
preceding 2011 spring freshet is provided (Fig. 1.3C). Core locations visited following
both the 2011 spring freshet and the late-August/early-September 2011 Irene flood event
include PCT1 at Pecausett Pond (41°34'08" N, 72°37'02" W), CMP2 at Chapman Pond
(41°26'21" N, 72°26'45" W) and HMB1 at Hamburg Cove (41°22'30" N, 72°21'43" W)
(see Fig. 1.1B for locations).
Gravity cores were collected using a Uwitec Gravity Corer. Sediments were
immediately extruded in the field and subsampled at 0.5 cm depth intervals. In the
laboratory, organic content was estimated based on loss on ignition (LOI) measurements
following methods described in Dean (1974). Grain size depth profiles for select cores
were obtained using a Coulter LS 200 laser particle analyzer. Organics were removed
with a 6% hydrogen peroxide ~60 °C bath prior to grain size analysis. The near
maximum grain sizes within deposits were assessed using D90, the particle size of which
90% of the sample is finer than.
Elemental abundances for each sub-sample were obtained using an ITRAX X-ray
fluorescence (XRF) core scanner (Croudace et al., 2006) following methods similar to
Woodruff (2009). For XRF analyses, samples initially extruded in the field were dried,
powdered and placed in individual ~1 cm-long sampling trays. Samples were counted
with a Molybdenum tube operating at 30 Kv and 55 mA for 10 seconds per measurement.
Scans were performed at 200 μm resolution, resulting in ~20 individual measurements
per sample with mean elemental abundances presented. Sedimentation from Irene was in
part identified through the increase in depth of detectable 7Be activity (t1/2=53 days)
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between cores collected just prior to and just following the Irene event. Because
atmospheric 7Be adsorbed to particles decays quickly, it can be used to identify sediments
deposited roughly over the previous few months. For these radioisotope analyses
powdered sediment was counted on a Canberra GL2020R Low Energy Germanium
Detector for 48 hrs following methods similar to Woodruff et al. (2013) and Woodruff et
al. (2001).

1.4 Results
1.4.1 Sediment Routing and Yields
Sediment load observations during Irene were exceptional in light of the historic
sediment load-discharge rating curve (Fig. 1.4A). Although Irene discharge only
amounted to a ~7 yr discharge event at Thompsonville, CT, SSC exceeded all prior
observations from the 40-year record by roughly an order of magnitude (Fig. 1.4B).
Unprecedented resultant sediment loads for the event of 500,000 tonnes/day exceeded
previous measurements for the same discharge by more than 15 times (Fig. 1.4A). In
total, approximately 1.2 Mt of suspended sediment passed the Thompsonville gage
during the three days of peak flooding from Irene, roughly twice the annual average load
for the river (Patton and Horne, 1992). In considering bias introduced by the timing of
the three depth-integrated SSC samples (i.e. how SSC at sampling time compared with
average SSC for that day), we find that this value of 1.2 Mt could be adjusted ~2-3%
higher. This minor adjustment is smaller than the error associated with our rough
estimates and therefore not applied.
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The SSC time series towards the mouth of the Connecticut River reconstructed
from discrete samples and more frequent turbidity readings at Middle Haddam, CT
reveals an unusual double peak, with two separate SSC maxima separated by roughly 1.4
days (Fig. 1.3B). This time separation between SSC peaks matches the lag in arrival of
the upper Connecticut River hydrograph behind that of the Deerfield River at Montague,
MA (Fig. 1.2). Thus, observations are consistent with the first observed peak in SSC
comprising the arrival of Deerfield River waters at the turbidity sensor at the mouth of
the river, followed 1.4 days later by the arrival of slightly larger peak in SSC from the
upper Connecticut River. Record-setting peak flows on the Deerfield River and all of its
gaged tributaries provide further support for the interpretation that Deerfield River
discharge was responsible for the first of the two primary turbidity peaks observed
downstream at Middle Haddam. By separating the sediment discharge series according
to corresponding contributing areas, we obtain a rough estimate for total sediment yield
of a lower-order mountainous basin for an extreme flood event. This is especially useful
because SSC in lower-order rivers is rarely systematically measured. Furthermore, we
know of no previous estimates of sediment yields during extreme events from postglaciated watersheds draining the western Atlantic Slope.
Assuming that the first peak in SSC observed at Middle Haddam, CT is due
primarily to the arrival of Deerfield River water, measurements indicate a fine-grained
specific sediment yield of ~350 tonnes/km2 (t/km2) from this mountainous basin during
the Irene flooding event. Implicit in this calculation, we assume minimal SSC
contributions aside from Deerfield River waters in the first turbidity spike. We feel that
this is a reasonable assumption given the timing between the two turbidity peaks as well
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as the lack of any large non flood-controlled tributary entering the Connecticut in the
intervening reach between the Deerfield and Thompsonville gages. Furthermore, a yield
of ~350 t/km2 is almost certainly a minimum estimate of sediment export since it
represents only suspended sediment, and does not account for considerable observed
deposition between the mouth of the Deerfield and the observation gage for depthintegrated SSC located 94 km downstream at Thompsonville, CT. Nonetheless, this
estimate of specific sediment yield for this brief event exceeds those published from
nearby basins for an entire year by more than ten times, thus highlighting the importance
of the event in removing sediments from upland and mountainous terrain in the region.
To further place sediment yield estimates during Irene in a longer-term context, a
compilation of available mean annual yields from small post-glaciated watersheds in the
region is provided in Table 1. Annual sediment yields for nearby watersheds to the
Deerfield range between 8 and 30 t/km2. On the basis of this new compilation, the
minimum estimate of fine grained sediment yield from the Deerfield catchment of 350
t/km2 during the Irene event represents a rough equivalence to the total sediment
discharge for the watershed during 10-to-40 years of more routine discharge conditions.
Furthermore, this yield was roughly five times that of the larger Connecticut River
watershed at Thompsonville, where the three-day event yield was only 48 t/km2.

1.4.2 Deposition from Irene versus the 2011 Spring Freshet
To evaluate defining characteristics and potential source imprinting of sediments
routed through the mouth of the Connecticut River during the Irene event, we examined
resulting deposition within a series of cut-off meanders and an off-channel cove that
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serve as natural traps for sediments routed through the lower river. Following the Irene
event, a new layer of anomalously gray clayey-silt could be clearly delineated in cores
collected from the study’s three off-river waterbodies (Fig. 1.5). Increases in the depth of
measurable short-lived Be-7 activity between pre- and post-Irene cores matched the
thickness of this distinctive event deposit (horizontal dashed lines in Fig. 1.5), and thus
confirmed that the distinctive grey color represents sedimentation by Irene.
Irene’s sediments exhibited clear compositional differences from those collected
just after the 2011 spring freshet (grey marked depth profiles in Fig. 1.5), as well as
material immediately below the Irene deposit. For example, at Chapman Pond, organic
content in the Irene deposit decreased to approximately half the percentages observed in
underlying sediments — from 10% loss on ignition (LOI) in pre-Irene sediments to 5% in
the Irene layer (Fig. 1.5, middle row). Maximum grain sizes for resulting deposition from
Irene were also notably finer grained in Chapman Pond when compared to material
deposited during the more moderate 2011 spring flood events, with inorganic D90 grain
size not exceeding 25-35 μm (medium silt) in the Irene layer, compared to 60-70 μm
(very fine sand) for material underlying the deposit. Similar scale decreases in organic
content and grain size were observed in all of the backwater sites sampled following the
Irene event (e.g., top and bottom panels in Fig. 1.5). At each site along a 60 km transect
of the Connecticut River’s low discharge tidal reach, we observed very little variability in
Irene’s unique sedimentary signature. Sedimentological observations therefore
consistently indicate the blanketing of 2011 freshet sediments with an anomalously
inorganic layer of finer clays and silts.
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1.4.2 Glacial Imprinting in the Irene Deposit
Elemental abundances within the Irene layer provide an additional diagnostic tool
for the source of sediment deposited during flooding from the Irene event. A consistent
signature for the Irene layer was enrichment in potassium (K), and deficiency in
zirconium (Zr) (Fig. 1.5, 1.6). K is a major constituent in illite and muscovite clays and
orthoclase silt grains commonly found in the fines of glacial drift that still mantles much
of the region’s upland and mountainous landscapes (e.g., Quigley, 1980). In contrast, Zr
is associated primarily with the erosion-resistant mineral zircon, which tends to become
concentrated in highly weathered sediments (e.g., Koinig et al., 2003). Glaciolacustrine
sediments were collected from newly incised hill-slope gullies in the Deerfield River
watershed to compare to the downstream event layer’s elemental abundances. These
samples serve as spatially averaged accumulations of fine grained sediments originally
derived from upslope tills immediately following deglaciation. High K/Zr ratios within
the Irene deposit confirm K enrichment relative to Zr, reaching levels equaling those
measured in upland varves (Fig. 1.6). In contrast, K/Zr ratios in sediments collected from
Connecticut River meander cut-offs following the 2011 spring freshet are on average
50% lower than Irene sediments (black bars in Fig. 1.6). Irene sediments therefore appear
to contain a distinct elemental fingerprint marking the rapid introduction of glacial fines
from upland and mountainous sources during the event. The abundance of these fines in
the event layer suggests the direct routing of chemically-immature glacial material from
upstream sources transported directly to the tidal reach of the river.

14

1.4.3 Flooding and Upland Erosion
Hydrologic observations from the Deerfield River support our findings that a
disproportionate quantity of the Connecticut River’s sediment originated from hillslope
and streambank tills within this mountainous watershed. Five rain gages situated at lower
elevations within the watershed recorded 180-250 mm of rain in less than 12 hours, with
likely higher rates at higher elevations where there are no weather observation stations.
Prior to Irene, nearly double the monthly average precipitation fell, resulting in soil
moisture values across the watershed in the 90th percentile (NOAA, 2012). The
combination of intense rainfall and high antecedent soil moisture resulted in a record
(since gaging began in 1940) peak discharge for the Deerfield River (USGS site
01170000) of 3100 m3/s. This value exceeded that of the ten times larger contributing
area of the upper Connecticut River at North Walpole, NH, highlighting the severity of
flooding in mountainous catchments like the Deerfield. On the Deerfield’s largest
tributary, the North River (watershed = 230 km2, record =73 yr), peak discharge of 1585
m3/s corresponded to a roughly 400-year return period when performing log-Pearson type
III analysis and including the Irene event itself (return period increases to 2200 years if
the Irene event is excluded from the analysis record).
Although SSC is not monitored on the Deerfield, observations from Middle
Haddham, CT indicated that the Deerfield exported a massive amount of sediment
relative to routine annual yields. Following the storm, observational accounts throughout
the Deerfield watershed as well as neighboring catchments provide evidence of severe
erosion. Several mechanisms combined to provide fine-grained material for transport
downstream. In areas of particularly high rainfall accumulation with steep north- and
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eastward-facing slopes, till slopes gave way to mass wasting, often directly into surface
drainages (Fig. 1.7A, B). On many slopes, headward gully erosion and new gully
formation directly suspended fine-grained till particles within the stream network (Fig.
1.7C). Along the margins of larger streams, high stream power eroded valley alluvium
(Fig. 1.7D), as well as banks comprised of hillslope tills (Fig. 1.7E). Once sediments
were introduced to the stream network, high bottom shear stresses due to flooding rapidly
scoured fine grains from these glacial sediments. The coherent peak in SSC from the
Deerfield River, 144 km downstream within the main stem of the Connecticut River at
Middle Haddam, CT (Fig. 1.3B), as well as the enrichment of resultant deposition from
Irene with chemically-immature clays and sites (Fig. 1.5 and 1.6), all support efficient
channel conveyance once glacial fines were initially mobilized from steeper, low-order
tributaries during the event.

1.5 Discussion
1.5.1 Comparisons to Post-Glacial Landscapes of the Pacific Northwest
Observations of Irene flooding and resultant deposition illustrate the importance
that extreme rainfall from tropical disturbances plays in exporting sediment from the
relatively understudied glacially conditioned uplands and mountains of the western
Atlantic slope. This mechanistic understanding is consistent with high magnitude, low
frequency events playing a leading role in sediment delivery from lower-order tributaries.
It also indicates that post-glacial landscapes of the Atlantic slope behave differently from
those of the Pacific Northwest. Whereas in the Pacific Northwest, erosion of glacially-
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derived sediments is significantly greater in lowland reaches relative to upland and
mountainous catchments (Church and Slaymaker, 1989), specific sediment yields in the
post-glacial eastern United States increase dramatically in upland and mountainous
reaches.
Two main factors explain differences between findings presented herein and
previous insights of post-glacial landscape denudation from the Pacific Northwest. First,
rather than inter-annual to decadal scale monitoring of routine sediment yield (Church et
al., 1989), here we evaluate very short-term sediment contributions of a single extreme
event. Thus, it is unsurprising that scaling relationships between catchment size and
yield differ given that we present data from a very different erosional mechanism.
However, when reporting on sediment transport in watersheds with high-relief, it is of
upmost importance to consider extreme events, since single floods have been shown to
remove as much as 100 times the mean annual yield in upland temperate environments
(Wolman and Gerson, 1978). Furthermore, Ralston et al. (2013) show that Irene flooding
provided about five times the long-term annual average load to the Lower Hudson River
(neighboring our study site), but roughly two thirds of this material remained trapped
within that river’s long freshwater tidal section. Therefore, erosion events due to extreme
precipitation in upland and mountainous reaches likely play a key role in the delivery and
storage of sediments in lower trunk valleys for later and more gradual export.
Second, significant landscape differences result from continental-scale versus
Cordilleran deglaciation. Whereas Laurentide Ice Sheet retreat, as well as previous
deglaciations in the northeastern United States, progressed more or less northward due to
regional climactic forcing, steep elevation and associated temperature gradients mediated
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Cordilleran deglaciation of the Pacific Northwest. Additionally, unlike the intrusive
volcanic lithology that comprises much of the Cascades and Coastal Ranges, underlying
pelitic schistic bedrock in our study region tends to readily form clay and silt sized
particles due to mechanical weathering by glaciation. In our study region, northward
retreat of the ice front from multiple glaciations has left a thick (average 5-15 m) blanket
of indurated till across the entire landscape, including areas at high elevation (Koteff and
Pessl Jr., 1981). Conversely, immediately following Cordilleran ice sheet collapse,
alpine glaciation continued in disconnected mountainous areas, thus largely removing till
from higher elevation areas and reworking it into moraines (Clague and James 2002),
whose loose material may be much more easily removed than resistant lodgement till of
eastern North America. Church and Ryder (1972) noted that bases of alluvial fans in
trunk valleys in British Columbia tended to be composed of much finer grained
sediments than those in upper portions, thus providing evidence of this rapid removal of
fine grained till material from mountainous terrains. In New England landscapes, this
difference in continental-scale deglaciation allowed for the retention of fines in till that
mantles the region’s higher elevations. The area’s glaciolacustrine sediments and PreWisconsin lower till are particularly cohesive, with a high threshold for mobilization
likely exceeded primarily by only the most extreme events and associated shear stresses.
In addition to differences in surficial geology, climate controls on extreme high
flows in Eastern North America are dramatically different from those of British
Columbia. Eastern North America’s hydrology differs from that in British Columbia in
that it receives rare but extreme precipitation from tropical disturbances, which play a
dominant role in generating record precipitation events in the region (Barlow, 2011).
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Record peak stream flow magnitudes in the northeast are controlled in large part by these
rare, but large autumn events (Magilligan and Graber, 1996). For instance, an analysis of
high flows of 17 long-term (> 70 years) stream gages in tributaries of the Connecticut
River watershed shows that 77% of floods of record have occurred during August to
November, peak hurricane season in New England (Fig. 1.8). Even on the larger
Connecticut River at Hartford CT, the longest operating gage in the watershed (t>180
years), two out of three of the largest flows are August hurricanes, despite nearly 50% of
the annual peak discharges occurring during April. Hurricane-induced flooding in this
region is therefore infrequent, but extreme when it occurs. Furthermore, gross underprediction of SSC by the historical rating curve (Fig. 1.4) illustrates that hurricanes play
an even greater role in mobilizing sediment from regions of higher-relief than lowland
peak flow data along the mainstem would indicate.

1.5.2 Limitations of Lowland Rating Curves
Observations from Irene highlight the importance of estimating sediment
discharge from a lower-order tributary with higher relief (e.g., from the Deerfield River)
during an historic peak flow event if we are to understand the fundamental mechanisms
by which non-uplifting, post-glacial terrains denude. Sediment load versus discharge
rating curves are generally applied to the downstream sections of major rivers. However,
we show that during an extreme precipitation event like Irene, most sediment is entrained
in lower-order, streams with high relief watersheds. Therefore, the Connecticut River’s
main stem rating curve, for which measurements are made near the head of tides, greatly
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under-predicts sediment loads. Accurate prediction of sediment loads for extreme
precipitation events like Irene would be better obtained by adding the cumulative of
multiple upland/mountainous tributary rating curves to capture how sediment is delivered
to lower reaches of the river. In order to predict decadal to century-scale sediment yields
in landscapes with excess glacially-derived sediment stored in low-order catchments,
observations from Irene show that models must incorporate the ability of extreme
precipitation events to mobilize these legacy sediments from mountainous areas.

1.5.3 Event-Driven Hysteresis
Water column measurements from Middle Haddam, Connecticut indicate an
additional but smaller peak in SSC of ~300 mg/L associated with the passage of Tropical
Storm Lee a little less than two weeks after the larger initial spike in SSC associated with
flooding from Hurricane Irene (Fig. 1.3C). The relatively smaller peak in SSC during Lee
compared to those during Irene could be interpreted as evidence for negative hysteresis,
where sediments were cleared out of the system by Irene resulting in less available
material for mobilization by the subsequent Lee event. However, maximum river
discharge during Tropical Storm Lee was only 11% higher than that observed during the
2011 spring freshet, yet SSC at Middle Haddam during Lee was as much as 3 times
higher than peak levels observed during the preceding freshet (Fig. 1.3C). Sediment
yields during Lee thus appear to be elevated when compared to periods of flooding prior
to the Irene event and therefore provide an example of positive hysteresis.
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Anomalously high turbidity persists in the years following the Irene event.
Average daily turbidity measurements at Middle Haddam in the two water years
following Irene were 72% and 69% higher than pre-Irene turbidity for a given discharge
value (Fig. 1.9). Fig. 1.9 also likely indicates proportional increases in SSC of similar
magnitude given that SSC most often scales linearly with turbidity (for example SSC in
mg/L equals 1.44 times NTU turbidity using Middle Haddam measurements collected
during Irene flooding, R2= 0.97, n=26). Elevated SSC in the years following Irene
provides a clear example of lasting positive hysteresis in the system and highlights the
need for both i) recalibration of sediment discharge rating curves following extreme
events, as well as ii) prolonged monitoring to assess the time-scale for relaxation back to
pre-event conditions.
Two likely mechanisms may explain why turbidity (and SSC) has remained high
in the Connecticut River in the years following Irene. First, sediment discharge from
larger, low-lying rivers often represent recycled sediments initially exported from
upland/mountainous tributary watersheds by more extreme events, and later remobilized
from ephemeral depocenters downstream (e.g., Meade, 1982; Woodruff et al., 2001).
These temporary traps for sediment in turn provide an important source of sediments
transported by more moderate seasonal floods, with extreme events serving as a key
mechanism for supplying new sediments to the river. Second, enhanced sediment
removal from mountainous catchments likely persists due to lasting landscape
disturbances including now unvegetated hill-slopes, over-steepened channel banks,
continued growth of gullies formed by the event, and amplified channel scour due to flow
confinement by gravel fans and deltas now built out into these tributaries. It is unclear
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how long the impacts of Irene will persist with respect to elevated sediment loads within
the lower Connecticut River. However, elevated turbidity does not appear to decrease
between year 1 and year 2 following the event.

1.5.4 Irene’s Sedimentary Imprint
In the wake of severe flooding, poor correlation has been observed between the
level of flooding and resultant overbank sedimentation along lowland floodplains (Costa,
1974; Gomez et al., 1995; Magilligan et al., 1998; Sambrook Smith et al., 2010), in part
because the magnitude of floodplain deposition often relates less to the overall size of the
flood and more to the rate at which water rises during the event (Aalto et al., 2003).
Although smaller and more frequent flood events are largely considered to carry a
majority of the total sediment through larger low-lying river systems (Wolman and
Miller, 1960), it is shown here that extreme flooding within smaller and steeper reaches
in northeastern North America can contribute a different type of sediment to these rivers
– specifically, previously inaccessible immature glacial fines.
The level of flooding during Irene was relatively moderate within the Lower
Connecticut River, while record breaking discharges in steep tributaries like the Deerfield
mobilized indurated glacial deposits normally inaccessible for transport. Once deposited
downstream along the low-lying floodplain, these glacial fines provide a distinct
geochemical signature that may serve to mark flooding events in the region’s high relief
catchments. The Irene event therefore provides an important modern analogue for
improved interpretations of floodplain sediments for rivers draining post-glacial
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landscapes. The counter-intuitive observed decrease in grain size in Irene’s downstream
depositional event layer is likely explained in part by the extensive fine grained material
entrained from eroded till and glaciolacustrine deposits in the steeper reaches of the
watershed. Therefore, floodplain event deposit characteristics in this case are more
symptomatic of headwater erosion within a post-glacial landscape than of local flooding
conditions. Recent studies of floodplain deposition in low relief landscapes following
flooding have reported a complete lack of discernable sedimentary evidence of the event
(Gomez et al., 1995; Sambrook Smith et al., 2010). This absence may be due to
homogeneity of sediment sources within the watershed, which makes event sediment
difficult to distinguish from more routine sedimentation.

1.5.5 Anthropogenic Impacts
Several questions remain about how to interpret the distinctive sedimentary
signature of this type of flooding event. In addition to removing glacial sediments from
stream banks and hill-slopes, mill pond legacy sediments to which Walter and Merits
(2008) drew considerable attention, also likely comprised some of the sediment
transported during Irene. Their findings indicate that artificially aggraded landscapes
behind now breached 19th century mill dams may provide excess sediment in low relief
areas, providing an additional mechanism to glaciation to cause sediment yield
disequilibrium within a watershed. However, we believe that this effect was likely minor
during Irene given the chemical immaturity of the floodplain event layer. In addition to
anthropogenic changes resulting from mill dams, near complete deforestation of the
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region during the 19th century caused increased rates of downslope sediment transport in
Vermont (Bierman et al., 1997). The current reforested landscape may still be
responding to this century old disturbance. However, given the current predominance of
forest-cover in both the Deerfield River watershed (>90% forested; Yellen, 2011) and the
broader Connecticut River watershed (>85% forested; Marshall and Randhir, 2008), we
conclude that deforestation was not the reason for the remarkably high fine grained
sediment yields during the 2011 Irene event.
Perhaps the largest anthropogenic change to northeastern denudation patterns has
been the widespread construction of large dams, especially those intended for flood
control, which undoubtedly diminish peak flows in the Connecticut River as well as
stream power in mountainous tributaries that no longer reach extreme discharge levels
(Magilligan et al., 2008). How these human-made modifications have influenced the
landscape’s response to periods of extreme precipitation remains unclear. Regardless,
Irene’s impact on the Connecticut River serves to highlight how the legacy of glaciation
remains a dominant driver in governing denudation processes, fine-grained sediment
yields and sedimentological responses of watersheds of the western Atlantic Slope to
periods of extreme precipitation.

1.6 Conclusions
Hurricane Irene’s impacts on the Connecticut River watershed provide new
insights into the effects of extreme precipitation on the erosion, transport, and deposition
of fine grained sediments within post-glacial landscapes of the western North Atlantic
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slope. Upland and mountainous catchments in this region are driven to instability by
intense rainfall. Landslides, gully erosion and channel bank failure all serve to transfer
fine-grained glacial legacy deposits into low-order tributaries during these events. Once
transferred to the open channel, torrential flows quickly winnowed and suspended
chemically immature clays and silts from these glacial legacy sediments. Mobilized fines
were then transferred directly to the river’s mainstem mouth as washload. Resultant
floodplain deposition exhibits a unique sedimentary imprint consistent with the transfer
of glacial fines directly from steeper lower-order reaches to the river’s tidal reach. A
summary of key findings includes:
1. Rainfall from tropical disturbances serves as the primary means of exporting sediment
from steep post-glacial tributaries of the western Atlantic slope. This observation is
consistent with high magnitude, low frequency events playing a leading role in sediment
delivery from lower-order tributaries.
2. Rating curves for post-glacial rivers greatly under-predict sediment loads during
extreme precipitation because they fail to describe the capacity of these events to
mobilize glacial fines still stored in upland catchments. Specific sediment yields during
intense rainfall events increase with decreasing drainage area, a behavior opposite to that
observed for post-glacial landscapes of the Pacific Northwest.
3. During extreme precipitation, winnowed clays and silts from upland sources are
efficiently delivered directly to the lower river. Resultant floodplain deposits are
anomalously fine grained and inorganic when compared to coarser deposits associated
with seasonal spring floods. Elemental abundances within this Irene layer exhibit a
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preserved sedimentary imprint consistent with the enrichment of glacial fines mobilized
from mountainous catchments during the event.

26

Table 1.1: Published sediment yield estimates for small streams and rivers near the
Connecticut River.
Location

Watershed
2
(km )

Period of Record

Mean Annual
Load
(tonnes/yr)

Mean Annual Yield
2
(tonnes/km /yr)

Source

Housatonic River at
Great Barrington, MA

730

1994-1996

5986

8.2

Bent,
(2000)

Coginchaug River near
Middlefield, CT

78

1982-1986

897

11.5

Morrison,
(1998)

Muddy Brook near
Woodstock, CT

47

1981-1983

573

12.2

Kulp,
(1991)

Yantic River at Yantic,
CT

231

1976-1980

3950

17.1

Kulp,
(1983)

Green River near
Great Barrington, MA

256

1994-1996

7834

30.6

Bent,
(2000)
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Figure 1.1 - (A) Major rivers in the glaciated northeast United States, and contoured
rainfall totals for Hurricane/Tropical Storm Irene. Dashed boxes indicate areas shown in
B and C. (B) Satellite image of Connecticut River mouth during flooding from Irene. (C)
Deerfield River watershed and North River tributary (in gold) with discrete rain-gage
totals for Irene in mm. Stars in A-C identify USGS gaging stations referenced in text;
triangles are off-river waterbodies sampled during study. Precipitation data presented in
Fig. 1.1A obtained from the National Weather Service - Hydrologic Rainfall Analysis
Project. Image in Fig. 1.1B acquired using U.S. Geological Survey (USGS) Landsat 5
Thematic Mapper on 09/02/11. Rain gage data shown in Fig. 1.1C obtained from the
Community Collaborative Rain, Hail & Snow Network.
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Figure 1.2 - Discharge for the Deerfield River (blue), the upper Connecticut River at N.
Walpole, NH (orange) and for the Connecticut River directly below the Deerfield
confluence at Montague, MA (red). See Fig. 1.1B for gage locations. The combined
contribution from the Deerfield and upper Connecticut River at N. Walpole to the
hydrograph at Montague MA is shown in black. The 1.4 day separation between
Deerfield and upper Connecticut peaks at Montague is noted. Time lags of 3.2 hrs and
17.6 hrs are applied to the Deerfield and N. Walpole time-series to obtain combined
contributions at Montague. These time lags correspond to similar respective stream
velocities of 4.4 and 4.6 km/hr for flows in the main river during the event, but were
obtained independently based on assumptions that: i) the onset of high discharge at
Montague is initiated by contributions from the Deerfield, and ii) falling discharge from
the upper Connecticut River at N. Walpole marks the tail end of the hydrograph at
Montague.
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Figure 1.3 - (A) Connecticut River discharge during Irene flooding at Montague, MA,
along with combined contributions from the Deerfield River and upper Connecticut River
at N. Walpole, NH (see Fig. 1.2 for individual hydrographs). (B) Surface SSC near the
mouth of the Lower Connecticut River at Middle Haddam over the same time interval as
A. (C) Long-term time-series from Middle Haddam, CT of water-level (gray) and surface
SSC (black) beginning at the onset for the 2011 spring freshet and ending after floods
from Irene and Tropical Storm Lee. Line B in C indicates SSC interval shown in B.
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Figure 1.4 - (A) Mean daily-suspended sediment loads at Thompsonville, CT measured
before the Irene event (circles) compared to the three days of peak Irene flooding
(triangles). The dashed line presents the discharge vs. sediment load rating curve derived
previously by Patton and Horne (1992). (B) Pre-Irene SSC data (circles) corresponding
to sediment load data in (A) with Irene SSC (triangles) measured from three depthintegrated samples at Thompsonville, CT. Dashed line depicts the SSC vs discharge
rating curve for Q > 500 m3/s from Woodruff et al. (2013).
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LOI%), grain size, and the relative abundances of K and Zr. Note the distinct gray layer
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sediments (colored markers in depth profiles) are compared to sediment collected after
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the Irene deposit with the surface of pre-Irene sediments denoted with dashed black line.
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CHAPTER 2

HISTORICALLY UNPRECEDENTED EROSION FROM TROPICAL STORM IRENE
DUE TO HIGH ANTECEDENT PRECIPITATION

2.1 Introduction
In mountainous areas, flood damages arise more from erosion associated with
elevated stream power rather than broad areas of inundation (Krapesch et al., 2011; Gilli
et al., 2013; Buraas et al., 2014). Direct instrumental observations of erosion and
resulting sediment loads are difficult to collect and unavailable for most catchments.
Rating curves provide some correlation between flow and sediment yield, but commonly
fail when predicting sediment loads during extreme events (Gomez et al., 1995; Yellen et
al., 2014). Sediment layer characteristics from in-stream lakes can be directly tied to
causal erosion (e.g. Eden & Page, 1998), and extend back much further in time. These
sedimentary records therefore provide a better gauge of flood hazard history in
mountainous areas than the typically employed instrumental time-series of peak annual
discharge.
In order to identify hydroclimatic controls on the erosion risk of floods, we
evaluate twentieth century sedimentary reconstructions of flood-derived deposition in the
Connecticut River watershed (area = 29,000 km2). We make use of slack water event
deposits collected both in the tidal portion of the Connecticut River and within a
mountainous upland tributary. Together, these sediment archives provide a unique record
of upland erosion, sediment transport, and resultant main-stem deposition from historic
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floods. By combining instrumental records of precipitation and discharge for historic
storms over the last century with observations of resultant flood-derived deposition, we
assess correlations between weather/discharge conditions for individual storms and their
resultant erosivity.

2.2 Regional Setting

Precipitation in New England is distributed evenly throughout the year (Spierre
and Wake, 2010), with average annual accumulations ranging roughly 100-130 cm
depending on elevation and coastal proximity (Magilligan and Graber, 1996). Infrequent
tropical cyclones are the dominant cause of extreme precipitation (Barlow, 2011) and
extreme flood events (Magilligan et al., 2015). Observations over recent decades show
increases in annual precipitation (Groisman et al., 2001) and resultant increases in median
river discharge and flood magnitudes (Collins, 2009). The most severe regional floods in
the historic record include the rain on snow event of March 1936, the 1938 Great New
England Hurricane (Jahns, 1947), and the sequenced hurricanes Connie and Diane in
1955 (Borden, 1957). Vermont experienced a particularly devastating flood in 1927 from
the passage of an early November cyclonic tropical low pressure system (Goldthwait,
1928).
Most recently, in August 2011, intense precipitation from Tropical Storm Irene
caused severe flooding (Olsen and Bent, 2013) and fluvial erosion, especially in the
western half of the Connecticut River watershed (Buraas et al., 2014; Magilligan et al.,
2015). Due to flood control on major tributaries, discharge on the lower Connecticut
River was only equivalent to a 1 in 7 year event. However, resultant sediment discharge
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on the lower river exceeded 15 times that predicted from the pre-existing rating curve;
mostly originating from low order, upland tributaries (Yellen et al., 2014).
Uplands of the Connecticut River watershed (Fig. 2.1a) are largely forested and
underlain by metamorphic bedrock. Granitic rocks and sandy tills are present east of the
river (Koteff and Pessl, 1985). West of the river, where flooding was most severe,
foliated, pelitic formations predominate and give rise to clay-rich glacial tills. A large
fraction of sediment mobilized during Irene was composed of this fine-grained, relic
glacial material (Yellen et al., 2014).

2.3 Field Sites

Sedimentary reconstructions are presented from both lowland (Keeney Cove) and
upland (Amherst Lake) locations. Keeney Cove is an oxbow located within the tidal
section of the Connecticut River whose inputs reflect sediment entrainment integrated
across most of the watershed. Keeney Cove was the active river channel prior to
rerouting during a 1692 flood (Barber 1837). A narrow tie channel at the cove’s
downstream end permits flood-tide dominated sediment fluxes from the river to the cove
(Fig. 2.1b), resulting in rapid deposition rates (Woodruff et al., 2013).
Amherst Lake in Plymouth, Vermont is a 0.33 km2 glacially-scoured basin that
interrupts the Black River, a tributary to the Connecticut River whose watershed
upstream of Amherst Lake totals 49 km2 (Fig. 2.1c). This steep, densely forested
watershed is undammed and readily yields clastic sediment, as evidenced by a prominent
delta where the Black River enters the lake (Fig. 2.1d). Lake sediments there contain a
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continuous record of Holocene storm deposition (Noren et al., 2002; Cook et al., 2015),
and are located in a region that was severely impacted by both Irene flooding (Fig. 2.1)
and the historic 1927 Vermont Flood (Fig. 2.6). We focus on a core collected from the
southern, distal basin of the lake, as this location is unlikely to be affected by delta
dynamics.

2.4 Hydrometeorological Data

Relevant river discharge and precipitation observations are compared with
corresponding event deposits. Peak annual discharge series were taken from gauges
proximal to Keeney Cove (USGS 01190070) and Amherst Lake (USGS 01144000).
At Keeney Cove, we rely on peak annual discharge estimates from Hartford, CT (USGS
gauge 01190070), located 8 km upstream from the cove (Fig. 2.2a). Continuous discharge
measurements at the Hartford gauge extend back to the 1840s, making it one of the
longest duration peak annual flow series in North America.
A large flood control dam between Amherst Lake and the downstream gauge site
for the Black River prevent direct comparison between event deposition and inflow
discharge to the lake. Instead, relative event discharge into the lake is estimated using
instantaneous peak annual discharge values from the White River, normalized for
watershed area. The White River watershed (gauged area = 1808 km2), while
substantially larger, borders that of the Black River to the north and has similar
geomorphology and land use.
At Cavendish, Vermont, 14 km to the southeast and at roughly the same elevation
as Amherst Lake, a 110 year record of daily precipitation observations extends back to
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1903. We used this record to compute storm precipitation totals near to Amherst Lake, as
well as antecedent precipitation for historic storms. Hourly precipitation data from
Randolph and Northfield, Vermont allowed for evaluation of rainfall rates of past storms.
Hourly precipitation records were used to compare rainfall intensity of the 1927
storm with that of Irene. No hourly records from a single station recorded both events.
We therefore compared the only record of 1927 storm hourly precipitation observations
at Northfield, Vermont (N 44.139, W 72.661; elev = 249 mASL) (Goldthwait, 1928) to
Irene hourly data from Randolph, Vermont (N 43.935, W 72.657; elev = 213 mASL) the
closest station to Northfield. Northfield, Randolph, and Amherst Lake all lie in the
portion of Vermont most affected by Irene and the 1927 flood (Fig 2.6).

2.5 Methods

2.5.1 Field Methods and Sediment Processing
Core transects revealed a high degree of spatial coherence at both Keeney Cove
(Fallon et al., 2013) and Amherst Lake (Cook et al., 2015). Here we focus on
reconstructions from the primary core site along respective transects. Core KC1
(41.72609 °N, 72.63232 °W) was collected via overlapping piston push cores at the
deepest location in Keeney Cove (~2 m) in June of 2012. Core AL 13-4 (43.48147 °N,
72.70250 °W; core D1 in Cook et al., 2015) was collected from Amherst Lake’s south
basin (depth = 20 m) using a combination gravity/percussion corer in August 2013.

Split cores were run on an Itrax X-ray fluorescence (XRF) core scanner to obtain downcore profiles of elemental abundance. We used potassium (K) as a proxy for K-bearing
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illite clays and detrital mica that are abundant regionally within cohesive, unweathered
lodgement till (Yellen et al., 2014; Newton, 1978). Because XRF data often show
variability due to changes in sediment density rather than compositional changes
(Croudace et al., 2006), K values were normalized using ratios with zirconium (Zr),
which is generally more abundant in weathered alluvial sediments (Koinig et al., 2003;
Yellen et al., 2014).
Grain size for core KC1 was characterized by sieving at 38 μm to determine
percent coarse by mass. Samples from AL 13-4 were prepared following procedures in
Parris et al. (2009) and analyzed with a Coulter LS200 laser particle size analyzer.
Median (D50) and 90th percentile (D90) grain sizes are presented.
In order to place age constrains on event layers over the last century, we
employed a suite of measurements to detect several anthropogenic pollution horizons that
correspond to global or regional events. The 1954 onset of 137Cs associated with
atmospheric nuclear testing (Pennington et al., 1973) was identified using a Canberra
GL2020R Low Energy Germanium Detector. Heavy metal onset horizons applied at
Keeney Cove correspond to regional observations at ~1920 CE (Woodruff et al, 2013;
Varekamp et al., 2003). This industrial horizon was defined as the point where Pb counts
(Itrax Corescanner) and Hg concentrations (Teledyne Leeman Labs Hydra-C) rose
abruptly above background levels. Peak discharge time series for each coring site river
are plotted next to core data with tie points based on available age constraints. Further
details on the chronology of event deposits recorded in Amherst are provided in Cook et
al. (2015). Ages and depths are summarized in Table 2.1.
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Clay mineralogy of primary event deposits in Amherst Lake and Keeney Cove
was evaluated using x-ray diffraction (XRD) following procedures in Moore & Reynolds
(1997). Till samples from Irene-eroded exposures were also analyzed via XRD to serve
as representative unweathered endmember source material. Ratios of the 14 Å to 10 Å
peaks from air-dried samples are used to evaluate degree of weathering, with lower ratio
values indicating less weathered composition (Carroll, 1970).

2.5.2 Evaluating Precipitation Observations
High precipitation events in the Amherst Lake vicinity were isolated by
identifying events in the Cavendish, VT rain gage time-series that exceeded a 10 year
return period. To account for precipitation spanning more than one day, event
precipitation was calculated as:
𝜸 = 𝜸𝒏 + 𝜸𝒏+𝟏

Eqn. 2.1

where 𝛾 is event precipitation, 𝛾𝑛 is precipitation on a given day, and 𝛾𝑛+1 is
precipitation the following day. For calculated events found to occur on consecutive days,
the larger value and date were retained and the duplicate was removed from the data
subset.
We also examine potential differences in antecedent precipitation as a proxy for
soil moisture conditions for each historic storm. It is well known that soil moisture can
play a large role in runoff generation (Dunne and Black, 1970; Dunne et al., 1975), bank
failure susceptibility (Casagli et al., 1999; Rinaldi et al., 2004), and sediment yields for
large precipitation events (Favaro & Lamoureux, 2014). Because soil moisture
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measurements only extend back one or two decades and are not available near our study
site, we used the sum of precipitation during the preceding 30 days to serve as a surrogate
for soil moisture:
𝛾30 = 𝛾𝑛−30 + 𝛾𝑛−29 +. . . +𝛾𝑛−1

Eqn. 2.2

where 𝛾30 is the sum of daily precipitation for 30 days ending one day prior to 𝛾𝑛 . While
seasonality and interannual temperature variability also play major roles in driving soil
moisture, precipitation variability is the greatest driver of hydrologic response in this
region (Weider and Boutt, 2010).

To establish Irene’s event precipitation daily probability, we used DeGaetano and
Zarrow's (2008) data set of regional extreme precipitation made up of daily observations
at 1320 stations. Event and antecedent precipitation at Cavendish showed no obvious
correlation and were therefore considered independent events. Daily probability of
coincident Irene-equivalent 𝛾 and 𝛾30was calculated as:
𝑃𝑑 = 𝑃(𝛾30 > 𝛾30 𝑖𝑟𝑒𝑛𝑒 ) × 𝑃(𝛾 > 𝛾𝑖𝑟𝑒𝑛𝑒 )

Eqn. 2.3

Last, we evaluated how temporal trends in routine precipitation might increase or
decrease the likelihood of an Irene-like sedimentary response via changes in 𝛾30. We
considered a sliding 20-year time window and created a histogram of 𝛾30 values for each
day in the Cavendish data set from 1923 to 2013 using data from the preceding 20 years.
This enabled us to look at how the likelihood of having a high 𝛾30 has changed over the
course of the instrumented record.
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2.6 Results and Core Interpretations
2.6.1 Keeney Cove
Stratigraphy in KC1 consisted of four primary stratigraphic units (Fig. 2). The
contact between glaciolacustrine deposits from Glacial Lake Hitchcock (Ridge et al.,
2012) and river gravels at 580 cm sediment depth indicates an unconformity where the
modern river cut into Pleistocene varves. A sudden transition from fluvial sands to sandy
organic mud observed at 460 cm marked the 1692 formation of the oxbow. Overlying
this transition, coarser units of sand above sediment depths of 370 cm and 392 cm likely
indicate high river discharge events that breached the upstream end of the cove.
Interbedded sands and muds transition to mostly mud just above 300 cm. The ~1920
onset of industrial heavy metals at a sediment depth of 260 cm in Keeney Cove (Fig. 2.7)
indicates a nearly fourfold increase in deposition rates to ~3 cm/yr. Similar increases
were observed at nearby sites as described in Woodruff et al. (2013), corresponding to
enhanced sediment trapping following the routine clearance of tie channels for
navigation. Slightly coarser-grained and denser strata interrupt the mud at sediment
depths of 158 cm, 202 cm, 211 cm, and 236 cm, correlating to the timing of major
historical floods in 1955, 1938, 1936, and 1927 (shaded red in Fig. 2f).
A visually distinct event deposit at the top of the core (1.5 – 3 cm depth) is
associated with Irene deposition (Kratz, 2013). Deposit characteristics are consistent with
those at nearby downstream oxbow lakes (Yellen et al., 2014): anomalously fine grained;
enriched in glacial clays; elevated K/Zr values. XRD measurements of low ratios of 14
Å/10 Å peak intensities in the Irene layer (0.52) relative to underlying background
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sedimentation (1.14) provide further confirmation for enrichment in unweathered clays.
For reference, 14 Å/10 Å ratios averaged 0.23 for regional till samples.

2.6.2 Amherst Lake
The 137Cs onset at 26 cm (Fig. 3) in AL 13-4 indicates a post-1954 sedimentation
rate of 0.36 cm/yr, excluding 5 cm of clastic deposition comprising three short-lived
event deposits. Applying this deposition rate to pre-1954 background sediments, with the
implicit assumption of similar deposition rates prior to 1954, the bottom of the 50 cm
core corresponds to roughly the beginning of the 20th century, consistent with timing of
results in Cook et. al (2015). As observed in Keeney Cove, the Irene event deposit in
Amherst Lake stands out as anomalous from all other 20th century sediments. Of the four
prominent 20th century event layers identified (Fig. 3), the Irene deposit was the densest
(Fig. 3b), thickest, and least weathered based on its prominent K/Zr peak (Fig. 3c).
Aside from Irene, the most prominent deposit in the record regarding departure
from surrounding sediments was found at 36 cm core depth, consistent with the timing of
the 1927 flood of record. This layer had the highest D90 grain size found in the core.
However, the layer was much thinner than Irene’s and exhibited a substantially smaller
K/Zr peak, consistent with less severe erosion of cohesive tills during the 1927 flood
event relative to Irene.
The Irene layer also displayed a relatively low XRD 14 Å/10 Å peak ratio of 0.62,
compared to 0.74 in the 1927 deposit, and 0.85 in background sediment. Lower values
reflect sourcing of unweathered end-member till (14 Å/10 Å=0.23). Therefore, similar to
results at Keeney Cove, XRD measurements of the Irene deposit in Amherst Lake
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confirmed the relatively uniquely unweathered composition of entrained sediments
during the event.

2.6.3 Precipitation Records
Total precipitation (γ) for the Irene event near Amherst Lake at the Cavendish,
Vermont station was 18.5 cm, equivalent to a 200-year storm at this location (DeGaetano
& Zarrow, 2008), and second only to that of the 1927 flood when 20.2 cm fell (Fig. 4a).
Isohyetal maps comparing precipitation from the two storms are consistent with regional
precipitation totals for the 1927 storm exceeding that of Irene, especially to the north of
Amherst Lake (Fig. 2.6). The maximum precipitation rate during Irene of 18.6 mm/h
exceeded that of 1927 by 17% (Fig. 4b). However, the duration of sustained intense
precipitation in excess of 10 mm/h during the 1927 storm was double that of Irene. Thus,
from the limited hourly data available for the 1927 event there does not appear to be any
meaningful contrast in precipitation rates between Irene and the 1927 event.
Cumulative precipitation in the 30 days prior to Irene (𝛾30) of 17.5 cm falls in the
95th percentile of all days between 1903 and 2013 at Cavendish, placing the daily
probability of concurrence with a 200 yr storm at 2.5x10-4, equivalent to a 1 in ~4000
year event. However, 𝛾30distributions have not been stationary during the instrumental
record. 95th percentile 𝛾30 has increased from ~15 cm in 1923 to over 20 cm by 2013
causing daily probability of 𝛾30 > 𝛾30 𝐼𝑟𝑒𝑛𝑒 to quadruple (Fig. 5a, b).
Quantitative differences between Irene and the 1927 storm as observed at Keeney
Cove and Amherst Lake are summarized in Table 2.2.
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2.7 Discussion
At Amherst Lake and Keeney Cove, Irene’s deposit is the densest, finest-grained,
and most K/Zr-enriched deposit of the 20th century. XRF and XRD results all indicate
that unique Irene deposit characteristics are primarily due to anomalous enrichment in
unweathered, clay-sized particles sourced from mass wasting of glacial legacy sediments
stored in upland catchments. These observations both downstream at Keeney Cove, and
in Amherst Lake’s densely-forested and undammed watershed, imply a geographically
broad signal of extreme erosion from Irene. Extensive documented cutbank-initiated
landslides into these sediments during Irene corroborate this interpretation (Buraas et al.,
2014; Magilligan et al., 2015; Dethier et al., in review). At Amherst Lake, similarity in
peak runoff during Irene and the 1927 storm (Fig. 3e) contrasts with stark differences in
resultant sedimentation.
Numerous studies have documented increases in sediment yield as a result of
deforestation (Walling, 1999 and sources therein). Regionally, deforestation peaked in
the 1850s followed by continual reforestation, reaching roughly 60% by 1927 (Foster and
Aber, 2006) and, according to a 2012 survey, 96 % forested in the Amherst Lake
catchment at present. Population in the town of Plymouth, VT, where Amherst Lake is
located, peaked in the 1840s (Plymouth Historical Society, 2015). Historical photography
from the early 20th century shows a predominantly reforested landscape in the immediate
vicinity of the lake (Cook et al, 2015).Thus, Irene flooding and anomalous erosion on
low-order streams occurred during a period of maximum historical upland forest cover.
In contrast, the thinner, more alluvial sediment-sourced (lower K/Zr values) 1927 deposit
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occurred when the landscape was similar or slightly less forested. Differences between
event layers can therefore not be readily attributed to land clearance.
Among all variables that affect runoff and erosion, the most striking difference
between the 1927 and Irene events was their respective antecedent precipitation, with an
Irene 𝛾30 value nearly double that of the 1927 flood. In addition to stark contrast in 𝛾30
values, Irene occurred during a prolonged period of elevated precipitation. At the
Cavendish station, cumulative precipitation during the six months and twelve months
prior to Irene ranked in the 95th percentile, versus median to low values prior to the 1927
flood. River bank failure is well known to increase dramatically with soil moisture due to
elevated pore water pressure (Casagli et al., 1999; Rinaldi et al., 2004). Bierman et al.
(1999) observed that even moderate river discharge could initiate mass wasting of clayrich glacial legacy sediments when conditions had been wet six months prior to slope
failure. Irene’s wet antecedent conditions therefore provide the best mechanism to
explain elevated runoff ratios and high sediment yields due to slope toe failures of
destabilized till soils adjacent to swollen low order streams.
Pall et al. (2011) highlight the need to consider antecedent conditions when
evaluating changes in flood risk as a result of climate change. Past studies have
thoroughly documented increasing annual precipitation in the northeastern U.S.
(Groisman et al., 2001; Hayhoe et al., 2007), consistent with 𝛾30 increases observed at
Cavendish. Although factors such as seasonality of a particular event and radiative
forcing can also affect soil moisture and in turn runoff response, precipitation is a first
order control (Nearing et al., 2005). Considering a non-stationary 𝛾30 probability with
Eqn. 3, we find a decrease in the return period of Irene-like conditions from roughly 10
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ky to 2.5 ky (Fig. 5c). Thus, upland watersheds of the northeastern US are today four
times more likely annually to experience highly erosive flooding relative to the early
1900’s. This increase in probability due only to changes in background precipitation is
conservative in that it does not incorporate projections for increases in extreme
precipitation intensity or frequency (Knutson et al., 2010; Tebaldi et al., 2006).
Discussions of climate change and flooding often center on potential changes in
magnitude and frequency of extreme precipitation events. However, future changes in
hurricane frequency and strength are still subjects of debate (Landsea, 2005; Peilke et al.,
2005; IPCC 2012). Conversely, several studies have presented well-constrained
projections for increasing 21st century annual precipitation in the northeastern US (Fan et
al., 2014; Mellilo et al., 2014; Hayhoe et al., 2007). Regionally, multiple aspects of the
hydrologic cycle show increases, including precipitation (Karl and Knight, 1998; Douglas
and Fairbank, 2010), annual peak discharge (Armstrong et al., 2014), and groundwater
levels (Weider and Boutt, 2010). Thus, while there is some consensus on the tendency for
extreme precipitation to become more frequent, one need not invoke that hypothesis to
project an increase in extreme flooding and erosion. Rather, our results indicate that in
regions where annual precipitation is projected to continue trending upwards, a large
precipitation event of a given magnitude will be progressively more likely to cause
significant flooding, erosion, and damage to infrastructure.
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2.8 Conclusions
Relative to historic floods, resultant deposition from Tropical Storm Irene was
anomalously high throughout the Connecticut River watershed. Deposit characteristics
suggest that Irene was the event of record in terms of erosivity and resultant sediment
load. The Irene event was not unique in terms of rainfall rates or totals, but rather its
occurrence during a period of anomalously wet background conditions. Wet antecedent
conditions echo a regional trend towards increased annual precipitation over the
instrumental record. Results suggest a fourfold increase during the last century in the
expected frequency of severe erosion events due to moistening background conditions.
Even in the absence of more intense or more frequent extreme precipitation, tendency
towards wetter antecedent conditions will make Irene-like events more likely in the 21st
century.
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Table 2.1 – Age constraints for cores KC1 and AL 13-4.

Core

Depth (cm)

Date

Proxy

KC1

0

2013

Core top

KC1

70

1973

Bulk lead peak

KC1

166

1954

KC1

260

1920

Heavy metal onset

AL 13-4

0

2013

Core top

AL 13-4

26

1954

52

137Cs

137Cs

onset

onset

Table 2.2: Contrasting 1927 and Irene precipitation, discharge, and depositiona.
Table 1: Contrasting 1927 and Irene Depositiona
Keeney
1927
Irene
Grain size (% coarse)
K/Zr
Density (g cm-3)
Peak Q (m3 s1 km2)
14Å/10Å

1
6
2.15
0.14
0.52

46
3.2
2.04
0.19
N/A

Amherst Lake
1927
Irene
D90 (μm)
K/Zr
Density (g cm -3)
Peak Q (m3 s1 km2)
14Å/10Å

47
6.5
1.37
3.24
0.62

65
1.9
1.13
3.45
0.74

Precipitationb
20.2
18.5
17.5 (95%) 9.2 (58%)
79 (95%) 55 (51%)
150 (98%) 95 (21%)

Event P (cm)
30 (cm)
6 month P (cm)
12 month P (cm)
aEvent

deposit values for each variable are
computed as a mean across the event layer.
bPrecipitation at Cavendish, Vermont, with event
total, prior 30 days, 6 months, and 12 month
precipitation with percentile ranking indicated in
parentheses.

53

0
3
6
9
12
15+
250 m

mASL

b

a

KC1

N

2
VT
NH

3

tie channel
mainstem
Connecticut River

1

Depth (m)

Amherst
Lake

c

MACoring sites

5
10
15
20
12
25+

d

Q > 500 yr
hourly P

Keeney
Cove

N

mASL

CT
1500

0

mASL
1000

300

50 km

2 km

N
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Figure 2.1 - (a) Connecticut River watershed with coring sites denoted by yellow
triangles. Red squares show USGS gauges where Irene peak discharge exceeded the 500
yr return flow (from Olson and Bent, 2013). Orange circles show locations of referenced
weather stations: (1) Cavendish; (2) Northfield; (3) Randolph. Black River watershed
outlined in red. (b) Keeney Cove geomorphic context with 1 m bathymetric contours. (c)
Amherst Lake catchment with 30 m contourts. (d) Amherst Lake bathymetry with inlet
delta stippled at north end. Lake is approximately 1.3 km long. Yellow circles in b and c
indicate primary core locations.
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Figure 2.2 - Data from KC1: (a) x-radiograph of the core with greyscale intensity
(density proxy) overlaid in red; (b) core stratigraphy; (c) down-core K/Zr profile; (d)
percent coarse with Irene deposit shown in detail (e); (f) peak annual discharge (Q) from
the Connecticut River at Hartford, CT. Major flood events are highlighted in red.
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Figure 2.3 - Data from core AL 13-4. Horizontal grey bars denote flood deposits. (a)
Photograph of core 13-4. (b) X-radiograph of core with greyscale intensity (density
proxy) overlain in red. (c) K/Zr counts. (d) D50 and D90 grain size. (e) Annual peak water
yield from the White River.
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Figure 2.4 - (a) Event precipitation (P) versus previous 30 day cumulative precipitation
(𝛾30) at Cavendish, Vermont for all precipitation events in excess of the 10 year return
period. (b) Available hourly precipitation rates for the 1927 storm from Northfield,
Vermont and for Irene (2011) at Randolph, Vermont.
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Figure 2.5 - Precipitation statistics for Cavendish, VT. (a) Change in median and 95th
percentile 30-day antecedent precipitation total for a 20-year prior window of
observations centered on each date in the series. (b) Daily exceedance probability for
Irene’s antecedent conditions (i.e. 𝛾30 > 17.5 𝑐𝑚). (c) Change in return period for an
Irene-like event (200-year, 48-hr precipitation event) following 17.5 cm of rain in the
prior 30 days.
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Figure 2.6 – Isohyetal precipitation maps for (a) the 1927 Flood, and (b) Tropical Storm
Irene. The location of Amherst Lake is indicated by the black triangle. Map A was
modified from the National Weather Service, (http://www.erh.noaa.gov/nerfc/historical/).
Map B shows contoured data from PRISM, Oregon State University.
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Figure 2.7 – Age constraints from cores KC1 (a-c) and AL 13-4 (d). Heavy metal
increases above background levels indicate approximately 1920. 137Cs onset corresponds
to 1954. See supplementary text (S. 3) for detailed methods.
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CHAPTER 3
SEDIMENT TRAPPING MECHANISMS WITHIN SIDE-EMBAYMENTS IN HIGHENERGY ESTUARIES.

3.1 Introduction
Understanding how and where sediment is stored within river systems presents
one of the most crucial challenges to characterizing long-term sediment inputs to the
global ocean (Milliman and Meade, 1983; Milliman and Farnsworth, 2011). Among
coastal researchers, it is widely recognized that sediment storage is one of the defining
characteristics of estuarine functions and morphology (e.g. Meade, 1969; Geyer et al.
2001). In energetic sand-bed estuaries, high flow velocities in the main channel often
exceed thresholds for fine grain sedimentation. Ephemeral sediment trapping often occurs
at salt wedge fronts, where bottom convergence causes elevated turbidity (Grabemann
and Krause 1989; Geyer and Kineke 1995; Ralston and Stacey 2007; Galler and Allison
2008). However, this material can be scoured and redistributed by estuarine dynamics
(Woodruff et al., 2001) or exported to the ocean by subsequent high discharge (Galler
and Allison, 2008). In high-energy estuaries, off-river coves can provide the necessary
low-energy environments and vertical accommodation space to store sediments long
term. However, the mechanisms for transport into side embayments and relationship to
salt wedge dynamics remains unstudied.
Woodruff et al. (2013) showed that off-river freshwater tidal coves play an
outsize role in trapping sediment. These coves form by channel meander and braid
cutoffs and by drowning of fluvial or glacial valleys during sea level rise. They are
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especially common along the coastlines of passive margins, where low gradient rivers
can have tidal reaches of 50 to 1000 km including: Amazon River (Brazil), Zambezi
(Mozambique), Niger River (Nigeria), Fitzroy River (Australia). Tie channels connect
coves to the river channel and are maintained by daily tidal flushing, often furthered by
humans clearing woody debris to facilitate navigation. These coves rapidly accumulate
sediments from the river in proportion to the size of the tidal prism and the suspended
sediment concentration (SSC) in the river (Woodruff et al. 2013).
Woodruff et al. (2013) proposed that floodtide-dominated pumping of sediments
into these systems presents the primary explanation for enhanced trapping relative to
river coves located above the head of tides. For strictly freshwater tidal coves, where SSC
tends to positively correlate with discharge, sediment is introduced during periods of
moderate to high discharge. However, it remains unclear how off-river coves behave
when located within the salinity reach of the estuary, where salt-wedge dynamics can
lead to greater SSC values than observed upstream of salt. For example, landward limits
of the estuary often contain the highest sediment concentrations during low discharge
when sediment is transported and trapped up estuary by a number of different processes
including residual circulation (Woodruff et al., 2001), flood-dominated tidal pumping
(Geyer et al., 2001), and salinity-induced floculation (Postma, 1967; Gibbs et al., 1989;
Lick & Huang, 1993). However, the importance and relative role of these estuarine
processes in trapping sediments at longer timescales remains unclear.
Here we present a detailed assessment for monthly deposition rates and characteristics of
accumulated sediment in Hamburg Cove over a suite of discharge conditions. We couple
these observations with hydrographic observations and numerical simulations of
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sediment and salt transport in order to assess the importance of estuarine processes in
trapping sediments in Hamburg Cove. Distinct geochemical signatures of more
freshwater versus more marine-influenced sediment support a mechanistic explanation of
seasonal sediment trapping.

3.2 Site Description
Hamburg Cove (41.375, -72.363) is a drowned, glacially-scoured bedrock basin
located approximately 12 km from the mouth of the Connecticut River (Fig. 1). A 30 m
wide, ~3.5 m deep navigation channel cuts through a broad, shallow (<1 m) sill that
separates the deep part of the cove (>5 m) from the Connecticut River. The site is located
in the oligohaline portion of the estuary (Odum 1988) just downstream of the landward
extent of low discharge salt intrusion (Patton and Horne, 1992). Modern sedimentation
rates within the deepest sections of Hamburg Cove of 4.2 cm/yr are some of the highest
for the entire Connecticut River and estuarine system (Woodruff et al., 2013). Flooddominated tidal flow into the cove is partly responsible for these high annual rates of
sedimentation. However, it is unclear whether this sediment is introduced primarily
during high river discharge events, when the cove is fresh, or low river discharge when
the salinity reach extends upstream of the cove.
The Connecticut River watershed spans roughly 29,000 km2 and is the longest
river in the northeastern United States. Precipitation is distributed evenly throughout the
year (Magilligan and Graber, 1996). Vegetation-driven changes in soil moisture and
runoff dictate seasonal discharge patterns. Low discharge of 140 m3/s or less occurs 10%
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of the time, generally in the late summer (lowest median daily Q = Sept 10). High
discharge occurs during spring snow melt, with median daily discharge exceeding 1000
m3/s throughout April, resulting in a median center of mass date of May 6. Above the
river’s tidal range, suspended sediment concentration scales with discharge according to a
power law relationship (Patton and Horne, 1992; Woodruf et al., 2013), resulting in the
majority of sediment delivery to the estuary occurring during March-May. However,
sediment export during rare late-season hurricane-induced floods can exceed annual
sediment loads in just a few days (Yellen et al., 2014).
Ebb-dominated sandy bedforms and a long-wavelength meandering thalweg
(Patton and Horne, 1992) illustrate the high-energy nature of the Connecticut River
estuary. Although the estuary is microtidal, with a mean tidal range of 1.1 m, tidal stage
changes can propagate roughly 100 km inland. Under low discharge conditions, the
estuary tends to be partially mixed with isohalines dipping 2-6 m/km and dilute salt
intrusion up to 15 km from the river mouth (Horne and Patton, 1989). During high
discharge, a steep salt wedge develops, generally less than 3 km from the mouth.

3.3 Data Collection
Field observations for this study spanned high and low discharge conditions
during spring through fall of 2014, as well as one month during late summer 2013. At
HMB1, sediment traps from the deepest section of the cove were recovered and
redeployed roughly monthly over this interval. Two additional sediment traps were
deployed in July of 2015 to gather representative marine and freshwater endmember
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samples. Keeney Cove, located 30 km downstream of the Thompsonville, CT gauge and
69 km from the mouth, is entirely fresh, but tides there advect river water into the cove
via a tie channel resulting in rapid accumulation rates (Yellen et al. in press). The marine
site, North Cove is an actively dredged federal harbor 2.5 km from the river mouth that
contains salt at all but flood discharge levels. A sediment trap was deployed there during
July 2015. A sediment core was collected in October 2015 and sampled in the field at 0.5
cm intervals to evaluate late season changes in geochemistry.
Sediment traps consisted of three cylindrical funnels 11 cm in diameter and 25 cm
from rim to spout with a collection tube attached to each spout. A compromise was
sought between a longer cylinder, which minimizes biasing (Butman, 1986; Barker et al.,
1988) and proximity to the cove bottom in order to sample the entire overlying water
column. Each funnel was mounted spout-down onto a rigid 0.5 m long polyvinyl chloride
pipe, which was threaded onto a line and moored with the funnel openings roughly 0.7 m
above the cove bottom. During each sediment trap recovery a sediment core
approximately 30 cm in length was collected at HMB1 with a Uwitek gravity corer. The
top 5 cm was subsampled in the lab at 0.5 cm resolution.
Of each of the three sediment traps during each monthly deployment, that with
intermediate accumulation was dried and weighed to assess accumulation in g cm-2.
Following measurement of beryllium-7 activity (described below), samples were
prepared following procedures in Parris et al. (2009) and analyzed with a Coulter LS200
laser particle size analyzer.
Beryllium-7 (7Be) is a cosmogenic isotope that has been used to identify recent
deposition in estuarine and shelf environments (Olsen et al., 1986; Sommerfield et al.,
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1999; Palinkas et al., 2005). Its prevalence in meteoric water, strong tendency to sorb to
suspended sediment, and its short half-life of only 53.3 days make it a useful proxy for
recent deposition. 7Be activity in sediment samples was measured with a Canberra
GL2020R low energy germanium detector. Monthly sediment trap samples were used to
assess variability in 7Be delivery to the estuary. Depth of detectable 7Be in sediment cores
was measured to evaluate monthly deposition independently from sediment trap
accumulation observations (Palinkas et al., 2005).
Stable carbon isotope ratios and total organic carbon content within sediment trap
samples were measured using a Picarro G2201-I cavity ring-down spectrometer
following combustion in a Costech ECS 4010 Elemental Analyzer. Degree of
fractionation of 13C (δ13C) in organic material has been applied widely to tag sediment
source in various coastal environments (Lamb et al., 2006), with less negative δ13C
values corresponding to marine organics. Representative marine and freshwater
endmember sediment samples were collected to evaluate this assumption.
A US Geological Survey (USGS) gauge at Thompsonville, CT (gauge 01184000,
Fig. 1), 93 km upstream of Hamburg Cove provides measurements of freshwater
discharge upstream of tides, capturing inputs from 86% of the watershed. Discrete, depthaveraged SSC measurements for various discharges at Thompsonville provide a rating
curve between discharge and sediment load (Woodruff et al., 2013). An additional USGS
gauge 26 km upstream from Hamburg Cove at Middle Haddam, CT (gauge 01193050,
Fig. 1A), provides continuous measurements of surficial turbidity correlated to fluvial
SSC. A multi-sensor gauge in the upper estuary at Essex, CT (USGS gauge 01194750,
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Fig. 1B), 4 km downstream of the Hamburg site, provides observations of stage,
turbidity, salinity, and temperature.
Ruskin RBR data loggers installed at HMB1 and HMBch (see Fig. 1C for
locations) recorded bottom water conductivity, temperature, and stage at 1 or 5 minute
intervals throughout most of the sediment trap deployments. A Nortek Aquadopp
acoustic doppler current profiler (ADCP) at HMB1 recorded water column velocities
averaged over 5 minute intervals.

3.4 Results
3.4.1 Water Column Observations
Hydrologic conditions during 2014 were typical, though slightly wetter than long
term averages. Cumulative annual discharge fell in the 69th percentile of years since
1970. Discharge exceeded long term median daily discharge throughout much of AprilAugust (Fig. 2B). Discharge during the 2014 spring freshet was typical, peaking at 2600
m3s-1, 5% above the long-term median. Rating curve-estimated sediment discharge was
550 Gt, roughly equivalent to the long term average (mean = 560 Gt, median = 530 Gt),
with 56% of that total load occurring between April 15 and May 15. Average annual
Holocene sediment contributions from the Connecticut River to Long Island Sound total
400,000 T (Gordon, 1979). Therefore, we estimate that roughly 150,000 T of the annual
sediment load is stored within the tidal freshwater river and estuary, in agreement with a
previous estimate of 130,000 T/yr (Patton and Horne, 1992).
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Discharge generally decreased throughout the growing season of 2013 and 2014 with
characteristically low values during September of both years. At Essex, 4km downstream
of HMB1 (see Fig. 1 for location), salinity was mostly pushed out of the upper estuary
from March through July, but persisted from July onward as freshwater discharge
decreased (Fig. 2).
At Hamburg Cove, water column data reveal similar seasonal salinity patterns to
those observed just downstream at Essex (Fig. 3). During 2014, saline estuarine water
arrived at the entrance to Hamburg Cove (HMBch) by mid-June and intensified during
August-October. Persistent salt intrusion into the cove at HMB1 lagged several weeks
behind the arrival of salinity in the channel (Fig. 3). By September, average salinity
within the cove of 9.0 psu exceeded surface salinity at the channel entrance, which
measured only 5.7 psu. Instantaneous salinity observations from HMBch contrast with
those from HMB1. Whereas channel salinity is closely tied to tidal cycles, that within the
bottom water of Hamburg Cove rises abruptly and then persists for several days, despite
continual tidal flushing of the cove (Fig. 4A). Sporadic increases in bottom water velocity
within the quiescent cove correspond to flood tide salinity increases and an increase in
backscatter of bottom water a HMB1 (Fig. 4B,C).
Continuous turbidity measurements at the Essex, CT USGS gauge elucidate
controls on sediment availability in the upper estuary. During Nov-Jul, when freshwater
discharge tends to be close to or above median annual flow, maximum daily turbidity
roughly displayed a positive power law relationship with discharge (Fig. 5A), as has been
noted above the tidal range at Thompsonville, CT (Patton and Horne, 1992; Woodruff et
al., 2013). However, during the late growing season (Aug-Oct), turbidity in the upper
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estuary increases despite predominance of low discharge and corresponding minimal
sediment inputs to the estuary from the watershed during this time. Separating these data
into times when salinity was present or absent at the gauge shows that the highest
turbidity readings occur during times when the salinity wedge intrudes far enough
upstream to be observed at that location (Fig. 5B). To evaluate the timing of SSC
availability with respect to tidal cycles, maximum daily turbidity was plotted against tidal
hour for each day during the September, 2014 deployment, where hour zero corresponds
to the beginning of flood tide (Fig. 5C). Nearly all daily turbidity peaks occurred during
the flood tide, with an average tidal hour of 3.9 for turbidity observations that exceeded
50 NTU. In addition to tidal cycle controls on turbidity, 75% of turbidity observations
greater than 50 NTU occurred when bottom salinity at HMBch exceeded 8 PSU.

3.4.2 Sediment Trap Accumulation
Sediment accumulation in sediment traps at Hamburg Cove during the 2014 field
season totaled 0.92 g cm-2. Applying this deposition rate to the deep section of the cove
(> 4 m), which comprises only 2% of the area of the tidal river and estuary, yields a total
of 20-26 Gt/yr, or ~15% of the tidal river’s annual sediment storage. Using a porosity of
0.85 for surficial sediments at HMB1 (Kratz, 2013), observed mass accumulation equated
to a linear deposition rate of 4.8 cm yr-1, which is consistent with a 20th century rate of
4.2 cm yr-1 (Woodruff et al., 2013) after considering compaction and year to year
variation. Sediment accumulation rates varied considerably from a minimum of 0.11 g
cm-2mo-1 to a maximum of 0.23, with generally higher rates later in the growing season
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(Table 1). Considering the only sediment trap deployment in 2013, when sediment
accumulation was more than triple the 2014 minimum, it becomes clear that sediment
storage during September is consistently high at Hamburg Cove, when discharge is at its
minimum.
River water column variables such as discharge and turbidity were averaged
across individual trap deployment durations to evaluate possible correlations with
sediment accumulation. Although the sample size (n=6) is too small for robust statistical
analysis, Pearson’s r-values and corresponding p-values were calculated for comparison
between independent variables. Sediment accumulation displayed moderate negative
correlation with discharge (r = -0.50, p = 0.32) and weak correlation with sediment
supply from the watershed as gauged by average turbidity 26 km upstream of Hamburg
Cove at Middle Haddam (r=0.34, p=0.51) (Fig. 6 A, B). A similar weak correlation was
observed with turbidity observations from the upper estuary at Essex (r= -0.23, p=0.66),
where we have shown that high turbidity can be decoupled from discharge during salt
intrusion. Therefore, neither sediment supply from the upper watershed nor average
availability in the estuarine water column is a controlling factor for sediment storage in
Hamburg Cove.

3.4.3 Sediment Trap Geochemistry
Sediment samples collected from Keeney Cove and North Cove reveal clear
geochemical differences between fluvial and marine sediments in the tidal river and
estuary. δ13C was -29.1 ‰ for the freshwater cove, compared to -24.5 ‰ for the marine
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cove at the mouth of the estuary. Observations are consistent with consensus δ13C values
for marine organic content ranging from -16 ‰ to -24 ‰ versus -25 ‰ to -33 ‰ for
freshwater particulate organics (Lamb et al., 2006). Within monthly sediment traps at
HMB1, the highest δ13C values (average = -26.75) were observed during two September
deployments, which corresponded to the lowest monthly discharge values (Table 1).
Conversely, the lowest δ13C value of -28.7 ‰ occurred during the deployment of second
highest average discharge and closely following the spring freshet. Thus, late season, low
discharge periods coincided with the most marine δ13C values and highest salinity.
Furthermore, the presence of marine sourced material corresponded to the highest
accumulation rates and low organic content in HMB1 sediment traps (Fig. 6 C, D).
Using δ13C values from North Cove and Keeney Cove sediment traps as estuarine
and freshwater endmembers respectively, we apply a linear endmember mixing model to
approximate the percentage of material from the estuary that was trapped at HMB1in
monthly sediment traps (Hedges and Parker, 1976).

𝑂𝐶𝑡𝑒𝑟𝑟 (𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛) =

𝛿 13 𝐶𝑠𝑎𝑚𝑝𝑙𝑒 − 𝛿 13 𝐶𝑚𝑎𝑟𝑖𝑛𝑒
𝛿 13 𝐶𝑡𝑒𝑟𝑟 − 𝛿 13 𝐶𝑚𝑎𝑟𝑖𝑛𝑒

Eqn 3.1

September sediment traps, which indicated 2-3 times higher accumulation rates than
May-August deployments, contained an average of 45% marine-sourced organic matter,
versus only 26% for other traps (Table 1).
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3.4.4 7Be Variability and Down-Core Profiles
As observed with δ13C values, 7Be activities indicated distinct source material for
freshwater and marine end-member sites, with nearly three times higher 7Be
concentrations upstream at Keeney Cove versus at North Cove (Fig. 7A). Furthermore,
7

Be was undetectable in the top 0.5 cm of a sediment core collected on Oct 7, 2015 when

the cove had been continuously brackish for the previous 6 months. Monthly sediment
trap samples at HMB1 revealed relatively constant 7Be sourcing, with the exception of
the September 2014 sample, which displayed roughly the same activity as that measured
in North Cove. Thus, it appears that 7Be in the estuary is diluted by older marine water, a
process that becomes more prominent as discharge declines and the upper estuary
contains more marine water.
The activity of 7Be in surface sediments from recovered cores provided a useful
measure of monthly sediment deposition independent of sediment trap estimates. 7Be
values in the top half centimeter of sediment cores increased throughout 2014
observations, echoing sediment trap observations of higher accumulation during late
summer (Fig. 7A). Furthermore, low total 7Be inventories in the April core suggest
minimal deposition during winter months when we did not directly monitor deposition
with sediment traps. Relatively constant 7Be activity in sediment trap samples at
HMB1indicates that increases in core top 7Be activity can largely be attributed to faster
deposition and younger sediments in the 0-0.5 cm core subsample. As sediment
accumulation rate increased during the observation period, maximum detectable depth of
7

Be increased as well, adding support to sediment trap accumulation rate observations

(Fig. 7B).
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3.5 Discussion
3.5.1 Seasonal Geochemical Signatures
As river discharge decreased throughout the monitoring period, accumulated
sediment at HMB1 displayed marked changes that reflect a shift towards a more marine
influenced sediment source. Decreases in terrigenous fraction in September sediment trap
material, as indicated by δ13C, are supported by a similar decrease in 7Be. This decrease
in 7Be activity is due to reservoir effects of marine water. Because 7Be is sourced from
the atmosphere and decays quickly, it is undetectable in long residence ocean water. This
marine water residence effect is reflected in North Cove sediments, where 7Be activity in
surface sediments (0-0.5 cm) was undetectable despite sedimentation rates > 1 cm mo-1 as
indicated by harbor dredge records. Conversely, surface sediments from sediment cores
at Hamburg Cove displayed increases in 7Be activities during low discharge conditions
(Fig. 7A). Higher 7Be activities in surface sediments relative to those from concurrent
sediment traps (e.g. Sept 2014) indicate deposition in excess of 0.5 cm during the
sediment trap deployment.
Initial 7Be concentrations in deposited sediment at Hamburg Cove are a function
of source material, with marine sediments containing minimal 7Be activity. Therefore, in
estuarine settings with rapid deposition rates, 7Be concentration of sediments deposited
during a known time span (such as a sediment trap deployment) can be used to determine
relative contributions of terrigenous versus marine material. An initial 7Be concentration
can be inferred by solving the following equation for Co
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1

𝐶𝑥 = 𝑡 ∑𝑡1 𝐶𝑜 𝑒 −𝜆𝑡

Eqn 3.2

where Cx is the measured concentration after t days and λ is the decay constant. When
solved iteratively for Co, and thereby taking into account variable deployment durations,
we found a strong positive relationship with δ13C-derived fraction terrigenous (Fig. 7C).
Thus, surficial inventories of 7Be can be used in certain settings as a reliable indicator of
marine versus terrigenous provenance.

3.5.2 Salinity-Sediment Storage Connections
Weak negative correlation between sediment trap accumulations and
river/estuarine turbidity shows that sediment trapping within Hamburg Cove is not driven
simply by suspended sediment availability. Rather, estuarine dynamics, specifically salt
intrusion into the upper estuary, play a key role in driving tidally-enhanced sediment
trapping in off-river coves. In addition to correlative indications that high salinity and low
freshwater discharge drive rapid sediment accumulation at HMB1, geochemical
indicators of partially marine-sourced material support the case for estuarine sediment
entering the cove during periods of seasonal low discharge.
We propose that the estuarine turbidity maximum (ETM) plays a key role in
increased rates of sediment storage observed during September deployments. During
April-May when salt is mostly pushed out of the estuary by high discharge, low observed
accumulation rates at HMB1 imply that most of this sediment bypasses the cove. As
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discharge decreases towards late summer, the salt wedge migrates inland. By midsummer, the landward limit of salt and the ETM is consistently located directly in the
vicinity of HMBch as evidenced by oscillating salinity there (Fig. 4A). This landward
migration of the ETM redistributes sediment from the lower to the upper estuary, which
has been well-documented elsewhere (Shubel, 1968; Wellershaus, 1981; Geyer, 1993).
ETM sediment, largely of marine source (Festa and Hansen, 1978), appeared in low
discharge sediment trap deployments with a marine δ13C signatures and low 7Be values.
Relative density of cove water versus river water, mostly determined by relative
salt concentration, will determine whether tidally advected water tends to override extant
cove water or plunge below it and displace water from the cove. In turn, the water
column position within the cove of the advected tidal prism plays a large role in residence
time and ultimately sediment storage. Overflows will likely have short residence times
and low trapping efficiencies. Conversely, underflow water tends to stay in the cove for
multiple tidal cycles in the quiescent bottom water of the cove and maximize trapping
(Fig. 4). Therefore, low discharge, high salinity conditions provide two mechanisms to
maximize sediment trapping at HMB1. First, it allows the ETM to be located in the
vicinity, which redistributes and suspends sediment in the water column. Second, high
salinity in the tidal prism increases the tendency for underflows and for sediment in the
tidal prism to be trapped in the cove.
At North Cove, our marine endmember site for δ13C samples, harbor dredge
records from 2008 and 2014 indicate modern sedimentation rates of 14 cm yr-1, roughly
three times higher than that at Hamburg Cove. Accommodation space at North Cove is
only maintained through continual dredging. Therefore, where salinity is present through
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most discharge conditions, deposition rates are dramatically amplified. Given projections
for continued sea level rise and increased landward extents of estuarine salinity (e.g.
Temmerman et al., 2004), coves that are currently tidal freshwater bodies will become
influenced by salt. The increase in sediment trapping rates in newly oligohaline coves
will have profound implications for coastal and estuarine landscapes. At decadal time
scales, these coves have the capacity to store sediment at significantly higher rates,
thereby depriving downstream environments such as salt marshes and mangrove forests
from essential material. At slightly longer time scales, these environments will fill and no
longer have sufficient accommodation space to allow for net aggradation.

3.6 Conclusions
Whereas rivers deliver sediment to estuaries predominantly during high discharge,
long term sediment storage in energetic estuaries occurs primarily during periods of
seasonal low discharge via tidal advection into off-channel coves. Monthly deposition in
sediment traps and geochemical characteristics of the trapped sediment support the
crucial role of saline water in storing sediment efficiently. As discharge decreases and the
salt wedge moves further up estuaries, tidally redistributed sediment is suspended and
thereby made available for advection out of the main channel. Differences in the relative
density of cove water and river water play a large role in trapping efficiency, with
maximum trapping occurring when river water is more saline than cove water. As sea
level rises and salt wedges push further up estuaries, we can expect increases in sediment
storage within these environments.
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Table 3.1 – Sediment trap parameters and average river conditions during each deployment.
See Fig. 1 for locations of Essex, Middle Haddam, and HMBch.

a

Starting and ending Julian day of each deployment.
Using porosity = 0.85 from Kratz (2013).
c
From Eqn 1
d
From Eqn. 2
b
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