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ABSTRACT

New and previously published strati-
graphic data define Holocene to present sedi-
ment storage time scales for Mid-Atlantic
river corridors. Empirical distributions of
deposit ages and thicknesses were randomly
sampled to create synthetic age-depth re-
cords. Deposits predating European settle-
ment accumulated at a (median) rate of
0.06 cm yr-l, range from ~18,000 to 225 yr
old, and represent 39% (median) of the to-
tal accumulation. Sediments deposited from
1750 to 1950 (‘“legacy sediments’) accumu-
lated at a (median) rate of 0.39 cm yr! and
comprise 47% (median) of the total, while
“modern sediments” (1950-present) repre-
sent 11% of the total and accumulated at a
(median) rate of 0.25 cm yr-'. Synthetic strati-
graphic sequences, recast as age distributions
for the presettlement period, in 1900 A.D.,
and at present, reflect rapid postsettlement
alluviation, with enhanced preservation of
younger sediments related to postsettlement
watershed disturbance. An averaged pres-
ent age distribution for vertically accreted
sediment has modal, median, and mean ages
of 190, 230, and 630 yr, reflecting the pre-
dominance of stored legacy sediments and
the influence of relatively few, much older
early Holocene deposits. The present age
distribution, if represented by an exponen-
tial approximation (mean age ~300 yr), and
naively assumed to represent steady-state
conditions, implies median sediment travel
times on the order of centuries for travel dis-
tances greater than ~100 km. The percentage
of sediment reaching the watershed outlet in
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30 yr (a reasonable time horizon to achieve
watershed restoration efficacy) is ~60% for a
distance of 50 km, but this decreases to <20 %
for distances greater than 200 km. Age dis-
tributions, evaluated through time, not only
encapsulate the history of sediment storage,
but they also provide data for calibrating wa-
tershed-scale sediment-routing models over
geological time scales.

INTRODUCTION

Individual storms can mobilize, transport, and
deposit large volumes of fluvial sediment over a
few days, but these sediment-transporting events
may only occur every few years or decades. Sed-
iment deposited during such storms may remain
in alluvial deposits for decades, centuries, and
even millennia before being remobilized and
carried farther downstream by subsequent storm
events. Thus, sediment transport through water-
sheds encompasses multiple time scales, from
short-term events to episodic transport and stor-
age over thousands of years.

While geologists recognize the range of
time scales that control sediment transport and
delivery (Brierly and Fryirs, 2005; Martin and
Church, 2004; Meade, 2007), most sediment-
routing models currently used for watershed
management focus on transport by individual
storm events and rely on observations of sedi-
ment flux from stream gauging stations for cali-
bration (Borah et al., 2008; Shenk and Linker,
2013). These models generally do not explicitly
account for sediment storage processes, ignor-
ing the loss of sediment through deposition,
the decadal to millennial time scales associated
with alluvial storage, and the gain of sediment
to stream channels through erosion and remo-
bilization of stored sediment. The use of these
models, and their reliance on the short-term re-
cord of stream gauging for calibration, reflects
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a conceptualization of sediment delivery as a
short-term, event-driven process that is incon-
sistent with geological data, which demonstrate
the importance of centennial to millennial time
scales. Models that neglect geological time
scales will necessarily fail to capture transient
processes associated with climate and land-use
changes, watershed restoration strategies, and
other important drivers.

Advances in both modeling and data analysis
will be needed to effectively include longer-term
sediment storage processes in predictions of
watershed-scale sediment transport. Fortunately,
substantial progress in model development has
already occurred. A few process-based models
that account for sediment storage have been
developed (Carroll et al., 2004; Coulthard and
Macklin, 2003; Delft 3D-FLOW, 2020; Nicho-
las, 2013), but these are difficult to apply over
spatial scales of 10° km and temporal scales of
>103 yr because of model complexity and limi-
tations of computing power and data storage.

Generalized models that represent alluvial
deposits as spatially averaged “storage reser-
voirs” are more promising. Storage reservoirs
are defined regions in space that receive sedi-
ment through deposition and release sediment
through erosion (Dietrich et al., 1982). They
can be considered “spatially averaged” because
storage reservoirs typically occupy regions larg-
er than the scale over which specific erosional
and depositional processes operate. Sediment
contained within storage reservoirs can be char-
acterized by mass, grain-size distribution, age
distribution (Bradley and Tucker, 2013), carbon
content (Torres et al., 2017, 2020), concentra-
tion of heavy metals (Pizzuto, 2020), and other
characteristics. The time during which sediments
remain in storage before being remobilized can
be estimated as well; this is termed the transit
or storage time distribution (Bolin and Rodhe,
1973). While storage reservoirs play important
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roles in hydrology, ecology, and other disci-
plines, geology is perhaps uniquely positioned
to exploit concepts of reservoir theory because
alluvial storage reservoirs are readily observed
and sampled, and the disciplines of stratigraphy
and geochronology provide well-established
methods with which to define the characteristics
of alluvial sediment reservoirs and their tempo-
ral variability.

Spatially averaged storage reservoirs can
be utilized in sediment-routing models in dif-
ferent ways. One approach is to represent an
entire river corridor by a series of connected
reservoirs, with sediment transfers between
them governed by rules extracted from sedi-
ment budgets, with all stored sediment equally
subject to erosion (Kelsey et al., 1987; Mal-
mon et al., 2002, 2003). Another approach is
to couple a traditional process-based model for
channel sediment routing to off-channel storage
reservoirs. Deposition into sediment reservoirs
is related to sediment concentration and other
variables extracted from the channel transport
model, while erosion from sediment reservoirs
is determined by sediment age and other char-
acteristics (Lauer, 2012; Lauer and Parker,
2008a, 2008b; Pizzuto, 2020).

A current limitation of reservoir-based sedi-
ment routing was identified by Lauer and Parker
(2008a, p. 10), who used an exponential distribu-
tion to represent age and storage time distribu-
tions in their model, noting that “we know of no
other distributions having been applied to river
floodplains.” A few subsequent field studies con-
cluded that storage time distributions for river
corridors are likely to be heavy-tailed distribu-
tions, with a greater probability of remobilizing
younger sediment than older sediment (Konrad,
2012; Lancaster and Casebeer, 2007; Lancaster
et al., 2010; Miller and Friedman, 2009 [as cit-
ed by Bradley and Tucker, 2013]; Torres et al.,
2017, 2020). However, field data available to
characterize the age distribution of alluvial de-
posits over geologic time scales are limited.

Full development of sediment-routing mod-
els that account for sediment storage will re-
quire site-specific field data for model concep-
tualization and calibration. Data are needed to
quantify the characteristics of sediment storage
reservoirs, which must include estimates of the
stored sediment mass and its age and storage
time distributions, all of which can vary spatially
and through time. While these data are needed
by modelers, only geologists trained in stratigra-
phy and geochronology have the ability to create
these data sets. At present, however, stratigraphic
studies of geologic history are typically not de-
signed to generate quantitative results useful for
testing and developing mass-conserving numeri-
cal models.

Pizzuto et al.

This paper presents a case study that illus-
trates how geologic data can be organized to
facilitate development and testing of reservoir-
based sediment-routing models. New field data
and previously published studies of river cor-
ridor sedimentation associated with European
settlement of the Mid-Atlantic region were com-
bined to document temporal changes in stored
sediment mass and age distributions from the
Holocene to the present. These results provide a
useful perspective on the geologic consequences
of the well-documented watershed disturbances
in the region associated with anthropogenic ac-
tivity, but, more importantly, they also provide
a methodological template for characterizing
time-dependent alluvial storage to aid devel-
opment and calibration of long-term sediment-
routing models. Thus, while sediment routing
is intended to be the ultimate application of the
results of this study, the primary focus here is on
presenting the geologic data needed to quantify
sediment storage.

BACKGROUND: RIVER CORRIDOR
SEDIMENTS OF THE MID-ATLANTIC
REGION

Relatively few studies have documented the
details of Holocene, pre—European settlement
valley-bottom sedimentation in the Mid-At-
lantic region, though continental-scale assess-
ments suggest that sedimentation rates were
low before European colonization (Kemp et al.,
2020; Wilkinson and McElroy, 2007). Jacobson
and Coleman (1986) interpreted presettlement
stream deposits as representing sinuous channels
with low-lying floodplains composed of thin, fine
overbank deposits underlain by thin, laterally
accreted sands and gravels. Walter and Merritts
(2008, p. 299) described valley bottoms com-
posed of “small anabranching channels within
extensive vegetated wetlands that accumulated
little sediment.” Wegmann et al. (2012) offered
a similar interpretation, citing presettlement
gravels overlain by thin (<0.5 m) deposits of or-
ganic-rich clay-to-silt loam that they interpreted
as wetland or waterlogged soil layers. Several
authors described areas where presettlement val-
ley bottom sedimentation had been enhanced by
activities of indigenous peoples (Merritts et al.,
2011), though James (2019) inferred that these
areas were limited spatially. Presettlement valley
bottoms were probably heavily impacted by bea-
vers (Brush, 2009; Butler and Malanson, 2005;
Ruedemann and Schoonmaker, 1938).

Overlying the presettlement deposits, there is
athick layer of sand, silt, and clay. These depos-
its, often termed “legacy sediments,” are typi-
cally associated with European colonization, the
expansion of agriculture, and widespread mill
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damming in the Mid-Atlantic region (Costa,
1975; Jacobson and Coleman, 1986; Pizzuto,
1987; Walter and Merritts, 2008) and elsewhere
in the United States (Happ et al., 1940; Kemp
et al., 2020; Knox, 1987, 2006; Trimble, 1971,
1983; Wilkinson and McElroy, 2007). Legacy
sediments are variably interpreted as resulting
from overbank deposition arising from the in-
creased flooding and erosion associated with
poor agricultural practices (Jacobson and Cole-
man, 1986), and sedimentation in millponds
(Dow et al., 2020; Merritts et al., 2011, 2013;
Wegmann et al., 2012; Walter and Merritts,
2008). Contemporary erosion of legacy sedi-
ments is frequently cited as a potential water-
quality issue for Mid-Atlantic watersheds
(Merritts et al., 2013; Miller et al., 2019; Noe
et al., 2020).

While initial studies of Mid-Atlantic valley
bottom sedimentation did not emphasize con-
temporary vertical accretion on floodplains,
recently published measurements indicate that
overbank processes continue at significant rates.
Hupp et al. (2013), Schenk et al. (2012), and
Noe et al. (2020) measured ongoing sedimenta-
tion at many sites in the Mid-Atlantic region us-
ing clay pads, while Bain and Brush (2005) and
Pizzuto et al. (2016) documented contemporary
vertical accretion on valley bottoms using fall-
out radionuclides. Others inferred contemporary
sediment storage on floodplains from sediment
budgets (Donovan et al., 2015; Smith and Wil-
cock, 2015). These observations of vertically
accreted deposits are supplemented by many
studies that document ongoing deposition of
coarse-grained, laterally accreted floodplains in
the region (Donovan et al., 2015; Jacobson and
Coleman, 1986; Pizzuto et al., 2014; Walter and
Merritts, 2008).

Despite the extensive research summarized
above, important questions regarding U.S. Mid-
Atlantic valley bottom deposits remain unan-
swered. The relative proportions of pre- and
postsettlement deposits, while documented in
many localized case studies, remain poorly con-
strained on a regional basis, which may have
important implications for water quality. On-
going contemporary vertical accretion, while
widely documented, has not been presented in a
stratigraphic context, so the relative importance
of contemporary floodplain sedimentation is not
widely recognized. Documenting sediment stor-
age time scales associated with these deposits is
important to understand the routing of sediment
through watersheds (Pizzuto, 2014), but few
studies have attempted to quantify the duration
of storage and to incorporate the resulting tem-
poral lags into models, even though such models
play a central role in watershed management in
the region (STAC, 2005).
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STUDY OVERVIEW: DATA
REQUIREMENTS FOR RESERVOIR-
BASED SEDIMENT ROUTING

Following Lauer and Parker (2008a, 2008b),
Lauer (2012), and others, Pizzuto (2020) de-
scribed a modeling framework that includes
channelized suspended sediment transport and an
off-channel floodplain storage reservoir. Sediment
routing downstream is accomplished by tradition-
al mechanistic equations for suspended sediment
transport, with deposition into storage related to
sediment supply (e.g., suspended sediment con-
centration), sediment deposition velocity, the
scale of the floodplain reservoir, and additional
variables that account for changes in the accom-
modation space available for deposition through
time. A separate mass balance equation accounts
for stored sediment mass through time and its age
distribution. The following key equation specifies
removal of stored sediment through time:

dER(T,t) = dAM(T,)r(t)e, (T), (1

where dER(T ) is the erosion rate (mass/time)
of stored sediment in an age category 7T at time

Initial Storage
From Geologic Data
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With Present
Observations

Sediment /

Yield

Mid-Atlantic sediment storage chronology

t, dM(T¢) is the portion of the total stored mass
of sediment of a given age T at time ¢, 1(¢) is an
erosion rate constant (1/time) that may vary with
time, and e,(7) is a dimensionless “area expo-
sure function” (hypothesized by Pizzuto [2020]
to be time-invariant to reflect the architecture of
sediment storage) that defines the exposure of
stored sediment of age T to active erosion. By
specifying erosion based on exposure of stored
sediment by age, Equation 1 sets the time scale
associated with sediment storage, and it also de-
termines the storage time distribution of stored
sediment. Because erosion is related to the stored
mass dM by age category, the age distribution
must be known as a function of time to use Equa-
tion 1. This information is provided by a mass
balance equation formulated for the storage res-
ervoir. The model thus predicts the stored sedi-
ment mass and its age and storage time distribu-
tions, all of which vary with time.

Figure 1 illustrates aspects of this model that
might be suitable for routing sediments in a
typical Mid-Atlantic watershed before and af-
ter European settlement. The watershed itself is
represented by a spatial domain of river corri-
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Figure 1. Conceptual framework for watershed-scale sediment routing with storage illus-
trating river corridor spatial domain, modeling time scale, processes of erosion, deposition,
channel transport, and sediment yield predicted by the model, and boxed area indicating
storage reservoir, with the mass of stored sediment and its age distribution illustrated sche-
matically. Color coding indicates initial conditions required to begin computations (blue),
model predictions (red), boundary conditions (brown), and predicted values that can be
evaluated using data from contemporary stream gauging and sediment budgets (green).
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dors. Because sediment storage time scales are
“long,” computations should begin in the Holo-
cene, before European settlement of the region;
in Figure 1, a “time 0” of 1000 yr in the past is
somewhat arbitrarily selected. Water discharge
and sediment supplied to the upstream ends of
the network from hillslope erosion and other
processes represent the required boundary con-
ditions; these must be specified over the entire
time period of model predictions. To initiate
model computations of erosion using Equation
1, the stored sediment mass and its age distribu-
tion must be specified as initial conditions. Then,
the model steps forward through time, comput-
ing channelized transport, rates of deposition
and erosion, stored sediment mass and its age
distribution, and sediment yield at the down-
stream end of the watershed.

The modeling framework of Figure 1 requires
geologic data to initiate model computations,
and these data can also play an essential role
in model calibration. Data are needed to define
the mass of stored sediment and its age distribu-
tion 1000 yr ago, both of which are needed to
initiate erosion rate computations. Once model
predictions are available, data can also be used
to calibrate parameters that control transport,
erosion, and deposition. Typically, direct obser-
vations of erosion and deposition are unavail-
able for past conditions, and it is only the stored
sediment that can provide useful information for
calibration. For present conditions, a sediment
budget can be constructed (Reid and Dunne,
2016) that can be used to evaluate the model’s
ability to predict current rates of transport, ero-
sion, deposition, and sediment yield. Once the
model has been calibrated using data covering
the past 1000 yr (including contemporary ob-
servations), in principle, it should be capable of
evaluating sediment movement into the future
(Fig. 1), though boundary conditions resulting
from future land-use and climate changes may
be difficult to specify.

The focus of this study was on assembling
the necessary data to implement this modeling
framework, which simulates millennial-scale
sediment routing. Of course, sediment transport
and storage processes are not only controlled by
long-term processes of sediment storage but are
also influenced by shorter-term processes related
to individual hydrologic events, anthropogenic
forcing, and other processes. These shorter-term
controls are addressed by many studies (e.g.,
Borah et al., 2008) and will not be discussed
further here.

STUDY AREAS

This study combined new results with previ-
ously published data. New data were collected
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TABLE 1. WHITE CLAY CREEK STUDY SITE LOCATIONS, GEOMORPHIC
SETTINGS, AND SEDIMENTATION RATES 1950-PRESENT

Site Location Geomorphic setting Sedimentation rate* Range*
Latitude (°N)  Longitude (°W) (cmiyr) (cmiyr)

up 39°45/'47.29" 75°45'51.86" Forested upland interfluve NA NA

1 39°44/55.16" 75°46/'11.67" Eroding bank 0.75 0.41-1.10

2 39°43'44.70" 75°45'40.16" Backswamp 0.32 0.29-0.34

8 39°48'12.96" 75°49'47.63" Eroding bank 0.25 0-0.5

9 39°48/'47.07" 75°47'4.64" Levee 0.25 0-0.5

AJP-1 39°44/02.77"  75°45/36.32" Levee 0.75 0.3-12

AJP-2. 39°43/15.39"  75°45/53.38" Levee 0 0

*Sedimentation rates estimated by fitting a numerical model of radionuclide and sediment accumulation
to measured radionuclide profiles. See Methods for details. UP denotes the location where a soil profile
unaffected by sedimentation was sampled. NA—not applicable.

at second- to fifth-order stream reaches of south-
eastern Pennsylvania, Maryland, and Virginia
(Table 1; Fig. 2). Most study reaches were locat-
ed within the Piedmont Physiographic Province,
a region of moderate relief underlain by Paleo-
zoic metamorphic rocks with a humid temperate
climate (Noe et al., 2020). One study site along
the South River, Virginia, was located within the
Valley and Ridge Physiographic Province (Bing-
ham, 1991). Land uses included a mix of agricul-
ture, suburban development, forest, and pasture.
All of the study watersheds have been affected
by a past history of watershed disturbance as-
sociated with European colonization and settle-
ment likely beginning in the seventeenth and
eighteenth centuries (James, 2019; Noe et al.,
2020). Rivers in this region are gravel-bedded
streams with banks composed of sand, silt, and
clay. Fluvial processes are typically impacted by
localized valley confinement and exposed bed-
rock (Pizzuto et al., 2018; Bodek et al., 2021).
Field sites were located at the White Clay
Creek in southeastern Pennsylvania, and along
Difficult Run and the South River in Virginia
(Fig. 2). At the White Clay Creek site, we sam-
pled a vertical sequence of deposits exposed on
an eroding bank (site 1) to fully document the
depositional history of these sediments, and we
also determined contemporary floodplain accre-
tion rates at five additional sites (Table 1). De-
tailed descriptions of these sites can be found
in Bodek (2020) and McCarthy (2018). We also
collected data at two sites along Difficult Run
in northern Virginia, one near U.S. Geological

Survey (USGS) stream gauging station Diffi-
cult Run above Fox Lake near Fairfax, Virginia
(USGS #01645704), where the drainage basin
area is 14 km?, and the other just downstream
of Leesburg Pike, where the drainage basin
area is 117 km?. Gellis et al. (2017), Hupp et al.
(2013), and Schenk et al. (2012) provided de-
tailed descriptions of these sites in Difficult
Run. Finally, we collected data at two locations
along the South River, denoted RRkm 4.75 and
RRkm 5.58, where the terminology indicates
the distance measured along the channel of the
South River in 2005 downstream (north) from a
footbridge across the South River to an indus-
trial plant in Waynesboro, Virginia. These two
sites have been featured in previous studies by
O’Neal and Pizzuto (2010), Pizzuto (2012), Piz-
zuto et al. (2010, 2016, 2018), and Washburn
etal. (2018), while additional useful background
information regarding the South River has been
provided by Pizzuto and O’Neal (2009) and
Rhoades et al. (2009).

In addition to new data obtained for this
study, stratigraphic and geochronologic data
were also extracted from published data sources
(Table 2) from study areas in Delaware, Mary-
land, Pennsylvania, and Virginia (Fig. 2). These
data included interpretations of the thicknesses
of pre- and postsettlement deposits, ages of pre-
settlement deposits, and depths to chronostrati-
graphic horizons representing sediments depos-
ited in 1950 and 1880. Site locations and study
methodologies are described in the original
publications.

»

-

Figure 2. Locations of study sites where new and previously published data were obtained.
(A) White Clay Creek study areas. UP denotes the location where a soil profile unaffected
by sedimentation was sampled. (B) Locations of the White Clay Creek (WCC), Difficult Run
(DR), and South River (SR). Gray circles identify study sites of Bain and Brush (2005), Ja-
cobson and Coleman (1986), and Coleman (1982). Gray polygon indicates approximate area
of 40 sites of Donovan et al. (2015). (C) Locations of sampling sites at Miller Heights (MH)
and Leesburg Pike (LP) in Difficult Run, a tributary to the Potomac River (PR). UP denotes
the location where a soil profile unaffected by sedimentation was sampled. South River
study site locations are described by Pizzuto et al. (2016, 2018). State abbreviations: PA—
Pennsylvania; DE—Delaware; NJ—New Jersey; MD—Maryland; W VA—West Virginia.

Geological Society of America Bulletin

METHODS

At our field sites, we described stratigraphic
sections and obtained samples for sediment dat-
ing and supplemented these studies with geomor-
phic mapping to document sediments resulting
from recent lateral accretion and colonial mill
damming. We combined published sediment
dating with our new data to create a spatially av-
eraged vertical accumulation history of typical
valley-fill deposits for the Mid-Atlantic region.
These data, when appropriately transformed,
yielded estimates of sediment age distributions
at key times in the past. Finally, to emphasize
the implications of these data for sediment rout-
ing and delivery, illustrative sediment travel-time
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TABLE 2. DATA SOURCES AND NUMBER IN EACH DATA CATEGORY

Mid-Atlantic sediment storage chronology

Reference Study area location(s) Type of data Number of
data used
Bain and Brush (2005) Maryland Postsettlement thickness 9
Bain and Brush (2005) Maryland Depth to 1880 10
Bain and Brush (2005) Maryland Depth to 1950 8
Coleman (1982) Maryland Presettlement thickness 24
Coleman (1982) Maryland Postsettlement thickness 19
Donovan et al. (2015) Maryland Postsettlement thickness 40
Donovan et al. (2015) Maryland Presettlement thickness 40
Hupp et al. (2013) Virginia Postsettiement thickness 6
Pizzuto (1987) Pennsylvania Presettlement thickness 8
Pizzuto (1987) Pennsylvania Postsettiement thickness 8
Pizzuto (1987) Pennsylvania Presettlement age: *C 3
Pizzuto et al. (2016) Virginia Depth to 1950 2
Walter and Merritts (2008) Delaware—Maryland—Pennsylvania Presettlement age — “C 44
This study Pennsylvania-Virginia Depth to 1950 8
This study Pennsylvania-Virginia Postsettlement thickness 5
This study Pennsylvania-Virginia Presettlement thickness 12
This study Pennsylvania—Virginia Presettlement age: '“C, OSL 17

Note: Number of data points in each category: Depth to 1950 = 16; Depth to 1880 = 10; postsettlement
thickness = 87; presettlement thickness= 84; presettlement age = 64. OSL—optically stimulated

luminescence.

distributions were computed using a previously
published mathematical model, a naive assump-
tion of a balanced steady-state sediment budget,
and typical sediment budget parameters for our
study area.

Field Methods and Geomorphic Mapping

To estimate rates of sediment accumulation,
we sampled sediments from eroding stream-
banks at the South River and Difficult Run and
from eroding streambanks and floodplain cores
at the White Clay Creek site. Sediments were
described in the field according to depth below
the floodplain surface, grain size, organic matter
content, color, presence or absence of stratifica-
tion, and other characteristics. Samples were
obtained for “C dating, optically stimulated lu-
minescence (OSL) dating, and analyses of the
fallout radionuclides (FRN) 219Pb and '37Cs.

We also created a geomorphic map at the
Miller Heights location in Difficult Run, Vir-
ginia (Fig. 2). We classified the valley bottom
into two surficial landform categories follow-
ing Allmendinger et al. (2007), Jacobson and
Coleman (1986), and others. The first category
represents a spatially extensive, higher-eleva-
tion valley bottom surface comprising most
of the valley flat, while the second category is
a slightly lower surface typically found on the
insides of actively migrating meander bends.
According to Allmendinger et al. (2007), Jacob-
son and Coleman (1986), and others, the more
extensive, higher-elevation surface formed by
vertical accretion from the Holocene to the pres-
ent, while the lower-elevation surface formed by
lateral accretion processes during the twentieth
and twenty-first centuries (Donovan et al., 2015).
Hupp et al. (2013) indicated that a colonial-age
mill dam was once located just upstream of the
USGS stream gauge at the Miller Heights site.
We did not observe any evidence of this struc-

ture in the field, but we located the dam on our
geomorphic map based on results presented by
Hupp et al. (2013).

Geochronology

Sediments were dated using a variety of meth-
ods. Presettlement deposits were dated using “C
and OSL dating techniques. Younger deposits
were dated using '3Cs, 2!°Pb, and dendrochro-
nology. Sedimentation rates were extracted
from the '3’Cs and 2!°Pb data using a numeri-
cal model described by Pizzuto et al. (2016). All
dating methods were consistent with standard
procedures, which are discussed in detail in the
Supplemental Material.!

Bayesian Age-Depth Sections from
Undatable Software

We used Undatable software (Lougheed and
Obrochta, 2019a, 2019b) to produce age-depth
curves for each of our study sites. Undatable
uses a Bayesian framework to account for un-
certainty in age dating and sampling depth to
produce age-depth curves with well-quantified
uncertainties. Radiocarbon dates were entered
into Undatable in calendar years, so Undat-
able’s “C calibration routines were not needed.
Depths (with uncertainties) associated with the
year 1950 A.D. were obtained from modeling
of 219Pb profiles. Depths associated with peak
137Cs activities were obtained from a numeri-
cal model of sediment and radionuclide accu-
mulation (Pizzuto et al., 2016), corrected for

ISupplemental Material. Sediment dating methods
and equations for computing sediment travel-time
distributions. Please visit https://doi.org/10.1130
/GSAB.S.19361834 to access the supplemental
material, and contact editing@geosociety.org with
any questions.
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vertical displacement, and were assigned (with
uncertainties) to the year 1963 A.D., the year of
peak atmospheric '¥’Cs activity associated with
nuclear bomb testing (He and Walling, 1996).
Age-depth bootstrapping was enabled for all
points except for those at the top and bottom of
each stratigraphic section (Lougheed and Ob-
rochta, 2019b).

From the age-depth curves, we extracted the
thicknesses and associated uncertainties of the
following chronostratigraphic horizons: 1950-
present, 1750-1950, and all sediments older
than 1750. We term these chronostratigraphic
units “modern” (1950-present), “legacy”
(1750-1950), and “presettlement” (older than
1750) deposits. These chronostratigraphic hori-
zons are somewhat similar to the presettlement,
agricultural, and very recent stratigraphic units
defined by Jacobson and Coleman (1986); they
are intended to identify sediments deposited
before, during, and after watershed impacts as-
sociated with European colonization of the Mid-
Atlantic region.

The specific dates defining the boundaries of
these units are somewhat arbitrary, because the
timing of the watershed changes they are meant
to capture is difficult to determine precisely. The
year 1750 is a reasonable approximate date for
the initiation of colonial-age watershed distur-
bance, but settlement patterns, dam construction,
and deforestation and agricultural development
likely were not coeval throughout the entire
Mid-Atlantic region. Jacobson and Coleman
(1986) and Walter and Merritts (2008) noted that
streams began to form floodplains by lateral ac-
cretion sometime early in the twentieth century.
The timing of this transition is poorly known.
The year 1950 is selected to represent the bound-
ary between legacy and modern sedimentation
largely based on analytical convenience: Within
the framework of Undatable, this chronostrati-
graphic horizon can be readily determined using
137Cs and 2!°Pb data.

Synthetic Stratigraphic Sections from New
and Published Data

We combined the results obtained from our
own field studies with published stratigraphic
data for the Mid-Atlantic region. Our goal was
to better document the thicknesses of presettle-
ment, legacy, and modern chronostratigraphic
units, and to more clearly define the maximum
ages of presettlement deposits. However, very
few previous studies provided sufficient dated
sections to define all three chronostratigraphic
units; rather, they more typically defined one or
two of the units, often without any age control
(e.g., descriptions of the thicknesses of pre- and
postsettlement deposits at a location).
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To circumvent the problem of incomplete
data, we developed a method to synthesize com-
plete stratigraphic sequences from the available
data (Table 2). The first step in the approach
was to summarize stratigraphic data as empiri-
cal frequency distributions. We combined our
own new data with published observations to
create frequency distributions of presettlement
thickness, postsettlement thickness, depth to the
1950 chronostratigraphic horizon, and depth
to an 1880 A.D. chronostratigraphic horizon
defined by the history of chromium mining in
Maryland from Bain and Brush (2005). The con-
tact between presettlement and postsettlement
deposits was assumed to represent a mean cal-
endar date of 1750 A.D., with a standard devia-
tion of 25 yr to account for regional variations in
the timing of watershed disturbance associated
with colonial settlement. Available dates from
presettlement deposits were used to define the
distribution of possible maximum ages for this
stratigraphic unit.

Synthetic stratigraphic sections were created
by randomly sampling empirical cumulative
frequency distributions and then assembling
stratigraphic columns from the data using an
algorithm designed to ensure that stratigraphic

‘ 1. Select age of base of presettlement deposit ‘

|

| 2. Select presettlement thickness |

|

’ 3. Select age of base of postsettlement ‘

‘ 4. Select postsettlement thickness ‘

|

| 5. In 20% of sections, select depth to 1880 horizon |

Poa—

’ 6. Is depth to 1880 < postsettlement thickness? ‘ —

4—54—
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superposition was always satisfied (Fig. 3). Em-
pirical frequency distributions were randomly
sampled by (1) selecting a uniform random vari-
ate between 0 and 1, and (2) obtaining the value
of the variable (age or depth) by interpolation
from the empirical frequency distribution (Press
etal., 1992). Stratigraphic sections are represent-
ed by the age-depth coordinates of the following
four horizons: the base of the section (often, but
not always, presettlement in age), the contact be-
tween presettlement and postsettlement depos-
its, and the 1880 and 1950 chronostratigraphic
horizons. Because few data were available to
define the depth of the 1880 chronostratigraphic
horizon, it was only included in 20% of the syn-
thetic stratigraphic sections. Sedimentation rates
for presettlement, legacy, and modern deposits
were also computed from the synthetic age-
depth data.

Stratigraphic sections created by this ap-
proach can be viewed as a statistical summary
of regional stratigraphic data, assembled with-
out regard to geography, watershed position,
geologic setting, or any other spatial attribute.
The potential limitations that arise through this
extreme spatial averaging are addressed in the
Discussion.

]

Figure 3. Flow chart for creat-
ing synthetic stratigraphic sec-
tions. Steps 6 and 8 ensure that
superposition is satisfied.

7. Select depth to 1950 horizon | <_|

8. Is depth to 1950 < depth to 1880 or
< depth to base of postsettlement?

done

I“E“
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Creating Present and Past Age
Distributions

According to the conceptual framework of
Figure 1, the age distribution of stored sediment
is a vital component of sediment routing where
storage is significant. The cumulative age distri-
bution of stored sediment can be obtained from
the synthetic age-depth sections by simply con-
verting the depth coordinate to a fractional depth
by dividing a given depth value by the maximum
depth of each section. This simple conversion
creates a cumulative frequency distribution of
age for each synthetic stratigraphic section.

The synthetic stratigraphic sections represent
the history of vertically accreted sediment in
Mid-Atlantic river valleys, typically beginning
before European colonization and continuing to
the present. These vertically accreted deposits
represent a variety of depositional environments
and processes, including wetlands (Jacobson
and Coleman, 1986; Walter and Merritts, 2008),
overbank deposition on floodplains (Jacobson
and Coleman, 1986), as well as vertical accre-
tion imposed by mill dams in areas outside of
the locations of present river channels (Walter
and Merritts, 2008; Wegmann et al., 2012). Iden-
tifying specific depositional environments is be-
yond the scope of this study, but it is particularly
important to recognize that these stratigraphic
sequences represent a continuous (though epi-
sodic) record of vertical accretion without sig-
nificant erosion.

Because these stratigraphic sections represent
a record of continuous vertical accretion, it is
straightforward to estimate age distributions of
stored sediment for any time in the past. This can
be achieved by selecting a specific time at which
to determine the past age distribution, removing
all the stored sediment deposited after that time
(e.g., all sediment younger than the specified
age), and rescaling the depth axis from O to 1,
with O representing the sediment surface at the
specified age and 1 representing the base of the
section. To illustrate how age distributions of
vertically accreted sediment changed following
European colonization, we present age distribu-
tions for 1000 yr ago and 1900 A.D. in addition
to contemporary age distributions that represent
all preserved deposits. Depths associated with
1000 yr ago and 1900 A.D. were obtained from
the synthetic stratigraphic sequences by linear
interpolation.

The synthetic vertical sections (and new sec-
tions created from our field data) do not entirely
account for some important deposits that have
been identified in Mid-Atlantic river corridors.
These include filling of preexisting channels
upstream of mill dams constructed soon after
European colonization, the subsequent removal
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of these deposits early in the twentieth century
when most of the mill dams failed (Merritts
et al., 2011; Pizzuto and O’Neal, 2009; Walter
and Merritts, 2008), and floodplains formed by
lateral accretion beginning around 1900 (All-
mendinger et al., 2005; Jacobson and Cole-
man, 1986).

A specific example from our field site near
Miller Heights in Difficult Run (Figs. 2 and 4)
illustrates how age distributions can be corrected
for these additional processes. This site is useful
because a geomorphic map and other data are
available to specify the mass of sediment stored

Mid-Atlantic sediment storage chronology

upstream of a mill dam and sediment created by
lateral migration since 1900. The resulting cor-
rected age distributions are valid only for this
location; a general approach for including these
deposits must await more widespread geomor-
phic mapping. However, the results are useful to
demonstrate how such corrections can be made.

To adjust the age distribution for 1900 A.D.
to account for sediment deposited in the chan-
nel upstream of a mill dam, the age of the dam
and accumulation of sediment upstream through
time must be specified. This information is not
known in Difficult Run in detail; rather, some

Channel filled with
mill-dam deposits ca.
1900, now eroded

20-21st Century
lateral accretion
deposits

Holocene-present
valley fill deposits

137¢s. 210py,
OSL dating

Eroding banks

N
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o

e,

*
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Colonial Mill Dam

A
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Figure 4. Geomorphic map of Difficult Run at the Miller Heights study reach (denoted MH
in Fig. 2). The location of the colonial mill dam was identified by Hupp et al. (2013); channel-
fill deposits immediately upstream are inferred to have been present in 1900 A.D. but have

been subsequently entirely eroded away. The

chronostratigraphic horizons illustrated near

A’ were determined by sediment dating at the location of black dot (age dating results are

illustrated in Fig. 7).
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reasonable assumptions are made here to illus-
trate both the approach and the magnitude of
the resulting corrections to the age distribution.
The dam is assumed to have been constructed in
1800 A.D. Accumulation of sediment upstream
is assumed to have filled the channel through
time exponentially, such that the fraction of the
bankfull channel filled with sediments followed
the equation 1 — 2>, where ¢ is the number of
years since 1800. These assumptions provide
the data required to estimate the mass of stored
sediment in the channel in any age category, and
these masses of relatively young sediment can
then be added to the masses of sediment stored
by vertical accretion to obtain the corrected age
distribution for sediment stored in 1900.

A procedure was also designed to correct the
present age distribution for laterally accreted
sediment since 1900, with the additional as-
sumption that all the mill dam deposits stored
in the channel had been completely removed at
the time of our sampling in 2017 (as indicated
by our geomorphic mapping). However, prelimi-
nary computations indicated that the volume of
laterally accreted sediments was insignificant
compared to the volume of vertically accreted
deposits in our study area (Fig. 4), and there-
fore corrections for lateral accreted deposits are
unnecessary. Similar conclusions were reached
by Pizzuto et al. (2014) based on data from the
Good Hope Tributary in Maryland. Donovan
et al. (2015) reported average lateral migra-
tion rates of ~0.025 channel widths per year
in Maryland, further suggesting that lateral re-
working has been minimal in the twentieth and
twenty-first centuries.

Steady-State Sediment Travel Times
Implied by the Contemporary Age
Distributions

While the age distributions created using
methods described above are useful, storage
time distributions are more closely related to
sediment delivery, as they define how long par-
ticles remain in storage before being remobilized
and carried farther downstream. Storage retards
sediment delivery, creating significant lag times
between watershed management actions and im-
provements in water quality (Meals et al., 2010;
Science and Technical Advisory Committee,
2005). While rigorous evaluation of sediment
travel times is beyond the scope of this paper, it
is still useful to provide an approximate evalua-
tion of the sediment travel times that are implied
by the age distributions created during this study.

To assess sediment travel times, it is first nec-
essary to estimate the storage time distribution,
which typically is not identical to the age distri-
bution of stored sediment. As noted by Lancaster
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et al. (2010) and Lancaster and Casebeer (2007),
the storage time distribution during a particular
time interval may be defined by the age distribu-
tion of sediment eroded during that time interval.
This provides a useful conceptual framework for
relating age and storage time distributions and
also for estimating storage time distributions by
dating sediments actively exposed to erosion (for
example, in eroding cutbanks).

Many studies in the Mid-Atlantic region
describe actively eroding near-vertical stream-
banks with exposures of pre- and postsettlement
deposits (Donovan et al., 2015; Hupp et al.,
2013; Jacobson and Coleman, 1986; Merritts
et al., 2013; Schenk et al., 2012). Our geomor-
phic mapping in Difficult Run (presented in Re-
sults below) suggested that most eroding banks
at this location are composed of vertically ac-
creted presettlement, legacy, and modern depos-
its. The age distribution of these deposits was
defined by the methods of the previous section,
and because they are actively eroding, the con-
temporary storage time distribution is equivalent
to their age distribution. Because these observa-
tions have been widely noted throughout the re-
gion, the equivalence between the contemporary
age distribution of vertically accreted deposits
and the storage time distribution is likely a gen-
eral conclusion.

To illustrate sediment travel times consistent
with the age distributions obtained from our
analysis, we followed an idealized approach
wherein watershed sediment budgets are treated
as balanced, with erosion equal to deposition,
and storage distributions and sediment budgets
are assumed to be temporally invariant. These
computations are based on Pizzuto et al.’s (2017)
stochastic approach, where storage time scales
are defined by a known probability distribution.
In this framework, sediment moves downstream
at a constant rate (consistent with the concept
of a constant effective water discharge), the fre-
quency of which is assessed using an intermit-
tency factor (Paola et al., 1992). The downstream
drift during transport is set at 0.5 m/s, and it is
assumed that transport occurs 1% of the time, for
a total yearly downstream transport of 158 km/
yr (i.e., 0.5 m/s converted to km/yr x 0.01).
Pizzuto et al. (2014, 2017) noted that sediment
travel times are primarily controlled by storage
for long transport distances, so results are insen-
sitive to the choice of the drift velocity. For each
kilometer of transport, the probability of storage
is evaluated as the fraction of the sediment load
stored per kilometer, ¢, which is specified from
a contemporary sediment budget. Computations
presented here assumed a value of 0.01 km™!
for g, a typical value for the Mid-Atlantic re-
gion (Pizzuto et al., 2014; of course, available
data indicate that g can vary considerably, the
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implications of which are explored further in the
Discussion). If sediment is stored at a particular
location, then the duration of storage is deter-
mined from a known probability distribution of
storage times. Because it is convenient analyti-
cally, and also because it is consistent with our
data, contemporary storage times were assumed
to be exponentially distributed, with a mean stor-
age time (residence time) of 300 yr. To illustrate
how travel-time distributions could vary with
watershed size, travel-time distributions are pre-
sented for distances from 10 to 500 km.

The mathematical basis for travel-time com-
putations was discussed by Pizzuto et al. (2014,
2017) and is omitted here for brevity. A deriva-
tion of the relevant equations is summarized in
the Supplemental Material.

RESULTS
Geomorphic Mapping

Vertically accreted deposits dating from
Holocene to present underlie most of the val-
ley bottom at the Miller Heights site (Fig. 4) in
the Difficult Run watershed. Difficult Run has
eroded some of these deposits during the twen-
tieth and twenty-first centuries and created new
deposits through lateral accretion, but contem-
porary laterally accreted deposits are limited in
extent (Pizzuto et al. [2014] presented a similar
geomorphic map of the Good Hope Tributary in
Maryland). The extent of channel-fill deposits
behind the colonial-age mill dam was inferred,
as these deposits had been entirely eroded away
by 2017, when the mapping was completed.
Eroding banks often, but not exclusively, occur
along the outer banks of bends, where erosion
is slowly removing vertically accreted deposits
adjacent to the channel (Fig. 4).

Stratigraphy and New OSL and “C Dating

Eroding banks sampled for dating consisted
of 1.7-4.2 m of sand, silt, and clay overlying
basal sand and gravel (Fig. 5). The upper meter
was typically composed of massive sandy mud
with a few thin layers of muddy sand or sand,
but surficial deposits at the White Clay Creek
site consisted primarily of sand. Colors were yel-
lowish brown (10 YR 5/6), dark yellowish brown
(10 YR 4/4), or dark reddish brown (2.5 YR3/3).
Little organic matter was preserved. At South
River RRkm 4.75 and the White Clay Creek
site, presettlement deposits were capped by a
decimeter-thick, dark-gray (10 YR 3/6, 10 YR
3/1) mud unit generally interpreted to represent
a buried A horizon developed on the presettle-
ment floodplain surface (Jacobson and Coleman,
1986). At the Leesburg Pike site in Difficult Run,
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a log road was preserved at a depth of ~3 m
(also described by Hupp et al., 2013), indicating
that these deposits postdated European coloniza-
tion. At all the sites, lower deposits above basal
sand and gravel consisted of mud and muddy
sand with occasional layers of sand, were poor-
ly stratified, and displayed frequent rust-colored
mottling. Organic content was generally low,
though twigs, leaves, and other organic materials
were occasionally found (Difficult Run—Miller
Heights, White Clay Creek), often immediately
above basal sand and gravel layers.

New OSL and radiocarbon dates ranged in
age from 17,150 yr to 130 yr (Table 3; Fig. 5).
The oldest dates were obtained from banks of the
South River; basal dates from the Difficult Run
sites ranged from 630 yr to 190 yr, while the bas-
al 1C date from the White Clay Creek site 1 was
616 yr. Multiple dates from individual sections
nearly always obeyed superposition, except for
the two lowest dates from the South River RRkm
4.75 and the two lowest dates from Difficult Run
Leesburg Pike: At these two locations, the lower
of the two dates was slightly younger than its
immediate upper neighbor. Dates obtained from
Difficult Run at Leesburg Pike ranged in age
from 130 to 210 yr, consistent with the required
postsettlement age of these deposits defined by
their location above the buried log road. Dates
below buried A horizons at the South River
RRkm 4.75 and the White Clay Creek sites, all
greater than 600 yr old, are consistent with the
interpretation of this paleosol as representing
the presettlement floodplain surface (Jacobson
and Coleman, 1986). The OSL date overlying
the buried soil at the South River RRkm 4.75
site, with an age of 310 yr, might initially ap-
pear too old to be postsettlement in age, as this
would require the watershed disturbance associ-
ated with European settlement to predate 1700
A.D. in this area of Virginia, but Wegmann et al.
(2012) cited a similar age for some basal postset-
tlement deposits in North Carolina. Furthermore,
basal postsettlement sediments are known to be
time-transgressive (James, 2019), and they have
been rarely dated directly, so the 300-yr-old age
obtained here is not unreasonable.

Sedimentation Rates from 13’Cs and 21°Pb
Geochronology

Fallout radionuclide (FRN) data from upland
reference sites at Difficult Run and White Clay
Creek showed activity concentrations that de-
creased rapidly with depth (Fig. 6). At Difficult
Run, peaks in '*Cs and 2!° Pb activity concen-
trations occurred just below the surface, with ac-
tivity concentrations decreasing rapidly thereaf-
ter. The steady-state atmospheric deposition rate
of 219Pb at the Difficult Run upland site is 0.015
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(£0.001) Bg/cm?yr (0.90 dpm/cm?/yr, where
dpm is disintegrations per minute), slightly
higher than measured annual atmospheric fluxes
of 0.72 dpm/cm? reported from Lewes, Dela-
ware (Hartman, 1987), 0.78 dpm/cm? from the
Chesapeake Bay (Kim et al., 2000), and 0.79
dpm/cm? (1983) and 0.85 dpm/cm? (1984) from
Norfolk, Virginia (Todd et al., 1989). Data from
the White Clay Creek upland site are similar to
those from Difficult Run, but they display great-
er variability. The steady-state atmospheric de-
position rate of 2!9Pb estimated from the White

Clay Creek data is 0.021 £ 0.0004 Bg/cm?/yr
(1.3 dpm/cm?).

FRN data from the three exposed banks dis-
played consistent patterns with depth. Peak ¥’Cs
activity concentrations occurred well below the
surface at depths ranging from ~20 cm at Dif-
ficult Run—Miller Heights (Fig. 7) to ~40 cm
at the other sites (Figs. 7 and 8). Activity con-
centrations of 2!°Pb,, decreased approximately
exponentially with increasing depth, with well-
defined profiles at the two Difficult Run sites
but extensive scatter at the White Clay Creek
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site. Activity concentrations of 2Pb,, decayed
to near 0 at depths of ~40 cm at all three sites
(Figs. 7 and 8).

Modeled profiles of FRN distribution with
depth at all the sites defined varying model
parameters and sedimentation rates. Modeling
at reference sites defined rates of atmospheric
deposition, bioturbation for ¥’Cs and 2'°Pb,,,
and downward advective movement of '¥’Cs.
Parameter ranges were generally similar at
exposed banks, where sedimentation was in-
cluded as an additional process, though at some
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TABLE 3. NEW RADIOCARBON ('4C) AND OPTICALLY STIMULATED
LUMINESCENCE (OSL) DATES OBTAINED DURING THIS STUDY

Location* Dating Sample ID no. Depth Aget Age ranget
method (cm) (yr) (yr)

SR RRkm 4.75 OSL Mahan-OSL-SR_295-1 42-48 310 295-335
SR RRkm 4.75 OSL Mahan-OSL-SR_295-2 97-103 2050 1880-2220
SR RRkm 4.75 OSL Mahan-OSL-SR_295-3 184-190 17,150 16,385-17,915
SR RRkm 4.75 OSL Mahan-OSL-SR_295-4 205-211 16,310  15,245-17,375
SR RRkm 5.58 OSL Mahan-OSL-SR_35-1 52-58 197 187-197
SR RRkm 5.58 OSL Mahan-OSL-SR_35-2 75-81 1130 1005-1255
SR RRkm 5.58 OSL Mahan-OSL-SR_35-3 117-123 4760 4560-4950
SR RRkm 5.58 OSL Mahan-OSL-SR_295-4 177-183 7515 7185-7845
DR-Miller Heights OSL Mahan-OSL-MH-1(bank1) 67-73 145 130-160
DR-Miller Heights OSL Mahan-OSL-MH-2(bank1) 87-93 200 170-230
DR-Miller Heights OSL Mahan-OSL-MH-3(bank1) 107-113 225 210240
DR-Miller Heights OSL Mahan-OSL-MH-4(bank1) 132-137 630 580-680
DR-Leesburg Pike OSL Mahan-OSL-Leesburg 1(bank2) 67-73 130 120-140
DR-Leesburg Pike OSL Mahan-OSL-Leesburg 2(bank2) 167-173 180 160-200
DR-Leesburg Pike OSL Mahan-OSL-Leesburg 3(bank2) 237-243 210 200-220
DR-Leesburg Pike OoSL Mahan-OSL-Leesburg 4(bank2)  277-283 190 170-210
WCC, Site 1, Loc. 5 “C Beta-484924 215-225 616 652-580
WCC, Site 1, Loc. 2 “C Beta-484923 200-210 1626 1553-1699
WCC, Site 3, 1 “C Beta-531989 130 2739 2742-2735
WCC, Site 3, 2 “C Beta-531990 130 858 790-925
WCC, Site 9, 1 “C Beta-561565 190 858 790-925
WCC, Site 9, 2 “C Beta-561566 190 949 909-988
WCG, Site 10, 1 “C Beta-530022 180 3292 3217-3367
WCC, Site 10, 2 “C Beta-530023 170 466 426-505
WCC, Site 12, 1 “C Beta-556770 100 391 308-473
WCC, Site 12, 2 “C Beta-556771 150 959 918-1000

*SR—South River; DR—Difficult Run; WCC—White Clay Creek; RR km—river reach kilometer.
tOSL ages are in calendar years, while *C dates are reported as calibrated yr B.P.

sites, parameter ranges for the floodplain sites
were expanded beyond those used to model FRN
accumulation at the upland reference sites. Bio-
turbation coefficients ranged from 2 x 1073 to
2 x 10-° kg¥cm?*/yr (Table 4), while advective
movement of '¥’Cs ranged from 0.04 t0 0.16 cm/
yr. Advective rates of '¥’Cs would displace the
137Cs peak 2-9 cm from 1963 to 2017, indicating
the importance of accounting for this process.
Mean sedimentation rates obtained from model
calibration ranged from 0.29 to 1.10 cm/yr.

Sedimentation Rates from Dendrochronology
at White Clay Creek Site 1

Sedimentation rates from dendrochronol-
ogy supplemented results obtained from '37Cs
and 2!°Pb,, (Table 5; Fig. 9) for the White Clay
Creek site. Sediment ranging in thickness from
8 to 44 cm overlaid basal roots of trees ranging
in age from 6 to 38 yr, resulting in sedimen-
tation rates that varied from 0.5 to 5.2 cm/yr.
Neglecting the extreme outlier of 5.2 cm/yr, the
mean sedimentation rate from dendrochronol-
ogy is 1.0 cm/yr (standard deviation = 0.5 cm/
yr), while the uncertainty resulting from propa-
gating the individual standard deviations for
each tree is 1.3 cm/yr. Obtaining representative
sedimentation rates by dendrochronology is of-
ten limited by the spatial distribution of suitable
trees for analysis, which could be a concern at
site 1 at the White Clay Creek (Fig. 9), where
sampled trees were either located along the river
bank or in two small areas upstream. Nonethe-
less, the mean sedimentation rate from dendro-
chronology of 1.0 cm/yr is within the range of

0.44—-1.10 cm/yr determined from the '¥’Cs and
210pp,, data (Table 4).

Vertical Accretion History, Thickness of
Stratigraphic Units, and Sedimentation
Rates

Age-depth relationships from the Undatable
software illustrated the history of sedimentation
through time and documented the thicknesses of
presettlement, legacy (1750-1950), and “mod-
ern” (post-1950) deposits at the five study sites
(Fig. 10). Four of the five age-depth curves
showed an abrupt increase in slope around
the time of European settlement, represent-
ing increasing sedimentation rates associated
with watershed disturbance. This increase in
sedimentation rate was not displayed by results
from Difficult Run-Leesburg Pike, because no
deposits of presettlement age were exposed at
this site. At both South River sites and the White
Clay Creek site, presettlement deposits exceeded
legacy and modern deposits in thickness. Mod-
ern sediments deposited since 1950 were sig-
nificant at all five sites and ranged in thickness
from 22 £ 2 cm at Difficult Run—Miller Heights
to 43 & 10 cm at Difficult Run-Leesburg Pike.

Sedimentation rates extracted from the age-
depth relationships generally showed increasing
rates through time (Fig. 11). Presettlement sedi-
mentation rates were very low at four sites where
these deposits are present, while legacy and
modern sedimentation rates were much higher.
Unexpectedly, modern sedimentation rates were
approximately equal to or exceeded legacy sedi-
mentation rates at all the sites except Difficult
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Run-Leesburg Pike, where legacy sedimenta-
tion rates exceeded modern sedimentation rates
by a factor of ~3. Sedimentation rates obtained
from FRN analyses agreed reasonably well with
those obtained using dendrochronology at Dif-
ficult Run (Schenk et al., 2012) and at the White
Clay Creek site (Figs. 9 and 11; Tables 4 and 5).

Vertical Accretion Rates from Other Sites
in the White Clay Creek Area

Rates of vertical accretion determined from
210ph and '37Cs analyses at five additional sites
in the White Clay Creek watershed ranged from
0 to 0.75 cm/yr (Fig. 12; Table 1). Uncertain-
ties at two locations (sites 8 and 9) included the
possibility of 0 sedimentation, and at a third site
(AJP-2), a sedimentation rate of O is the pre-
ferred interpretation. These sedimentation rates
were combined with published values to increase
the available data documenting contemporary
floodplain accretion.

Synthetic Stratigraphic Data from
Published Observations

Published data document thicknesses and
ages of presettlement deposits, the thicknesses
of postsettlement deposits, and the depths to
layers representing deposition in 1880 and 1950
(Fig. 13). Postsettlement deposits are the thick-
est of these, with a median thickness of 89 cm,
considerably exceeding the median thickness of
presettlement deposits of 55 cm. Approximately
7% of stratigraphic sections have no presettle-
ment deposits preserved. The median age of
presettlement deposits is 900 yr, but ages range
from less than 300 yr to over 17,000 yr. The me-
dian depth of the 1950 surface is 18 cm, while
the corresponding value for 1880 is 26 cm.
Thickness values for all the stratigraphic units
overlap one another; for example, some of the
sediments deposited since 1950 exceed the
thickness of some postsettlement deposits. This
illustrates that the thicknesses of these strati-
graphic units can vary over a wide range from
place to place.

The variability of stratigraphic relationships
implied by the data in Figure 13 is highlighted
by the distributions of three stratigraphic con-
tacts extracted from 5000 synthetic stratigraphic
sequences displayed in age-depth coordinates in
Figure 14. The base of presettlement deposits
can be encountered at depths of less than a deci-
meter to depths of nearly 400 cm. Similar vari-
ability is displayed by the age-depth coordinates
of the other two contacts. Average age-depth
coordinates of these contacts, however, define a
smooth upward trend that documents increasing
sediment storage through time.
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Figure 6. Results of analyses of soil samples from upland sites unaffected by sedimentation at Difficult Run and the White Clay Creek site.
Solid lines indicate selected model fits to 21°Pb,, and ¥’Cs activities (dots). Sand-mud ratios are not available for Difficult Run.

To summarize the relative contribution of pre-
settlement, legacy, and modern deposits to the to-
tal thicknesses of the 5000 synthetic stratigraphic
sequences of Figure 14, the thicknesses of the
three stratigraphic units were expressed as frac-
tions of the total thickness of each synthetic sec-
tion. The distributions of fractional thicknesses
(Fig. 15) indicate that the relative proportions
of the three units vary widely. The median frac-
tion of presettlement deposits is 0.39, but frac-
tional thicknesses range from 0 to ~0.7. Legacy
sediments typically comprise 47% (median) of

the total thickness of the synthetic stratigraphic
sequences, but thicknesses can range from 0 to
100%. The median fraction of modern sediments
15 0.11, but the fractional thicknesses of individu-
al sections also vary from O to 100%.
Distributions of sedimentation rates of the
three stratigraphic units obtained from the 5000
synthetic sections are presented in Figure 16.
The median presettlement sedimentation rate is
0.06 cm/yr, consistent with the results from the
five field sites shown in Figure 11, but sedimen-
tation rates can vary from O to >1 cm/yr. The
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median sedimentation rate of legacy sediments
is 0.34 cm/yr, which is slightly higher than the
median sedimentation rate of modern sediments,
which is 0.25 cm/yr, but sedimentation rates for
both units can range from 0 to >1 cm/yr.

Present and Past Age Distributions
Extracted from Synthetic Stratigraphic
Data

Contemporary probability density functions
of sediment age of 5000 synthetic sections are
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Figure 7. Results of analyses of soil samples from eroding banks sampled in Difficult Run. Solid lines indicate selected model fits to 21°Pb,,
and ¥7Cs activities. Horizontal error bars for 13’Cs are smaller than the symbols denoting mean activities.

highly variable, but they display a prominent
peak for stored sediment ~200 yr old, repre-
senting enhanced sedimentation rates associated
with European settlement (Fig. 17A). Sediments
associated with legacy sedimentation display a
frequency approximately twice that of younger
deposits, a trend that is most clearly shown when
the probability density function is computed by
pooling all 5000 sections together (solid line in
Fig. 17A). An exponential age probability den-
sity function with a mean of 300 yr is consistent

with some of the observed age probability den-
sity functions (dashed line in Fig. 17A), but it
lacks the peak associated with legacy sediments,
highlighting the importance of time-varying
deposition rates in controlling the present age
distribution of stored sediments in the Mid-At-
lantic region.

The age probability density function recon-
structed for 1900 A.D. is similar to the present
age probability density function, except that
the enhanced frequency associated with legacy
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sediments is now associated with younger sedi-
ments (Fig. 17B). This is reasonable, because
in 1900 A.D., most of the legacy deposits were
<100 yr old, and these sediments have aged
in place another 100 yr since 1900 A.D. when
analyzed for present conditions. Correcting the
probability density function of “all” 5000 sec-
tions preserved in 1900 A.D. for millpond sedi-
ments nearly doubles the frequency associated
with legacy sediments, indicating the potential
importance of these deposits for past age prob-
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Figure 8. Results of analyses from the soil samples of eroding bank sampled at White Clay Creek site 1. Solid lines indicate selected model
fits to 21%Pb,, and '¥’Cs activities. Error bars not shown are smaller than symbols denoting mean activities.

ability density functions reconstructed at times
when millpond deposits were in place.

The age distribution of presettlement depos-
its is presented as a complementary cumulative
distribution function in Figure 17C, along with
a complementary exponential distribution with

a mean of 2160 yr included for reference. The
exponential distribution represents the observed
data well for the youngest ~90% of preserved
deposits, but older sediments are more abundant
than is predicted by an exponential distribution.
This “heavy tail” results from a few relatively

rare, older deposits, particularly those from basal
deposits of the South River, and it is broadly con-
sistent with heavy-tailed alluvial storage func-
tions proposed by Bradley and Tucker (2013),
Lancaster et al. (2010), Pizzuto et al. (2017), and
Torres et al. (2017, 2020).

TABLE 4. FALLOUT RADIONUCLIDE (FRN) INVENTORIES, PARAMETERS, AND RESULTS OBTAINED FROM CALIBRATING FRN MODEL TO FRN DEPTH PROFILES

Site/ Inventory Steady-state Bioturbation Modeled Advective  Advective  Sedimentation rate Surface  Surface Sedimentation
isotope (Bg/cm?) atmospheric coefficient atmospheric flux flux (kg/cm?/yr) bulk silt-clay rate
(uncertainty) deposition (kg&cm*/yr) depositiont (down) (down density (%) (cm/yr)
(Ba/cm?/yr) (Ba/cm?/yr) (kg/cm?/yr) (cm/yr) (kg/cm?)
(std. dev.)
Difficult Run—Reference
137Cs 0.1148 (0.0026) NA 285 x 10-8* 45-55 % 105 4-5 x 10-5* 0.08-0.09 NA 5.3 x 104 NA NA
210pp,, 0.4789 (0.0282) 0.015 8-8.5 x 10-8* 0.015 NA NA NA 5.3 x 104 NA NA
(0.001)
Difficult Run—Miller Heights Bank 1
187Cs 0.1835 (0.0042) NA 8 x 10-8* 0.00325 4 x 10-5* 0.05 203 x 10~4* 1.13 x 102 65.0 0.29-0.34
#%Pbe,  0.6915 (0.0621) NA 8 x 10-¢* 75-8.75 x 102 NA NA 2-2.67 x 104 113 x 10 650 0.29-0.38
Difficult Run—L eesburg Pike Bank 2
187Cs 0.2180 (0.0038) NA 2-8 % 10-8* 25-45x 103 4-9 x 10-5* 0.07-0.16  3.86-772 x 104* 1.03 x 108 54.7 0.67-0.82
210Pb,,  0.4117 (0.0447) NA 8 x 10-8* 5-6.75 x 10-3 NA NA 24 % 10-4* 1.03 x 103 547 0.35-0.70
White Clay Creek—Reference
187Cs 0.1849 (0.0022) NA 8 x 10-7—1.0 x 106  0.085-0.095 4.5« 105 0.07-0.08 NA 8.6 x 10 13.0 NA
210Pp,,  0.6464 (0.0132) 0.021 7 x 10-7=1.15 x 106 0.018 NA NA NA 8.6 x 10 13.0 NA
(0.0004)
White Clay Creek—Site 1
87Cs  0.0642 (0.0028) NA 1.15 x 10-6—2 x 106 0.003 8 x 10-5— 0.04 87 x 104-12 x 103 1.03 x 102 5.0 0.81-1.10
4 x 104
210Pp, 0.5760 (0.0684) NA 1.15 x 10-° 0.0075 NA NA 4.7 x 104-8.7 x 10 1.03 x 108 5.0 0.44-0.81

Note: Results for the South River RRkm 4.75 and RRkm 5.58 are presented by Pizzuto et al. (2016). NA—not applicable.

*Mass units normalized by % silt-clay.

fInput value for '¥7Cs is the time-average. Modeled values vary with time following Pizzuto et al. (2016).
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TABLE 5. SEDIMENTATION RATES FROM DENDROCHRONOLOGY AT WHITE CLAY CREEK SITE 1

Tree Tree species Mean sed. depth Uncertainty*  Treeage  Sed.rate  Uncertainty
ID no. (cm) (cm) (yr) (cm/yr) (cm/yr)
T1 Acer negundo 23 6 35 0.7 0.2
T2 Acer negundo 27 1 32 0.8 0.3
T3 Juglans nigra 28 3 22 1.3 0.1
T4 Juglans nigra 44 8 24 1.8 0.3
T5 Fraxinus americana 29 2 38 0.8 0.1
T6 Carya tomentosa 36 9 31 1.2 0.3
T7 Quercus rubra 13 8 28 0.5 0.3
T8 Carya tomentosa 25 2 32 0.8 0.1
T9 Carya tomentosa 33 1 30 1.1 0.02
T10 Carya tomentosa 21 1 19 1.1 0.1
™ Fraxinus americana 17 3 14 1.2 0.2
T12 Platanus occidentalis 52 NA 10 5.2 NA
T13 Juglans nigra 1 3 16 0.7 0.2
T14 Acer negundo 18 6 36 0.5 0.2
T15 Acer negundo 21 3 30 0.7 0.1
T16 Platanus occidentalis 9 4 6 1.5 0.7
T17 Platanus occidentalis 20 4 9 23 0.5
T18 Platanus occidentalis 8 5 8 1.0 0.6

*Standard deviation of three individual measurements. NA—not applicable.

Illustrative Steady-State Sediment Travel
Times

Cumulative travel-time distributions resulting
from an exponential age distribution with a mean
of 300 yr are presented in Figure 18. For a travel
distance of 10 km, more than 90% of the sedi-
ments are delivered within 30 yr, but the percent-
age delivered in 30 yr drops to less than 10% at
distances of ~300 km (Fig. 18B). At distances of
afew hundred kilometers, the median travel time
is ~10? yr, with some sediments requiring 103 yr

.
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to travel to the outlet of a watershed (Fig. 18A).
At a distance of 500 km, the median travel time
is >103 yr.

DISCUSSION

Thicknesses and Ages of Presettlement,
Legacy, and Modern Deposits

While previous studies have often empha-
sized the prevalence of legacy sediments in
Mid-Atlantic valley-fill deposits (Dearman

Figure 9. Sediment thickness over
basal tree roots and tree age cat-
egories near White Clay Creek
(WCC) site 1. PA—Pennsylvania.
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and James, 2019; Walter and Merritts, 2008;
Wegmann et al., 2012), our new field data
and synthesis of previously published data
demonstrate that presettlement and modern
stratigraphic units are significant as well. The
median fraction of presettlement deposits in
reconstructed synthetic sections is 0.39, some-
what less than the corresponding value of 0.47
for legacy sediments. Sediments deposited
since 1950 are also significant, representing
a median fraction of 0.11 of the preserved
deposits. These results suggest that legacy
sediments (as defined here) are typically not
the predominant stratigraphic unit in Mid-At-
lantic floodplains, which challenges the cur-
rent narrative (e.g., Walter and Merritts, 2008;
and others) and has significant implications
for management of these landforms (Miller
etal., 2019).

Sedimentation rates for the three stratigraphic
units defined in our analysis are also informa-
tive. The low rate of accumulation of presettle-
ment deposits (median 0.06 cm/yr) is consis-
tent with results of previous studies, as is the
rapid increase in sedimentation associated with
European colonization (median 0.34 cm/yr;
Kemp et al., 2020; Knox, 1987, 2006; Wilkinson
and McElroy, 2007). The relatively high rate of
contemporary sedimentation (median 0.25 cm/
yr) has also been documented previously (Hupp
etal., 2013; Noe et al., 2020; Pizzuto et al., 2016;
Schenk et al., 2012), but it has rarely been in-
cluded in a comparative analysis of rates asso-
ciated with older deposits of the Mid-Atlantic
region, and these modern deposits have also not
often been considered in a stratigraphic context
in previous studies.

While the average thicknesses and sedi-
mentation rates of the three stratigraphic units
are important, their extensive variability is
also significant. Any of the three stratigraphic
units can be absent locally, and thicknesses
can vary substantially. Ages of presettlement
deposits, when present, can vary from a few
hundred years to more than 17,000 yr. While
some variability in our results could arise from
neglecting coherent geographic variations in
sediment storage processes (Dearman and
James, 2019; Knox, 1987; Magilligan, 1985)
or from imprecise dating or stratigraphic inter-
pretations, much of the variability is likely an
essential feature of river corridor sedimenta-
tion that should be explicitly accounted for in
sediment routing and watershed management
planning.

It is also important to consider the limita-
tions of the available data when evaluating our
results. Our study was a quantitative evaluation
that attempted to represent valley corridor de-
posits over a large region, while the available
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data are not extensive (as is illustrated by
Tables 1-3). For example, there are almost no
stratigraphic data available for the largest rivers
in the region, and dated stratigraphic sections
are relatively rare compared to the thousands
of kilometers of river lengths in our study area.
Furthermore, the limited data that are available
are not randomly distributed spatially but rather
reflect the interests and biases of individual sci-
entists. More extensive data would likely reveal
additional and possibly different results from
those presented here.

Contemporary and Past Age Distributions

Contemporary and past age distributions
extracted from synthetic stratigraphic sections

—@—

| (10)

(10)

14C, OSL
Stratigraphic Units
modern
I legacy
I

I presettlement

Leesburg Pike), WCC—White
Clay Creek.

exhibited a number of important features. First,
contemporary age distributions were highly
variable, suggesting that the ages of stored sedi-
ment will change considerably from section to
section. Second, contemporary age distributions
displayed a prominent peak representing the
substantial pulse of legacy sediment deposited
since 1750. While all alluvial deposits by defini-
tion reflect past conditions to some degree, the
peaked contemporary age probability density
function clearly illustrates how events of the last
few centuries continue to dominate the sedimen-
tary record of Mid-Atlantic river corridors.
Characteristic time scales associated with
pre- and postsettlement deposits are consider-
ably different. Representative exponential func-
tions shown in Figures 18A and 18C, while not
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precisely equivalent to observed relationships,
capture some important features of these dif-
fering time scales. The mean of 2160 yr for the
exponential function fit to presettlement deposits
suggests a long residence time for these deposits,
while the mean of 300 yr, mostly fit to legacy
and recent deposits, indicates a much shorter
residence time. These differences in character-
istic storage time scales have important conse-
quences for watershed management now and
into the future.

Travel-Time Distributions
Travel-time distributions of Figure 18 were

included to illustrate several important prin-
ciples. The first is simply that contemporary
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age distributions of stored sediment that span
centennial time scales, interpreted as storage
time distributions, imply lengthy travel times
even though suspended sediment is carried
rapidly downstream in the channel during
storm events. Many of the travel times illus-
trated in Figure 18 greatly exceed time scales
envisioned by watershed restoration plans,
here represented by the 30 yr travel time of
Figure 18B. Results of Figure 18B imply
that watershed restoration activities will only
benefit areas within a few tens of kilometers
downstream within 30 yr, reinforcing the
need to include the methods of this study in
sediment-routing models designed to evaluate
restoration scenarios. A second implication of
these results, emphasized in previous studies
(e.g., Pizzuto et al., 2014, 2017), is that over
long transport distances (e.g., hundreds of ki-
lometers), the timing of sediment delivery is
essentially independent of transport processes
within the channel (e.g., individual storms),
and it entirely depends on the time sediments
spend in storage between transport events.
Finally, it is also noteworthy that the results of
Figure 18 were obtained analytically; a com-
plex numerical model was not required.
Despite the useful illustrative principles derived
from these travel-time distributions, it should be
remembered that they are presented only as ideal-
ized examples. They are only strictly valid for a
single sediment budget scenario that may or may
not broadly represent the Mid-Atlantic region,

<
<

Figure 12. Results of fallout radionuclide
(FRN) analyses from sites 2, 8,9, AJP-1, and
AJP-2 from the White Clay Creek. Solid
lines indicate selected model fits to *1'Pb,,
and '¥Cs activities.
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Figure 13. Cumulative distri-
butions of stratigraphic data
from Mid-Atlantic stream val-
leys. (A) Cumulative distri-
butions of the thicknesses of
pre- and postsettlement depos-
its and depths of 1950 and 1880
A.D. chronostratigraphic hori-
zons. (B) Cumulative distribu-
tion of the ages of presettlement
deposits.
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and they were created using a very simplistic ex-
ponential approximation to the many storage time
distributions extracted from our synthetic strati-
graphic sequences. Furthermore, only a single
value for the fraction of sediment exchanged per
kilometer, g, was used, even though data from the
region indicate that g can vary by at least an order
of magnitude (Pizzuto et al., 2014). Pizzuto et al.
(2014) demonstrated that mean travel times are
proportional to g (their equations 1 and 22), so
travel-time predictions are clearly sensitive to lo-
cal variations in sediment budgets, a factor that is
not explicitly reflected in the results of Figure 18.
Finally, the computations assume a steady-state
system where erosion and deposition are balanced
and unchanging through time. None of these
conditions can be a reasonable approximation of
contemporary sediment transport processes in the
Mid-Atlantic region.

Implications for Modeling

The results presented herein highlight some
of the key geologic data required to account

for sediment storage in a watershed-scale
sediment-routing model. The erosion equation
presented as Equation 1 requires the mass of
stored sediment and its age distribution to be
specified at the beginning of model computa-
tions, which occurs 1000 yr ago for the frame-
work of Figure 1. The methods adopted here
defined both quantities through the results of
Figures 14 and 17. As model computations
proceed through time, the accumulation of
stored sediment and age distributions are pre-
dicted, allowing data for subsequent time pe-
riods (e.g., age distributions for 1900 and the
present) to be used for model evaluation and
calibration.

All of our results exhibited substantial vari-
ability. As noted above, most variability likely
arises from natural fluctuations in sedimentary
processes and is therefore irreducible. Because
variability is expected and unavoidable, geosci-
entists and modelers should develop formal pro-
cesses to assess how uncertainty in initial condi-
tions and data for calibration affects uncertainty
in model predictions.
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While our results illustrate some essential
geologic data required by models, other infor-
mation will also be needed to implement the
framework of Figure 1. Sediment supplied to the
channel network by hillslope erosion and water
discharge must be determined through time so
that boundary conditions are fully specified. A
variety of anthropogenic influences should be
accounted for, including the dates of mill dam
construction and demise, their locations within
each river corridor, and their influence on sedi-
mentation through time. Spatial variations in
relevant parameters and processes, neglected
here, are likely important factors in specific wa-
tersheds and must also be assessed.

CONCLUSIONS

Spatially averaged stratigraphic and geochro-
nologic data, summarized as age-depth rela-
tionships, provided a quantitative summary of
vertically accreted valley bottom sedimentation
from Holocene to present in the Mid-Atlantic re-
gion. Stratigraphic data were divided into three
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Figure 14. Age-depth probability density functions (pdfs) of three contacts from 5000 syn-
thetic vertical sections reconstructed from cumulative distributions of observed stratigraphic
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Analysis (Verboven and Hubert, 2010).

chronostratigraphic units: sediments deposited
before widespread watershed disturbances as-
sociated with European colonization, termed
presettlement deposits, sediments deposited as a
result of watershed disturbances between 1750
and 1950, termed legacy sediments, and modern
sediments deposited after 1950. While the thick-
nesses of all three stratigraphic units are char-
acterized by exceptional variability, the median
fractional thicknesses of presettlement, legacy,
and modern deposits are 0.39, 0.47, and 0.11,
indicating that legacy sediments are not neces-
sarily the predominant stratigraphic unit in Mid-
Atlantic valley-fill deposits. Presettlement de-
posits accumulated at a median rate of 0.06 cm/
yr, while sedimentation rates accelerated dra-
matically to 0.34 cm/yr following European
settlement. Modern sedimentation rates are only
slightly lower than those associated with legacy
sediments, with a median value of 0.25 cm/yr.
The sedimentation rates of all units are highly

variable: Trends in sedimentation rates defined
by median values may not be apparent in many
individual sections.

Reconstructed age-depth relationships were
recast as age distributions, and, when combined
with geomorphic mapping and assessment of
patterns of erosion through time, as storage
time distributions as well. Age distributions for
the presettlement period, in 1900 A.D., and at
present are highly variable, but they illustrate
systematic variations through time. The preset-
tlement distribution reflects preserved deposits
as old as 18,000 yr and a slow reworking time
scale (residence time) of ~2160 yr. By 1900,
rapid deposition of legacy sediment created an
age distribution dominated by sediments young-
er than 150 yr in age (as indicated by the peak in
the age distribution for these deposits depicted in
Fig. 17B), though deposits from the early Holo-
cene continue to be represented. The present age
distribution also exhibits increased frequency of
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legacy sediments, reflecting the continued pres-
ervation of these deposits in Mid-Atlantic river
corridors. The residence time for contemporary
sediments is ~300 yr, indicating a transition
from a presettlement fluvial system that slowly
reworked stored sediment to a more vigorous
contemporary fluvial system with a considerably
shorter residence time.

Travel-time computations were presented to
illustrate potential relationships between the age
distribution of stored sediments and the distri-
bution of sediment travel times through large
Mid-Atlantic watersheds. Inferred travel times
ranged from a few years to more than 1000 yr,
suggesting that storage can create long lag times
between watershed restoration to reduce sedi-
ment loading and delivery of benefits to water-
shed outlets.

An explicit representation of sediment stor-
age is clearly needed to improve watershed-scale
sediment-routing models. Such models will re-
quire geologic data for development and cali-
bration. The methods and results described here
illustrate how stratigraphic and geochronologic
data can be analyzed and organized to achieve
these goals.
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Figure 17. Age distributions of
sediments preserved at three
different time periods. (A)
Probability density functions
(pdfs) of ages of deposits pre-
served at present. Grayscale is
proportional to the frequency
of pdfs from 5000 individual
sections. “All” is the pdf deter-
mined from the preserved ages
of all 5000 sections. Exponen-
tial pdf with a mean of 300 yr is
shown for reference. The x axis
has been truncated at 1500 yr
to preserve visibility, but data
continue to 18,000 yr. (B) Age
pdfs of deposits preserved in
1900 A.D. Dashed line indicates
pdf obtained when in-channel
millpond deposits are included.
(C) Complementary cumu-
lative distribution function
(“survivor function”) of pre-
settlement deposits. Comple-
mentary exponential function
with mean of 2160 yr is shown
for reference.

Figure 18. Travel-time distri-
butions as a function of travel
distance computed using an ex-
ponential age and storage time
probability density function
(pdf) with a mean of 300 yr, a
storage probability of 0.01/km,
and a downstream drift veloc-
ity of 156 km/yr. (A) Cumula-
tive travel-time distribution as
a function of travel distance,
with median travel times for
reference. (B) Fraction of sedi-
ment reaching the watershed
outlet in 30 yr as a function of
distance (a “section” through
the data in part A parallel to
the x axis at a constant travel
time of 30 yr).
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