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Abstract watershed Best Management Practices (BMPs) are often designed to reduce loading from
particle-borne contaminants, but the temporal lag between BMP implementation and improvement in
receiving water quality is difficult to assess because particles are only moved downstream episodically, rest-
ing for long periods in storage between transport events. A theory is developed that describes the down-
stream movement of suspended sediment particles accounting for the time particles spend in storage
given sediment budget data (by grain size fraction) and information on particle transit times through stor-
age reservoirs. The theory is used to define a suspended sediment transport length scale that describes
how far particles are carried during transport events, and to estimate a downstream particle velocity that
includes time spent in storage. At 5 upland watersheds of the mid-Atlantic region, transport length scales
for silt-clay range from 4 to 60 km, while those for sand range from 0.4 to 113 km. Mean sediment velocities
for silt-clay range from 0.0072 km/yr to 0.12 km/yr, while those for sand range from 0.0008 km/yr to 0.20
km/yr, 4-6 orders of magnitude slower than the velocity of water in the channel. These results suggest lag
times of 100-1000 years between BMP implementation and effectiveness in receiving waters such as the
Chesapeake Bay (where BMPs are located upstream of the characteristic transport length scale). Many par-
ticles likely travel much faster than these average values, so further research is needed to determine the
complete distribution of suspended sediment velocities in real watersheds.

1. Introduction

The route of suspended sediment downstream through alluvial valleys not only involves transport but also
periods when particles are resting in alluvial deposits. For many rivers, the time spent resting can greatly
exceed the time spent in transport. Bradley and Tucker [2013] suggest that “during its journey from erosional
source to depositional sink, a sediment particle may spend only a small fraction of the total transit time
actually moving. The remainder of the time is spent at rest, stored in various sedimentary deposits along
the way.” According to Martin and Church [2004], “sediment particles, in fact, remain at rest during most of
their journey through the landscape, only rarely undergoing actual transport.” Meade [2007] notes that “any
given particle of sediment in an active river system is, at any randomly selected instant, more likely, by fac-
tors of thousands or more, to be resting quietly in storage than to be actively in motion.”

Martin and Church [2004] present a useful conceptual framework for quantifying the effect of particle stor-
age on time scales of downstream particle transport:

travel time =travel length /U (1)

The variable U in equation (1) is a “virtual velocity,” the apparent (or average) rate of movement of material
through the system, including the time spent in storage. If this “virtual velocity” can be determined, then
the travel time for particles downstream through alluvial valleys can be estimated using equation (1).
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The ability to provide travel time estimates can be critically important for watershed management. In the Ches-
apeake Bay watershed, for example, the EPA has set limits on sediment and phosphorus loading that states
must achieve by 2025 (http://www.cbf.org.how-we-save-the-bay/chesapeake-clean-water-blueprint/what-is-kill-
ing-the-bay, accessed 5 June 2013). To reach these targets, Best Management Practices (BMPs) are employed to
reduce sediment production from agricultural fields, hillslopes, eroding stream banks, and other sediment sour-
ces. Similar strategies (e.g., riparian buffers) may also be used to help reduce loading of sediment-borne contam-
inants or nutrients.

It is widely recognized that BMPs do not immediately improve the quality of receiving waters [Meals et al.,
2010] because the positive sediment “signal” created by BMPs must be carried downstream through the
watershed [Meals et al., 2010; Hirsch et al., 2013]. However, our ability to estimate the lag between BMP
implementation and its beneficial effect on downstream receiving waters is very poorly developed. In the
Chesapeake Bay Program, for example, BMPs are evaluated using the Chesapeake Bay Model (www.chesa-
peakebay.net/about/programs/modeling/53/, accessed 10 July 2013), a version of the hydrologic model
HSPF. While the Chesapeake Bay Model is a very advanced watershed simulation model, it routes sediment
downstream along with channelized flow without considering off-channel sediment storage and exchange
processes, and it therefore cannot assess sediment lag times.

Fluvial geomorphologists and engineers have developed several methods in recent years for predicting the
transport and storage of sediment (and attached contaminants) in alluvial systems. Over short spatial and
temporal scales, 2-D and 3-D hydrodynamic models can be used to assess patterns and rates of sediment
transport, storage, and remobilization [Crosato and Saleh, 2011; Warwick and Carroll, 2008]. Reduced com-
plexity models have been developed to route sediment-borne contaminants through watersheds [Coulth-
ard and Macklin, 2003]. Markov models use observed sediment budget data to estimate the probability of
sediment “transitions” from one alluvial storage reservoir into another, thereby quantifying the various
paths and rates of downstream sediment movement [Kelsey et al., 1987; Malmon et al., 2002]. Several recent
1-D reach-averaged models couple equations for hydraulics, sediment transport, erosion, and deposition,
and these models can be used to estimate the downstream movement and storage of sediment, contami-
nants, and associated isotopes [Lauer and Parker, 2008a, 2008b, 2008c; Lauer and Willenbring, 2010; Viparelli
etal, 2013].

All of these methods are significant contributions, but each has important disadvantages. Detailed hydrody-
namic models can only represent short time and spatial scales, while the watershed routing problem may
encompass thousands of kilometers of river channels and millennial time scales. The reduced complexity
models can be applied at the appropriate temporal and spatial scales, but they may fail to capture the specific
controlling processes of transport and exchange. Markov models require alluvial storage reservoirs to be well-
mixed, but this assumption may not be reasonable [Ackerman and Pizzuto, 2012; Bradley and Tucker, 2013].

The reach-averaged hydraulic routing models could likely be adapted to achieve the objectives of our
research, but here we choose a more straightforward approach. We assume that sediment budget compo-
nents are known, and we use mass conservation principles to derive a theoretical framework allowing sedi-
ment budget data to be related to the downstream movement of “tagged” suspended sediment particles
as a function of downstream distance and time. The resulting equations are valid for temporally and spa-
tially varying sediment budget components (though the budget must be specified; it is not predicted by
the theory), and they also account for grain size partitioning between the channel and floodplain (for exam-
ple, if coarse-grained sediment is preferentially deposited and fine-grained sediment is preferentially trans-
ported). A simple scaling analysis derived from our theory identifies a characteristic length scale, L;, that
represents the distance particles are carried in transport before they enter storage.

The virtual velocity U in equation (1) can be represented as the ratio of a length scale to a characteristic
time scale. We propose that the appropriate length scale for estimating U is the characteristic transport
length L, and that the appropriate time scale is T, the average time particles spend in storage before being
remobilized. This hypothesis implies that the time particles spend in transport may be entirely neglected:
only the storage time is necessary to estimate U. We document, as part of our analysis, the conditions
required for this hypothesis to be a reasonable approximation.

These results and equation (1) lead us to develop a conceptual model for the lag time of suspended sedi-
ment signals influenced by storage, and to hypothesize that lag times in the mid-Atlantic region are
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Particle trajectory averaged over X > Lg increased by orders of magnitUde where
storage in floodplains is important. The
conceptual model posits that, for trans-
port distances significantly shorter than

Particle trajectory averaged over X < Lg

Characteristic . . .
Transport Ly, suspended particles are primarily
Length ScaleLs Transport IncludingTime  transported with the water in the chan-
<> Spent in Storage

nel, and travel times to receiving waters
are relatively short (Figure 1). After par-
ticles are carried farther than L, nearly
all will have been deposited and stored,
and their subsequent movement must
Transport In proceed at a lower velocity that includes
Channel Only the time spent in storage. As a result,
travel times will be considerably longer

1 (Figure 1). The primary goal of the analy-

! sis that follows is to present a quantita-
Distance to Receiving Water (log scale) tive version of Figure 1 using data from
the mid-Atlantic region.

Travel Time (log scale)

Time Spent in Storage

Figure 1. Conceptual illustration (on log-log axes) of the influence of particle stor-

age on travel time of a representative suspended sediment particle to receiving

waters downstream. For transport distances less than L, most particles remain in

the channel and are carried rapidly downstream with the flow. After a distance L, 2. StUdy Areas and Selected

most particles have entered storage, and travel times reflect the additional time Methods of Data Analysis
spent “resting” in storage.

Although the theory presented in this

paper is very general, it is used here to

estimate spatial and temporal scales of
suspended sediment routing for mid-Atlantic upland streams (i.e., sites located in the Coastal Plain are
excluded) [Bachman et al., 1998]. Four of our five study sites are tributaries of the Chesapeake Bay, while
one is a tributary of the Delaware Bay.

Data are obtained from U.S. Geological Survey gaging stations and sediment budget analyses (Figure 2).
Field and analytical methods are mostly presented in the original publications. Methods used to cast data
into a form useful for the purposes of this paper are briefly described here.

2.1. Sediment Budget Information From Previous Studies

Hupp et al. [2013] and Schenk et al. [2013] present sediment budgets for three watersheds with drainage
basin areas of 141 km? (Difficult Run), 147 km? (Linganore Creek), and 160 km? (Little Conestoga River) (Fig-
ure 2). Floodplain deposition rates were measured using clay pads as reference horizons, and bank erosion
rates were determined using erosion pins. Sediment yields [reported by Schenk et al., 2013] are estimated
from U.S. Geological Survey gaging stations in each watershed. Data for these studies were collected over a
relatively short period of a few years.
The percentages of silt-clay and
sand in floodplain deposits (n = 36,
18, and 19 samples from Difficult

CR Run, Linganore Creek, and the Little
Pennsylvania L] .WC

Conestoga River) were measured
Maryland using a sonic sifter (Linganore Cr,
and Little Conestoga River) or a
LISST (Sequioa Scientific, Inc) (Diffi-
cult Run) (grain size data have not
been previously published). The per-
centages of silt-clay and sand in sus-
pended sediment samples were
obtained from gaging station data

Virginia

Figure 2. Locations of sites where data are reported in this paper. CR—Little Conestoga ilable in the U. S. Geological S
River; DR—Difficult Run; GH—Good Hope Tributary; LC—Linganore Creek; and WC— available in the U. 5. Geological Sur-
White Clay Creek at Stroud Water Research Center. vey's National Water Information
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Table 1. Data Used to Determine the Percentage of Silt-Clay and Sand in Suspended Sediment Samples

U.S. Geological Survey

Drainage Basin Sampling Sites Gaging Station ID # Number of Samples Sampling Period

Good Hope Tributary, MD Seven sites in Rock Cr. and Ana- NA 58 9/12/1960-12/26/1973
costia R. basins®

White Clay Creek (WCC), PA WCC at Stroud Water Research NA 27 6/24/2011-10/31/2012
Center

Linganore Creek (LC), MD LC near Libertytown, MD 01642438 458 9/6/2008-1/4/2011

Little Conestoga Cr (LCC), PA LCC, Site 3A, near Morgantown, 0157608335 and 01576085 110 3/21/1983-7/24/1988
PA, and LCC near Churchtown,
PA

Difficult Run (DR), VA DR near Great Falls, VA 01646000 39 7/13/2011-5/16/2013

“Data summarized by Yorke and Herb [1978].

System (http://nwis.waterdata.usgs.gov/usa/nwis/qwdata, accessed 25 June 2013) (Table 1). Individual esti-
mates were weighted by suspended sediment flux at the time of sampling to obtain a representative flux-
weighted mean % silt-clay and sand for each gaging station.

Williamson [2013] created a sediment budget for sand and silt-clay grain size fractions for a 0.725 km-long
section of the third-order White Clay Creek near the Stroud Water Research Center (SWRC) (http://www.
stroudcenter.org/, accessed 12 June 2013). She measured erosion and deposition rates associated with lat-
eral channel migration (deposition from overbank flows was neglected) from historical (1968 and 2010) aer-
ial imagery and high-resolution light detection and range (LIDAR) data using methods described by
Rhoades et al. [2009]. Six channel samples of eroding banks were obtained and the percentages of silt-clay
and sand determined by wet-sieving [Lewis, 1984]. The annual average suspended sediment yield was esti-
mated from 18 years of gaging station data collected at the SWRC. Williamson [2013] first created a sedi-
ment rating curve and developed a procedure to correct for statistical bias [e.g., Ferguson, 1986]. The rating
curve was used to estimate suspended sediment transport rates associated with each discharge measure-
ment (obtained at either 15 or 5 min intervals) in the 18 year database; these individual loads were summed
to determine annual loads. The percentages of silt-clay and sand in suspended sediment were measured
from 27 samples obtained over a wide range in discharge from 2010 to 2012 (Table 1). The grain size of
these samples was measured using a Micromeritics S100 SediGraph at the University of Exeter. Similar to
the data obtained from the U.S. Geological Survey, individual grain size estimates for suspended sediment
were weighted by suspended sediment flux at the time of sampling.

Allmendinger et al. [2007] developed a sediment budget for the Good Hope Tributary (drainage basin area
4,05 km?) for 1951-1996. Floodplain deposition was measured using dendrochronological methods, and
statistical relationships were used to estimate upland sediment production and bank erosion. Sediment
yield was not measured directly, but was rather obtained by summing the individual budget components
(i.e., the output was given as the sum of inputs minus storage components). While Allmendinger et al. [2007]
do not present grain size data for budget components, a complete sediment budget by grain size fraction
is presented by Allmendinger [2004]. To estimate the fractions of silt-clay and sand in the suspended sedi-
ment load, 58 analyses from other nearby watersheds presented by Yorke and Herb [1978] are used (Table
1). These data were averaged without weighting grain size estimates by suspended sediment flux, because
they were obtained from several different sites.

Sediment budget data are primarily used in this paper to estimate the intensity of sediment exchange rela-
tive to the suspended sediment transport rate; the balance between erosion and deposition is not particu-
larly important. Furthermore, the large errors associated with sediment budget estimates often preclude
clear assessment of the sediment balance, as the balance is typically a small difference between large num-
bers, each of which has significant error. Accordingly, for all sites except the White Clay Creek, estimates of
erosion and deposition are averaged here to obtain a single estimate of sediment exchange, essentially
assuming that the mass of floodplain sediment storage is constant. At the White Clay Creek, rates of over-
bank deposition have not been measured, and so a somewhat different approach is needed. We assume
that the unmeasured accumulation would increase sediment storage to approximately balance erosion,
and therefore we use the bank erosion rate for the White Clay Creek to estimate sediment exchange at this
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site. Clearly, all of these methods
represent rather crude approxima-
tions (particularly so for the White
Clay Creek). However, since the goal
of this paper is to estimate general-
ized scaling parameters, and not to
produce detailed model results, our
approach (though approximate) is
appropriate.

. Very Recent Lateral Accretion Floodplain

. Post Sett Vorticat Accretion Floodplain 2.2, Stratigraphy and Holocene-

E Good Hope Tributary Channel oom Recent Depositional History of
Upland Mid-Atlantic Rivers

Figure 3. Geomorphic map illustrating the areal extent of fine-grained postsettlement The texture and stratigraphy of allu-

vertlca.l accretion floodplain d.eposns and coarse-grained very recent lateral accret|o-n vial deposits has an important influ-

deposits of the Good Hope Tributary, Maryland. Nearly all the banks composed (J. Piz- A X

zuto, unpublished data, 2004) of postsettlement vertical accretion deposits are eroding. ~ €NC€ ON the intensity of exchange
between storage reservoirs and sus-

pended sediment transported in the

channel. For example, if most of the
sediment eroded from storage is coarse-grained bed material, the intensity of exchange of fine-grained sus-
pended sediment will be diminished, and the transport distance L, will increase. Lauer and Parker [2008c], for
example, assumed that eroding banks in meandering streams are composed a thick underlying deposit of
coarse-grained point bar sediments overlain by a thin deposit of fine grained overbank sediments. This strati-
graphic model (applied to eight sites along three meandering rivers) resulted in estimated characteristic
length scales (L) of 7.3-54 km for sandy point bar sediments and 106-27,300 km for silt and clay overbank
sediments.

Stratigraphic studies of mid-Atlantic floodplains describe deposits that are dramatically different from those
associated with meandering streams [Jacobson and Coleman, 1986; Pizzuto, 1987; Walter and Merritts, 2008].
Prior to European settlement, many mid-Atlantic floodplain deposits consisted of a thin (~few decimeters)
basal layer of gravel overlain by less than 1 m of fine-grained, locally organic-rich silt and clay deposits that
is occasionally capped by a well-developed buried A horizon [Jacobson and Coleman, 1986; Pizzuto, 1987].
After European settlement, valleys alluviated rapidly as a result of soil erosion [Happ et al., 1940; Trimble,
1971; Jacobson and Coleman, 1986] and mill dam construction [Walter and Merritts, 2008], burying the pre-
settlement floodplains with several meters of silty overbank deposits. In the 20th Century, these fine-
grained floodplains began to be reworked by slow lateral migration of ~0.1 m/yr [Allmendinger et al., 2005;
Pizzuto and Meckelnburg, 1989; Rhoades et al., 2009], while accretion of overbank deposits on the valley flat
continues (at least locally) at diminished rates [Allmendinger et al., 2007; Bain and Brush, 2005; Hupp et al.,
2013; Schenk et al., 2013; Smith, 2011].

As a result of this history, alluvial deposits of the mid-Atlantic region are typically dominated by fine-grained
vertical accretion deposits (Figure 3) [Pizzuto, 1987; Jacobson and Coleman, 1986; Walter and Merritts, 2008;
Hupp et al., 2013; Jackson et al., 2005], while coarser-grained lateral accretion deposits are poorly developed
(and they only occur in small units adjacent to the channel that are inset into, rather than underlying, the
fine-grained valley fill). Eroding cutbanks, therefore, consist predominantly of fine-grained sediment that can
travel in suspension, suggesting that sediment eroded from storage reservoirs is mostly fine grained (Figure
4). Furthermore, rates of lateral migration and vertical accretion are slow enough that the morphology of allu-
vial landforms appears approximately static on decadal (and even centennial) time scales [Rhoades et al.,
2009], unlike the laterally migrating systems considered in other recent models of fine-grained sediment rout-
ing [Viparelli et al., 2013; Lauer and Parker, 2008a, 2008b, 2008c].

2.3. Estimating Sediment Transit Times for Mid-Atlantic Floodplains

The time particles spend in storage, or their “transit time” (in the terminology of reservoir theory) [Bolin and
Rhode, 1973], is an important variable in the theory presented here. While a rigorous estimate of particle
transit time is difficult to achieve, Lancaster and Casebeer [2007] and Lancaster et al. [2010] suggest that the
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age distribution of eroding banks
can be used as a reasonable esti-
mate for the transit time distribution
of particles in storage.

Data for this approach are also fairly
meager. Here, we estimate the age
distribution of the vertical sequence
illustrated in Figure 4, because most
eroding banks are removing these
sediments (as documented in Figure
3). Fifty-seven published radiocarbon
dates from the mid-Atlantic region
document the ages of the presettle-

1m

Fine-med sand . Silt/clayey silt ment deposits illustrated in Figures 3
£ 4 with and 4. Many of these (but not all) are
-m sand wi Clavey silt . . .
B oilt laminse . yey obtained from eroding banks, simply
because these exposures are the

Gravel easiest place to obtain samples for
dating. Dates for the postsettlement

Figure 4. Typical cutbank stratigraphy of mid-Atlantic upland streams [redrawn from deposits of the mid-Atlantic region

Jacobson and Coleman, 1986]. The contact between the underlying clayey silt and the .
o . are relatively rare, and most of these

overlying silt/clayey silt represents the boundary between presettlement and postsettle- .

ment deposits. are from cores rather than eroding

banks [e.g., Bain and Brush, 2005], so
few useful ages for postsettlement
eroding bank deposits are available.

A very approximate mean transit time for mid-Atlantic floodplains is estimated for the geometry of the
deposits in Figure 4, an average age for presettlement deposits, an estimate of the date of the contact
between presettlement and postsettlement units, and an assumed constant sedimentation rate of postset-
tlement deposits. The average age of presettlement deposits is estimated by simply averaging the radiocar-
bon dates from this unit. The date of European settlement is taken to be 1750 [Jacobson and Coleman,
1986; Walter and Merritts, 2008], and sedimentation from 1750 to the present is assumed to have proceeded
at a constant rate (though likely not precisely correct, this assumption does not materially influence the
“order of magnitude” results presented here). Finally, we assume that Figure 4 depicts typical values for the
thickness of presettlement and postsettlement deposits. Based on these assumptions, the mean age A, of
sediments eroded from lateral migration is

Tpost-S x

Tore-s -
pre=s Apost-S (2)

A = T Apre-S +

where T is the total height of the eroding bank, and the subscripts “pre-S” and “post-S” refer to presettle-
ment and postsettlement deposits. The average age of the postsettlement deposits, Apost.s, is computed as
(2000-1750)/2, or 125 years. From Figure 4, Tpres and Tposes are assigned values of 0.5 m and 1.75 m,
respectively.

3. Theory

A mass balance approach is followed here to derive equations describing the downstream movement of
“tagged” suspended sediment affected by sediment storage outside the stream channel. Suspended sediment
may become “tagged” by introducing a contaminant that sorbs strongly to sediment; in this case, the theory
predicts the concentration of the contaminant on the sediment that is moving downstream. The theory, how-
ever, also applies in the absence of a contaminant or identifiable tracer. In this case, the “tagging” may simply
indicate a specific population of sediment that is to be followed downstream. Lauer and Parker [2008a] use a
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similar terminology and approach;
Valley Storage Reservoir Doyle and Ensign [2009] outline the
considerable utility for a conceptual
i o i framework that allows a population
T S of tagged sediment to be “followed”
] on its path through a river network.

' ! A river valley segment of length
M. M Stream Channel Control Volume M. 4, ot Ax (on the order of a kilometer) is
divided into two separate domains,
a channel control volume and an
adjacent alluvial storage reservoir

Figure 5. Control volume for deriving mass balance equations for sediment and “conta-  (Figure 5). The channel control vol-
mlnate?”or tagg”ed sedlment' particles. Terms |n'd|cated by M have units of mass; sub- ume consists of the water (and
and “c” refer to sediment and contaminant, respectively. X .
sediment) in the stream channel

scripts “s
and is defined by the wetted
perimeter and water surface boun-
daries of the stream. The alluvial
storage reservoir consists of all the deposits of the river valley that store suspended sediment (separate
storage reservoirs could easily be defined and treated with separate mass balance equations, but this
would unnecessarily complicate the analysis).

Ax

Suspended sediment transport is highly episodic, and may only be significant during infrequent storm
events. Following Paola et al. [1992] and Parker and Cui [1998], elapsed time is divided into two binary
states, one when transport is significant, denoted t', and another when no transport occurs. The duration of
a transport event is denoted as At’, such that the fraction of time composed of transport events, /, is At /At,
where At is a useful time step for sediment budgeting (such as a year).

This study is based on the hypothesis that time spent in storage greatly reduces the downstream trans-
port velocity of suspended particles (as summarized by Figure 1). One consequence of this idea is that the
magnitude and frequency of storm events is unlikely to strongly influence downstream transport time
scales for length scales that exceed L, (if storage time scales are indeed as long as schematically depicted
in Figure 1). Accordingly, transport events are represented as being of constant magnitude, frequency,
and duration here. Specifically, the downstream velocity during “events” is set equal to a constant value
of 1 m/s, and the fraction of time composed of transport events is set equal to 0.01, both reasonable val-
ues for the velocity of bankfull discharges and for the recurrence interval of dominant sediment transport-
ing events [Guy, 1964].

3.1. Sediment Mass Balance Equation
The first step in developing the theory is to express the mass balance of a single grain size fraction, such as
silt-clay, during a transport (storm) event:

8(Mspc) __ B(prCsPc) Ax+ MserodedPF _ MsdeppF

ot* ox At At 3)

where M is the mass of suspended sediment stored in the water column of the reach, p. is the fraction of
total suspended sediment in the channel composed of silt-clay (or any other grain size fraction of interest),
Q is the water discharge, p,, is the density of water, C; is the mass concentration suspended sediment in the
water column (including all size fractions), pr is the fraction of stored sediment composed of silt and clay,
and Mseroded and Mqep, are the masses of sediment removed from storage (through erosion) and entering
storage (through deposition) during a time period At.

The mass of suspended sediment in the reach, M; can be written as p,,WH AxC,, where W and H are the
width and depth of the flow, respectively. Substituting this quantity into the left side of equation (3), treat-
ing the water density as a constant, noting that the length of the reach is independent of time, and rear-
ranging leads to
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I(WHCspc) _ 0(QGspc)

MserodedPF ~ Msdepbr
Ax+ -
ot* ox AxAtp,,  AxAtp,,

(4)

Sediment erosion (F,) and deposition (F,) rates per unit channel length and time that include all grain size
fractions are defined and substituted into equation (4)

OWHCspe) _ D(QCpo) |, Fepr  Fapr
ot ox Pw Pw

Accounting for intermittency of transport such that t* = It leads to

O(WHCsp,) _Ia(ocspc) T IFepr _ IFapr

ot ox Pw  Pw

(6)

Equation (6), which expresses the mass conservation of suspended sediment in the channel, is not directly
used in this paper. However, it is necessary to express the equation for “tagged” suspended sediment con-
servation in a compact form.

3.2. Conservation Equation for Contaminated (“Tagged”) Sediment

The mass balance for contaminated suspended sediment can be derived using similar arguments to those
used for sediment, but to obtain the mass of contaminant, the sediment mass must be multiplied by the
mass concentration of the contaminant in each budget component, which will be denoted Cyg. This leads
to

O(Mspccch) _ a(prCsCchpc) Ax—+ MserodedPr Crge _ MsdeppcCrige
ot~ Ox At At

7)

where as above, the subscript “c” refers to conditions in the channel and the subscript “F” denotes the aver-
age concentration of the contaminant in sediment eroded into the channel from storage.

Relying on previous definitions for the mass of sediment in suspension and using previously defined quanti-
ties F,, Fy4, and accounting for intermittent events leads to

3(WHC5CchPc) _ Ia(QCsCchpc) 4 IFeprCrgr - IFapChge
ot ox Pw Pw

Partial derivatives in time t and position x in equation (8) are now expanded

(9(WHC5CHngC) _ O(WHCsp.) B(CHgC)
pr =g WG ©)
6(QC5Cchpc) _ a(QGCsp) a(CHgC)
Ox - Cch Ox + chpc T (10)

Equations (9) and (10) are substituted into equation (8), and the sediment continuity equation (6) is substi-
tuted for the first term on the right of equation (9). After some reorganization, equation (11) is obtained

aCch __ EaCch n lFepF(CHgF_Cch)
ot WH 0x P WHCp,

amn

The quantity Q/WH is the definition of U, the mean velocity of flow during an event. Similarly, p,,WHCU is
the mass flux of suspended sediment. This motivates defining f, as the fraction of the total suspended sedi-
ment load supplied to the channel per unit channel length by erosion of material from storage, leading to
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OCH OCh, PF
atgc = —IUWQC +IUf, o (Chigr— Crge) (12)

The mean velocity U refers to the movement of water during transport events. When multiplied by /, the
quantity /U is the velocity of the water averaged over both transport and nontransport events. Defining /U
as the quantity U

aCHgC - U aCHgC
ot ox

+Ufe% (CHgF_Cch) (13)
C

Equation (13) is valid for a variety of conditions, including spatially and temporally varying sediment
exchange with storage (i.e, f, can vary with both space and time). Floodplain and channel grain size frac-
tions pr and pc can also vary with both space and time. It might appear that equation (13) totally ignores
the process of sediment deposition, but this is not the case: changing sediment deposition will change the
flux of suspended sediment through the reach, thereby changing the value of f.. Of course, to actually
account for these complexities, the sediment continuity equation must be explicitly solved in addition to
equation (13) (otherwise, the value of f, will not be known). In this paper, however, spatial and temporally
varying parameters are not accounted for, so these issues are not of concern.

Equation (13) is a kinematic wave equation with an added “source/sink” term. The first term on the right
represents wavelike movement of contaminated sediment downstream at a rate of U, while the second
term represents changes in concentration that arise from exchange of contaminated sediment with stor-
age reservoirs. The reservoir exchange term will initially reduce the rate of downstream transport of con-
taminant, because it is negative when contaminated sediment first enters a reach, and the floodplain
has yet to be contaminated. The floodplain can switch from a sink to source if floodplain contaminant
concentration Cy4 ¢ exceeds channel concentration Cpyg .

Equation (13) also illustrates the importance of grain size partitioning between the channel and the flood-
plain. The reservoir exchange term on the far right depends on the quantity f.p/p.. Exchange is enhanced
(and the downstream transport of contaminant is reduced) when the rate of erosion per unit length (f.) is
high. However, if silt and clay are preferentially transported rather than deposited, such that pr < pc, then
the importance of exchange is reduced. Thus, the tendency for fine-grained sediment to be transported
rather than stored can counteract the influence of storage in reducing the downstream transport velocity of
contaminated sediment.

3.3. Characteristic Length Scale (L;) For Downstream Transport Without Storage

Rather than actually presenting a solution to equation (13), a characteristic length scale is derived from it that
represents how far particles are typically transported without being stored (and whose downstream velocity
along this path is U) [see Lauer and Parker, 2008a, 2008c, for similar analyses]. Consider a uniform channel
without tributaries. All parameters in equation (13) are constant over space and time. Initially, none of the
sediments are tagged with a contaminant. Then, a mass of contaminant is instantaneously introduced, creat-
ing an initial concentration Cygco at x = 0. If an observer moves downstream along with the contaminant at a
velocity U, the observer will travel a distance s = Ut. The contaminant concentration seen by this observer will
gradually decrease, because the contaminated sediments are continually being deposited and replaced by
sediment from storage that has not yet been contaminated (i.e,, Cyg ris 0 at s = Ut). The concentration seen
by the observer decreases exponentially according to equation (14):

Cch =CchOeifest/pc =Cch0eis/L (14)

Equation (14) suggests that the characteristic length scale for “channel transport” without storage, L, is

L= P

= 15
pre ( )

After a transport distance of L, the concentration Cpq . has decreased to 1/e (37%) of its initial value,
because 63% of the initial contaminant mass has been exchanged with uncontaminated sediment removed
from storage. The channel transport distance L decreases with increasing exchange intensity f. If fine-
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grained sediment is preferentially transported rather than stored (i.e., if p. > pf), then the channel transport
distance L; will also increase. Lauer and Willenbring [2010, equation (15e)] and Lauer and Parker [2008c,
equation (32)] have derived length-scale equations that are essentially equivalent to equation (15).

3.4. Suspended Sediment Transport Velocity Averaged Over Storage Time Periods

Figure 1 illustrates the consequences of storage on the downstream travel time of suspended sediment par-
ticles. In order to quantify this concept, an equation is needed for the transport velocity averaged over time
periods spent in storage. To simplify the analysis, the sediment budget components and fractions of silt-
clay in the channel and floodplain are assumed to be constant with time, even though more general expres-
sions can be readily derived.

The time-averaged downstream velocity for silt-clay (results for sand simply require a change of subscripts)
averaged over storage periods, Usi.t,day can be written as
Ax

Asilt-cay

Usilt-clay = (16)

where ;\S"t,day is the average elapsed time a silt-clay particle spends in the reach of length Ax (i.e., ;\S”t,day is
the average transit time for particles leaving the reach).

The quantity ;\S“t_day can be divided into two components, one composed of sediment that traverses the
reach without entering storage, and the other composed of sediment removed from storage within the
reach that subsequently exits the reach in suspension. Asilt-clay is then the sum of the characteristic transit
times for each component, weighted by the fraction of the total suspended sediment load that comprises
each component:

Asilt-clay = (1 7FF);\c+FFAF (17)

where Fr is the fraction of the suspended silt-clay leaving the reach that was removed from storage within
the reach, A is the average transit time for particles carried in suspension through the reach without spend-
ing time in storage, and A is the average transit time for particles leaving the reach that spent time in stor-
age within the reach.

The quantity Fr can be readily expressed in terms of previously defined variables

_ FeprAx _ feppAx

PwQGCspc Pc

Fr (18)

Noting that the average transit time of particles carried through the reach in the channel is simply Ax/U,
substituting this result and equation (18) into equation (17), and rearranging leads to

1 1

Usitt-clay = = -
silt-clay 1 ’l_feAXpF +feﬂA 1 'I—M +Ai
u Pc Pc F U Ls Ls

(19)

Note that where no sediment is supplied from storage (i.e., f. = 0), Usm,day = {J. Storage will control the rate
of downstream sediment movement when the following conditions apply:

1 Ax /Z\F
(1) <K< — (20)
U( Ls) Ls
L Ax _
—(1-— ) <A (21)
U< LS) F

i.e., when the time spent in storage Ar is much greater than the travel time of a particle L/U within the
water column over the length scale L, (assuming that the quantity in parentheses ~1). When equation (21)
is satisfied, then equation (19) is closely approximated as

PIZZUTO ET AL. ©2014. American Geophysical Union. All Rights Reserved. 799



@AG U Water Resources Research

10.1002/2013WR014485

Table 2. Sediment Budget Data and Suspended Sediment Transport Length Scales and Time-Averaged Velocity Values Derived From the Sediment Budget Data®

Site

Variable Good Hope Tributaryb White Clay Creek Linganore Cr Little Conestoga Cr Difficult Run
Drainage Basin Area (km?) 4.05 7.25 147 160 163.9
Floodplain Sedimentation 4000 (2000) (M>) 29 (Mg/yn)© 1090 (Mg/yr) 4300 (2800) (Mg/yr) 13,900 (13,000) (Mg/yr)
Bank Erosion 3200 (800) (m>) 47 (Mg/yr) 1020 (820) (Mg/yr) 3670 (2560) (Mg/yr) 1470 (2740) (Mg/yr)
Mean Exchange® 3600 (2150) (m?) 47 (Mg/yn)® 1050 (820) (Mg/yr) 4000 (1900) (Mg/yr) 7700 (4600) (Mg/yr)
Sediment Flux 8100 (4200) (m°) 360 (77) (Mg/yr) 6390 (Mg/yr) 10,420 (Mg/yr) 23,100 (Mg/yr)
Reach Length (km) 1 0.725 7.9 244 19
Mean Exchange/km/Flux 0.44 (0.35) 0.18 (0.04) 0.020 (0.016) 0.016 (0.008) 0.018 (0.011)
pr' (silt-clay) 52 (21) 38 (1) 82 93 75
pe (silt-clay) 80(11) 96 (13) 83 (14) 89 (13) 70 (24)
pe (sand) 48 (21) 62 (15) 18 (10) 73) 25 (16)
pc (sand) 20 (21) 43 (4.3) 18 11 31
L (silt-clay) 4(2) 14 (6) 48 (37) 60 (31) 52(36)
L (sand) 1(1) 0.4 (0.4) 46 (44) 113 (75) 68 (60.0)
Time-averaged velocity 0.0072 0.029 0.098 0.12 0.1

(km/yr) (silt-clay)
Time-averaged velocity 0.0019 0.00080 0.095 0.20 0.14

(km/yr) (sand)

Values in parentheses are standard deviations based on variability of individual measurements (data not available if missing).
PAll values are totals for the period 1951-1996.

“From lateral migration only (overbank deposition not included).

dAverage of floodplain sedimentation and bank erosion (except for White Clay Creek).

*Bank erosion used here because overbank deposition was not measured.

fFloodplain % sand and % silt-clay measured on eroding banks.

- L
Usilt-clay = T; AF’:)CFf
e

Equation (22) is identical to the hypothesis presented in section 1. This analysis clarifies the conditions
required for this hypothesis to be valid.

4, Results

4.1. Sediment Budget Data and Suspended Sediment Transport Length Scales

The fraction of the annual suspended sediment flux exchanged from storage per kilometer (f,) for the five
study areas ranges from a minimum of 0.016 (Little Conestoga Cr.) to a maximum of 0.44 (Good Hope Tribu-
tary) (Table 2). Values of f, tend to decrease with increasing drainage basin area, suggesting that the rate of
increase in sediment flux with drainage basin area exceeds the rate of increase in exchange with drainage
basin area.

There are no consistent differences between the % silt-clay carried in suspension (p. (silt-clay) in Table 2)
and the % silt-clay of eroding bank sediments (pf (silt-clay) in Table 2). At three of the sites, p. exceeds pf,
while at two of the sites, pr exceeds p..

Suspended sediment length scales (L) computed from equation (14) vary considerably. Silt-clay L values
range from 4 km (Good Hope Tributary) to 60 km (Little Conestoga Cr.), while L, values for sand range from
0.4 km (White Clay Creek) to 113 km (Little Conestoga Cr.).

4.2, Sediment Residence Times
The (nominal) mean age of eroding banks (and hence
the value of the sediment storage transit time A)

Table 3. Data Used to Estimate the Mean Age of Mid-Atlantic
Eroding Bank Deposits and the Computed Mean Age

Presettlement mean age (yrs) 1761

Presettlement median age (yrs) 615 computed using equation (1) is 488 years (Table 3).
Presettlement age standard deviation (yrs) 2290 T obtain this result, 57 C'* dates for presettlement
Maximum presettlement age (yrs) 11,240 . K

Minimurn presettlement age (yrs) 200 deposits (the dates are presented in Table A1 of the
Postsettlement mean age (yrs) 125  supporting information) were averaged. The preset-
Thickness of postsettlement deposits (m) 1.75 tlement C14 dates have a mean age of 1761 years, a
Thickness of presettlement deposits (m) 0.5

488 Median age of 615 years, and a maximum age of 11,
240 years.

Thickness weighted mean age (yrs)
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Figure 6. Time-averaged velocities of sediment for the five study sites as a function of the fraction of the suspended sediment load
exchanged per km. The velocity of a representative storm flow (1 m/s occurring 1% of the time) is also indicated for comparison (labeled
as “water”).

4.3. Suspended Sediment Velocities Averaged Over Storage Time Scales

Time-averaged sediment velocities estimated from equation (18) are 3-6 orders of magnitude slower than
the representative water velocity (Figure 6), which moves at a rate of 1 m/s occurring 1% of the time (i.e.,
315 km/yr). Time-averaged velocities for silt-clay range from 0.0072 km/yr (i.e., 7.2 m/yr) (Good Hope Tribu-
tary) to 0.12 km/yr (120 m/yr) (Little Conestoga Cr.) (Table 2), while time-averaged velocities for sand range
from 0.0008 km/yr (i.e., 0.8 m/yr) (White Clay Cr.) to 0.20 km/yr (200 m/yr) (Little Conestoga Cr). Surprisingly,
time-averaged velocities of sand and silt-clay are approximately equal for the three larger watersheds, with
all six velocities on the order of 0.1 km/yr (Figure 6).

5. Discussion

The values of L, computed with equation (15) and time-averaged velocities computed with equation (19)
provide the basis for quantifying the conceptual distance-travel time diagram of Figure 1 (Figure 7) for the
five study areas. Results are only presented for silt-clay because these size fractions comprise most of the
suspended sediment load. Figure 7 indicates that silt-clay travel times for distances exceeding L (i.e., distan-
ces greater than ~4-60 km according to Table 2) will likely exceed 10 years, and could even be much lon-
ger (~1000 years).

A representative value of L of 50 km, and other results presented above, provide the basis for developing a
quantitative version of the conceptual travel-time diagram of Figure 1 (Figure 8). The travel time for trans-
port within the channel (without

1000000 GH storage) increases linearly at a rate
— \\C A ~
1000004 = =1Lc — Trnsportincudng  Of U™ . For the value of U of 315
DR — Time Spent PP P
10000 T . InStorage km/yr used here, this is equivalent
s .
1000 ) e to about 10~ yr/km. At this rate,
3 - the travel time for a distance L; = 50
o 100 = L d of all defined b . — .
g computod value o L. nTable2 km is on the order of 10" yr. If time
= 10 = Transport in . .. .
g Channel in storage is included, travel times
e Onty increase linearly at a rate of approxi-
od T mately Ag/L (from equation (22)), or
wid e ~10 yr/km, about four orders of
0.001 _ magnitude slower than transport in
R L] L] .
1 10 100 1000 the channel only. At this rate, the
Distance To Receiving Water (km) . . .
travel time for a distance L; is equal
Figure 7. Scaling relations for silt-clay travel time versus distance to receiving waters to the storage time A, or 488 years.
based on equations (14) and (18). The difference between travel times
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Particle trajectory averaged over X > Lg 'ndUdmg and negleCtlng storage
(i.e., the vertical separation between

the two straight-line trajectories in
Figure 8) is Ar - L/U, or ~Ar
(because Ar is ~3 orders of magni-

Transport IncludingTime tude greater than LS/U)'
g BelLs Spent in Storage . . .
ToR - assyr ~ 10 yr k"' When interpreting Figures 7 and 8,

............................ it is important to remember their
idealized natures. The theory pre-
sented here only considers two sets
of length and time scales, one asso-

Transport In ciated with transport in the channel

) X0 —— Channel Only and the other associated with a

...... TabLu0tw ~10yrk mean sediment transit time. These

- two distinct scales are responsible

for the “stepped” appearance of par-

ticle distance-time trajectories in

Figures 1 and 7.

Particle trajectory averaged over X < Lg

50 km

Characteristic
Transport
Length Scale Lg

!

Travel Time, T (log scale)

~

Ac-LJU~Ae

Time Spent in Storage

A
n
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Figure 8. Version of Figure 1 annotated with quantitative estimates. Numerical results

assume values of U and L, of 315 km/yr and 50 km, respectively, and Ar = 488 yr. L .
° Y P 4 F Y Limiting the analysis to only two

scales is useful because both can be

parameterized using existing data,

one based on simple principles of
open channel hydraulics and hydrology and the other from floodplain sediment budgets and geochronol-
ogy. However, a more realistic approach would necessarily recognize a continuum of length and time
scales, as has been well-documented for shorter-term processes that control the downstream movement of
dissolved tracers and organic matter in stream channels [Boano et al., 2007; Haggerty et al., 2002; Harvey
et al, 2011]. A continuum of length and time scales implies the existence of full distributions of transport
length scales and velocities, both of which likely span orders of magnitude. Particle trajectories derived
from these distributions would necessarily include much faster and much slower rates of transport to
receiving waters than the “representative” mean values illustrated in Figure 7.

Results presented here are further idealized because they neglect the geomorphic architecture of real
watersheds. The effects of tributaries and spatial variations in the nature of hydrologic and geomorphic
processes have been ignored. For example, stream valleys of the region are typically composed of alternat-
ing storage and transport reaches created by underlying geologic structure and unique histories of chang-
ing climate, base level, and tectonics [Hupp et al., 2013; Hack, 1982]. Figure 7 effectively assumes that
watersheds are solely composed of storage reaches; it does not account for the rapid flushing of suspended
particles through localized transport reaches such as the bedrock gorges that are often found near the Fall
Zone [Hack, 1982; Hupp et al., 2013].

Future studies are clearly warranted. For example, a complete numerical solution for the full distribution of
Chg in a real watershed setting should be attempted. This will require specifying the full distribution of parti-
cle storage transit times, and should likely include (if only conceptually) other particle storage compart-
ments such as fine-grained channel margin deposits [Skalak and Pizzuto, 2010] and the hyporheic zone
[Pizzuto et al., 2006]. The spatial structure of the watershed must be resolved, and given the long time scales
of particle storage, its geomorphic history as well. Because measurements of sediment budget components
are unlikely to cover all locations and historical conditions, process-based theories are needed to predict rates
of erosion and deposition, but these must be simple enough to be applied over the scale of large watersheds
[e.g., Pizzuto, 2012]. Erosional and depositional processes are largely driven by hydrological processes, so a
more complete representation of the distribution of storm events and their effects will ultimately be needed
[for example, the flow-duration approach followed by Viparelli et al., 2013]. More realistic applications will also
have to consider the effects of unbalanced sediment budgets (for example, where deposition might exceed
erosion or vice versa), which are common in the mid-Atlantic region [Hupp et al., 2013, Schenk et al., 2013], in
addition to historical events that cause sediment budget components to vary with time [Jacobson and Cole-
man, 1986; Walter and Merritts, 2008].
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Results of model computations, including those presented here, should not be considered equivalent to
observational data: they are essentially predictions or hypotheses that require testing. Given the large spa-
tial and temporal scales of watershed particle transport, controlled tracer experiments are impractical. Test-
ing of model predictions will necessarily require exploiting natural isotopic tracers [Belmont et al., 2011;
Lauer and Willenbring, 2010; Whiting et al., 2005] and the unintended anthropogenic experiments repre-
sented by releases of mine tailings [Coulthard and Macklin, 2003; Lauer and Parker, 2008b] and heavy metals
from industrial processes over known time periods [Skalak and Pizzuto, 2010]. The use of isotopic and con-
taminant tracers is also useful to check results from sediment budgets, which are often notoriously impre-
cise [Reid and Dunne, 2003].

The studies outlined above are needed precisely because the results presented here are probably inad-
equate to guide watershed restoration planning. While the long particle travel times suggested by Figure 7
imply that BMPs will not be useful if located “far” from receiving waters, a more nuanced view must recog-
nize that the present analysis only applies to “average” particles. Even if Figure 7 correctly represents the
mean behavior, the possibility still exists that a significant proportion of the particles in transport will travel
faster and farther than average, so even BMPs located far upstream can have some (if somewhat muted)
effect on receiving waters in a reasonably short timespan.

6. Conclusions

A simple mass-balance theory is presented that describes the long-term downstream movement of tagged sus-
pended sediment subjected to storage in “off-channel” deposits. The theory requires sediment budget parame-
ters and sediment storage transit times as input. Solution of the equations can in principle document the
downstream movement of “tagged” suspended sediment particles through a watershed.

The theory is used to estimate suspended sediment transport length scales and transport velocities for five
upland watersheds of the mid-Atlantic region where sediment budget data are available. Transport length
scales for silt-clay range from 4 to 60 km, while those for sand range from 0.4 to 113 km. Time-averaged down-
stream sediment velocities that include time spent in storage are 4-6 orders of magnitude slower than veloc-
ities associated with the nominal speed of water movement (~1 m/s) during a significant storm event that
reoccurs 1% of the time. Sediment velocities for silt-clay range from 0.0072 km/yr to 0.12 km/yr, while those of
sand range from 0.0008 km/yr to 0.20 km/yr. At two of the sites, velocities of sand movement are much slower
than those of silt-clay, while at the other three sites, sand and silt-clay move downstream at approximately
equal velocities.

These results suggest that sediment “signals” related to watershed BMPs in upland mid-Atlantic watersheds
may take 100-1000 years to reach receiving waters (such as the Chesapeake Bay) if the BMPs are located
upstream farther than the characteristic transport length scales. However, the analysis presented here only
predicts the mean behavior of a population of suspended particles, and it is likely that some fraction of par-
ticles in suspension will travel much faster than average values quoted here. Furthermore, only generalized
estimates of particle transit times in storage can be made from the available radiometric dating. Results pre-
sented here should be considered preliminary estimates that require verification and elaboration from addi-
tional studies.
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