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Multiply By To obtain
Length

micron (µm) 3.9370 x 10-5 inch (in.)
centimeter (cm) 0.3937 inch (in.)
millimeter (mm) 0.03937 inch (in.)
meter (m) 3.281 foot (ft) 
kilometer (km) 0.6214 mile (mi)
kilometer (km) 0.5400 mile, nautical (nmi) 
meter (m) 1.094 yard (yd) 

Area
square meter (m2) 0.0002471 acre 
hectare (ha) 2.471 acre
square kilometer (km2) 247.1 acre
square centimeter (cm2) 0.001076 square foot (ft2)
square meter (m2) 10.76 square foot (ft2) 
square centimeter (cm2) 0.1550 square inch (ft2) 
hectare (ha) 0.003861 square mile (mi2) 
square kilometer (km2) 0.3861 square mile (mi2)

Volume
cubic meter (m3) 6.290 barrel (petroleum, 1 barrel = 42 

gal)
liter (L) 33.82 ounce, fluid (fl. oz)
cubic meter (m3) 35.31 cubic foot (ft3)
cubic meter (m3) 1.308 cubic yard (yd3) 
cubic kilometer (km3) 0.2399 cubic mile (mi3) 

Flow rate
cubic meter per second (m3/s) 35.31 cubic foot per second (ft3/s)

Mass
gram (g) 0.03527 ounce, avoirdupois (oz)
kilogram (kg) 2.205 pound avoirdupois (lb)
megagram (Mg) 1.102 ton, short (2,000 lb)
megagram (Mg) 0.9842 ton, long (2,240 lb)

Density
kilogram per cubic meter (kg/m3) 0.06242 pound per cubic foot (lb/ft3)  

Radioactivity
becquerel per liter (Bq/L) 7.027 picocurie per liter (pCi/L)

Yield
megagram per square kilometer 

(Mg/km2)
2.855 ton per square mile (ton/mi2)

kilogram per square meter (kg/m2) 0.2048 pound per square foot (lb/ft2)
megagram per hectare (Mg/ha) 0.446 tons per acre (ton/acre)

Water year is defined from October 1 of the previous year to September 30 of the current year.

Conversion Factors





Sources of Fine-Grained Sediment in the Linganore  
Creek Watershed, Frederick and Carroll Counties, 
Maryland, 2008–10

By Allen C. Gellis, Gregory B. Noe, John W. Clune, Michael K. Myers, Cliff R. Hupp,  
Edward R. Schenk, and Gregory E. Schwarz

Abstract
 Sediment fingerprinting quantifies the delivery of fine-

grained sediment from a watershed and sediment-budget mea-
surements quantify the erosion and deposition of fine-grained 
sediment. Both approaches were used in the agricultural and 
forested 147-square-kilometer (km2) Linganore Creek water-
shed in Maryland from August 1, 2008 through December 31, 
2010, to determine the sources of fine-grained (less than 63 
microns) sediment, and the amount of fine-grained sediment 
eroded from and deposited on streambanks, flood plains, 
channel beds, and agricultural and forested uplands. Sediment-
weighted results of sediment fingerprinting for 194 suspended-
sediment samples collected during 36 storms indicate that 
streambanks contributed 52 percent of the annual fine-grained 
suspended-sediment load, agriculture (cropland and pasture) 
contributed 45 percent, and forests contributed 3 percent. 
Fifty-four percent of the Linganore Creek watershed is agri-
culture and 27 percent is forest.

Sediment-budget calculations were based on field mea-
surements and photogrammetric analyses and indicated that 
the highest percentage of fine-grained sediment was eroded 
from agriculture (86 percent), followed by streambanks  
(10 percent), forests (3 percent), and the channel bed (less 
than 1 percent). Results of the sediment budget indicated that 
the highest percentage of fine-grained sediment was stored 
in ponds (57 percent), followed by flood plains (32 percent), 
streambanks (6 percent), and the channel bed (5 percent). 
Typical of most sediment budgets, the final sediment budget 
indicated erosion of 4.70 x 107 kilograms per year (kg/yr), 
which is higher than the fine-grained suspended-sediment 
load leaving the watershed (5.45 x 106 kg/yr). The differences 
in the sediment budget and the measured mass leaving the 
watershed could be due to an overestimation of erosion using 
the Cesium-137 method and (or) not adequately defining and 
measuring storage areas.

Management implications of this study indicate that both 
agriculture and streambanks are important sources of sediment 
in Linganore Creek where the delivery of agriculture sediment 
was 4 percent and the delivery of streambank sediment was 44 
percent. Fourth order streambanks, on average, had the highest 
rates of bank erosion. Combining the sediment fingerprinting 
and sediment budget results indicates that 96 percent of the 
eroded fine-grained sediment from agriculture went into stor-
age. Flood plains and ponds are effective storage sites of sedi-
ment in the Linganore Creek watershed. Flood plains stored 
8 percent of all eroded sediment with 4th and 5th order flood 
plains, on average, storing the most sediment. Small ponds in 
the Linganore Creek watershed, which drained 16 percent of 
the total watershed area, stored 15 percent of all eroded sedi-
ment. Channel beds were relatively stable with the greatest 
erosion generally occurring in 4th and 5th order streams. 

Introduction 
In the Chesapeake Bay and its tributaries, fine-grained 

sediment is a major cause of ecological degradation (Brakebill 
and others, 2010; Langland and others, 2012). Sediment has an 
adverse effect on the health of streams in the bay watershed, 
and on submerged aquatic vegetation and living resources in 
the estuary; it results in degraded water quality, loss of habitat, 
and population declines in biological communities. Sediment 
also is associated with and transports other contaminants, such 
as phosphorous. 

Linganore Creek (fig. 1) is included on Maryland’s list 
of streams for sediment impairment (Maryland Department 
of the Environment, 2008). The study area is upstream of 
Lake Linganore, a reservoir that is used for water supply and 
recreation in Frederick County. Lake Linganore is also experi-
encing a sedimentation problem (Sekellick and Banks, 2010). 
There has been a Total Maximum Daily Load (TMDL) issued 



2    Sources of Fine-Grained Sediment in the Linganore Creek Watershed, Frederick and Carroll Counties, Maryland, 2008–10

for Lake Linganore for both phosphorous and sediment. A 
TMDL is the amount of pollutant that a waterbody can assimi-
late and still meet its designated use (Maryland Department of 
Natural Resources, 2004). Therefore, identifying the signifi-
cant sources of fine-grained sediment in the upper parts of 
Linganore Creek can assist in developing strategies to reduce 
sediment transported to Lake Linganore and improve aquatic 
conditions, reservoir storage capacity, and reduce treatment 
costs.

In characterizing sediment sources, an important first 
step is proportioning the sediment that is derived from 
uplands (such as agriculture) compared to channel (such as 
streambanks) sources. This first step is important because 
management strategies designed to reduce sediment from 
these sources would have very different approaches—
reducing agricultural sources would involve soil conserva-
tion and tilling practices whereas addressing channel sources 
of sediment may involve stream restoration. The sediment 
fingerprinting approach quantifies the relative importance of 
the potential sediment sources in a watershed. The sediment 
budget approach provides information on the magnitude of 

the sediment fluxes and the links between sources, sinks, and 
sediment output. Combining the two approaches can provide 
resource managers with information on where to target 
measures to reduce erosion, sediment delivery, and the net 
transport of sediment (Gellis and Walling, 2011). Areas where 
sediment is stored can also be determined by combining the 
sediment fingerprinting and sediment budget approaches.

In Linganore Creek, upland sources of sediment are 
related to land cover and land-use practices, which include 
agriculture (cropland and pasture) and forests. Erosion on 
upland surfaces can occur through sheetwash, rilling, gullying, 
and mass movements. Periods of heavy rain that lead to 
saturated excess overland flow or infiltration excess overland 
flow can erode and mobilize upland sediment. Gellis and 
others (2009) showed that during two of four sampled events 
in the Pocomoke River, a tributary of the Chesapeake Bay in 
Delaware and Maryland, upland sediment (agriculture and 
forest) was an important source when the sampled storms were 
likely to have produced overland flow, which is necessary to 
erode surface sediment. 
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Channel sources are typically the channel bed and 
streambanks. The channel bed can be a source of sediment in 
incising channels. However, the beds of the main stem and 
tributaries in many watersheds are not considered as sediment 
sources, since in the absence of significant channel incision, 
sediment mobilized from the channel bed is likely to reflect 
temporary storage of sediment originating from upstream 
sources, and is therefore not treated as a separate source 
(Gellis and others, 2009). 

Although upland sediment sources in urban areas may 
include open space (lawns and parks), construction sites, and 
street residue, the majority of sediment in urban areas is from 
streambank erosion (Devereux and others, 2010). Because 
of the small developed or urban area in the Linganore Creek 
watershed (8 percent), only changes in streambanks and 
streambeds, and flood-plain deposition were measured in 
urban areas. 

Streambanks can be an important sediment source 
and erode by three mechanisms: (1) freeze-thaw processes 
(Wolman, 1959; Wynn, 2006), (2) fluvial erosion (Julian and 
Torres, 2006; Wynn, 2006), and (3) mass wasting (Wynn, 
2006; Darby and others, 2007). Freeze-thaw action of the bank 
surfaces causes the soil to expand and loosen. The material 
that is loosened is readily available for transport by a range of 
flows that inundate the bank surface (Wolman, 1959; Lawler, 
1986). Fluvial erosion is the detachment, entrainment, and 
removal of particles or aggregates from the streambank by 
the hydraulic forces of water. Hydraulic forces are related to 
the shear stress that the flow exerts on the bank. Sediment 
grain size, the cohesiveness of grains, and vegetation are also 
important in whether streambanks are erodible (Wynn, 2006). 
Hooke (1979) and Julian and Torres (2006) performed statisti-
cal analysis on the factors controlling bank erosion and deter-
mined that peak flow best predicts bank erosion. Mass wasting 
is the failure of all or part of the streambanks as a result of 
slope instabilities. Mass failures can occur from fluvial erosion 
undercutting the toe of the streambanks and creating unstable 
conditions leading to bank failure (Simon and others, 2000). 
Bank failures and mass wasting are common during the reces-
sional period of stormflow, when seepage forces overcome 
the resistance of the grain’s cohesion and the banks may fail 
(Simon and others, 2000; Fox and others, 2007). 

Linganore Creek also is part of a network of small 
watersheds in the Chesapeake Bay watershed where the U.S. 
Geological Survey (USGS) and its partners are studying 
the erosion, transport, storage, and delivery of fine-grained 
sediment (Gellis and Brakebill, 2013). The USGS partnered 
with Frederick County, Maryland on a study to determine the 
sources of fine-grained sediment using the sediment finger-
printing and sediment budget approaches in the Linganore 
Creek watershed. This report presents the results of a study in 
the upper parts of the Linganore Creek watershed, Maryland to 
identify the important sources of fine-grained sediment using 
the sediment fingerprinting and sediment budget approaches.

Previous Studies

In the Chesapeake Bay watershed, both upland and 
channel sources have previously been identified by using the 
sediment fingerprinting approach in several small watersheds. 
In the agricultural watersheds (Little Conestoga Creek, and 
the Pocomoke River), the primary sediment sources that 
were identified were streambanks, and croplands (Gellis and 
others, 2009). In the agricultural Mill Stream Branch water-
shed, streambanks were 100 percent of the sediment sources 
for five suspended-sediment samples (Banks and others, 
2010; Massoudieh and others, 2012). In the mixed land-use 
(urban, agriculture, and forest) Mattawoman Creek watershed, 
significant sources of sediment included cropland, construc-
tion sites, and forests (Gellis and others, 2009). Streambanks, 
street residue, and upland areas were the primary sources in 
the urban Anacostia River watershed (Devereux and others, 
2010). Results of sediment fingerprinting for watersheds in 
the Chesapeake Bay watershed indicate that sediment sources 
vary among the watersheds, partly as a result of differences in 
past and present land use and geology.

Purpose and Scope

This report describes a sediment-source study conducted 
in the upper parts of the Linganore Creek watershed in 
Maryland from August 1, 2008 to December 31, 2010. This 
report also describes field and statistical methods used to 
determine the source(s) of fine-grained sediment using the 
sediment fingerprinting and sediment budget approaches. 
The report is also intended to provide information that will 
help land managers and water-resource managers make more 
informed decisions about sediment TMDLs and sedimentation 
of Lake Linganore. 

Study Area

The study was conducted in the upper parts of Linganore 
Creek, a tributary to the Monocacy River that drains parts of 
Frederick and Carroll Counties, Maryland (fig. 1). Located in 
the Piedmont Physiographic Province, the area is characterized 
by rolling hills and moderately to deeply incised, well-drained 
valleys with altitudes ranging from near sea level to more than 
275 meters (m) above sea level (DiLisio, 1983). The Piedmont 
Physiographic Province also has the highest sediment yields 
of any physiographic province in the Chesapeake Bay water-
shed (Gellis and others, 2009). Soils in the Linganore Creek 
watershed are primarily loams, silt loams, and gravelly loams 
of the Mt. Airy, Glenelg, and Blocktown Series developed on 
weathered phyllite and schist (Kraft, 2002). Slope percentages 
for the Linganore Creek watershed derived from 30-m cells 
(n = 163,022) created from the 2004 National Elevation 
Dataset (NED) indicate that the 25th, 50th, and 75th percen-
tiles of slopes are 4.9 percent, 7.6 percent, and 10.7 percent, 
respectively. 
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Precipitation in the basin averaged 1,047 millimeters 
per year (mm/yr) (U.S. Department of Commerce, 2011). 
Temperatures range from a July mean of 26 degrees Celsius 
to a December mean of 0.7 degrees Celsius (U.S. Department 
of Commerce, 2011; Sekellick and Banks, 2010). Land use 
in 2006 in the 147-square-kilometer (km2) watershed above 
Lake Linganore was 27 percent forest, 26 percent hay and 
pasture (herein referred to as pasture), 36 percent cropland, 
8 percent developed, and 3 percent other (Fry and others, 
2011). The agriculture acreage is made up primarily of corn, 
wheat, barley, soybean, and pasture/hay (U.S. Department of 
Agriculture, 2009). Cultivated crops are planted from April to 
May and harvested during August and September. Both till and 
no-till operations are used. Pasture land is used for livestock 
grazing and dairy. Forests are primarily secondary growth 
forests, which developed after land clearing in the late 18th 
and early 19th centuries for agriculture (Sprague and others, 
2006). During the study period, forests were not managed for 
commercial uses.

Methods 
Source analysis of fine-grained sediment in Linganore 

Creek was accomplished by using the sediment fingerprinting 
and sediment budget approaches. These approaches incorpo-
rated both field and laboratory procedures.

Sediment Source Analysis Using Sediment 
Fingerprints

Source analysis of fine-grained sediment (silts and clays) 
using the sediment fingerprinting approach was conducted in 
the watershed draining to USGS streamflow-gaging station 
01642438 (Linganore Creek near Libertytown, Md., drainage 
area 147 km2). The sediment fingerprinting approach provides 
a direct method for quantifying watershed sources of fine-
grained suspended sediment (Collins and others, 1997; Motha 
and others, 2003; Gellis and others, 2009). This approach 
entails the identification of specific sources through the 
establishment of a minimal set of physical and (or) chemical 
properties, such as tracers that uniquely identify each source in 
the watershed. Suspended sediment collected under different 
flow conditions exhibits a composite, or fingerprint, of these 
properties that allows them to be traced back to their respec-
tive sources. Tracers that have successfully been used as fin-
gerprints include mineralogy (Motha and others, 2003), radio-
nuclides (Walling and Woodward 1992; Collins and others, 
1997; Nagle and others, 2007), trace elements (Devereux and 
others, 2010), magnetic properties (Slattery and others, 2000), 
and stable isotope ratios (13C/12C and 15N/14N) (Papanicolaou 
and others, 2003). Sources of sediment include, but are not 
limited to, upland land use and land cover (such as agricul-
ture and forest), and the channel corridor (streambanks). By 

comparing the fingerprints of the suspended-sediment samples 
to the fingerprints of the source samples, and using a statistical 
“unmixing” model, the sources of the suspended sediment can 
be apportioned.

Collection and Analysis of Suspended-Sediment 
Samples

Fine-grained suspended-sediment samples were col-
lected at the USGS streamflow-gaging station during storm 
events in Linganore Creek watershed from August 1, 2008 
through December 31, 2010 by an automatic sampler that 
was programmed to activate when water levels in the stream 
exceeded a set gage height. Water was pumped sequentially 
over the storm hydrograph into 1-liter (L) plastic bottles. 
When possible, suspended sediment also was collected during 
storm events using conventional U.S. Series depth-integrating 
manual isokinetic samplers (a DH-81 and a US D-74). 
Suspended-sediment samples were centrifuged (1 to 4 L) at 
the USGS Atlanta Sediment Lab facility. Because the goal was 
to determine the sources of fine-grained sediment, and most 
of the tracer’s activity is found on the fine material, sand was 
removed from the samples by wet sieving the samples through 
a 63-micron (µm) polyester sieve. Due to mass constraints in 
the lab analysis of sediment, individual storm samples could 
not be analyzed and storm samples taken across the hydro-
graph were combined into one or several samples.

Collection and Analysis of Source Samples

Sediment-source samples were collected from upland 
source areas and streambanks (fig. 2). After discussions with 
local landowners, it was determined that cropland and pasture 
fields transition over time, and sites that are now in permanent 
pasture were cropland within the last two decades; therefore, 
cropland and pasture were combined into one sediment source 
category—agriculture. 

Site selection for forest and agricultural upland samples 
was based on obtaining a spatially representative dataset and 
landowner permission. Streambank site selection was based 
on a randomized design using a geographic information 
system (GIS). A GIS coverage of streams was created for the 
Linganore Creek watershed. The streams were classified by 
Strahler order (stream order) into 1st, 2nd, 3rd, 4th, and 5th 
order and the lengths of streams in each order were quantified. 
The streams were separated into 10-m pixels and a random 
generator selected pixels in each stream order for sampling 
sediment and monitoring flood-plain and channel change. The 
number of sites selected for each stream order was based on 
the length of each order as well as the propensity for stream-
bank erosion. The propensity for streambank erosion was 
determined after a reconnaissance of streambank erosion in the 
watershed. In addition, the channel sites selected for analysis 
were inspected in the field to determine whether the site was 
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representative of typical stream conditions in the Linganore 
Creek watershed. Sites that were structurally modified such as 
being armored with rip-rap were not selected.

Soil samples for source analysis from agriculture and 
forested areas were collected from approximately the top 1.0 
centimeter (cm) of the soil surface with a plastic hand shovel. 
To account for variability in the tracer properties at agriculture 
and forested sites, sediment was collected across transects 
(100 m by 30 m) and composited into one sample. To obtain 
a representative sample of the streambanks, the surface of 
the exposed streambanks (approximately 1 cm) was sampled 
vertically from the bottom to the top of the bank face. Three to 
five transects spaced 10 m apart along the stream reach were 
sampled and composited into one sample.

Laboratory Analyses for Sediment Fingerprinting

Agriculture, forest, and streambank samples were taken 
back to the USGS Baltimore, Maryland laboratory, dried at 
60 degrees Celsius (°C), and disaggregated with a mortar and 
pestle, wet sieved through a 63-µm polyester sieve, and dried 
at 60 °C. Sample dry weights before and after sieving were 
recorded to determine the percentage of sand in the samples. 

The fine part (silt and clay; less than 63 µm in diameter) 
of suspended sediment, upland, and channel corridor samples 
were sent to the USGS National Research Program (NRP) 
laboratories in Reston, Va. for elemental analyses and stable 
isotope analyses (table 1). At the USGS-NRP laboratory, the 
samples were analyzed for 19 elements (table 1). All samples 
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were analyzed using inductively coupled plasma-optical emis-
sion spectrometry (ICP-OES) and inductively coupled plasma-
mass spectrometry (ICP-MS) after microwave-assisted multi-
acid digestion (a mixture of nitric and hydrofluoric acids). 
Standard reference soil (NIST2709, San Joaquin Soil) and 
blanks were digested in each round of microwave digestion. 
The average blank value was subtracted from all sediment 
and reference samples for each element. Only elements with 
measured concentrations within 10 percent of the published 
value for NIST2709 are reported. Specific details regarding 
this method can be found in Noe and Hupp (2005).

Samples were analyzed for the ratios of the stable 
isotopes of carbon and nitrogen (13C/12C, 15N/14N) and total 
carbon and total nitrogen (TC and TN) at the USGS Reston 
Stable Isotope Laboratory (RSIL) (table 1). Samples were first 
processed to remove inorganic carbon using hydrogen chloride 
(HCl) vapor digestion (Hedges and Stern, 1984); then total 
organic carbon (TOC) was measured. Methods for analysis 
are described on the RSIL web site (http://isotopes.usgs.gov; 
accessed April 5, 2014)/. The relative carbon isotopic results 
for the sample, δ13C, are reported in per mil relative to Vienna 
Pee Dee Belemnite (VPDB) and normalized on a scale so that 
the relative carbon isotope ratios of L-SVEC Li2CO3 (lithium 
carbonate reference material prepared by H. Svec) and NBS 
19 CaCO3 (National Bureau of Standards Reference Material 
19 for calcium carbonate) are -46.6 and +1.95 per mil, respec-
tively (Coplen and others, 2006). Nitrogen isotope ratios, 
δ15N, also reported in per mil, are expressed relative to N2 in 
air using several internationally distributed isotopic reference 
materials, as discussed in Révész and Qi (2006). The 2-sigma 
uncertainty for both δ13C and δ15N analysis is plus or minus 
0.50 per mil. The total number of tracers analyzed from the 
USGS laboratories was 23.

The size distribution of the less than 63-μ sample was 
determined at the USGS NRP laboratory in Reston, Va., 
using laser diffraction (LISST-100X with mixing chamber) 
(Pedocchi and Garcia, 2006). Sediment samples were prepared 
for size distribution analysis by disaggregating the sample in 
a sodium hexametaphosphate solution that was sonicated for 
5 minutes and shaken for 16 hours, and then analyzed on the 
LISST-100X to determine the median particle size (D50) (Wolf 
and others, 2011). A mass of 20 milligrams (mg) was used for 
size analysis. Median values (D50) of the sediment that are less 
than 63 µm are reported in the LISST software. The smallest 
size class determined by this protocol is less than 1.56 µm.

Table 1.  List of elements used as tracers to identify the sources 
of fine-grained sediment.

[ICP-OES, inductively coupled plasma-optical emission spectrometry; ICP-
MS, inductively coupled plasma-mass spectrometry; mg/g, milligrams per 
gram; µg/g, micrograms per gram; ‰, per mil; %, percent]

Element Abbreviation
Unit of

measurement 

Tracer measured from ICP-OES and ICP-MS analysis1

Aluminum Al mg/g
Antimony Sb µg/g
Arsenic As µg/g
Boron B µg/g

Cadmium Cd µg/g
Calcium Ca mg/g
Cobalt Co µg/g
Copper Cu µg/g

Iron Fe mg/g
Lead Pb µg/g

Lithium Li µg/g
Magnesium Mg mg/g
Manganese Mn µg/g

Molybdenum Mo µg/g
Nickel Ni µg/g

Phosphorus P mg/g
Potassium K mg/g
Titanium Ti mg/g
Vanadium V µg/g

Element/isotope Abbreviation
Unit of

measurement 

Tracer measured from stable isotope analysis2

Total organic carbon TOC %
Stable isotopic total 

carbon δ13C ‰

Nitrogen N %
Stable isotopic 

nitrogen δ15N ‰

1 Analyzed at the U.S. Geological Survey National Research Program 
Laboratory in Reston, Va.

2 Analyzed at the U.S. Geological Survey Reston Stable Isotope Labora-
tory in Reston, Va.

http://isotopes.usgs.gov
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Statistical Methods
Several analytical and statistical steps were used to deter-

mine which tracers were most significant in defining sediment 
sources (fig. 3) as follows: 

1.	Determine if there are outliers for each tracer in each 
source type.

2.	Test if tracers in each source group need to be corrected 
for size differences between the source samples and the 
fluvial sample.

3.	Test if tracers in each source group need to be corrected 
for organic content between the source samples and the 
fluvial sample.

4.	 Perform a bracket test of size- and organic-corrected 
fluvial and source samples for each tracer.

5.	Determine the optimum number of tracers that discrim-
inate among the sources using stepwise discriminant 
function analysis (DFA).

6.	Pairwise Mahalanobis Distance Statistic.

7.	Identify source percentages using an unmixing model 
on the final set of tracers.

Outlier Test
The presence of outliers can lead to errors in data analysis 

and statistical conclusions (Helsel and Hirsch, 1997). The first 
step in the statistical procedure was to remove outliers. In each 
source group, each tracer was tested to determine if it had a 
normal distribution using the Shapiro-Wilk test at a 95-percent 
confidence interval (Ho = samples are random and come from 
a normal distribution). All variables that were not normally 
distributed were tested again for normality after transforma-
tion using a log, power, square root, cube root, inverse, and 
inverse square root function (Helsel and Hirsch, 1997). The 
best transformation for normality was selected (if necessary 
aided by visual analysis of histograms), and the tracers were 
transformed. The average and standard deviation within each 
source group for each transformed tracer was determined. 
If the tracer value for a given source sample exceeded three 
times the standard deviation more or less than the average 
value, this sample was considered an outlier and the entire 
sample was removed (Wainer, 1976).

Correcting Source Tracers for Sediment Size and Organic 
Content Variability

The property of a sediment tracer not only depends 
on source material but on grain size and organic content 
(Horowitz, 1991; Collins and others, 2010). As sediment 
is eroded and transported through the watershed over time, 
grain size may change. Generally, sediment delivered out 
of a watershed has a finer grain size compared to the source 
areas (Walling, 2005). Finer grain sizes can have greater 
surface area than coarser grain sizes. The finer grain sizes have 
potentially more area to sorb constituents and have a higher 
tracer activity. Conversely, iron oxides that develop on coarser 
sediment in the silt range may also contain more sites for 
constituents to sorb on to and can have higher concentrations. 
Organic matter on sediment can also become sites for sorption 
of tracers.

To assure that tracers from sediment sources are com-
parable to tracers in fluvial sediment, based on grain size 
and organic content, a regression analysis was performed 
to determine if a tracer’s property in each source group was 
significantly related to grain size and (or) organic content. This 
test was developed with assistance from Professor Desmond 
Walling (Desmond Walling, University of Exeter, UK, written 
commun., March 23, 2012). The LISST analyzed grain sizes 
for samples that had already been sieved to less than 63 µm 
and provided the median grain size (D50) of that size range for 
each sample analyzed. TOC was used to determine the organic 
content of the source samples and fluvial samples. For each 
source group, linear regression was used to determine if the 
relation of D50 or TOC to a given tracer’s concentration was 
significant. The D50 was corrected first and then values were 
corrected for TOC. An example of how the D50 correction was 
applied is shown in figure 4.

Guidelines used to determine if the relation of D50 or 
TOC to a given tracer’s concentration is significant included 

Outlier test for each tracer in each source type

50Size correction test of tracers compared to median grain size of fines (D   )

Organic correction test of tracers compared to Carbon (C)

Final source apportionment using an unmixing model

Stepwise Discriminant Function Analysis

Mahalanobis Distance Statistic

Bracket test

Figure 3.  Outline of statistical operations used in determining 
sediment sources using the sediment fingerprinting approach.
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determining that the slope of the regression line is significant 
(p < 0.05) and the residuals were normally distributed. If the 
slope of the regression was significant, the residuals of the 
regression equation were tested to see if they are independent 
and followed a normal distribution. The Shapiro-Wilk test  
(Ho = samples are random and come from a normal distri-
bution) was used to determine that the residuals followed a 
normal distribution. Plots of residuals compared to predicted 
values as well as histograms of the residuals were also used 
to determine if the regression model was reasonable. In a plot 
of residuals compared to predicted values, a regression model 
is considered to be reasonable where the residuals show no 
curvature or changing variance (Helsel and Hirsch, 1997). 

The steps used to determine the best regression model 
were: (1) determine if the relation of non-transformed D50 and 
TOC compared to each source group’s tracer concentration is 
significant; (2) if selected tracers did not show a significant 
relation, then D50 and TOC were transformed using a log, 
power, square root, cube root, inverse, and inverse square root 

function. The transformed D50 and TOC were then regressed 
against each source group’s tracer concentration to find the 
best regression model; (3) if after this step was completed, 
selected tracers did not show a significant relation to D50 or 
TOC, then a source group’s tracer was transformed using a 
log, power, square root, cube root, inverse, and inverse square 
root. The transformed tracers in each source group were 
regressed against all possible combinations of transformed D50 
and TOC (including untransformed) and the optimum regres-
sion model was selected. If no relation was found with D50 or 
TOC, a correction factor was not applied. The Tracers δ13C, 
δ15N, and %N are affected by the relative proportions of differ-
ent kinds of organic matter in the sample, not the total organic 
matter content (Carol Kendall, USGS, written/oral commun., 
June 27, 2013). The tracers, δ13C, δ15N, and N were not cor-
rected by TOC.

If the regression model of a source group’s tracer com-
pared to D50 was determined to be significant, then a correction 
factor was applied to the tracer as follows:

	 { }50 50[( )* ] ^
nn iC Ti D FD m= − − 	 (1)

where 
	 Cn	 = untransformed tracer after size correction; 
	 Tii	 = original value of tracer (i) (normalized) in 

source group (n); 
	 D50n

	 = the mean D50 of samples in source (n) (if 
necessary transformed for normality);

	 FD50	 = the mean D50 of fluvial samples (if 
necessary transformed for normality as the 
D50 samples in source [n]); 

	 m	 = slope of regression line of tracers in source 
group (n) compared to D50 of source group 
(n) (if necessary D50 is transformed for 
normality); and

	 ^	 = if the tracer is normalized by a transform, 
the final corrected tracer is untransformed.

If the regression model of a source group’s tracer com-
pared to TOC was determined to be significant, then a correc-
tion factor was applied to the tracer as follows:

	 { }( ) [( )* ] ^o i n nC Ti CS CF m= − − 	 (2)

where 
	 Co	 = untransformed tracer after organic 

correction; 
	 Tii(n)	 = original value of tracer (i) (if necessary 

transformed for normality) in source group 
(n); 

	 CSn	 = average carbon content of source group (n) 
(if necessary transformed for normality); 

	 CF	 = average carbon content of fluvial samples 

Figure 4.  Example of how the size-correction factor is 
applied to a source group. In this example, agriculture 
sample size (D50) was regressed against the tracer lithium (Li). 
The line of best fit of agriculture D50 and agriculture lithium 
is negative. The concentration of lithium in the agriculture 
samples deceases as size (D50) increases. The average fluvial 
D50 is finer than the average agriculture D50. To correct for the 
differences in size, lithium should be adjusted to be higher. 
[D50, median grain size of fine sediment.]
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(if necessary transformed by the same 
transformation as the TOC samples in 
source (n);

	 m	 = slope of the regression line of tracers in 
source group (n) (if necessary tracers are 
transformed for normality) compared to 
TOC of source group (n) (if necessary 
TOC is transformed for normality); and

	 ^	 = if the tracer is normalized by a transform, 
the final corrected tracer is untransformed. 

When predicting the size-correction factor, it is important 
that the results are unbiased. If a non-linear model is used, 
a bias in the estimation can occur (Koch and Smillie, 1986). 
The bias occurs when tracers that are transformed are then 
corrected using equations 1 and 2 and then untransformed. 
Bias correction factors (B̂ ) were applied to the corrected, 
untransformed tracer concentrations only for those tracers that 
were transformed for normality prior to correction. If D50 or 
TOC were transformed for normality prior to use in the deter-
mination of correction factors but tracer concentration was not 
transformed, no bias correction was required. Bias correction 
factors (B̂ ) were determined by using the transformed tracer 
concentration per the equations given in table 2 (Stuart and 
Ord, 1991). The size- or organic-corrected tracer concentration 
is divided by B̂  to get the final untransformed tracer value. 

Bracket Test

A requirement of sediment fingerprinting is that the 
fluvial tracers must be conservative and not change during 
transport from the source to the sampling point. Consequently, 
the next step in the statistical analysis was determining that 
for a given tracer, the fluvial samples were within the range of 
the equivalent values obtained for the potential sources (Gellis 
and Walling, 2011 ) (fig. 3). The bracket test is an important 
prerequisite before further statistical analyses are performed. 
Any tracers that did not satisfy this constraint within measure-
ment error (10 percent of each fluvial sample’s tracer value) 
were considered to be non-conservative and were removed 
from further consideration. The bracketing test was performed 
on tracers after the particle size and organic correction factors 
were applied.

Stepwise Discriminant Function Analysis

Collins and Walling (2002) and Collins and others (1997) 
have suggested that a composite of several tracers provides a 
greater ability to discriminate between sources than a single 
tracer. To create the optimal group of tracers, a stepwise 
DFA was used to select tracers after size and organic correc-
tions were applied (fig. 3). This procedure assumes normality 
among the variables being analyzed; thus, all variables used in 
the DFA were tested for normality using the Shapiro-Wilk test 
(Ho = samples are random and come from a normal distribu-
tion). All variables that were not normally distributed at a 
95-percent confidence interval were tested again for normality 
after transformation using a log, power, square root, cube root, 
inverse, and inverse square root function (Helsel and Hirsch, 
1997). 

The best transformation for normality was selected (if 
necessary) and stepwise DFA was performed on the normal-
ized data. Stepwise DFA incrementally identifies which tracers 
significantly contribute to correctly differentiating the sedi-
ment sources and rejects variables that do not contribute based 
on the minimization of the computed value of the variable 
Wilks’ lambda (Collins and others, 1997). A lambda close to 
1.0 indicates that the means of all tracers selected are equal 
and cannot be distinguished among groups. A lambda close to 
zero occurs when any two groups are well separated (within 
group variability is small compared to overall variability). 
Thus, the model selects a combination of tracers that provide 
optimal separation, meaning that no better separation can be 
achieved using fewer or more tracers. The statistical program 
Statistical Analysis System (SAS) was used in stepwise DFA 
(SAS Institute, 2004). A probability value of 0.01 was used in 
stepwise DFA.

Another requirement of sediment fingerprinting is 
that the final set of tracers determined from stepwise DFA 
can correctly differentiate each source type. The pairwise 
Mahalanobis distance is a measure of the distance between 
groups and takes into account the covariance among the vari-
ables in calculating distances (Rao, 1965). The Mahalanobis 
distance has been used in other sediment-source studies 

Table 2.  Equations used to correct for bias in untransforming 
the tracers.

[B̂ , the bias correction factor; f(y), the transformed value of the tracer; 
D50, the median grain size of the sediment; Sx , the average value of all 
transformed D50 or total organic carbon (TOC) for a given sediment source; 

Fx , the average value of the transformed D50 for the fluvial samples; b̂, is the 
slope of the line of best fit; 2

ˆˆ
b

 , is the standard error of the regression of D50 
or TOC compared to tracers; exp, exponential]

Transformation B̂

Squared 2 2 211 [ ]
8 ˆ

ˆ ˆ( ) ( ) ( )S F S F b
f y x x b x x −+ − − −

Square root 2 2 21 [ ] ˆ
ˆ ˆ( ) ( ) ( )S F S F b

f y x x b x x −+ − − −

Cube root 2 2 21 3[ ] ˆ
ˆ ˆ( ) ( ) ( )S F S F b

f y x x b x x −+ − − −

Inverse 2 2 21 [ ] ˆ
ˆ ˆ( ) ( ) ( )S F S F b

f y x x b x x −+ − − −

Inverse square 
root

2 2 21 3[ ] ˆ
ˆ ˆ( ) ( ) ( )S F S F b

f y x x b x x −+ − − −

Log 2 210 [ 2]ˆˆ( ) /S F b
x x ∧ −
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(Karlin, 1980; Minella and others, 2008; Poulenard and others, 
2009) and was used in this analysis to verify that the set of 
transformed tracers determined from stepwise DFA can cor-
rectly distinguish each source type (fig. 3). A probability value 
of 0.05 was used in the Mahalanobis distance statistic test. The 
pairwise Mahalanobis distance statistic was run on the final 
set of normalized tracers determined from stepwise DFA. If 
the final set of tracers is not able to differentiate between any 
two sources, a decision is made to combine the sources into 
one source type. An example would be combining agriculture 
and forest into one source dataset called uplands. Stepwise 
DFA and the pairwise Mahalanobis distance statistics are then 
repeated on the new dataset.

Identification of Source Percentages

The final step in the statistical analysis was determining 
the significant sources of sediment using an unmixing model 
(fig. 3; equations 3, 4, and 5; modified from Collins and oth-
ers, 2010). The set of tracer values that are determined from 
the stepwise DFA are used in the unmixing model but with 
the particle size and organic correction factors applied. The 
unmixing model does not use data transformed for normality 
but it does use the values that have been adjusted for D50 and 
TOC. 

	 ( ){ }2

1 1
/n m

i s si i ii s
C P S C W

= =
 −  ∑ ∑ 	 (3)

and

	
1

1
n

s
s

P
=

=∑ 	 (4)

where 
	 Ci	 = concentration of tracer property (i) in the 

suspended sediment collected during storm 
events; 

	 Ps	 = the optimized percentage contribution from 
source category (s); 

	 Ssi	 = mean concentration of tracer property (i) 
in source category (s) after size and TOC 
correction factors are applied in source 
category (s); 

	 Wi	 = tracer discriminatory weighting; 
	 n	 = number of fingerprint properties that make 

up the optimum composite fingerprint; and
	 m	 = number of sediment source categories.

Collins and others (2010) applied the particle size and 
organic corrections factors directly in the unmixing model. 
In this modified version (equation 3), the set of tracer values 
that were determined from the stepwise DFA were used in the 
unmixing model with the particle size and organic correction 

factors applied. The unmixing model was written in the pro-
gramming language Python.

The unmixing model iteratively tests for the lowest error 
value using all possible source percentage combinations. A 
Ps step of 0.01 is used in the source computations. The tracer 
discriminatory weighting value, Wi, is a weighting used to 
reflect tracer discriminatory power in equation 3 (Collins and 
others, 2010). This weighting is based on the relative dis-
criminatory power of each individual tracer provided by the 
results of the stepwise DFA and ensures that tracers that have 
a greater discriminatory power are optimized in the unmixing 
model solutions. The weighting for each tracer that passed the 
stepwise DFA test was determined as follows:

	 i

opt

i
PW
P

= 	 (5)

where 
	 Wi	 = tracer discriminatory weighting for tracer 

(i); 
	 Pi	 = percent of source type samples classified 

correctly using tracer (i). The percent of 
source type samples classified correctly is 
a standard output from the DFA statistical 
results; and

	 Popt	 = the tracer that has the lowest percent of 
sample classified correctly. Thus a value 
of 1.0 has low power of discriminating 
samples.

Sediment apportioned to streambanks, agriculture, and forest 
is determined for each sample, the sampled storm event, and 
for the entire study period. The sediment sources of each 
sample during a storm event are averaged to describe the sedi-
ment sources for that storm event. However, each sample may 
have been collected for different flow and sediment conditions 
during the event, therefore, using the average of sources 
during the event may not be the best method to determine 
the sediment sources for that event. For example, the time 
interval represented by a sample may represent the majority 
of sediment transported for that event and therefore may be 
a more important sample in describing sediment sources for 
that event. To include the importance of samples collected 
during periods of high sediment loading, the sediment sources 
determined for each sample were weighted by the total amount 
of sediment transported for that event (storm weighted) using 
the following equation: 

	 1
*n i

vj vii
tj

SLS SA
SL=

  
=       
∑ 	 (6)

where
	 Svj	 = storm-weighted source allocation for source 

(v) (streambanks, agriculture, or forest )  
(in percent) and event ( j); 
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	 SAvi	 = sediment source allocation (in percent) for 
source (v) and storm sample (i);

	 SLi	 = sediment load for storm sample (i), in 
megagrams;

	 SLtj	 = total sediment load for event (j), in 
megagrams, determined using the program 
Graphical Constituent Loading Analysis 
System (GCLAS) (Koltun and others, 
2006); and

	 n	 = number of samples (i) collected during 
storm event.

As previously discussed, because of mass constraints, 
a storm sample represents one instantaneous time or several 
times on the storm hydrograph. To determine a sediment load 
for a given sample (SLi), a time interval was assigned for 
each sample. The time interval for each sample was midway 
between the previous and next sample. The first sample was 
assigned a time to the nearest 15-minute interval before that 
sample and midway to the next sample time. The last sample 
was assigned a time midway to the previous sample time and 
to the nearest 15-minute interval after that sample. Fifteen- 
minute intervals were selected because this was the frequency 
of calculated discharges. Samples were never collected at 
intervals less than 15 minutes. Each sample’s time interval was 
input into the program GCLAS and a sediment load (mega-
grams, or Mg) was determined for that time interval. The sum 
of sediment loads for each interval is the total sediment load 
for the event (SLtj in equation 6).

For the entire study period, sediment-source allocation is 
presented two ways—by averaging the sources for all storms, 
and by weighting each storm’s source allocation (storm-
weighted source percentage) (Svj in equation 6) by the total 
sediment load transported for that event divided by the sum 
of fine-grained suspended-sediment transported for all events 
(total load weighted). One event may transport the majority 
of sediment during the study period and thus may be a more 
important event in describing sediment sources. The sediment 
source weighting for the entire study period (total load 
weighted percentage) was determined using the equation: 

	
1

*
m

tj
vj vj

j p

SL
TS S

SL=

  
=       
∑ 	 (7)

where
	 TSvj	 = period of study-weighted sediment-source 

allocation for source (v) (streambanks, 
agriculture, or forest);

	 Svj	 = sediment-source allocation for source (v) 
(streambanks, agriculture, or forest ) for 
event ( j);

	 SLtj	 = total sediment load for event ( j), in 
megagrams;

	 m	 = number of events during the study period = 
36; and

	 SLp	 = total sediment load for 36 events, in 
megagrams.

A similar approach to presenting sediment sources for an 
entire study period was used by Walling and others (1999) and 
Gellis and others (2009). 

Limitations and Uncertainty in Sediment 
Fingerprinting

A Monte Carlo approach was used to quantify the uncer-
tainty in the sediment fingerprinting results produced by the 
unmixing model (Collins and Walling, 2007). A Monte Carlo 
simulation was written in the programming language Python. 
The Monte Carlo simulation randomly removes one sample 
from each of the three source type groups and the unmixing 
model is run without these samples. The Monte Carlo simula-
tion is run 1,000 times on each fluvial sample. For each of the 
1,000 iterations, the average, and the minimum and maximum 
sediment-source percentage for each source are determined. 
The following was used to assess the robustness of the final 
set of source samples and tracers: (1) the difference between 
the final unmixing model sediment-source percentage results 
and the average of the 1,000 Monte Carlo sediment-source 
percentage results, and (2) the minimum and maximum source 
percentage results produced by the Monte Carlo simulation.

Sediment Budget Measurements

A sediment budget framework can be used to understand 
geomorphic processes of sediment erosion, transport, storage, 
delivery, and linkages among these elements that occur in a 
watershed (Leopold and others, 1966; Swanson and others, 
1982; Gellis and others, 2012). The most basic form of the 
sediment budget equation is: 

	 I ± ΔS = O	 (8)

where 
	 I	 = the sediment input;
	 ∆S	 = the change in sediment storage; and 
	 O	 = the sediment output. 

Budgets can become quite complicated as multiple geomor-
phic elements are identified and linked to create a more accu-
rate representation of sediment movement through a basin.

The sediment budget for the Linganore Creek watershed 
is for fine-grained sediment that is composed of silts and clay. 
The input and change in storage of sediment (in equation 8) 
were based on measurements made on upland land use/land 
covers of forest and agriculture, measurements made in the 
channel corridor (channel bed and banks, and flood plain), and 
a photogrammetric analysis of ponds. The output of sediment 
(O in equation 8) is determined using two approaches. The 
output is the difference in the mass input and storage of 
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sediment determined from the sediment budget and the output 
is also the fine-grained suspended-sediment (in kilograms per 
year, or kg/yr) measured at the watershed outlet. The output 
determined from the sediment budget is considered an esti-
mate and is compared to the fine-grained suspended sediment 
measured at the watershed outlet. Any difference that occurs 
between these two values is considered the error in the sedi-
ment budget.

The geomorphic elements shown in figure 5 were used to 
develop a sediment budget of fine-grained sediment. Erosion 
and deposition on the geomorphic elements was quantified 
using a variety of techniques. Changes in the channel bed 
(including channel bars) were quantified through monumented 
cross-sectional surveys. Bank erosion and deposition were 
quantified using bank pins. Flood-plain deposition was 
measured using clay pad artificial marker horizons. Upland 
rates of erosion were estimated using the Cesium-137 (137Cs) 
technique. An accounting of the erosion and deposition of 
fine-grained sediment on each geomorphic unit was deter-
mined and converted to a mass rate (kg/yr) by multiplying the 
measurements (square centimeters per year, or cm2/yr) by the 
bulk density (grams per cubic centimeter, or g/cm3) on each 
geomorphic element and by the length (kilometer, or km) or 
area (km2) of the geomorphic element. The final sediment 
budget was constructed and compared to the measured fine-
grained suspended sediment transported out of the basin.

Fluvial Sediment Transport
Sediment output (O in equation 8) is the fine-grained 

suspended-sediment load computed at the USGS Linganore 
Creek streamflow-gaging station (01642438), which is located 
at the outlet of the Linganore Creek watershed as defined 
in this study (fig. 1). During the period of study (August 1, 
2008 to December 31, 2010) samples of suspended sediment 
were manually collected at various points in the cross section 
using the Equal Width Increment (EWI) method (Edwards 
and Glysson, 1999). During high flows, suspended sediment 

was collected using an automatic suspended-sediment pump 
sampler. 

The automatic suspended-sediment sampler (ISCO, 
Inc.) is designed to pump samples into 24 separate 1-L plastic 
bottles. The sampler contains a peristaltic pump to transport 
the sample from the stream to the sample bottle. The transfer 
line is purged by the sampler before and after each sample is 
collected. The timing of the 24 samples was pre-programmed 
to pump samples over the flood hydrograph. The intake for 
the automatic sampler was placed above the bed in the center 
of the channel, at an elevation equal to half the distance of 
the lowest bank height. Since the automatic sampler pumps 
water from a fixed point in the channel, a bias could exist in 
the suspended-sediment concentrations when compared to 
a cross-sectional, integrated sample. During medium flows, 
cross-sectional samples were collected using a DH-81 sampler. 
During selected high flows, samples were collected using a US 
D-74 isokinetic sampler deployed at the Old Annapolis Road 
bridge crossing located approximately one-half km upstream 
of the streamflow-gaging station. The suspended-sediment 
concentrations in samples collected with the DH-48 and D-74 
isokinetic samplers were used to determine if the automatic 
sampler had any bias in its samples.

Suspended-sediment samples were sent to the USGS 
Kentucky Water Science Center Sediment Laboratory in 
Louisville, Ky. for analysis of suspended-sediment concen-
trations. Daily suspended-sediment loads were computed at 
Linganore Creek using the subdivision method (Porterfield, 
1977) with the USGS software program GCLAS.

At the Linganore Creek gage, a nephelometer for measur-
ing turbidity was installed from August 1, 2008 to September 
30, 2009 and recorded turbidity readings every 15 minutes. 
Turbidity was recorded in Formazin Nephelometric Units 
(FNUs). Turbidity data was transformed into suspended-
sediment concentration using an equation of the line of best-fit 
between turbidity and suspended-sediment concentration. In 
the program GCLAS, the following data are plotted with time 
on the computer screen: (1) the hydrograph for the period of 

Channel
bed

Flood plainAgricultural
land

Flood-plain
clay pads

Erosion pins

Pond

Channel
bank

Channel
bar

Forested
slopes

Figure 5.  Schematic diagram showing the geomorphic elements where erosion and deposition were measured or 
estimated in Linganore Creek, Maryland. [The reach is not drawn to scale.]
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interest, (2) sampled suspended-sediment concentrations, and 
(3) a background curve of transformed values of turbidity 
expressed as suspended-sediment concentration (in milligrams 
per liter, or mg/L). These data enable the user to create a 
continual trace of suspended-sediment concentration. When it 
is determined that a satisfactory trace of suspended-sediment 
concentration has been developed, GCLAS computes the 
suspended-sediment load for each day of interest.

From October 1, 2009 to December 31, 2010, turbidity 
data were not available and missing periods of suspended-sed-
iment concentration during runoff events were estimated using 
the relation between discharge and suspended-sediment con-
centration referred to as a sediment-transport curve (Glysson, 
1987). The sediment-transport curve was constructed using 
data for the period of record. For missing periods of sus-
pended-sediment concentrations during runoff events, the esti-
mated values using the sediment-transport curve were put into 
GCLAS and used in the computation of suspended-sediment 
loads.

Channel Bed Changes
Twenty-three stream reaches that contain permanent cross 

sections were established in the Linganore Creek watershed to 
assess changes to the channel bed and channel bars during the 
period of study (fig. 6). Reaches that were typical of stream-
channel morphology in the Linganore Creek watershed were 
selected based on a reconnaissance of streams in the basin, 
landowner permission, and existence of pre-existing monu-
mented cross sections. Four reaches (V2, V4, V6, V7 in figure 
6) had pre-existing monumented cross sections (Versar, 2002). 
Each reach contained between one and three permanent cross 
sections. Cross sections were established with monumented 
endpoints of steel bars driven into the flood plain or hillslopes 
on both sides of the channel. The cross sections were estab-
lished in straight sections and meandering sections of the 
channel and were aligned perpendicular to the direction of the 
streamflow. The cross sections were initially surveyed between 
August 11, 2008 and July 22, 2009 and resurveyed between 
March 16, 2010 and December 24, 2010.

The width of the channel bed shown in figure 5 was 
determined in the field during the cross-sectional surveys. 
Sediment bars found in the channel were considered part of 
the channel bed. The initial channel survey and the resurvey 
were plotted and the cross-sectional area change (square 
meters, or m2) of the channel bed between the two surveys was 
determined. 

Since the measurement period for each cross-sectional 
survey varied, to obtain an annual rate of bed erosion or depo-
sition, each channel-bed measurement made was divided by 
the measurement period in days and multiplied by 365. All bed 
changes were averaged for a reach, as follows: 

	 1
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where 
	 BRj	 = net change in channel bed at reach ( j), in 

square centimeters per year;
	 BRi	 = net change in channel bed at cross section 

(i), in square centimeters;
	 Nd	 = days between first and last channel surveys; 

and
	 n	 = number of channel beds measured at reach 

( j).

To obtain channel bed changes for a particular stream order, 
all reaches for a particular stream order were averaged, as 
follows:
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where 
	 BR(s)	 = net change in channel bed for stream order 

(s), in square centimeters per year;
	 BRj	 = net change in channel bed at reach ( j), in 

square centimeters per year; and
	 N	 = number of reaches ( j), in stream order (s).

In parts of the channel with coarser sediment (coarse 
sand and gravel and larger), samples of the bed and bars were 
collected with a shovel to determine the percentage of silt and 
clay in the channel bed and bars. In parts of the channel bed 
with deposits of finer material (medium sand to silt and clay), 
a 10-cm by 18-cm polyvinyl chloride (PVC) tube was used to 
sample the sediment. Channel bed samples were taken back 
to the lab, dried at 60 °C for 24 to 48 hours or until dry. The 
samples were ground with a mortar and pestle and wet sieved 
through a 63-µm sieve to remove particles that were sand size 
and larger. The remaining sediment was dried then weighed to 
determine the mass and percentage of silt and clay.

Streambank Erosion and Deposition

Bank erosion and deposition were measured by installing 
bank pins at all 23 surveyed cross sections and at an additional 
27 cross sections that did not have a full cross-sectional sur-
vey. At each cross section, one to nine 1.2-m steel pins were 
installed normal to the bank face. Pin exposure was measured 
at the time of installation, annually, and at the end of the study. 
The total erosion or deposition at a bank face was determined 
by taking a weighted average of the pin measurements over 
the study period.

The weighted average was based on the length of bank 
that each pin represented. The top pin represented a bank 
length from the top of the bank to half the distance to the 
second pin. The bank length represented by each pin, from the 
second pin to the pin above the bottom pin, was determined as 
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half the distance to the pin above plus half the distance to the 
next pin down. The bank length represented by the bottom pin 
was half the distance to the pin above plus the distance to the 
bottom of the bank. The net change in the bank was deter-
mined as the bank length represented by each pin (cm) divided 
by the total length of the bank (cm) and summed, as follows:

	
1
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∑ 	 (11)

where
	 BKi	 = weighted average of bank erosion or 

deposition at selected bank face (i) over 
measurement period, in square centimeters;  

	 DPn	 = the part or length of the bank face measured 
with pin (n), in centimeters; 

	 n	 = number of pins; 
	 BL	 = total length of the bank, in centimeters; and
	 PTn	 = the net change in pin (n).

Since the measurement period for each bank face varied, 
to obtain an annual rate of bank erosion or deposition (kg/yr), 
the net change for each bank face was divided by the measure-
ment period in days and multiplied by 365. The net change for 
all banks in a reach were then averaged to obtain a reach-aver-
aged bank change, as follows: 
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Linganore Creek watershed study area, Frederick and Carroll Counties, Maryland.
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where
	 Bkj	 = net change in banks at reach ( j), in square 

centimeters per year;
	 Bki	 = the weighted average of bank erosion or 

deposition at selected bank face (i) over the 
measurement period, in square centimeters; 

	 Nd	 = number of days of measurements; and
	 n	 = number of bank faces measured at reach ( j).

To obtain bank erosion or deposition for a particular 
stream order, the net change in bank erosion for all reaches of 
a particular stream order was averaged. Since a bank is located 
on either side of a stream, the final value of bank changes for 
each stream order was multiplied by 2. The equation used to 
determine bank erosion or deposition for a given stream order 
is: 
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where
	 Kr(s)	 = net change in streambanks for stream order 

(s), in square centimeters per year; and
	 N	 = number of reaches ( j), in stream order (s).

Bank erosion or deposition is commonly shown as centi-
meters per year (cm/yr). The net change of each bank (cm2/yr) 
was divided by the bank height (cm) to obtain erosion  
or deposition per year (cm/yr), as follows: 
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where 
	 Bkt(i)	 = bank erosion of bank (i), in centimeters per 

year;
	 BKi	 = bank erosion or deposition at a selected 

bank face (i) over the measurement period, 
in square centimeters; 

	 Nd	 = number of days of measurements; and
	 Bh	 = bank height, in centimeters.

Cores were collected from the streambanks to determine 
dry bulk density. The plastic cores had lengths ranging from 
2.0 to 8.2 cm, diameters from 2.1 to 6.2 cm, and volumes 
ranging from 17.3 to 220 cm3. The cores were driven flush into 
the streambanks. The sediment was dried at 60 °C for 48 hours 
or until dry, and weighed. The dry bulk density (g/cm3) is cal-
culated as the dry mass of the sediment (grams, or g) divided 
by the core volume (cm3).

Samples of the streambanks were collected by scraping 
the bank face with a hand shovel to determine the percentage 
of silt and clay. Samples were taken back to the lab, dried at 
60 °C for 24 to 48 hours or until dry. The samples were ground 

with a mortar and pestle and wet sieved through a 63-µm sieve 
to remove particles that were sand size and larger. The remain-
ing sediment was dried and weighed to determine the mass 
and percentage of silt and clay. These samples were not used 
in the analysis of tracers.

Flood-Plain Deposition
Flood-plain deposition was measured using artificial 

marker layers (clay pads). The markers, powdered white 
feldspar clay approximately 20 mm in thickness, were placed 
over an area of about 0.5 m2 on the soil surface that had been 
cleared of organic detritus. The clay becomes a fixed plastic 
marker after absorption of soil moisture that permits accurate 
measurement of short-term net vertical accretion above the 
clay surface (Ross and others, 2004; Gellis and others, 2009). 
For each surveyed cross section, 6 to 10 clay pads were placed 
on different parts of the flood plain. 

At the end of the study period, the clay pads were 
examined for depth of burial. Depth of burial was measured 
by coring the ground surface through the clay pads, and 
measuring the vertical depth of sediment above the artificial 
clay layer. At the end of the study period, many of the clay 
pads had been disturbed, possibly by livestock trampling and 
erosional processes, or could not be located, and therefore it 
was not feasible to determine the net flood-plain deposition at 
a cross section. A regression model was developed to estimate 
the response variable (flood-plain deposition in millimeters 
per day, or mm/d) using explanatory variables of: (1) drainage 
area of the measured reach (m2), (2) elevation of the flood 
plain above the thalweg (cm), and (3) distance of the clay pad 
from the channel edge (cm) (Asselman and Middelkoop, 1995; 
Simm and Walling, 1998). The explanatory variables were 
tested for normality using the Shipiro-Wilk test at a probabil-
ity set to 0.05. If necessary, the explanatory variables were 
transformed using the log, inverse, squared, square root, or 
cube root transform (Helsel and Hirsch, 1997). The final set 
of explanatory variables for the regression model was selected 
using stepwise regression procedures in the statistical software 
package SAS (SAS Institute, 2004). 

In forward stepwise regression, the explanatory variable 
having the highest explanatory power to the predicted variable 
(deposition) is entered into the regression model, and succes-
sively, the remaining explanatory variables are added one at 
a time to the model, as long as the F statistic p-value is below 
the specified α. Forward selection was used with α = 0.05. 

The regression equation was applied to each survey point 
on the flood plain for each cross section to obtain deposition at 
each survey point (mm/yr). The extent of the flood plain was 
determined at the time of the cross-sectional survey and was 
based on geomorphic features of topography, vegetation, and 
soil characteristics. The area of deposition (cm2/day) on the 
flood plain (both sides of the channel) for the period of study 
was determined by averaging deposition (mm/d) at adjacent 
survey points and multiplying by the length between points, 
and summing all values, as follows: 
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where 
	 Fni	 = estimated deposition on flood plain at a 

surveyed cross section (i) for the period of 
study, in square centimeters per year;

	 P	 = estimated deposition, at survey point (from 
1 to n) using regression equation, in 
millimeters per day; and

	 L	 = station of survey point (from 1 to n) on 
flood plain, in centimeters.

If more than one cross section was surveyed at the same 
reach, the modeled flood-plain deposition rates (cm2/yr) were 
averaged for that reach. 
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where 
	 Frj	 = estimated deposition on flood plain at a 

surveyed reach (j) for the period of study, 
in square centimeters per year;

	 Fni	 = estimated deposition on flood plain at a 
surveyed cross section (i) for the period of 
study, in square centimeters per year; and

	 n	 = number of cross sections.

To obtain flood-plain deposition for a particular stream 
order, all reaches for a particular stream order were averaged, 
as follows: 
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where 
	 Fr(s)	 = estimated deposition on flood plain for 

stream order (s) for the period of study, in 
square centimeters per year;

	 Frj	 = estimated deposition on flood plain for 
reach ( j) for the period of study, in square 
centimeters per year; and

	 N	 = number of reaches.

The bulk density of the flood-plain sediment (g/cm3) was 
determined by taking a core of the accreted sediment at the 
pad (g). The cores were taken back to the lab, dried at 60 °C 
for 48 hours or until dry, and weighed. The mass of deposited 
material in the core (g) was divided by the volume of the 
cored sediment (cm3) to obtain the bulk density (g/cm3). The 
cores were also wet sieved for the percentage of silt and clay. 
If only a limited amount of mass was cored, the top 1–2 cm 

of the sediment on the ground surface adjacent to the clay pad 
was sampled by scraping the surface with a small plastic hand 
shovel and wet sieved for the percentage of silt and clay. The 
ground surface adjacent to the clay pad was assumed to cor-
respond to deposition that occurred during the course of study.

Upland Erosion Using Cesium-137
The 137Cs technique has been used worldwide to estimate 

soil loss and gain (Sutherland, 1989; Ritchie and McHenry, 
1990; Bernard and others, 1998). 137Cs is a by-product of 
above ground thermonuclear bomb testing and was released 
globally as fallout from the testing in the 1950s and 1970s 
(Carter and Moghissi, 1977; Cambray and others, 1985). 
Deposited primarily through precipitation, 137Cs strongly 
adsorbed to soil, especially to fine particles (less than  
2 mm) (He and Walling, 1996). By comparing the amount of 
137Cs bound to soil in a non-eroded or reference area to the 
amount in an eroded or depositional area, the rate in which 
soil has been redistributed (erosion/deposition) can be esti-
mated (Walling and He, 1997; Ritchie and McHenry, 1990). 
In the Chesapeake Bay watershed, the 137Cs technique has 
been used to estimate agricultural erosion and deposition in 
selected watersheds draining the Piedmont and Coastal Plain 
Physiographic Provinces (Gellis and others, 2009), including 
the Linganore Creek watershed (Clune and others, 2010).

For this study, rates of soil loss were determined for 
agricultural areas (pasture and cropland) and forested slopes 
in the Linganore Creek watershed. Some of the 137Cs soil 
cores in agricultural areas were obtained by Clune and others 
(2010) during their study in the Linganore Creek watershed. 
Sampling sites for 137Cs analysis were selected to obtain a spa-
tial distribution of agricultural and forested areas. The agricul-
tural sites selected for 137Cs analysis included 10 pasture/hay 
and 8 cultivated crop settings (fig. 7). Thirteen forested sites 
and 3 reference sites (2 forested, 1 pasture) also were selected 
for 137Cs analysis (fig. 7). The forest reference sites were 
chosen at the summit of slopes where erosion is minimal. The 
pasture reference site was taken from Clune and others (2010) 
and was located at the summit of an undisturbed (no erosion or 
deposition), fully vegetated, pasture/hay area that was enrolled 
in government conservation programs to minimize erosion 
(U.S. Department of Agriculture, 2009).

 At each agricultural and forested site, 6–12 composite 
samples were collected along the slope of the agricultural field 
or forested areas (fig. 8). A composite sample was taken from 
three locations about 15 m apart along a contour (fig. 8). Soil 
was cored manually down to an estimated tillage depth (15–30 
cm) with a 3.5-cm-diameter stainless steel coring device. At 
agricultural sites, the tillage depth was determined on the basis 
of textural and color differences in the soil. 

Soil samples were brought back to the USGS sediment 
laboratory in Baltimore, Md. and dried in an oven at 80 °C 
for a minimum of 24 hours or until dry. Samples were ground 
using a mortar and pestle and mechanically sieved through a 
2-mm screen (Ritchie and others, 2005). The soil fraction (less 
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than 2 mm) was weighed and sent to the USGS NRP labora-
tory in Reston, Va. for analysis of 137Cs activity. 137Cs results 
from Clune and others (2010) were analyzed at the U.S. 
Department of Agriculture—Agricultural Research Service 
(USDA-ARS) Hydrology and Remote Sensing Laboratory 
in Beltsville, Md. 137Cs analysis at the USDA-ARS facility 
used gamma-ray procedures with a Canberra Genie-2000 
Spectroscopy System that receives input from three Canberra 
high-purity coaxial Germanium (Ge) crystals (HpC greater 
than 30-percent efficiency) into 8192-channel analyzers. The 
system is calibrated and efficiency determined, using an ana-
lytic mixed radionuclide standard (10 nuclides) whose calibra-
tion can be traced to the U.S. National Institute of Standards 
and Technology. Samples are counted for a minimum of 24 
hours. Measurement precision for 137Cs is ± 4 to 6 percent and 

inventory is expressed in becquerels per kilogram (Bq/kg) or 
becquerels per square meter (Bq/m2) (Ritchie, 2000, De Jong 
and others, 1982).

At the USGS NRP laboratories in Reston, Va., 137Cs 
analyses were performed on samples in either a Marinelli or a 
flat geometry on a 20-percent relative efficiency coaxial high-
purity Ge detector, depending on sample size. Both geometries 
were calibrated using the NBS 4350B river sediment standard. 
Self-adsorption corrections were made to the samples, if nec-
essary, based on curves generated for both geometries over a 
range of weights of standard. Counting times ranged from 1 to, 
in some cases, 4 or 5 days. Errors calculated for each sample 
activity were based on propagation of counting statistics and 
the uncertainty of the value of the NBS 4350B standard activ-
ity (listed as 6.3 percent).
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Figure 7.  Location of sampling sites for Cesium-137 in the Linganore Creek watershed study area, Frederick and 
Carroll Counties, Maryland.
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At agricultural sites, the 137Cs inventory levels were used 
to estimate soil redistribution rates during approximately the 
past 50 years using the Mass Balance Model II described in 
Walling and He (1997). This theoretical mass balance model 
integrates 137Cs inventory fluxes on the basis of the reference 
site inventory to predict overall erosion and deposition for a 
hillslope. Model II accounts for the total 137Cs deposited at a 
site and any initial loss, decay, and erosion or deposition that 
occurs. 137Cs inventories greater than the reference site 137Cs 
activity are depositional and lesser inventory values are con-
sidered erosional. Model II provides results of soil loss or gain 
at a site in metric tons per hectare.

At forested sites, the 137Cs inventory levels were used 
to estimate medium-term (approximately the past 50 years) 
soil redistribution rates using the Diffusion and Migration 
Model described in Walling and He (1997). The Diffusion and 
Migration Model was developed for uncultivated soils, such 
as forests, and takes into account the time-dependent behavior 
of both the 137Cs fallout input and its subsequent redistribution 
in the soil profile. Results of soil loss or gain at a site using the 
Diffusion and Migration Model are expressed in metric tons 
per hectare.

Sediment Storage in Ponds

Ponds can be important storage sites of sediment 
(Renwick and others, 2005). Small ponds are common in the 
Linganore Creek watershed. Because of limited resources and 
the short timeframe of this study, determining the mass of 
sediment deposited in ponds over the study period was not fea-
sible. To determine the mass of sediment that might be stored 
annually in the ponds during the study period, an inventory of 
the number of ponds in the Linganore Creek watershed and an 
estimate of sediment delivered to these ponds was made. 

A GIS coverage showing the location of ponds for the 
Linganore Creek watershed was made using ortho-imagery 
data (6-inch, 2007 color imagery obtained from the Maryland 
Department of Natural Resources) (fig. 9). The ponds were 
identified on the imagery and digitized into a polygon shape 
file in a GIS. The ponds were classified by type, which 
included stormwater, construction site, farm, and other. The 
stream order of each pond was determined using the GIS and 
the length of streams and their orders draining into each pond 
were quantified. Ponds classified as zero order were either not 

6–12 com
posite

s

15 m
ete

rs

Figure 8.  Illustration of the Cesium-137 sampling technique used in agricultural and forested areas in the Linganore Creek watershed. 
A composite sample was taken from three locations (represented by white dots in the photograph) that were approximately at the same 
elevation on the slope (contour) and 15 meters apart. At each slope, 6–12 composite samples were collected and analyzed separately 
for Cesium-137. [Photograph of Linganore Creek watershed from Clune and others, 2010.]
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located on a stream channel (such as on a slope) or were on 
drainages too small to be classified as 1st order by the GIS.

Another polygon shape file was created to delineate the 
drainage area of each pond. Contour lines were created from 
a 10-m USGS NED digital elevation model (DEM) (http://
datagateway.nrcs.usda.gov/, accessed April 5, 2014). Land-
cover percentages were determined for each pond drainage 
area using the 2006 National Land Cover Dataset (NLCD). 
The land uses included cropland, pasture, forest, urban, and 
other (http://datagateway.nrcs.usda.gov/). If any ponds were 
within the drainage of a downstream pond, it was noted which 

pond they drained to and only the intervening stream lengths 
and intervening land uses were used in this analysis.

The drainage areas and length of different stream orders 
draining to each pond were used to estimate the mass of sedi-
ment that could be delivered to each pond. Agriculture and 
forest erosion rates determined from the 137Cs technique were 
applied to the area of agriculture and forest in the drainage 
area of each pond. Estimates of mass of sediment derived from 
channel bed and streambank contributions were based on the 
sediment budget measurements and were applied to the length 
of stream order draining to each pond. The amount of sedi-
ment transported to a pond is determined as: 

Figure 9.  Location of ponds used in the sediment budget, Linganore Creek watershed study area, Frederick 
and Carroll Counties, Maryland. [Information on the type of pond, contributing area, and land use can be found in 
Appendix 11.]
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where
	 Pus	 = the amount of sediment transported to a 

pond (p);
	 AGer	 = sediment contributed from agricultural 

land draining above the pond or in the 
intervening area to the next upstream pond;

	 FRer	 = the amount of sediment contributed from 
forested lands draining above the pond or 
in the intervening area to the next upstream 
pond;

	 BKer	 = the total mass of sediment from bank 
deposition or erosion from streams 
draining above the pond or in the 
intervening area to the next upstream pond;

	 BDer	 = the total mass of sediment deposited or 
eroded in channels draining above the 
pond or in the intervening area to the next 
upstream pond; and

	 FPer	 = the total mass of sediment deposited in 
flood plains above the ponds or in the 
intervening area to the next upstream pond.

The mass of sediment deposited in a pond is a function 
of the pond’s trap efficiency. The trap efficiency is the propor-
tion of the incoming sediment that is deposited, or trapped, 
in a pond and is expressed as a percentage (Verstraeten 
and Poesen, 2000). Each pond has a unique trap efficiency. 
Information on the trap efficiency of ponds in the Linganore 
Creek watershed was not available and was estimated from 
pond trap efficiencies reported in the literature (Rausch and 
Schrieber, 1977; Heinemann, 1981; Cooper and Knight, 
1990; Fiener and others, 2005). Trap efficiency is related to a 
number of variables including sediment input, size of sedi-
ment transported to the pond, runoff to the pond, the storage 
capacity of the pond, the amount of sediment deposited in 
the pond, and the shape of the pond (Verstraeten and Poesen, 
2000). Heinemann (1981) showed that the trap efficiency of 
small ponds with drainage areas less than 36 km2 ranged from 
2 to 100 percent.

The sediment trap efficiency for each pond in the 
Linganore Creek watershed was obtained by developing a 
relation of contributing area to the pond and sediment trap 
efficiency reported in the literature (fig. 10) (Rausch and 
Schrieber, 1977; Heinemann, 1981; Cooper and Knight, 1990; 
Fiener and others, 2005). The equation from the line of best-fit 
was applied to the drainage area of each pond in Linganore 
Creek to estimate a sediment-trap efficiency (fig. 10). The low 
R2 (0.29) of the regression model also indicates some uncer-
tainty in the predictive power of the model. The estimated 
sediment-trap efficiency was then applied to the amount of 
sediment transported to each pond, using the equation: 

	 *dep usP P TE= 	 (19)

where 
	 Pdep	 = the amount of sediment deposited in a pond;
	 Pus	 = the total mass of sediment transported to a 

pond; and
	 TE	 = the sediment trap efficiency (fig. 10).

The difference in the mass of sediment transported to 
each pond minus the mass of sediment deposited in the pond 
is the mass of sediment transported past the pond, which is 
determined using the equation: 

	 ds us depP P P= − 	 (20)

where 
	 Pds	 = the mass of sediment, in kilograms, 

transported past the pond;
	 Pus	 = the total mass of sediment, in kilograms, 

transported to the pond; and
	 Pdep	 = the amount of sediment deposited in the 

pond, in kilograms.
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Figure 10.  Regression analysis of drainage area and sediment 
trap efficiency used to estimate trap efficiency for ponds in the 
Linganore Creek watershed, Maryland. (Values were obtained 
from various sources in the literature. A ‘^’ indicates the slope of 
the regression line is significant [p < 0.05], and the residuals are 
normally distributed.)
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Many of the ponds in the Linganore Creek watershed 
are nested where either one or more ponds may be in the 
same small watershed. In this situation, ponds upstream of 
other ponds would be trapping some of the sediment gener-
ated in the small watershed. In situations where ponds were 
nested, the contributing area, land use, and stream lengths 
of different stream orders draining between the ponds were 
determined. The mass of sediment generated in the intervening 
area between ponds was determined and was assumed to be 
transported to the pond. Sediment that was transported past the 
upstream ponds would also contribute to the sediment in the 
downstream ponds. The mass of sediment transported to the 
downstream pond in a nested situation was determined using 
the equation: 

	 us cont DsP Sed P= + 	 (21)

where 
	 Pus	 = the mass of sediment, in kilograms, 

delivered to a pond;
	 Sedcont	 = the mass of sediment, in kilograms, 

generated in the intervening area between 
upstream ponds; and

	 PDs	 = the mass of sediment, in kilograms, 
transported past an upstream pond or 
ponds.

The estimate of the mass of sediment deposited in ponds 
in this analysis is based on literature values of sediment-
trap efficiencies that were obtained from areas outside of 
the Linganore Creek watershed. The estimates used in this 
analysis could be improved by conducting additional studies 
that quantify the amount of sediment deposited in ponds in the 
Linganore Creek watershed. 

Computation of the Sediment Budget
A sediment budget is an accounting of the sources  

(erosion), storage (deposition), and delivery (transport) of sed-
iment in a watershed (equation 8). The field measurements of 
streambanks, channel beds, flood plains, and upland forested 
and agricultural areas were used to determine a fine-grained 
sediment budget for the Linganore Creek watershed between 
August 1, 2008 and December 31, 2010. The GIS coverage of 
ponds in the Linganore Creek watershed was used to estimate 
the mass of sediment that would be stored annually. The final 
fine-grained sediment budget for the Linganore Creek water-
shed was computed using the following equations: 

	 s k b p g r dT S S F A F P= + + + + + 	 (22)

where 
	 Ts	 = total sediment export to the watershed 

outlet, in kilograms per year (+ = erosion,  
- = deposition);

	 Sk	 = erosion or deposition from streambanks, in 
kilograms per year;

	 Sb	 = erosion or deposition from streambed, in 
kilograms per year;

	 Fp	 = deposition from flood plain, in kilograms 
per year;

	 Ag	 = erosion or deposition from agricultural 
areas, in kilograms per year;

	 Fr	 = erosion or deposition from forested areas, in 
kilograms per year; and

	 Pd	 = the total mass of sediment deposited in 
ponds, in kilograms per year.

and

	
1
( )n

d depp
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=
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where
	 Pd	 = the total mass of sediment deposited in all 

ponds, in kilograms per year;
	 n	 = the number of ponds (p); and
	 Pdep	 = the amount of sediment deposited in each 

pond, in kilograms per year (equation 19).
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where
	 Sk	 = erosion or deposition from streambanks;
	 Kr(s)	 = net change in streambanks for stream 

order (s), in square centimeters per year 
(equation 13);

	 Kµ	 = streambank sediment density, in grams per 
cubic centimeter;

	 Ls	 = length of streams for stream order (s), in 
meters; and

	 Mk	 = percent silt and clay in streambanks of 
stream order (s).

and
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where
	 Sb	 = erosion or deposition from streambed, in 

kilograms per year;
	 Br(s)	 = net change in channel bed for stream 

order (s), in square centimeters per year 
(equation 10);

	 Bµ	 = channel bed density, in grams per cubic 
centimeter; and
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	 Mb	 = percent of silt and clay in channel bed of 
stream order (s).

and
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where
	 Fp	 = deposition from flood plain, in kilograms 

per year;
	 Fr(s)	 = net change in flood plain for stream 

order (s), in square centimeters per year 
(equation 17);

	 Fµ	 = flood-plain sediment density, in grams per 
cubic centimeter; and

	 M f	 = percent silt and clay in flood plain of stream 
order (s).

and

	 [ ]100 1 000*( / )* * ,g Cs a tA A S A= 	 (27)

	 100 1 000*( / )* ) * ,r Cs o fF F S A =   	 (28)

where
	 Ag	 = total erosion or deposition from agricultural 

areas, in megagrams per hectare per year;
	 ACs	 = agricultural erosion estimated using 137Cs, in 

megagrams per hectare per year;
	 Sa	 = percent silt and clay in agricultural areas;
	 At	 = total area in agriculture, in hectares;
	 Fr	 = total erosion or deposition from forested 

areas, in megagrams per hectare per year;
	 FCs	 = forest erosion estimated using 137Cs, in 

megagrams per hectare per year;
	 So	 = percent silt and clay in forest; and
	 Af	 = total area in forest, in hectares.

Limitations and Uncertainty in the Sediment 
Budget

Field measurements and laboratory analysis were 
required to develop the sediment budget. Uncertainty exists 
in the field measurements, laboratory analysis, and in the con-
struction of the sediment budget. For this report, uncertainty is 
presented for the field measurements, laboratory analysis, and 
construction of the sediment budget.

Measurement Uncertainty

Every measurement has limitations in accuracy and con-
tains a certain error. The approaches used in the sediment bud-
get (channel surveys, bank pins, and flood-plain pads) measure 
erosion or deposition. Channel surveys were used to measure 
changes in the channel bed. Measurement error in surveying 
was assessed as the maximum difference in elevation in clos-
ing the survey (Harrelson and others, 1994). The maximum 
difference in elevation was obtained by initially surveying 
a monument or temporary benchmark (typically a pin in the 
ground that will not change elevation over the time it takes to 
survey the channel) and reshooting the same benchmark at the 
end of the survey. The difference in elevation (if any) is the 
error in the survey.

Bank pins were used to measure bank erosion and deposi-
tion. To determine the measurement uncertainty in reading 
bank pins and flood-plain clay pads, a stream reach in another 
watershed where a sediment budget study was ongoing 
(Difficult Run, Va.) was selected to run repeated measure-
ments on bank pins and clay pads. Five observers measured 
bank pins on four streambanks; each bank contained three 
bank pins. Bank pins were established in Difficult Run, Va. 
in the same manner as Linganore Creek. Each bank pin was 
measured three times by an observer. To assess measurement 
uncertainty for the flood-plain clay pads, five observers each 
measured 10 pads. Each pad was measured three times by an 
observer. The measurement uncertainty in reading bank pins 
and clay pads was determined as follows: 

	 3
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where
	 SDj(y)	 = standard deviation of pin or pad j by 

observer y;
	 xi	 = measurement i at pin or pad j; and
	 x̅	 = average of all pin or pad measurements.

Each observer’s measurement uncertainty was deter-
mined by taking the average of the standard deviation of all 
pin or pad measurements, as follows: 
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where
	 SSDavg(y)	 = average standard deviation of all pin or 

pad measurements for observer y (in 
millimeters);

	 SDj(y)	 = standard deviation of pin or pad j by 
observer y (in millimeters); and

	 M	 = total number of pins or pads measured for 
observer y.
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where
	 SSDavg(y)	 = average standard deviation of all pin or pad 

measurements for observer y; and
	 Z	 = total number of observers.

Limitations and Uncertainty in Constructing the Sediment 
Budget

Construction of the sediment budget relied on averaging 
and summing field measurements. A confidence interval is a 
range that encloses the true average of the measurement with 
a specified confidence interval. Confidence intervals (10th and 
90th) were used to assess the uncertainty about the average 
of the field measurement. Because some of the field measure-
ments were made on small datasets (n < 25), bootstrapping, 
also known as permutations, was used for these small datasets 
to generate confidence intervals (Diaconis and Efron, 1983; 
Chernick, 2008). 

Bootstrapping is a method of sampling from a dataset 
to make statistical inference about the variability in the data. 
The process involves randomly selecting samples but with 
replacement to produce replicate datasets. Each replicate 
consists of the same number of elements as the original dataset 
but may not include all the original elements; some elements 
may appear more than once, others may not appear at all. For 
this analysis 1,000 replicate datasets were generated using 
the bootstrapping command in the statistical package “R” (R 
Development Core Team, 2011). The mean, 10th, and 90th 
confidence intervals were calculated for each replicate dataset. 
Bootstrapping does not require an assumption of normality.

In the computation of the sediment budget, measurement 
averages are multiplied and added (equation 22). The propa-
gation of uncertainty (10th and 90th confidence intervals) 
has defined rules for multiplication, addition, and subtraction 
(Bevington and Robinson, 2003). 

For multiplication where Z = (X1* X 2*…* Xn) and Z 
is the product of multiplying measurements X1 from 1 to n, 
propagation of uncertainty with confidence intervals is deter-
mined as: 
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where
	 ∆Z	 = the final uncertainty; and
	 ∆X1	 = confidence interval (10th or 90th) for 

measurements X1 from 1 to n.

For addition or subtraction, where Z = X ± Y, and Z is the sum 
of adding or subtracting measurements: 

	 2 2
1 2( ) ( )Z X X∆ = ∆ + ∆ 	 (33)

The 10th and 90th confidence intervals are shown for all 
measurements and for the final sediment budget totals in equa-
tion 22.

Sources of Fine-Grained Sediment 
Sources of fine-grained suspended sediment in the 

Linganore Creek watershed were analyzed between August 
1, 2008 and December 31, 2010. Rainfall has a strong control 
on erosion and sediment transport; therefore, it is important 
to determine whether the climatic conditions during the study 
period were similar or different from the longer historical 
record. Historical rainfall data were retrieved for Frederick, 
Md. approximately 12 km from the Linganore streamflow-
gaging station (U.S. Department of Commerce, 2011). Rainfall 
during the study period was compared to the long-term 
historical record (fig. 11). Variability in the difference of aver-
age monthly rainfall during the study period compared to the 
historical record is shown in figure 11, with the study period 
average monthly rainfall ranging from -37 to 21 percent of 
historical monthly values. Summing the average monthly rain-
fall for the study period (1,020 mm) and the historical record 
(1,047 mm), indicates that the average annual rainfall for the 
study period was within 3 percent of the historical annual rain-
fall. Therefore, although monthly averages of rainfall between 
the study period and the historical record were different, the 
annual differences were small and flow and sediment-transport 
conditions during the study period may reflect longer-term 
conditions.

Sediment Transport

Monthly and annual suspended-sediment loads trans-
ported during the study period are summarized in table 3. 
Summing the average monthly suspended-sediment load 
produced an average annual suspended-sediment load of  
6,374 megagrams per year (Mg/yr), and dividing by drainage 
area produced a sediment yield of 43.4 megagrams per square 
kilometer per year (Mg/km2/yr) (table 3). This value is within 
the range of modern sediment yields reported for the Piedmont 
Physiographic Province of the Chesapeake Bay watershed 
(Gellis and others, 2005). 

Suspended-sediment samples analyzed for the percentage 
of silt and clay (n = 368 samples) indicated that the percentage 
of silt and clay ranged from 23 to 100 percent and averaged 87 
percent for all samples (appendix 1). Taking the average per-
centage of silt and clay percent (87 percent) and multiplying 
by the average annual suspended-sediment load (6,374 Mg/yr) 
indicated that 5,454 Mg/yr of silt and clay is transported out 
of Linganore Creek annually. This amount is the output O in 
equation 8.

http://en.wikipedia.org/wiki/Persi_Diaconis
http://en.wikipedia.org/wiki/Bradley_Efron
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Figure 11.  Average monthly rainfall for the study period (July 2008–December 2010) and period of 
record (January 1950–May 1990; April 2004–June 2008) for Frederick, Maryland. Rainfall data were 
obtained from the National Climatic Data Center (U.S. Department of Commerce, NCDC, 2011). 
[Rainfall station at Frederick, Maryland was listed as Frederick 3E from January 1950 to May 1990, 
and 2NNE from April 2004 to December 2010.]

Table 3.  Summary of monthly and annual suspended-sediment loads for Linganore Creek near Libertytown, Maryland, August 2008 
through December 2011.

[Mg, megagrams; Mg/yr, megagrams per year; Mg/km2/yr, megagrams per square kilometer per year]

Water year
Suspended-sediment load 

(Mg)

October November December January February March April May June July August September

2008 22.7 877
2009 54.0 32.2 1,730 163 21.1 22.4 355 616 703 247 313 27.1
2010 795 130 3,620 1,097 211 2,168 782 111 41.7 21.8 1,052 242
2011 245 32 108

Average 365 65 1,819 630 116 1,095 568 363 373 134 463 382

Total suspended-sediment load 
(Mg) 15,840

Average annual suspended-
sediment load  

(Mg/yr)
6,374

Sediment yield 
(Mg/km2/yr) 43.4

Average percent of fines  
(silt and clay)  
(Appendix 1)

87

Average annual fine-grained  
suspended-sediment load 

(Mg/yr)
5,454
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Sediment Fingerprinting Results

At the Linganore Creek near Libertytown, Md. stream-
flow-gaging station, 36 storm events were sampled for 
suspended-sediment sediment-source analysis from August 
1, 2008 through October 1, 2010 (appendix 2). For each 
event, one or more sediment samples were collected over the 
storm hydrograph and analyzed for 23 tracers, totaling 194 
suspended-sediment samples over the study period (appendix 
2). The suspended-sediment load for the 36 events totaled 
12,070 Mg, which is 76 percent of the total suspended-
sediment load transported to Linganore Creek near the 
Libertytown, Md. streamflow-gaging station (15,840 Mg;  
table 3).

Statistical Results
Source samples for sediment-source analysis were 

collected from 40 streambanks, 24 agricultural areas, and 
19 forested sites (fig. 6). Source samples were analyzed for 
23 tracers (appendixes 3,4,5). Outliers were determined for 
normalized tracers in each source type and indicated that 
two streambank samples were outliers (appendix 3). These 
samples were removed. Plots of grain size (D50) compared to 
tracer concentrations indicated a significant relation for one, 
three, and one tracers in agricultural, streambank, and forest 
samples, respectively, and a correction factor was applied to 
these tracers (table 4). Plots of TOC compared to tracer con-
centration indicated a significant relation for seven, five, and 
four tracers in agricultural, streambank, and forest samples, 
respectively, and a correction factor was applied to these trac-
ers (table 5).

A bracketing test was performed on the tracers after they 
were corrected for grain size and organic content. Results of 
the bracketing test indicated that the fluvial samples were not 
bracketed by 10 tracers and these were removed (table 6). The 

final set of tracers used for stepwise DFA included 13 (alumi-
num, carbon, δ13C, copper, iron, lithium, magnesium, man-
ganese, nitrogen, nickel, phosphorous, lead, and vanadium) 
(table 6). Stepwise DFA was applied to the normalized set of 
tracers for all source types and showed that five tracers were 
significant (carbon, nitrogen, δ13C, vanadium, and copper) 
(table 6). Results of the pairwise Mahalanobis Distance test 
indicated that this final set of six tracers was able to discrimi-
nate between all three source types (streambanks, agriculture, 
and forest) with a p ≤ 0.05. The DFA with five tracers suc-
cessfully classified 95 percent of the source samples in their 
correct source category. 

Tracer discriminatory weightings were applied to the 
six tracers (table 6) and the unmixing model was run for each 
fluvial sample (appendix 6a). The sediment-source results in 
appendix 6a are shown using two methods: (1) averaging the 
sources for each fluvial sample in the storm event, and (2) 
weighting the sources of each fluvial sample against the sedi-
ment load for the storm event (figs. 12a, b). The storm event 
source results were different for both methods. Averaging the 
results for all 36 storm events indicated that agriculture is the 
major source of sediment (61 percent), followed by stream-
banks (32 percent), and forest (7 percent). Weighting each 
sample’s source results by the sediment load of that sample 
divided by the total sediment load for that event (storm-
weighted source percentage) also showed that agriculture 
was the major source (60 percent), followed by streambanks 
(34 percent), and forest (6 percent) (Appendix 6a). When 
the suspended-sediment load for each event is weighted by 
the total suspended-sediment loads of all events (total load 
weighted) (12,070 Mg), streambanks are the major source of 
sediment (52 percent), followed by agriculture (45 percent), 
and forest (3 percent) (table 7). Differences in the results from 
the methods are related to the high sediment-loading events in 
which bank erosion was the major source of sediment  
(appendix 6a).

Table 4.  Results of test to determine if regression of the median grain size of material less than 63 microns (D50) compared to tracer 
activity in source samples is significant. [Results are shown for normalized data.]

[Li, Lithium; B, Boron; Co, Cobalt; Sb, Antimony; Ni, Nickel]

Summary of regression analysis used for size-correction factor

Sediment-
source type

Tracer
Transformation for 

normality  
for D50 

Transformation  
for normality of 

tracer

Slope of 
line of 
best fit

p-value for 
slope of  

regression line1

R2

p-value of 
normality of 

residuals

Correction 
factor

Agriculture Li No transformation No transformation -4.14 0.04 0.24 0.93 -11.9
Streambanks B No transformation Inverse -0.0004 0.03 0.21 0.32 -0.0018
Streambanks Co Inverse No transformation -48.1 0.04 0.19 0.79 -0.0039
Streambanks Sb Squared No transformation 0.0016 0.05 0.17 0.77 0.093

Forest Ni Inverse Squared 916 0.05 0.50 0.74 125
1 Slope of the regression line for the normalized variables is shown for significance p≤0.05.
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Relation of Sediment Sources to Peak Flow and 
Season

Peak flow (or peak discharge) of an event is an indication 
of the strength of a storm event and is a function of the amount 
of precipitation and runoff generated to the stream (Rankl, 
2004). In studies in Puerto Rico (Gellis, 2013) and Wyoming 
(Rankl, 2004), peak flow was significant in explaining storm-
generated suspended-sediment loads. In Linganore Creek, 
peak flow for each event (appendix 6a) showed a significant 
relation to the suspended-sediment load of the event (fig. 13a). 
Plots of storm-weighted contributions for the 36 storm events 
from streambanks compared to peak flow indicated that as 
peak flow increased, streambank contributions increased  
(fig. 13c). The increase in contribution from streambanks with 
higher peak flow indicates that streambanks may have been 
eroded during these events (discussed below). Contributions 
from storm-weighted source percentages from agriculture 
for the 36 storm events compared to peak flow showed that 
as peak flow increased, the source contributions from agri-
culture decreased (fig. 13b). The decrease in agricultural 
sediment with increasing peak flows may reflect the greater 

contributions from streambanks relative to agricultural sources 
during periods of high flow. Storm-weighted source percent-
ages from forested areas did not show a relation to peak flow 
(fig. 13d). 

Plots of storm suspended-sediment loads compared to 
storm-weighted source percentages showed similar results 
to peak flow (fig. 14). As storm suspended-sediment loads 
increased, contributions from streambanks increased and 
contributions from agriculture decreased (figs. 14a, b). Forest 
contributions did not show a strong correlation to storm 
suspended-sediment loads (fig. 14c). 

The time of year also may be an important factor in deter-
mining whether specific sediment sources are important. Bare 
ground in agricultural areas is common before the growing 
season and after harvesting (Gellis and others, 2009). Wolman 
(1959) and Gatto (1995) have shown that in winter months, 
freeze-thaw action is an important process in the erosion 
of streambanks. Plots of storm-weighted sediment percent-
ages are shown by month and averaged by season: winter 
(December to February), spring (March to May), summer 
(June to August), and fall (September to November)  
(fig. 15). The highest contributions from streambanks occurred 

Table 5.  Results of test to determine if regression of total organic carbon compared to tracer activity in source samples is significant. 
[Results are shown for normalized data.]

[Co, Cobalt; Fe, Iron; Li, Lithium; Mg, Magnesium; Pb, Lead; Ti, Titanium; V, Vanadium; P, Phosphorus; Sb, Antimony; B, Boron]

Summary of regression analysis used for organic-correction factor

Sediment-
source type

Tracer
Transformation  

for normality  
of Carbon1

Transformation  
for normality of 

tracer

Slope of 
line of 
best fit

p-value for 
slope of  

regression 
line2

R2

p-value of 
normality of 

residuals

Correction 
factor

Agriculture Co No transformation No transformation -3.02 0.04 0.17 0.68 -2.32
Agriculture Fe No transformation No transformation -6.48 0.03 0.19 0.37 -4.98
Agriculture Li No transformation No transformation 4.91 0.04 0.18 0.82 3.77
Agriculture Mg Inverse Inverse square root -0.58 0.03 0.19 0.91 0.033
Agriculture Pb No transformation No transformation 4.79 0.02 0.22 0.48 3.68
Agriculture Ti No transformation No transformation -0.85 0.04 0.17 0.30 -0.651
Agriculture V No transformation No transformation -16.8 0.03 0.20 0.46 -12.9

Streambanks P No transformation Log 0.070 0.02 0.14 0.96 -0.098
Streambanks Pb No transformation No transformation 4.62 0.04 0.12 0.22 -6.50
Streambanks Sb No transformation No transformation 0.144 0.001 0.27 0.28 -0.202
Streambanks Ti No transformation No transformation -0.55 0.04 0.11 0.44 0.773
Streambanks V No transformation Inverse 0.0008 0.003 0.21 0.64 -0.0011

Forest B No transformation Inverse -0.0012 0.04 0.22 0.57 -0.0054
Forest Fe Log No transformation -44.2 0.05 0.21 0.77 -16.7
Forest Mg No transformation Log -0.075 0.05 0.21 0.61 -0.331
Forest Ti Log Log -0.23 0.01 0.31 0.44 0.314

1 Carbon in streambank samples was log transformed.
2 Slope of the regression line for the normalized variables is shown for significance p ≤ 0.05. 
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in winter months (average 46 percent) (fig. 15a). A T-test 
performed on seasonal differences of sediment derived from 
streambanks indicated that winter months are significantly 
higher than non-winter months (fig. 15a). 

Peak flow plotted against time of year showed the highest 
peak flows in the winter months, with three of the highest peak 
flows occurring in December (fig. 15d). The highest peak flow 
of the sampled events (55.5 cubic meters per second, or m3/s) 
occurred on December 26, 2009 and contributed the highest 
storm-weighted percentage from streambanks for any event 
(average = 83 percent) (table 7). This event had rainfall totals 
of 88 mm with a recurrence interval of 1 to 2 years (appendix 

6a). A T-test performed on seasonal differences of peak flows 
indicated that winter months are significantly higher than non-
winter months (fig. 15d). 

Streambank Sources
In the three primary mechanisms of bank erosion, which 

include freeze-thaw processes, fluvial erosion, and mass wast-
ing, peak flow plays an important role in eroding streambanks. 
Greater masses of sediment produced by freeze thaw are 
removed as peak flow increases. Higher peak flows increase 
shear stress and erode streambanks and can be important when 

Table 6.  Statistical tests (bracket test, normality tests, and Stepwise Discriminant Function Analysis [DFA]) performed on tracers for 
all source types after a size and organic correction were applied. [Transformed tracers were used in the Stepwise DFA.]

[Al, Aluminum; As, Arsenic; B, Boron; C, Carbon; δ13C, Stable isotopic total carbon; Ca, Calcium; Cd, Cadmium; Co, Cobalt; Cu, Copper; Fe, Iron;  
K, Potassium; Li, Lithium; Mg, Magnesium; Mn, Manganese; Mo, Molybdenum; N, Nitrogen; δ15N, Stable isotopic nitrogen; Ni, Nickel; P, Phosphorus;  
Pb, Lead; Sb, Antimony; Ti, Titanium; V, Vanadium]

Tracer
Bracket test  

result
Test for normality  

before stepwise DFA
Stepwise DFA1

Percentage of 
source type 

samples
classified  

correctly by 
tracer

Cumulative source 
type samples

classified correctly 
by tracer

Tracer  
discriminatory 

weighting  
(Wi ; equation 5)

Al Pass Cube root
As Fail
B Fail
C Pass Log Step 1 (0.0001) 84 84 2.0
δ13C Pass None Step 2 (0.0001) 63 92 1.5
Ca Fail
Cd Fail
Co Fail
Cu Pass Inverse square root Step 5 (0.0001) 42 95 1.0
Fe Pass Log
K Fail
Li Pass No transformation

Mg Pass Log
Mn Pass Cube root
Mo Fail
N Pass Log Step 3 (0.0001) 78 92 1.8
δ15N Fail
Ni Pass None
P Pass No transformation

Pb Pass Cube root
Sb Fail
Ti Fail
V Pass Inverse square root Step 4 (0.0001) 55 93 1.3

1 Results shown for Stepwise Discriminant Function Analysis (DFA) include the significant steps in forward stepwise selection and p-values ≤ 0.05.
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bank failures occur during streamflow recession because of 
excess porewater pressure following a high stage.

In the Linganore Creek watershed, late fall through early 
spring commonly include days when temperatures fall above 
and below freezing. Plots of source areas with season indicate 
that the highest storm-weighted percentage of bank erosion 
occurs in the winter, December through February  
(average = 47 percent ) (fig. 15a). Examination of climatic 
data for Frederick, Md. indicated that all storms sampled 
in the winter had at least 1 day of freeze thaw in the 5 days 
preceding the sampled event (appendix 6b) (U.S. Department 
of Commerce, NCDC, 2011). The higher contributions from 
bank sources in the winter months may reflect the importance 
of freeze-thaw activity in eroding sediment and peak flows in 
transporting this sediment.

Upland Sources

The lowest storm-weighted contributions of sediment 
from agriculture occurred in winter (45 percent), when bank 
erosion was highest (fig. 15b). A T-test performed on seasonal 
differences of sediment derived from agriculture indicated 
that winter months were significantly lower than non-winter 
months (fig. 15b). In the Linganore Creek watershed, the 
lower contributions from agriculture in the winter may reflect 
the higher contributions from bank erosion. 

The highest storm-weighted contributions from agricul-
ture (greater than 90 percent) occurred during three storms 
(event 2, September 13, 2008 [93 percent]; event 4, September 
30 to October 1, 2008 [93 percent], and event 14, May 28, 
2009 [98 percent]) (appendix 6a). Events 2, 4, and 14 were 
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Figure 12.  Results of sediment fingerprinting analysis for 36 storm events in Linganore Creek, September 6, 2008 through 
September 30, 2010, showing sediment sources as (A) source results averaged for all samples collected during the event, and 
(B) source results weighted by the sediment load of that sample divided by the total sediment load for that event.
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Table 7.  Unmixing model results for 36 storm events in Linganore Creek. (Storm event results are shown for averages of individual 
samples collected on the storm hydrograph and weighted by the suspended-sediment loads of each sample divided by the total load of 
the storm event [Appendix 6a]).

Event 
number

Date:  
sample times

Source averaging  
apportionment by all storms

(percent)

Storm-weighted source apportionment by weighting 
the suspended-sediment load of each sample by the 

total load for each event (equation 6)
(percent) 

Stream-
banks

Agricul-
ture

Forest Streambanks Agriculture Forest

1 9/6/2008: 1236 to 9/7/2008: 1233 51 49 0 50 50 0
2 9/13/2008: 0045 to 9/13/2008: 0415 7 93 0 7 93 0
3 9/28/2008: 0030 to 9/28/2008: 0603 31 69 0 31 69 0
4 9/30/2008: 2115 to 10/1/2008: 0248 7 93 0 7 93 0
5 10/25/2008: 1900 to 10/26/2008: 0933 17 70 13 17 70 13
6 11/15/2008: 1529 to 11/16/2008: 0733 0 68 32 0 69 31
7 11/30/2008: 2345 to 12/01/2008: 1540 29 43 28 39 29 32
8 12/11/2008: 1515 to 12/13/2008: 0422 36 61 2 40 60 0
9 12/19/2008: 1400 to 12/20/2008: 0433 21 77 2 22 75 3
10 1/7/2009: 0845 to 1/8/2009: 0343 48 52 0 48 52 0
11 4/3/2009: 1200 to 4/3/2009: 1800 9 91 0 13 87 0
12 4/20/2009: 0945 to 4/23/2009: 0442 49 51 0 56 44 0
13 5/3/2009: 1730 to 5/5/2009: 0820 36 61 2 39 59 2
14 5/28/2009: 2000  to 5/28/2009: 0703 3 97 0 2 98 0
15 6/4/2009: 0200 to 6/4/2009: 0400 23 77 0 24 76 0
16 6/18/2009: 0915 to 6/9/2009: 1319 12 88 0 13 87 0
17 7/22/2009: 0115 to 7/22/2009: 0415 21 79 0 22 78 0
18 7/23/2009: 2015 to 7/24/2009: 1100 18 81 1 19 81 0
19 8/28/2009: 0449 to 8/28/2009: 2343 40 49 11 38 52 10
20 10/17/2009: 1132 to 10/18/2009: 0433 48 52 0 48 52 0
21 10/24/2009: 1626 to 10/24/2009: 2327 28 66 6 28 66 6
22 10/27/2009: 0848 to 10/28/2009: 2153 50 38 12 54 42 4
23 11/24/2009: 0600 to 11/24/2009: 1231 6 63 31 6 64 30
24 12/3/2009: 0330 to 12/3/2009: 1231 12 67 20 6 76 18
25 12/9/2009: 0330 to 12/10/2009: 0708 59 32 9 57 38 5
26 12/13/2009: 1700 to 12/13/2009: 2200 30 68 2 30 68 2
27 12/26/2009: 0030 to 12/27/2009: 0211 79 12 9 83 9 8
28 1/17/2010: 1430 to 1/18/2010: 0131 39 35 26 39 37 24
29 1/25/2010: 0730 to 1/26/2010: 0040 60 40 0 67 33 0
30 2/6/2010: 1245 to 2/6/2010: 1745 67 0 33 65 0 35
31 3/12/2010: 0900 to 3/12/2010: 1213 42 58 0 42 58 0
32 3/13/2010: 0900 to 3/14/2010: 1101 56 44 0 62 38 0
33 3/29/2010: 0215 to 3/29/2010: 0715 19 81 0 19 81 0
34 4/25/2010: 2115 to 4/26/2010: 0816 34 62 3 34 64  2
35 8/12/2010: 0645 to 8/14/2010: 0340 24 74 2 48 52 2
36 9/30/2010: 0800 to 10/1/2010: 1220 28 71 1 32 68 0

Averaging all storms 32 61 7 34 60 6
Total load-weighted source apportionment 
determined by weighting the suspended-
sediment load of each event by the total 

sediment load from all events (equation 7)

52 45 3
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moderate events where peak flows ranked 27, 17, and 29, 
respectively and rainfall totals ranked 20, 22, and 28, respec-
tively, where a rank of 1 has the highest peak flow and 36 has 
the lowest peak flow (appendix 6a). Spring, summer, and fall 
conditions on agricultural lands range from bare ground asso-
ciated with tillage in the spring to full vegetative cover in the 
summer to bare ground following harvest in the fall. Higher 
contributions from agriculture in spring and fall could reflect 
conditions when fields have less vegetation. In agricultural 
watersheds in Belgium, summer contributions of sediment 
were low due to the increased vegetative cover (Steegen and 
others, 1998). Vegetative cover consisted of land in cultivation 
(wheat, sugar beets, and corn), pasture, and woodlands. High 
intensity thunderstorms occurring in the summer also have the 
ability to erode farm fields and transport agricultural sediment. 
In the Netherlands, soil loss in the summer was twice as high 
as winter soil loss and was caused by a high intensity rainfall 

event (Kwaad, 1991). Intense summer thunderstorms were 
observed in Linganore Creek during the study period, but 
rainfall intensity was not measured.

The highest sediment contribution from forests occurred 
during the fall (10 percent) and winter months (9 percent)  
(fig. 15c). For forest, significant differences occur between 
winter-fall and spring-summer (fig. 15c). The five highest 
storm-weighted sediment contributions from forest (greater 
than 20 percent) occurred during November, January, and 
February (events 23, 30, 7, 6, 28; appendix 6a). These events 
had moderate peak flows (ranked 34, 14, 33, 31, and 18, 
respectively), and moderate rainfall totals (ranked 25, missing 
data, 30, 10, and 24, respectively) (appendix 6a). November, 
January, and February are months when leaf-off conditions 
typically occur in forests and it is possible that bare ground 
was eroded during these storms.

Figure 13.  (A) Relation of peak flow to suspended-sediment load for sampled events. Relation of peak flow to storm-weighted 
source percentages for (B) streambanks, (C) agriculture, and (D) forest. (A ‘^’ indicates the slope of the regression line is 
significant [p < 0.05], and the residuals are normally distributed.)
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Limitations and Uncertainty in the Sediment 
Fingerprinting Results

It should be pointed out that the sediment fingerprinting 
methods quantify the relative source percentage of sediment 
that is delivered to a point of interest in the watershed. 
Although it is possible that some of the sampled sediment 
could have been eroded, transported, and delivered during 
the sampled event, it is also likely that a part of the sampled 
sediment may have been eroded in a previous storm event or 
events and had been in storage for a period of time until it was 
remobilized and sampled in the selected event (Gellis, 2013). 
Therefore, the sediment fingerprinting method does not deter-
mine what the temporal aspects of the sourced sediment may 
have been. In addition, since sediment that is in storage may 
become remobilized over subsequent events, the source of the 
stored sediment and its erosion, transport, and deposition may 
be related to previous storm events. 

Because it is not known when the sediment was eroded, 
and where the sediment may have resided in storage (slopes, 
flood plains, or channels), caution should be observed when 
trying to interpret how sediment sources relate to the flow of 
a given sample. A large percentage of sediment eroded from 
upland surfaces, such as agricultural lands, is not delivered 
directly to the channel but goes into storage. The sediment 
delivery ratio (SDR) is the amount of sediment delivered to 
a point in the channel from a given source(s) divided by the 
gross erosion of the source(s). The SDR for cropland and 
pasture in the York River watershed, Va., a tributary of the 
Chesapeake Bay, was 0.31 (Herman and others, 2003) and the 
SDR for cropland in the Little Conestoga Creek watershed, 
Pa., also a tributary to the Chesapeake Bay, was 0.20 (Gellis 
and others, 2009). A SDR less than 1.0 indicates that some of 
the eroded sediment went into storage. Therefore, it is likely 
that some of the agricultural sediment that is apportioned dur-
ing storm events in Linganore Creek is agricultural sediment 
that was in storage.

Streambank sediment is eroded directly into the channel 
during high flows and therefore has a high potential to be 
delivered to the sampling station during storm events. In 
Luxembourg, streambanks had a SDR of 1.0, indicating that 
all of the sediment eroded from streambanks was delivered 
out of the watershed (Duijsings, 1986). However, Skalak and 
Pizzutto (2010) describe the potential for a percentage of 
sediment derived from streambanks in the South River, Va., a 
tributary to the Chesapeake Bay, to remain in channel storage 
behind large woody debris for up to decades, which would 
indicate a SDR less than 1.0. Compared to upland-derived sed-
iment (agriculture and forest), streambank-derived sediment 
has a greater potential to be eroded and delivered during an 
event, and it is likely that the sediment fingerprinting results 
for sediment derived from streambanks will show a significant 
relation to flow and seasonal conditions.

Sediment fingerprinting results will reflect sediment that 
was eroded and transported during the event as well as con-
tributions from sediment that was in storage. The remobilized 
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stored sediment will have tracers that reflect its source origin. 
By examining sediment sources over several storms or sea-
sons, it may be possible to determine the amount of sediment 
from previous events that was in storage and remobilized.

Monte Carlo Results
Results of the Monte Carlo analysis indicate that all 194 

suspended-sediment samples had average source percentages 
within 2 percent of the final sediment fingerprinting results 
(appendix 6a). For streambanks, the upper range of the Monte 
Carlo results averaged 2 percent higher than the fingerprinting 
results with a maximum difference of 10 percent. For 

streambanks, the lower range of the Monte Carlo results aver-
aged 5 percent lower than the fingerprinting results with a 
maximum difference of 19 percent. For agriculture, the upper 
range of the Monte Carlo results averaged 6 percent higher 
than the fingerprinting results with a maximum difference 
of 19 percent. For agriculture, the lower range of the Monte 
Carlo results averaged 4 percent lower than the fingerprinting 
results with a maximum difference of 16 percent. For forest, 
the upper range of the Monte Carlo results averaged 2 percent 
higher than the fingerprinting results with a maximum differ-
ence of 8 percent. For forest, the lower range of the Monte 
Carlo results averaged 1 percent lower than the fingerprinting 
results with a maximum difference of 7 percent.

Figure 15.  Storm-weighted source percentages shown by months and season for: (A) streambanks, a T-test (p = 0.023; 
data normally distributed) run on the data indicated a statistical difference between winter and non-winter months;  
(B) agriculture, a T-test (p = 0.009; data normally distributed) run on the data indicated a statistical difference between 
winter and non-winter months; and (C) forest, a Mann-Whitney Rank Sum test (p = 0.031; data non-normally distributed) 
run on the data indicated a statistical difference between spring-summer and fall-winter months. (D) peak flow by 
month and season; a Mann-Whitney Rank Sum test (p = 0.046; data non-normally distributed) run on the data indicated a 
statistical difference between winter and non-winter months.
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Since the majority of samples have sediment-source 
differences between the average Monte Carlo results and the 
final set of fingerprinting results that are 2 percent or less, 
the unmixing-model results shown for the final set of source 
samples are considered robust. The maximum and minimum 
differences around the average Monte Carlo source apportion-
ment have close to 50 percent of the samples within 5 percent 
of the final fingerprinting results and the majority of samples 
are less than 10 percent of the final fingerprinting results. 
The small differences in the Monte Carlo results between 
minimum and maximum values confirms that the final set of 
tracers gave reliable results.

Sediment Budget Measurements

A sediment budget was constructed for the Linganore 
Creek watershed between August 1, 2008 and October 15, 
2010 and was based on the erosion and deposition occurring 
on the geomorphic elements shown in figure 5. Channel sur-
veys were used to measure erosion and deposition on the chan-
nel bed. Pins were used to measure erosion and deposition on 
the channel banks and marker horizons were used to measure 
deposition on the flood plain. Erosion and deposition on agri-
cultural and forested areas were based on the 137Cs method.

Channel Cross Sections
Between August 11, 2008 and December 24, 2010, 22 

reaches of Linganore Creek were surveyed to determine 
changes in channel-bed morphology (fig. 6; table 8; appendix 
7a). At each reach, one to three cross sections were monu-
mented with steel bars for resurveying. Changes in the channel 
bed are shown as changes in the bed area over time (cm2/yr) 
and summarized by stream order (fig. 16). Ten reaches showed 
erosion of the channel bed over time and 12 reaches showed 
deposition with the greatest rates of erosion or deposition 
occurring in higher order reaches (fig. 16). Averages of chan-
nel bed changes used to develop the sediment budget are 
shown in table 8. 

Streambank Erosion and Deposition
Fifty reaches of Linganore Creek were instrumented 

with pins to measure streambank changes between August 11, 
2008 and December 24, 2010 (fig. 6; table 9; appendix 7a). 
The number of pins installed in a streambank ranged from one 
to nine. For construction of the sediment budget, erosion and 
deposition of streambanks are shown as cross-sectional area 
changes over time (cm2/yr) summarized by stream order  
(fig. 17a; table 9) and by location (fig. 17c), and are shown as 
linear erosion rates (cm/yr) by location (fig. 17b; table 9). 

The average of all reaches (n = 50) was erosion of -5.29 
cm/yr and ranged from deposition of 2.7 cm/yr to erosion of 
-52.7 cm/yr (table 9). First order channels showed net deposi-
tion (85.1 cm2/yr; 0.17 cm/yr), with 4th order channels having 

on average the highest rates of streambank erosion  
(-1,410 cm2/yr; -12.8 cm/yr) (table 9; figs. 17a, b, c). The 
highest reach-averaged bank pin erosion of -52.7 cm/yr was 
recorded at a 4th order stream (E15 in figure 6) (fig. 17b;  
table 9). The rates of streambank erosion in Linganore Creek 
are similar to bank erosion values reported for other streams in 
the Chesapeake Bay watershed: 14.0 to -16.3 cm/yr (Schenk 
and others, 2012); -4 to -64 cm/yr (Merritts and others, 2011). 
For construction of the sediment budget, averages of stream-
bank changes by stream order are shown in table 9.

Flood-Plain Deposition

For the study period (August 1, 2008–December 31, 
2010), deposition was measured on 78 pads for 20 reaches 
(appendix 7b). Deposition on the pads ranged from zero to 95 
mm (0.126 mm/d) (appendix 7b). Flood-plain deposition rates 
were highest in 5th order streams (fig. 18).

Results of the stepwise regression model to estimate 
flood-plain deposition (mm/d) using explanatory variables of 
drainage area (m2), elevation of the pads above the thalweg 
(cm), and distance of the pad from the edge of the flood plain 
(cm) are shown in appendix 7b and summarized in table 10. 
Testing for normality on the explanatory variables indicated 
that the distance of the pads from the edge of the stream and 
the contributing area to the pads were log-normally distributed 
and a log transformation was applied to these explanatory 
variables. Results of the stepwise regression model indicated 
that all the explanatory variables should remain in the model 
(table 10). The residuals from the regression showed a 
skewed-normal distribution with the Shapiro-Wilk test  
(w = 0.81; p = 0.0001; Ho = samples are random and come 
from a normal distribution) indicating that the power of the 
model to predict flood-plain deposition is weak. The low R2 
(0.28) of the regression model also indicated some uncertainty 
in the predictive power of the model. Results from this study 
indicate that to obtain a more reliable estimate of flood-plain 
deposition, future studies should place more pads on a given 
channel cross section.

The final equation describing flood-plain deposition using 
the regression model is: 

        
DEP = (-0.00015) Ep + (-0.00737) log Dp + 
              (0.0138) log Ar - 0.05

	 (34)

where
	 DEP	 = flood-plain deposition, in millimeters per 

day;
	 Ep	 = elevation of the pads above the thalweg, in 

centimeters;
	 DP	 = distance of the pad from the edge of the 

flood plain, in centimeters; and
	 Ar	 = contributing area to reach, in square meters.
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The regression model was applied to the surveyed cross 
sections to estimate deposition over the entire flood plain  
(cm2/yr) (appendix 7b). The highest rates of modeled flood-
plain deposition were on 4th and 5th order streams (4.4 mm/
yr; 1,572 cm2/yr; appendix 7b). The modeled reach-averaged 
flood-plain deposition rates by stream order (table 11) showed 
increasing deposition rate with drainage area (fig. 19). This 
reflects both the increase in flood-plain width and increasing 
sedimentation rates with drainage area (fig. 19).

The 22 surveyed reaches used to estimate flood-plain 
sedimentation had modeled rates averaging 0.2 to 6.1 mm/yr 
(appendix 7b). Flood-plain sedimentation rates (mm/yr) 
measured on clay pads for Linganore Creek were similar to 
flood-plain deposition rates reported by Gellis and others 
(2009) for nine streams draining the Chesapeake Bay, which 
ranged from 1.0 to 7.5 mm/yr, and were within the range of 
flood-plain deposition rates reported for three streams draining 
the Piedmont Physiographic Province of the Chesapeake Bay, 
which ranged from 0.6 to 20.9 mm/yr (Schenk and others, 
2012).

Upland Erosion and Deposition
Inventories of 137Cs were used to determine upland 

rates of erosion and deposition on 18 agricultural and 13 
forested lands (fig. 7; appendixes 8 and 9). Two forested sites 
were selected as reference sites based on conversations with 

landowners indicating that they were undisturbed over the 
last 60 years (fig. 7; appendix 10). A third reference site was 
obtained from Clune and others (2010). The 137Cs inventories 
were averaged for the three reference sites to obtain a value of 
2,285 Bq/m2 (appendix 10). This reference value is similar to 
the value of 2,432 Bq/m2 used by Gellis and others (2009) in 
their study of erosion and deposition in agricultural fields in 
the Little Conestoga watershed, Pa., which is also located in 
the Piedmont Physiographic Province.

The Mass Balance 2 model predicted erosion at all 
agricultural sites ranging from 4.5 to 33.5 megagrams per 
hectare per year (Mg/ha/yr) and averaging 19.0 Mg/ha/yr 
(fig. 20; table 12). In the Little Conestoga watershed, Pa., 
agricultural erosion rates averaged 19.4 Mg/ha/yr (Gellis and 
others, 2005), a value similar to the one for the current study 
(19.0 Mg/ha/yr). In Linganore Creek, Clune and others (2010) 
estimated agricultural erosion to be 15.3 Mg/ha/yr. Differences 
between the Clune and others (2010) results and those in this 
study likely reflect the additional nine sites used in this study 
and the addition of two more reference sites.

The Diffusion and Migration Model predicted erosion on 
11 forested sites and deposition on 2 forested sites, ranging 
from deposition of 1.3 Mg/ha/yr to erosion of 7.1 Mg/ha/yr, 
and averaging erosion of 1.4 Mg/ha/yr (fig. 20; table 12). No 
other studies in the Chesapeake Bay watershed have quanti-
fied erosion and deposition on forested slopes using the 137Cs 
method.
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Figure 16.  Bed changes in Linganore Creek determined through cross-section resurveys, August 1, 2008–December 24, 2010. 
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Figure 17.  (A) Streambank changes determined through bank pin measurements, and reach-averaged streambank 
changes, (B) centimeters per year, and (C) square centimeters per year in Linganore Creek watershed study area, 
Frederick County, Maryland, August 11, 2008 through December 24, 2010.
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Sediment Storage in Ponds

One hundred ninety five ponds were identified in the 
Linganore Creek watershed (figs. 9 and 21; appendix 11). Of 
the 195 ponds, the majority 174 (89 percent) were classified 
as farm ponds and 20 (10 percent) were classified as storm-
water and sediment-retention ponds (appendix 11). One pond 
was classified as recreational. Farm ponds can serve several 
purposes including erosion control, water source, ecosystems 
habitat, nutrient detention, and recreation (U.S. Department of 
Agriculture, Natural Resources Conservation Service, 2006). 
Stormwater and sediment-retention ponds are typically found 
in the urbanized area near the town of Mount Airy (fig. 1), and 
were constructed downgradient of housing divisions to capture 
stormwater runoff and sediment.

The majority of ponds, 59 percent (n = 116), are on zero 
order channels. These are channels that may be described as 
swales or vegetated valleys that do not contain a well-defined 
channel. Thirty-five percent (n = 68) of the ponds were on 1st 
order streams and 3 percent (n = 6) were on 2nd order streams. 
The drainage areas to the 195 ponds ranged from 0.09 to 232 
hectares (ha) with the majority (n = 80, 41 percent) draining 
from 1 to 10 ha, and 40 percent (n = 78) draining greater 
than 10 to 100 ha (fig. 9). The combined drainage area of all 
ponds is 2,411 ha, which is 16 percent of the total Linganore 
drainage area. Ponds intercept flowpaths in a large part of the 
Linganore Creek watershed and are important sites for sedi-
ment storage.

The area (m2) of agriculture and forest and the length of 
each stream order draining to each pond was determined by 
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Figure 17.  (A) Streambank changes determined through bank pin measurements, and reach-averaged streambank 
changes, (B) centimeters per year, and (C) square centimeters per year in Linganore Creek watershed study area, 
Frederick County, Maryland, August 11, 2008 through December 24, 2010.—Continued
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use of a GIS. The total mass of sediment that is delivered and 
stored in these ponds annually was estimated using the upland 
rates of erosion and deposition using the 137Cs approach  
(table 12), and erosion and deposition rates from the channel 
beds, streambanks, and flood plains for different stream orders 
(tables 8, 9, 11). Using the line of best-fit from the relation 
developed in figure 10, a pond trap efficiency was determined 
for each pond. The total mass of sediment transported to all 
ponds (sum of all Pus in equation 18) was -108.548 x 105 kg/yr  
(-108.550 x 105; -108.544 x 105) (table 13). Eighty five percent 
(-93.213 x 105 kg/yr (-95.585 x 105; -90.078 x 105)); Pdep in 
equation 19) of the eroded fine-grained sediment was stored in 
ponds (table 13) and -1.695 x 106 kg/yr (-1.969 x 106; -1.329 x 
106) (Pds in equation 20) was transported past the ponds. 

Limitations and Uncertainty in the Sediment 
Budget

Uncertainty in the measurements used to construct the 
sediment budget included laboratory uncertainty, measurement 
error, and statistical uncertainties. Analytical uncertainty in 
laboratory analysis for 137Cs and for tracers used in sediment 
fingerprinting are shown in table 14. Uncertainty in measure-
ment and laboratory analysis is shown in table 14 and appen-
dixes 12 and 13. Based on errors in the closure of channel 
surveys, the uncertainty in surveying channel beds is plus or 
minus 0.6 cm. Based on readings from five observers each 
measuring two banks, measurement uncertainty in bank ero-
sion pin measurements was plus or minus 0.8 cm  
(appendix 12). Based on readings from five observers each 
measuring sediment deposition on flood-plain pads, measure-
ment uncertainty in flood-plain clay pad measurements was 
plus or minus 1.5 mm (appendix 13). Uncertainty in the com-
putation of the sediment budget is presented as lower (LCL) 
and upper (UCL) confidence intervals, shown next to the aver-
age value in parentheses (AVERAGE LCL; UCL) presented in 
the next section.

Sediment Budget Results

Results from the channel surveys (table 8) showed that 
channel beds eroded -7.86 x 104 kg/yr (-2.93 x 105; 1.29 x 105 
kg/yr) and deposited 7.82 x 105 kg (-1.26 x 105; 1.80 x 106) 
of fine-grained sediment (tables 15 and 16), resulting in a net 
deposition of 7.03 x 105 kg/yr (-1.26 x 105 to 1.80 x 106 kg/yr) 
of fine sediment.

Results of the field measurements on streambanks  
(table 9) indicated that -6.44 x 106 kg/yr (-8.76 x 106 to  
-4.84 x 106 kg/yr) of fine sediment was eroded from stream-
banks and 1.04 x 106 kg/yr (-3.09 x 106; 6.72 x 105 kg/yr) of 
fine sediment was deposited in streambanks (tables 15 and 16), 
resulting in a net erosion from streambanks of -5.40 x 106  
kg/yr (-8.09 x 106 to 5.01 x 105 kg/yr) (table 15). Results 
of flood-plain deposition measured from clay pads and the 
regression model used to estimate flood-plain deposition 
(tables 10 and 11; appendix 7b) showed net deposition of fine 
sediment on flood plains of 5.18 x 106 kg (2.38 x 106 to 8.07 x 
106 kg/yr) (tables 15 and 16).

The 137Cs approach used to determine erosion and deposi-
tion on uplands (agriculture and forest) (table 12; appendixes 
8 and 9), estimated the total amount of fine sediment eroded 
from upland areas was -5.68 x 107 kg/yr (-6.71 x 107 to -4.73 
x 107 kg/yr) (tables 15 and 16). The greatest contribution of 
sediment from any upland source was from agriculture  
(-5.48 x 107 kg/yr; -6.51 x 107; -4.53 x 107 kg/yr), which 
was 10 times the amount of fine-grained sediment that was 
transported out of the basin (tables 14 and 15). Forested areas 
eroded -2.03 x 106 kg/yr (-2.0303 x 106 kg/yr ; -2.0274 x 106 
kg/yr) (table 15).

Figure 18.  Deposition measured on individual flood-plain pads 
(n = 79) for Linganore Creek, August 1, 2008–December 31, 2010, 
displayed by stream order.
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Table 10.  Results of forward stepwise regression on 
explanatory variables used to describe response variable of 
flood-plain deposition.

[cm, centimeters; m2, square meters]

Step
Explanatory variable 

entered
Modeled 

R2 F Value Pr>F

1
Log distance of pad 
from edge of stream 

(cm)
0.08 6.83 0.011

2 Log contributing 
area to pad (m2) 0.18 9.23 0.003

3
Elevation of pad 
above channel  
thalweg (cm)

0.28 10.01 0.002
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Estimates of the amount of fine-grained sediment stored 
annually in ponds using the sediment-budget measurements in 
the areas draining to the ponds (table 13, appendix 11) and the 
trap-efficiency relation shown in figure 10 indicated that sedi-
ment storage was 93.213 x 105 kg/yr (90.078 x 105;  
95.585 x 105) of fine sediment. The amount of fine-grained 
sediment stored in ponds is 1.7 times the total amount of fine-
grained sediment transported annually out of the basin  
(5,454 Mg/yr) (table 3).

The net amount (erosion minus deposition) of fine-
grained sediment determined from the sediment budget was 
erosion of -4.70 x 107 kg/yr (-4.98 x 107; -4.10 x 107)  
(table 16). The fine-grained sediment (silt and clay) delivered 
out of the Linganore Creek watershed measured at the USGS 

streamflow-gaging station was -5.45 x 106 kg/yr (table 3;  
table 15). The difference in the export of fine-grained sediment 
determined from the sediment budget compared to the mea-
sured sediment load is 4.15 x 107 kg/yr (3.87 x 107; 4.75 x 107 
kg/yr) (table 16), indicating that the sediment budget overpre-
dicted the export of sediment by 8.6 times the measured value. 
To balance the sediment budget, the error of 4.15 x 107 kg/yr 
of sediment is assumed to be fine-grained sediment that went 
into storage at locations in the Linganore Creek watersheds 
that were not adequately measured in this study.

Expressing the fine-grained sediment budget in terms of 
equation 8 using the sediment budget measurements (I ± ΔS), 
the fluvial sediment recorded at the gage as the export (O) and 
incorporating the error in the sediment budget (table 16) is: 

Table 11.  Summary of modeled flood-plain deposition at surveyed cross sections. (Deposition rates are based on regression model 
[Appendix 7]).

[10CI, 10-percent confidence interval; 90CI, 90-percent confidence interval; cm2/yr, square centimeters per year]

Reach identifier
(fig. 6)

Date from Date to
Stream  
order

Modeled deposition 
(cm2/yr) 

E33 3/27/2009 12/21/2010 1 80.8
E34 3/30/2009 11/8/2010 1 67.2
E36 6/1/2009 12/21/2010 1 17.9
E37 7/22/2009 11/3/2010 1 6.38
E40 3/24/2010 11/8/2010 1 10.2
E17 8/12/2008 10/28/2010 2 111
E24 9/9/2008 10/20/2010 2 66.5
E35 3/30/2009 11/8/2010 2 108

Average 1st and 2nd orders (10CI; 90CI) 59 (35.7; 81.8)
E25 9/12/2008 10/20/2010 3 726
E31 2/6/2009 10/25/2010 3 265
M5 3/9/2009 10/15/2010 3 312
N4 8/27/2008 10/28/2010 3 1,043
V4 12/17/2008 11/2/2010 3 606
V7 12/17/2008 11/1/2010 3 100

Average 3rd order (10CI; 90CI) 508 (296; 722)
N3 8/19/2008 10/26/2010 4 3,308
N6 9/23/2008 10/26/2010 4 740
V6 1/23/2009 11/1/2010 4 1,072
M2 3/10/2009 10/18/2010 5 512
N1 8/12/2008 10/28/2010 5 873
N2 8/18/2008 10/19/2010 5 3,753
N5 9/23/2008 10/19/2010 5 1,740
V2 12/15/2008 11/2/2009 5 575

Average 4th and 5th orders (10CI; 90CI) 1,572 (887; 2,293)
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                                         I ± ΔS = O                                    (35)

where 
	 I	 = -6.33 x 107 kg/yr (-6.56 x 107; -6.17 x 107 

kg/yr);
	 ∆S	 = 5.78 x 107 kg/yr (5.46 x 107; 6.62 x 107  

kg/yr); and 
	 O	 = -5.45 x 106 kg/yr. 

and -6.33 x 107 kg/yr of sediment is eroded from all geomor-
phic elements and 5.78 x 107 kg/yr is deposited on uplands, 
ponds, flood plains, and channels, resulting in a net transport 
out of the watershed of -5.45 x 106 kg/yr. Important storage 
sites of sediment included ponds, which stored 15 percent 
(9.32 x 106 kg/yr), and flood plains, which stored 8 percent 
(5.18 x 106 kg/yr) of all eroded sediment (6.33 x 107 kg/yr) 
(table 16).

Balancing the sediment budget indicated that a large 
amount of fine-grained sediment in storage was not accounted 
for in the sediment-budget measurements (table 16). Errors 
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Figure 19.  Relation of reach-averaged flood-plain deposition 
compared to contributing area, Linganore Creek, Maryland. (The 
reach-averaged flood-plain deposition is based on a regression 
model of flood-plain deposition [table 10].)
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Figure 20.  Summary of erosion on agricultural and forested areas using the Cesium-137 method, Lake 
Linganore, Maryland. 
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in sediment budgets are commonly reported in the literature 
(Gellis and others, 2012; Kondolf and Matthews, 1991) and 
can be related to a number of factors. The error in the sediment 
budget for Linganore Creek, which did not account for  
4.15 x 107 kg/yr of fine-grained sediment, may be due to over-
estimates of erosion or underestimates of deposition.

Overestimation of erosion may be related to the period 
represented by the measurements. The 137Cs approach esti-
mates erosion since the 1950s, a period of over 50 years. 
The channel and flood-plain measurements in the sediment 
budget were taken over a 3-year period. Large storms such as 

hurricanes, which cause significant amounts of erosion that 
would have occurred over the 50 years, would be reflected in 
the 137Cs estimates. Another factor that would lead to higher 
erosion rates in agricultural areas over the historical period 
compared to the period of study would be the recent imple-
mentation of agricultural conservation practices to reduce ero-
sion. Practices such as no-till, contour plowing, and vegetated 
buffers can reduce soil erosion. If these practices were recently 
established on agricultural lands, the reduction in erosion may 
not be reflected in the 137Cs-derived estimates of long-term 
erosion.

Table 12.  Agricultural and forest rates of erosion using the Cesium-137 method.

[%, percent; Mg/ha, megagrams per hectare; 10CI, 10-percent confidence interval; 90CI, 90-percent confidence interval]

Agicultural rates of erosion

Map identifier
(fig. 7)

Land type
Net erosion  

(Mg/ha)  
(+ = deposition; - = erosion)

Percent fines  
(silt and clay)

A1* Hay -30.3
A2a* Cropland corn -33.5
A2b* Cropland corn -32.6
A3 Pasture -14.3 23.3
A4* Pasture hay -20.2 42.2
A5* Cropland corn (40%), hay pasture (40%) -26.8 39.7
A6* Pasture warm season grass -14.0 38.1
A7* Crop (corn 70%, pasture 30%) -21.7 33.9
A8* Pasture/hay -16.1 53.1
A9* Pasture/hay -10.4 31.5
A10* Pasture/alfalfa -4.5 31.3
A11 Pasture/alfalfa -18.2 32.8
A13 Cropland corn/oats cover crop -14.4 31.4
A16* Cropland corn -23.0 35.5
A19 Pasture/hay -19.8 44.0
A20 Pasture/hay -5.4 41.0
A21 Cropland corn/oats -14.9 30.6
A23 Cropland corn/oats cover crop -21.5 56.2

Sites sampled only for grain size

A12 Cropland soy 53.2
A14 Pasture hay 44.5

A15 Pasture 31.9

A17 Pasture 40.0

A18 Cropland soy/wheat 26.4

A19 Pasture/hay 44.0

A22 Pasture/hay 41.0

Average (10CI; 90CI) -19.0 (-22.3; 16.0) 38.2 (35.4; 41.2)
* Soil cores for Cesium-137 analysis obtained from Clune and others (2010).
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Underestimation of storage can occur when all storage 
elements in the watershed are not adequately measured. Ponds 
were not specifically monitored and could be trapping more 
sediment than was estimated. Areas where deposition was not 
measured include the toe slopes or the bottom of slopes at 
agricultural areas. These are typically vegetated areas below 
the agricultural fields that were downgradient of the 137Cs 
measurements and often past the area that was defined as the 
active flood plain (fig. 5). These could be sites where sedi-
ment is being deposited. Future studies in the Chesapeake Bay 
watershed may quantify deposition rates in these geomorphic 
zones.

Summarizing the sediment budget indicated that sedi-
ment eroded from agricultural lands was 86 percent of the 
total sediment eroded from all geomorphic units, stream-
banks eroded 10 percent, and forests eroded 3 percent of all 
sediment. These percentages of eroded sediment from the 
sediment budget differ from the total load weighted results 
using sediment fingerprinting (table 7), which showed that 
streambanks contributed 52 percent, agriculture 45 percent, 

Table 12  Agricultural and forest rates of erosion using the Cesium-137 method.—Continued

[Mg/ha, megagrams per hectare; 10CI, 10-percent confidence interval; 90CI, 90-percent confidence interval]

Forest rates of erosion

Map identifier
(fig. 7)

Land type
Net erosion  

(Mg/ha)  
(+ = deposition; - = erosion)

Percent fines  
(silt and clay)

F1 Forest -1.9 53.3
F2 Forest -0.6 42.3
F3 Forest 1.3
F4 Forest -1.0 13.1
F5 Forest -7.1
F6 Forest -0.6 44.3
F7 Forest -0.7
F8 Forest -2.3 26.0
F9 Forest -1.8  
F10 Forest -2.6 50.9
F11 Forest 0.5
F12 Forest -1.2 18.2
F13 Forest -0.9 45.0

Sites sampled only for grain size

F102 Forest 56.0
F14 Forest 53.3

Average (10CI; 90CI)  -1.45 (-2.38; -0.65) 40.2(32.3; 48.0)
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Figure 21.  Distribution of ponds by area draining to ponds, 
Linganore Creek, Maryland.



46    Sources of Fine-Grained Sediment in the Linganore Creek Watershed, Frederick and Carroll Counties, Maryland, 2008–10

Table 13.  Summary of erosion and deposition in contributing areas to ponds from the channel bed, channel banks, flood plains, and 
upland areas (agriculture and forest). (The total sediment in pond storage is based on the delivered sediment multiplied by the trap 
efficiency for each pond using equation 19 [Appendix 11].)

[m, meters; kg/yr, kilograms per year; ha, hectares; 10CI, 10-percent confidence interval; 90CI, 90-percent confidence interval; + = deposition, - = erosion]

1st order bed 
erosion

2nd order bed 1st order bank 2nd order bank
1st order 

flood plain
2nd order 

flood plain

Total length channel above ponds 
(m) 21,270 5,095 21,270 5,095

Bed or bank sediment delivered to 
ponds (kg/yr) (10CI; 90CI)

-2,062 
(-3839;-269)

-3,300 
(-9925;3210)

18.048 x 104 
 (13.494 x 104;
23.497 x 104)

-12.364 x 104 
(-15.625 x 104;
-9.054 x 104)

Total flood-plain deposition above 
ponds (kg/yr)

44,261
(39,656;
48,996)

41,633
(37,261;
46,117)

Agriculture Forest

Area drained to ponds (ha) 1,499 510

Upland sediment delivered to ponds 
(kg/yr) (10CI; 90CI)

-108.548 x 105

(-108.550 x 105;
-108.544 x 105)

-29.845 x 104 
(-29.849 x 104;
-29.836 x 104) 

Total sediment storage in ponds 
from channel bed, streambanks, 
and upland erosion (kg/yr) 
(10CI; 90CI)

93.213 x 105

(90.078 x 105;
95.585 x 105)

Table 14.  Limitation and uncertainty in laboratory analysis and field measurements used in the sediment budget and sediment 
fingerprinting analysis. [Quantitative analysis is shown as +/- where the relative error cannot be quantified.]

[µg/g, micrograms per gram; mg/g, milligrams per gram; Bq/g, becquerels per gram; cm, centimeters; mm, millimeters; ‰, per mil; %, percent;  
GIS, Geographic Information System]

Laboratory elemental analysis Laboratory analytical error Laboratory elemental analysis Laboratory analytical error

Boron (B) (µg/g) ±19 Lithium (Li) (µg/g) ±13
Vanadium (V) (µg/g) ±25 Calcium (Ca) (mg/g) ±4

Manganese (Mn) (µg/g) ±128 Magnesium (Mg) (mg/g) ±8
Cobalt (Co) (µg/g) ±3 Potassium (K) (mg/g) ±11
Nickel (Ni) (µg/g) ±16 Aluminum (Al) (mg/g) ±26
Copper (Cu) (µg/g) ±8 Iron (Fe) (mg/g) ±10

Cadmium (Cd) (µg/g) ±0.1 Phosphorous (P) (mg/g) ±0.1
Molybdenum (Mo) (µg/g) ±0.4 Titanium (Ti) (mg/g) ±0.6

Antimony (Sb) (µg/g) ±0.6 C13 (‰) ±0.5 
Arsenic (As) (µg/g) ±3 N15 (‰) ±0.5 

Lead (Pb) (µg/g) ±4 Cesium 137 (Bq/g) +/- 1.67 x 10-4 to 1.33 x 10-3 (Bq/g)
Field measurements Measurement error Field measurements Measurement error

Channel surveys +/- 0.6 cm Clay pad measurements
(Appendix 12) +/- 2 mm

Bank pins +/- 0.8 cm Discharge  
(Sauer and Meyer, 1992) +/- 3 to 6%

Other possible errors Measurement error Other possible errors Measurement error

GIS uncertainty in outputs of 
stream length, land-use  

percentages
+ or -

Statistical interpretations— 
regression analysis on flood-plain 

deposition and pond trap efficiency
+ or -
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Table 15.  Final construction sediment budget based on field measurements of channel banks, channel beds, and flood plains, 
Cesium-137 inventories on agriculture and forested areas, storage of sediment estimated in ponds, and net sediment budget. The sum 
of sediment eroding from these elements is compared to the total of fine-grained sediment transported past the U.S. Geological Survey 
streamflow-gaging station.

[USGS, U.S. Geological Survey; kg/yr, kilograms per year; %, percent]

Channel banks

Sk in equation 22
Net streambank contribution 

(kg/yr)  
(+ = deposition; - = erosion)

Lower confidence interval 
(10%)

Upper confidence interval 
(90%)

1 1.04 x 106 -3.09 x 105 6.72 x 106

2 -1.56 x 106 -2.49 x 106 -7.46 x 105

3 -2.33 x 106 -3.00 x 106 -1.66 x 106

4 -2.20 x 106 -4.21 x 106 -1.00 x 106

5 -3.56 x 105 -5.11 x 105 -2.41 x 105

Total of all stream orders -5.40 x 106 -8.09 x 106 5.01 x 105

Channel beds

Sb in equation 22
Net bed contribution (kg/yr)  
(+ = deposition; - = erosion)

Confidence interval 
(10%)

Confidence interval 
(90%)

1 -1.18 x 104 -6.36 x 104 4.04 x 104

2 -4.16 x 104 -2.24 x 105 1.37 x 105

3 -2.52 x 104 -1.24 x 105 6.64 x 104

4 5.77 x 105 -2.79 x 105 1.53 x 106

5 2.05 x 105 -9.91 x 104 5.45 x 105

Total of all stream orders 7.03 x 105 -7.90 x 105 2.32x 106

Flood plains

Fp in equation 22
Net flood-plain contribution  

(kg/yr)  
(+ = deposition; - = erosion)

Confidence interval 
(10%)

Confidence interval 
(90%)

1 5.08 x 105 2.36 x 105 7.87 x 105

2 2.62 x 105 1.24 x 105 4.14 x 105

3 1.60 x 106 7.90 x 105 2.42 x 106

4 2.00 x 106 8.88 x 105 3.17 x 106

5 8.03 x 105 3.45 x 105 1.28 x 106

Total of all stream orders 5.18 x 106 2.38 x 106 8.07 x 106
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Table 15. Final construction sediment budget based on field measurements of channel banks, channel beds, and flood plains, 
Cesium-137 inventories on agriculture and forested areas, storage of sediment estimated in ponds, and net sediment budget. The sum 
of sediment eroding from these elements is compared to the total of fine-grained sediment transported past the U.S. Geological Survey 
streamflow-gaging station.—Continued

[USGS, U.S. Geological Survey; kg/yr, kilograms per year; %, percent]

Ag and Fr in equation 22 Upland erosion (kg/yr) Confidence interval (10%) Confidence interval (90%)

Agriculture -5.48 x107 -6.51 x 107 -4.53 x 107

Forest -2.03 x106 -2.0303 x 106 -2.0274 x 106

Sum -5.68 x 107 -6.71 x 107 -4.73 x 107

Storage of sediment estimated in ponds

Pd in equation 22 Pond Storage Confidence interval (10%) Confidence interval (90%)

Total 93.213 x 105 95.585 x 105 90.078 x 105

Net sediment budget

Tz in equation 22  Net sediment Budget (kg/yr) Confidence interval (10%) Confidence interval (90%)

-4.70 x 107 -4.98 x 107 -4.10 x 107

Sum of sediment eroding compared to fine-grained sediment transported past USGS streamflow-gaging station

Fine-grained sediment transport 
measured at USGS streamflow 

gaging-station (kg/yr)

-5.45 x 106

Table 16.  Summary of sediment budget in terms of erosion (input), storage, and delivery (equation 8).

[kg/yr, kilograms per year; 10CI, 10-percent confidence interval; 90CI, 90-percent confidence interval; + = deposition or storage, - = erosion]

Geomorphic element
Input  

(I in equation 8)  
(kg/yr)

Storage  
(S in equation 8)  

(kg/yr)

Export (O) using  
sediment budget values 
of erosion + deposition 

(equation 8)  
(kg/yr)

Export (O) using 
suspended-

sediment loads 
(equation 8) 

(kg/yr)

Fine-grained sediment transported 
out of Linganore Creek 

(kg/yr)
-5.45 x 106

Streambanks,  
(average [10CI; 90CI])

-6.44 x 106 

(-8.76 x 106; -4.8 x 106)
1.04 x 106

(-3.09 x 105; 6.72 x 105)
Channel bed  

(average [10CI; 90CI])
-7.86 x 104 

(-2.9 x 105; 1.29 x 105)
7.82 x 105 

(-1.26 x 105; 1.80 x 106)
Flood plain  

(average [10CI; 90CI])
5.18 x 106 

(2.38 x 106; 8.0 x 106)
Ponds 

(average [10CI; 90CI])
9.32 x 106  

(9.01 x 106; 9.56 x 106)

Agriculture -5.48 x 107 
(-6.5 x 107; -4.53 x 107)

Forest 
(average [10CI; 90CI])

-2.03 x 106 
(-2.0303 x 106; 2.0274 x 106)

Sum of all geomorphic elements 
(average [10CI; 90CI])

-6.33 x 107 
(-6.56E x 107; -6.17 x 107)

1.63 x 107 
(1.47 x 106; 2.21 x 107)

-4.70 x 107 
(-4.98 x 107; -4.10 x 107) -5.45 x 106

Error in the sediment budget 
(average [10CI; 90CI])

4.15 x 107 
(3.87 x 107; 4.75 x 107)

Final equation 8  
(average [10CI; 90CI])

-6.33 x 107 
(-6.56 x 107; -6.17 x 107)

5.78 x 107 
(5.46 x 107; 6.62 x 107) -5.45 x 106
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and forest 3 percent. Since sediment fingerprinting determines 
the sediment sources that are delivered out of the watershed, 
combining the two approaches can provide an accounting of 
the sediment that goes into storage as well as the SDR (Gellis 
and Walling, 2011) (table 17). For example, according to the 
sediment fingerprinting results, agricultural lands contributed 
45 percent of the total fine-grained sediment transported 
out of the watershed (-2.45 x 106 kg/yr), indicating that 96 
percent of the eroded agricultural sediment (5.23 x 107 kg/yr) 
went into storage resulting in a SDR of 4 percent (table 17). 
Streambanks contributed 52 percent of the total fine-grained 
sediment transported out of the watershed (-2.84 x 106 kg/yr), 
indicating that 56 percent of the eroded streambanks  
(3.60 x 106 kg/yr) went into storage with a SDR of 44 percent 
(table 17). Forested areas contributed 3 percent of the total 
fine-grained sediment transported out of the watershed  
(-1.64 x 105 kg/yr), indicating that 92 percent (1.87 x 106 kg/
yr) went into storage with a SDR of 8 percent (tables 16 and 
17). The amount of bed material in storage (7.86 x 104 kg/yr) 
was not considered a source of sediment in fingerprinting 
and the amount of sediment eroded from channel beds was 
assumed to remain in storage.

Of the total amount of sediment deposited into storage 
(5.78 x 107 kg/yr), 16 percent was stored in ponds (9.32 x 106 
kg/yr), 9 percent was stored in flood plains (5.18 x 106 kg/yr), 
2 percent was stored in streambanks (1.04 x 106 kg/yr), and 1 
percent was stored on the channel bed (7.82 x 105 kg/yr), leav-
ing 72 percent (4.15 x 107 kg/yr) of the stored sediment that 
was unaccounted for in the sediment budget (tables 15 and16).

Management Implications

Results of this study have implications for land-manage-
ment agencies interested in reducing sediment loads in the 
Linganore Creek watershed. Combining both the sediment fin-
gerprinting and sediment budget approaches can help identify 
important sediment sources, eroding reaches of streambanks, 
and areas of sediment storage. The sediment fingerprinting 
results (total load weighted percentage) indicate that the two 
main sources of fine-grained sediment delivered out of the 
watershed were streambanks (52 percent) and agriculture (45 
percent). With the higher SDR for streambanks (44 percent) 
compared to agriculture (4 percent), management actions to 
reduce sediment may be more effective in reducing the net 
export of fine-grained sediment if directed toward stabilizing 
streambank erosion. Fourth-order streams had the highest rates 
of streambank erosion (12.82 cm/yr; table 9), with the highest 
rate of erosion occurring at E15 (52.7 cm/yr), a 4th order reach 
(fig. 17b).

Ponds and flood plains are important sites of sediment 
storage. There were numerous ponds in the Linganore Creek 
watershed (n = 195) constructed on farms and urban areas 
that drain 16 percent of the Linganore Creek drainage area. 
The ponds were estimated to store 9.32 x 106 kg/year of fine-
grained sediment (table 16), which is 15 percent of the total 
eroded sediment. The estimated amount of sediment deposited 
on flood plains was 5.18 x 106 kg/yr (table 15), or 8 percent of 
the total eroded sediment. Modeled rates of flood-plain deposi-
tion were highest on 4th and 5th order channels  
(appendix 7b).

Table 17.  Accounting of sediment storage by combining the sediment fingerprinting results with the sediment budget results.

[kg/yr, kilograms per year; + = deposition, - = erosion; %, percent]

Description
Sediment storage

(kg/yr)

Sediment Delivery Ratio 
(SDR)

(percent)

Total fine-grained sediment transported out of Linganore Creek watershed -5.45 x 106

Mass of fine-grained sediment eroded from agriculture -5.48 x 107

Fine-grained sediment delivered out of Linganore Creek watershed from 
agricultural lands (45% of total sediment) -2.45 x 106 4

Mass of sediment in storage from agriculture 5.23 x 107

Mass of fine-grained sediment eroded from forests -2.03 x 106

Fine-grained sediment delivered out of Linganore Creek watershed from 
forested lands (3% of total sediment) -1.64 x 105 8

Mass of sediment in storage from forested lands 1.87 x 106

Mass of fine-grained sediment eroded from streambanks -6.44 x 106

Fine-grained sediment delivered out of Linganore Creek watershed from 
streambanks (52% of total sediment) -2.84 x 106 44

Mass of sediment in storage from streambanks 3.60 x 106

Total bed erosion estimated to be in storage 7.86 x 104

Total amount of sediment in storage in Linganore Creek watershed 5.78 x 107
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Summary and Conclusions
Fine-grained sediment is an important pollutant in the 

Chesapeake Bay and its receiving waters. The U.S. Geological 
Survey is working on several studies to understand the sources, 
transport, storage, and delivery of sediment to the Chesapeake 
Bay and its watershed. This report summarizes the results of a 
study, in cooperation with Frederick County, to determine the 
significant sources of fine-grained sediment (silt and clay, less 
than 63 microns) in the 147-square-kilometer (km2) parts of the 
Linganore Creek watershed in Frederick and Carroll Counties, 
Maryland, between August 1, 2008 and December 31, 2010. 
Linganore Creek is listed by the State of Maryland as being 
impaired by sediment. Linganore Creek also flows into Lake 
Linganore, an impoundment used for water supply and recre-
ation that is being threatened by sedimentation. Understanding 
the sources of sediment and important sites of sediment storage 
in the Linganore Creek watershed may assist management 
agencies in developing plans to reduce the input of sediment to 
the streams and receiving waters.

Two approaches were used in the Linganore Creek water-
shed to identify the significant sources and storage areas of 
fine-grained sediment—the sediment fingerprinting and sedi-
ment budget approaches. The sediment fingerprinting approach 
determines the sources of fine-grained sediment that is deliv-
ered out of the watershed. The sediment budget approach uti-
lizes measurements and estimates to quantify the erosion and 
deposition of sediment on various geomorphic elements in the 
watershed (streambanks, flood plains, channel beds, and upland 
areas). Combining the two approaches can lead to an under-
standing of areas of high erosion and areas where sediment is 
being stored.

During the period of study, August 1, 2008 to December 
31, 2010, a total mass of 15,840 megagrams of suspended 
sediment (which includes sand) was transported out of the 
Linganore Creek watershed. The average annual suspended-
sediment load (which includes sand) was 6,374 megagrams 
per year (Mg/yr), and the sediment yield was 43.4 megagrams 
per square kilometer per year, a value within the range of other 
streams draining the Piedmont Physiographic Province of the 
Chesapeake Bay. The annual fine-grained suspended-sediment 
load transported out of the Linganore Creek watershed was 
5,454 Mg/yr. Annual rainfall during the study period (1,020 
millimeters per year, or mm/yr) was similar to the long-term 
average of 1,047 mm/yr, indicating that flow and sediment-
transport conditions during the period of study may be similar 
to the long-term average.

Sources of fine-grained sediment in the Linganore Creek 
watershed were identified as streambanks, agricultural lands 
(pasture and cropland), and forested lands. During the period 
of study, 194 suspended-sediment samples were collected 
over 36 storm events and used to determine their sources of 
sediment using the sediment fingerprinting approach. Source 
samples were collected from 40 streambanks, 24 agricultural 
areas (cropland and pasture), and 19 forested sites. Sediment-
source percentages were weighted against sediment loads of 

the individual samples and then weighted against the total 
sediment transported by the 36 storm events. The total load 
weighted results indicate that streambanks were the major 
source of sediment (52 percent), followed by agriculture (45 
percent), and forested lands (3 percent). Uncertainty analysis 
indicated that the averages of the Monte Carlo source simu-
lations were within 2 percent of the sediment fingerprinting 
results. The minimum and maximum values of source percent-
ages produced from the Monte Carlo simulations were within 
5 to 10 percent of the average value. Therefore, the final set of 
source samples and tracers used in this study was considered a 
robust dataset.

Peak flows and sediment loads for the 36 storm events 
showed a significant positive relation to contributions from 
streambanks. Seasonality also is a factor in contributing 
sediment from streambanks. Winter months (December to 
February) had the greatest contributions of sediment from 
streambanks. This may be due to the freeze-thaw activity 
that occurs in winter months and causes the banks to erode. 
Higher peak flows that occur in winter months would remove 
the eroded sediment. High peak flows may also increase bank 
erosion through increased shear stress and higher porewater 
pressures on the falling limb of large events.

Peak flows and suspended-sediment loads were also sig-
nificantly negatively correlated to the contribution of sediment 
from agriculture. Contributions from forests did not show any 
relation to flow. Contributions from agriculture were highest in 
non-winter months and contributions from forests were highest 
in the fall and winter. The higher contributions from agricul-
ture and forests could be related to less vegetation in the early 
spring and fall.

Attempting to link upland sediment sources to flow char-
acteristics is difficult since much of the upland sediment that is 
eroded in an event may not be delivered to the sampling point 
in that event but may go into storage. Storage areas include 
channel and upland areas. Sediment from streambanks is deliv-
ered directly into the channel, is less likely to be stored prior to 
delivery to a stream suspended-sediment sampling station, and 
has a better relation to flow characteristics. By analyzing sedi-
ment sources over several storms, it may be possible to deter-
mine not only the sediment sources that are directly contributed 
from the current event but sediment from previous events that 
was in storage and remobilized. Since seasonal analysis incor-
porates many storms, the seasonal interpretations of sediment 
sources may be valid. Because the sediment sampled for the 
36 storm events for this study occurred over several years, and 
over different flow and seasonal conditions, it likely provides a 
long-term estimation of sediment sources in the watershed.

A fine-grained sediment budget constructed for the 
Linganore Creek watershed was based on field measurements 
used to quantify erosion and deposition on the channel beds, 
streambanks, and flood plains. The Cesium-137 (137Cs) 
approach was used to estimate erosion on agricultural and 
forested slopes. A photogrammetric analysis of ponds in 
the Linganore Creek watershed (2007 imagery) was used to 
estimate the amount of sediment deposited in ponds annually. 
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Results of the sediment budget for eroded sediment indicated 
the greatest percentage was from agriculture (86 percent; -5.48 
x 107 kilograms per year, or kg/yr) followed by streambanks 
(10 percent; -6.44 x 106 kg/yr), forests (3 percent; -2.03 x 106 
kg/yr), and the channel bed (less than 1 percent; -7.86 x 104 
kg/yr). Results of the sediment budget for stored sediment 
indicated that the greatest percentage was stored in ponds  
(57 percent; 9.32 x 106 kg/yr), followed by flood plains  
(32 percent; 5.18 x 106 kg/yr), streambanks (6 percent; 1.04 x 
106 kg/yr), and the channel bed (5 percent; 7.82 x105 kg/yr).

Ponds in the Linganore Creek watershed can be important 
sites of sediment storage. One hundred ninety four ponds were 
identified from aerial images and drained 16 percent of the 
Linganore Creek watershed. The majority of these ponds (89 
percent) were classified as farm ponds. Of the total storage 
measured in the sediment budget for the Linganore Creek 
watershed, the highest percentage of sediment storage  
(16 percent) was in ponds (9.32 x 106 kg/yr), 9 percent in flood 
plains (5.18 x 106 kg/yr), 2 percent in streambanks (1.04 x 106 
kg/yr), and 1 percent on the channel bed (7.82 x 105 kg/yr). 
Ponds stored 15 percent and flood plains stored 8 percent, 
respectively, of the total eroded sediment.

Combining all erosion measurements (-6.33 x 107 kg/yr) 
and deposition (storage) measurements (1.63 x 107 kg/yr) 
equaled -4.70 x107 kg/yr. This indicated that the sediment 
budget did not balance to the fine-grained sediment mass leav-
ing the watershed measured at the streamflow-gaging station 
(5.45 x 106 kg/yr), leading to an underestimation of 4.15 x 107 
kg/yr, which was assumed to go into storage. The errors in the 
sediment budget could be due to an overestimation of erosion 
using the 137Cs method and (or) not adequately measuring stor-
age areas.

The sediment fingerprinting approach quantifies the 
sources of sediment that are delivered out of the watershed 
and the sediment budget measures erosion and deposition in 
the watershed. By combining both approaches, the source 
areas contributing to sediment storage can be identified. The 
sediment fingerprinting results indicated that agricultural 
lands contributed 45 percent of the total fine-grained sediment 
transported out of the watershed (-2.45 x 106 kg/yr) and depos-
ited 96 percent of the eroded sediment (-5.23 x 107 kg/yr). 
Streambanks contributed 52 percent of the total fine-grained 
sediment transported out of the watershed (-2.84 x 106 kg/yr) 
and deposited 56 percent of the eroded sediment (3.60 x 106 
kg/yr). Forested areas contributed 3 percent of the total fine-
grained sediment transported out of the watershed (-1.64 x 105 
kg/yr) and deposited 92 percent of eroded sediment  
(2.89 x 106 kg/yr).

Results of this study demonstrate that combining the sedi-
ment fingerprinting and sediment budget approaches provides 
an accounting of the erosion, storage, and delivery of sediment 
from sources in the watershed. Useful information on the loca-
tion of sediment sources, and the amount of sediment eroded 
and deposited on streambanks, flood plains, channel beds, and 
uplands can also be obtained by use of both approaches.
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