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Abstract: The proportional contributions of cultivated lands and stream banks as sources 
of fine sediment loads were quantified in 15 rural watersheds in the Glaciated Appalachian 
Plateau region of the Susquehanna River basin of New York and Pennsylvania. We utilized 
a relatively simple method of fingerprinting sediment sources by comparing the concentra-
tions of the nuclear bomb–derived radionuclide 137 Cs in fluvial sediment samples collected 
from channel margins with sediment from cultivated fields and stream banks. The propor-
tion of fine sediment from bank erosion ranged from none to 100% in the study tributaries, 
with a median contribution of 53% across the 15 study streams. In one stream with no 
evidence of bank sediment, anomalously high 137 Cs levels in the samples indicated that the 
sources were pasture or forest, probably scoured from marshy floodplains upstream of the 
sampling sites. In the 14 other streams, cultivated lands accounted for an average of 42% 
of the fine sediment. We discuss sources of eroded bank material and the processes driving 
stream bank erosion in this glaciated region, and examine the impact of historic mill-dam 
deposits on bank erosion. [Key words: stream bank erosion, sediment sources, sediment 
tracers, 137 Cs, glaciated upper Susquehanna basin, mill dams, legacy sediment.]

INTRODUCTION

The Susquehanna River basin is the largest on the Atlantic seaboard and the larg-
est draining into the Chesapeake Bay. The Susquehanna’s 71,225 km2 watershed 
drains portions of New York, Pennsylvania, and Maryland before emptying into the 
head of Chesapeake Bay, where it provides about half the Bay’s fresh water and about 
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2Deceased.
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22% of the Bay’s sediment load (Upper Susquehanna Coalition, 2005). Much of the 
habitat of Chesapeake Bay is degraded due to excess sediment deposition (Gellis et 
al., 2004). There is little understanding of the dominant processes influencing fine 
sediment yields in the glaciated Upper Susquehanna basin. An examination of sedi-
ment sources in this region adds an important perspective on sediment-generating 
processes applicable to a much wider glaciated region of North America. With the 
exception of a few studies (Campo and Desloges, 1994; Sekely et al., 2002; Riedel 
et al., 2005; Nagle et al., 2007), little research has addressed the water quality issues 
associated with erosion of glacial drift in North America.

Many agencies in the United States are grappling with mandates from the U.S. 
Environmental Protection Agency to greatly reduce sediment loads, although there 
have been disagreements (i.e., Trimble and Crosson, 2000) on the estimates for the 
contribution of agricultural erosion to sediment loads. Commonly used surface ero-
sion–based models, such as the Universal Soil Loss Equation and its derivatives, 
have not proven effective in explaining sediment-generating processes and sediment 
yields in the Chesapeake Bay watershed (Boomer et al., 2008). Until recently, it was 
assumed that about two-thirds of the sediment load in the Upper Susquehanna was 
from agricultural erosion (Upper Susquehanna Coalition, 2006). However, unlike 
sediment yields of unglaciated river basins flowing in the Atlantic drainage of the 
U.S., Meade (1982) observed that the percent of cropland had no bearing on total 
sediment yields from the glaciated Susquehanna basin. 

Large contributions of stream bank erosion to sediment loads have been reported 
in other regions of North America (i.e., Odgaard, 1987; Campo and Desloges, 1994; 
Glasman, 1997; Brigham et al., 2001; Sekeley et al., 2002; Nagle and Ritchie, 
2004, Reidel et al., 2005; Nagle et al., 2007). Stored post-settlement alluvial depos-
its, referred to now as “legacy sediments,” have been documented as major sedi-
ment sources in the upper Midwest (Trimble, 1983), the Southeast (Phillips, 1991), 
the Columbia Plateau of Oregon (Nagle and Ritchie, 2004), and the southern 
 Susquehanna basin (Walter and Merritts, 2008). 

It is not clear what role the erosion of legacy sediments plays in the Upper Susque-
hanna. Accelerated stream bank and channel erosion are recognized problems in 
the southern Susquehanna basin (Walter and Merritts, 2008). The Conestoga water-
shed in southeastern Pennsylvania has the highest sediment yields (279 t km–2 yr–1) 
in the entire Susquehanna basin, with one tributary yielding 827 t km–2 yr–1 (Gellis 
et al., 2006). Much of the eroding alluvium in this area of the lower Susquehanna is 
“legacy sediments,” deposited on floodplains as long ago as the early 18th century, 
much of it behind mill dams (Walter and Merritts, 2008).

This study examines the contribution of bank erosion in a suite of 15 rural tribu-
taries in the glaciated Upper Susquehanna. We discuss the processes driving bank 
erosion in this region, examine the effects of legacy sediments and early settle-
ment-era mill dams on sediment storage and bank erosion, and compare sediment-
 generating processes to those previously documented for the southern Susquehanna 
basin.
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BACKGROUND: SEDIMENT TRACERS

Sediment provenance can be determined by comparing the properties of samples 
collected from streams with those of soils in potential source areas such as agricul-
tural fields, forests, and channel banks. A number of methods have been used to 
fingerprint source areas of fluvial sediment. These include particulate phosphorus 
(Hasholt, 1988), mineral magnetic measurements (Slattery et al., 1995), the iden-
tification of clay minerals (Youngberg and Klingeman, 1971; Glasman, 1997), and 
sediment carbon and nitrogen (Peart and Walling, 1986; 1988). Mixing models are 
used to identify the relative contribution of different sources (Foster and Lees, 2000). 
Successful use of bomb-derived and natural radionuclides in sediment tracer work 
has been widely reported (Wallbrink, et al., 1998; Nagle and Ritchie, 1999, 2004; 
Brigham et al., 2001, Matisoff et al., 2002a; Whiting et al., 2005).

Multiple-tracer approaches have been applied to trace sediments (Walling et al., 
1993; Collins and Walling, 2004). These approaches are most appropriate when 
distinguishing between more than two sediment sources or more geologically com-
plex watersheds, and even then discrimination can be relatively poor (Owens and 
Walling, 2002). Simple mixing models have used just 137Cs to distinguish between 
bank/gully walls and upland surface sources of sediments (Zhang et al., 1995, 1997; 
Wallbrink et al., 1998; Brigham et al., 2001; Nagle and Ritchie, 2004; Walling, 
2004; Nagle et al., 2007). Without the use of mixing models of any kind, Froehlich 
and Walling (2005) used 137Cs to delineate sediment from surface soils and deep 
roadcuts. 137Cs is one of the most conservative tracers in use compared to almost 
all other tracers (Davis and Fox, 2009; Juracek and Ziegler, 2009) for distinguishing 
bank sediment. Devereux et al. (2010) found that 137Cs was the single tracer out of 
63 elements and two radionuclides that was able to distinguish between bank and 
floodplain surface sediments, although Fox (2009) was also able to use 15N as a 
single tracer to distinguish between bank and surface sediment.

Atmospheric nuclear tests in the 1950s and early 1960s distributed radioactive 
fallout 137 Cs around the globe. 137Cs was deposited in precipitation and adsorbed by 
soil, where much of it still remains (half-life is 30.17 years). Fallout levels peaked 
in 1963 and, with the ban on atmospheric tests, subsequently declined to minimal 
levels. Atmospheric-borne radionuclides accumulate near the soil surface, with 137Cs 
concentrated within 30 cm of the surface (Wallbrink and Murray, 1996). General 
source areas of sediment can be identified based on variations in concentrations 
of bomb fallout and natural radionuclides. This tracer method is effective for distin-
guishing sediment derived from sheet and shallow rill erosion and sediment from 
gullies and stream channel walls because channel and gully walls deeper than 30 
cm usually contain little or no 137Cs. By comparing 137Cs concentrations in stream 
sediment with concentrations in upland soils and channel banks, a simple mixing 
model (Wallbrink et al., 1996) can be used to quantify the proportion of stream 
sediment derived from upland or bank sources. The mixing model we used in this 
study was determined to be appropriate for distinguishing between bank and surface 
sources, as we have found that the vast majority of channel banks contain little or 
no 137Cs. 
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An important issue in sediment source tracing is the choice of methods for sedi-
ment collection. Some studies of sediment tracers have drawn water samples from 
which suspended sediment was separated. Symader and Strunk (1992) described dif-
ficulties with use of suspended sediment to identify source areas. Principal problems 
are the varying levels of enrichment of suspended sediment in fines and in organic 
matter relative to the sources. Bottrill et al. (2000) contended that the use of recent 
floodplain deposits enable the contributions and long-term loading from individual 
sources to be assessed more reliably. The effective use of channel-bottom and low-
floodplain sediment to distinguish between eroding surface soils and stream banks 
has been reported (Olley et al., 1993; Walling et al., 2003; Collins and Walling, 
2007; Nagle et al., 2007), with Froelich and Walling (2005) using floodplain sedi-
ment without particle size corrections. Although it is difficult to find floodplain loca-
tions with deposition of fine sediment, especially in steeper, gravel bed channels, 
our previous work confirmed that 137Cs concentrations in the silt and clay fraction 
(< 63 µm) of carefully collected channel-margin samples were similar to those col-
lected from beaver ponds, behind dams, and from water treatment plant settling 
ponds (Nagle and Ritchie, 2004, Nagle et al., 2007). Another reason we used flood-
plain samples was that our older Ge dectectors needed a larger volume of sediment 
for analysis than can be obtained using suspended sediment samplers. Gellis et al. 
(2008) also described their difficulties in collecting enough sediment for radionu-
clide analyses using suspended sediment samplers.

Other studies have used radionuclides in suspended sediment to delineate source 
areas without taking any account of particle size differences between source areas 
and suspended sediment. Matisoff et al. (2002b) reported delineating the cultivated 
surface source of a plume of suspended sediment as it traveled 17 km down a drain-
age even without accounting in their calculations for particle-size changes during 
sediment entrainment and transport. 

STUDY AREA 

The 19,425 km2 Upper Susquehanna River watershed lies within the Glaciated 
Appalachian Plateau (GAP) in south-central New York and northern Pennsylvania. 
The climate is temperate, with about 940 mm of precipitation distributed equally 
over the year (New York State Department of Environmental Conservation, 2004). 
Land cover in most of the Upper Susquehanna is forested uplands, with cultivated 
lands now concentrated primarily in large valleys on floodplains and on a few slopes 
with less acidic soils. 

Land use within the Upper Susquehanna watershed has changed significantly 
since the late 19th century, when about 90% of the land was cleared for agricul-
ture. Between 1970 and 1990, 1700 km2 of agricultural lands were abandoned, 
with 90% of this reverting to forest (New York State Department of Environmental 
Conservation, 2004). Land cover in the Upper Susquehanna is now 64% forest and 
shrub lands, 9% cultivated, 20% pasture and hay, 6% urban/suburban, and 1% open 
water (Woodbury, 2008). The amount of land in urban/suburban land use has not 
changed in recent decades, with the urban impervious surface estimated at only 
about 0.66% (Upper Susquehanna Coalition, 2005). The glacial geology has been 
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described (i.e., Denny and Lyford, 1963; Nelson, 1965). Detailed mapping of surfi-
cial glacial deposits has been done for small parts of the study area (Williams et al., 
1909; Daugherty and Hanna, 1972), with less detailed mapping for the remainder 
(Denny and Lyford, 1963; Cadwell and Muller, 1986). 

Surficial geology consists mostly of glacial till of variable texture and thickness, 
with less extensive glaciofluvial (outwash) deposits and small areas of glaciola-
custrine sediments (Coates, 1971). Despite reports of significant declines in peak 
flow from small tributaries after reforestation (e.g., Schneider and Ayer, 1961), the 
 Susquehanna headwaters are still one of the more flood-prone regions in the nation 
due to steep tributaries, relatively low infiltration rates in much of the compacted 
glacial till on hillsides, and many soils with a fragipan horizon that impedes drain-
age. In a 750 km2 area in the central part of the study area, Coates (1963) found 
82% of the soils to be relatively impervious. However, the vast portion of currently 
cropped lands is on gravelly valley bottom soils with high infiltration.

Forested hillsides in the Upper Susquehanna were cleared for relatively brief 
periods of cultivation on steeper lands before use as pasture and reversion of most 
hillside land to forest. Many farms in the Upper Susquehanna were dairy farms on 
steeper slopes with less productive, acidic soils (Gustafson et al., 1930), unlike the 
rich carbonate, grain-producing soils in southeastern Pennsylvania.

Compared to smaller tributaries, many of the largest channels appear relatively 
stable with high banks resulting from valley incision soon after glacial retreat (Skully 
and Arnold, 1981). Despite the Upper Susquehanna’s tendency for flooding, analy-
sis of channel changes from 1938 to 1985 at four locations along the mainstem of 
the upper Susquehanna (Bennett, 1989) indicated a very stable channel, even after 
events such as 1972 Hurricane Agnes. Nelson (1965) also reported that surveys 
along 22 km of the Chemung River, the principal western tributary of the upper 
Susquehanna, showed a stable channel with minimal erosion of banks. 

METHODS

Field Sampling

In this study, the nuclear bomb–derived radionuclide 137 Cs was used as a tracer to 
quantify the sources of fluvial sediment in the study streams. For each study stream, 
recently deposited sediment samples were taken from channel margins and deposits 
immediately adjacent to the active channels inside the bankfull channel level. Such 
recent deposits were easily identified because they were usually saturated and had 
abundant organic materials such as leaf fragments (Fig. 1). Stream sediment samples 
were collected from 51 locations in 15 tributaries in the Upper Susquehanna basin 
(Fig. 2), where recent fine sediment deposition was obvious and public access was 
possible. We also took samples from two locations in Mill Creek, a very heavily 
cultivated watershed that is in glaciated terrain immediately south of our main study 
area because it had been identified as the location of an abandoned mill dam. 

Potential sediment sources were sampled at locations in the watersheds. To char-
acterize the most actively eroding banks, samples were collected from 33 stream 
banks in third- and fourth-order streams and large slumping streamside deposits 1.5 
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m to 30 m in height by using a stainless steel trowel to scrape across 3 m2 of the 
mid-portion of the bank. Actively eroding stream banks were identified in the field 
by recently exposed roots and sediment deposits at their base. Banks and stream-
side slumps with well developed vegetation growing on them were not considered 
actively eroding. 

To characterize upland soils, 256 cores were collected from 32 widely distributed 
sites using a 5 cm diameter corer to a depth of 10 cm. At each upland site, eight 
cores were collected at least 3 m apart and composited for analysis. Upland sites 
that were separately characterized for radionuclide concentrations included 22 in 
currently cropped agricultural fields, 5 in pastures, and 5 in forested areas. By com-
positing multiple samples spread over a site, the smaller-scale variability typically 
found in surface soils is accounted for (Nagle et al., 2000).

To assess the impacts of mill dams on sediment retention and later bank erosion, 
we examined historical maps and census data, visited many identified mill dam 
sites, and interviewed a U.S. Geological Survey hydrologist/ urban archaeologist 
familiar with our study area as well as a local informant whose grandfather owned 
one of the region’s last working water mills. 14C analyses of buried wood found in 
streambanks was done to date alluvium and identify locations with legacy sediments 
in the study streams and adjacent GAP region.

Fig. 1. Channel margin sediment sampling site.
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Laboratory Analysis 

To minimize the influence of contrasts in particle-size composition between 
source materials and channel sediment on the values of the fingerprint properties, 
all measurements of tracer properties were undertaken on the <63 µm fraction 
 (Walling et al., 1993; Walling, 2004). This size represents the break point between 
very fine sand and silt and the upper limit of most sediment reported to be car-
ried as suspended loads. Samples were dried, lightly ground, and sieved to separate 
out the < 63 µm fraction. The sieved samples were analyzed for 137 Cs concentra-
tions using Gamma-ray analysis at the USDA-Agricultural Research Service National 
Hydrology Lab in Beltsville, MD. Gamma-ray analyses were performed using the 
Canberra-2000 Genie-2000 Spectroscopy System. The system is calibrated and effi-
ciency determined using an analytic mixed radionuclide standard (10 nuclides), the 
calibration of which can be traced to U.S. National Institute of Standards and Tech-
nology. The count time for each sample was 24 hours, providing a measurement 
precision of ±4 to 5% on most samples. 

Fig. 2. Stream sediment sampling sites in the Upper Susquehanna basin. The inset map shows the loca-
tion of the Upper Susquehanna basin (black) within the conterminous United States.
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Data Analysis 

To quantify the relative contributions of bank and cultivated sediment sources, 
data on 137 Cs concentration were analyzed with a mixing model (Wallbrink et al., 
1996). 

(1)Cs Pr Pb  100–
Ps Pb– 

----------------------------------------=

where Cs = contribution from cultivated surface sources (%), Pr = value of 137Cs for 
stream sediment in mBq/g, Ps = value of 137Cs for cultivated soil in mBq/g, and Pb = 
value of 137Cs for bank material in mBq/g.

To account for uncertainty in the mixing model, we used quantitative uncertainty 
analysis, specifically a Monte Carlo approach. In this approach, model parameters 
are represented not as single values, such as the mean, but rather as statistical distri-
butions of values. Samples are taken from these distributions and used in the model, 
and this process is repeated thousands of times to produce a large number of pre-
dicted values (Morgan and Henrion, 1990). The 50th percentile of this distribution 
of values of 137Cs represents the median prediction, and other quantiles can be used 
as measures of dispersion of the predicted value. 

For our analysis, distribution functions were fit to sample data for each of the 
parameters in Equation (1), and then values were selected from each distribution 
using Latin Hypercube sampling using @Risk and BestFit software (Version: Profes-
sional 4.5, Palisade Corporation, Ithaca, NY). The parameters were assumed to be 
independent of each other, and upland soil contributions to stream sediment were 
assumed to come from cultivated land, as erosion from forest and meadow in this 
have been reported to be minimal (Lamb et al, 1950; Patric et al. 1984). Separate 
analyses were conducted for each stream, and 100,000 iterations were performed 
for each analysis to produce numerically stable results. 

For the two streams with more than five bank samples (Seeley and Meads), a distri-
bution was fit to bank samples from just that stream. For the other streams, a distribu-
tion was fit to all bank samples from all streams. For all streams, a distribution was fit 
to all cultivated soil samples. The result of the uncertainty analysis for each stream is 
the percentage of sediment from stream banks versus cultivated land represented as a 
distribution of predicted values (Equation 1). For all streams, we present three percen-
tiles of this distribution—the 20th, 50th, and 80th. Some streams had three or fewer 
stream sediment samples, and for these streams the results do not include any effect 
of uncertainty in the stream samples due to low sample size. However, the results still 
include the effects of uncertainty in the bank and cultivated sediment data. 

RESULTS

Mean levels of 137Cs were much higher for forest soil (21.48 mBq/g) than on cul-
tivated lands (7.19 mBq/g) (Table 1), with little difference in 137Cs concentrations 
between forests and pastures (21.12 mBq/g). Radionuclide levels on cultivated lands 
also showed the expected range of variability (3.56–11.36 mBq/g) that result from 
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impacts of erosion, cultivation, and deposition of eroded soil on lower slopes (Nagle 
et al., 2000). Past sampling in the region (Nagle et al., 2007) had showed 137Cs lev-
els of 10.25 mBq/g from cultivated lands, while those found during this sampling 
were lower. This difference may result from sample sites being on floodplains, where 
 cultivated lands are concentrated and where occasional overbank flows deposit sed-
iment that dilutes the surface 137Cs concentrations in these fields. 

Only 8 of the 33 bank samples had any 137Cs present (0–8.09 mBq/g), with a mean 
of 1.00 mBq/g for all bank samples. The surfaces of most presently eroding banks 
were thus not exposed to atmospheric bomb fallout during the highest fallout years 
around 1960. These results for bank samples were similar to those (0.35 mBq/g, 
range = 0–4.7 mBq/g, corrected for radioactive decay) found in 26 banks sampled 
in a previous study in other areas of the GAP (Nagle et al., 2007). The main sources 
of variability in bank samples were a few sites with alluvium deposited since 1955 
(Nagle and Ritchie, 1999). Seeley and lower Meads Creeks were unusual, with a few 
banks showing anomalously high 137Cs levels. These may indicate recent overbank 
flood deposits or flood scouring and deposition of soil from adjacent floodplains.

Because we have found that most channel banks have little or no 137Cs, the mix-
ing model should be effective for distinguishing between bank and cultivated surface 
sources. Contributions of bank erosion to fine sediment loads in the 15 study tribu-
taries basin ranged from 0 to 100% (Table 2), with a median contribution of 53%. 
Based on the quantitative uncertainty analysis, these estimates for source loadings 
are more precise for some streams than others. For example, for the Chenango River, 
with 44% bank erosion (Fig. 3), there is a 20% chance that the contribution of banks 
was as low as 6% or as high as 71%. However, estimates for Meads Creek, with 92% 
bank erosion, had a smaller range of 77–100% (Table 2). 

In one stream, (Seeley Creek), high rates of bank erosion were also driven by 
severe floodplain alterations due to road construction that concentrated flows from 
a bifurcated channel into a single channel. Seeley Creek also has the largest eroding 
streamside bluffs of fine glacial material found in the entire study area. Meads Creek 
(92% from bank erosion) and its major tributary Dry Run (100% from bank erosion) 
also contain reaches with eroding bluffs of fine glacial material. Erosion of these 
bluffs and other high banks appears to be driven by deposition of coarse material on 
point bars that pushed the channels against the opposite banks.

Table 1. Comparison of Mean 137 Cs (mBq/g) Levels for Stream Sediment and 
Potential Source Materials in Upper Susquehanna Basin

Stream bank 
material  
(n = 33)

Cultivateda 
surface soil  

(n = 22)

Pasturea  
surface soil 

 (n = 5)

Foresta  
surface soil 

 (n = 5)

Stream sediment  
(n = 53)

Cs-137
(mBq/g)

1.00 7.19 21.12 21.48 4.47

Range
(mBq/g)

0–8.09 3.56–11.36 17.91–24.69 17.47-25.4 0–21.26

aEach surface sample was a composite of eight separate cores distributed across the study slopes.
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Eight of the study tributaries had over half of fine sediments derived from channel 
banks. Genegantslet Creek showed anomalous results since the sediment had 137Cs 
levels of 19.96–21.26 mBq/g, indicating that forest or pasture surfaces were the 
sources rather than cultivated lands. The sediment was likely delivered from marshy 
floodplains upstream of the sampling sites. In the 14 other streams, cultivated lands 
accounted for an average of 42% of the fine sediment (median is 47 %).

In one high bank-sediment stream (Mill Creek, 100% bank sediment, Table 2), the 
reach with the most serious bank erosion in the tributary was reported (Lovegreen, 
pers. commun., 2006) as the location of a mill dam in the 19th century. However, a 
major channel reconstruction project at this site may have put much fine sediment 
into the stream, which may also explain the unusually high contribution of bank 
sediment. With the exception of this tributary, the impacts of mill dams on bank ero-
sion appears to be relatively minor in our study area compared to reports from parts 
of the Lower Susquehanna (Walter and Merrits, 2008). 

DISCUSSION

In tracer studies, there are several potential sources of uncertainty in the estimates 
of sediment sources. We have addressed important uncertainties by using quantita-
tive uncertainty analysis. As expected, when fewer samples are collected, or there is 
much variation among samples from the same source area, there is more uncertainty 

Fig. 3. Stable banks along the upper Chenago River.
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in predictions of the amount of sediment from banks versus cultivated lands (Table 
2). However, not all potential sources of uncertainty were included in our model. 
No analysis of particle sizes was performed in this study, but, as has been standard 
procedure in tracer studies, all samples were sieved to separate out the <63 μm frac-
tion (silts and clays) for analysis. Also, we avoided the problems with particle-size 
enrichment that can occur when using suspended sediment by using samples from 
channel margins.

In a previous study of sediment sources in central New York, we observed higher 
proportions of bank sediments in catchments with streamside glaciolacustrine 
deposits, and attributed the high bank sediment yields in these streams to channels 
eroding these fine-textured sediments (Nagle et al., 2007). In the GAP, north-flowing 
rivers often contain more glaciolacustine deposits because lacustrine silt and clay 
were deposited as proglacial meltwaters ponded in streams flowing north to the ice 
front during recession of the glaciers. However, as the ice margin retreated from 
south-flowing basins, fewer lakes formed and silts and clays were flushed from val-
ley fill, leaving a higher percentage of sand and gravel in the lag outwash deposits. 
This process resulted in cleaner, coarser, and more permeable valley fill in south-
flowing rivers (Coates, 1971, 1974). Thirteen of our study tributaries in the Upper 
Susquehanna were south-flowing, with limited streamside glaciolacustrine deposits 
(Cadwell and Muller, 1986). Of the sites used, only north-flowing Seeley Creek has 
prominent eroding glaciolacustrine deposits (Fig. 4). 

Legacy impacts of agricultural land use on streams can persist even decades after 
reversion of most of a watershed to forest (Harding et al., 1998). Agricultural clear-
ing of the Upper Susquehanna in the early to mid-19th century appears to have 
resulted in the extension of some first-order tributaries into coarse glacial debris, 
such that channel incision and widening mobilized coarse materials. Mobilization 
of gravels and cobbles can send coarse sediment pulses migrating downstream in 
moving zones of channel instability and bank erosion that can persist for decades 
(Kondolf et al., 2002). Fitzpatrick and others (1999) estimated that bankfull flows in 
glaciated North Fish Creek, Wisconsin, increased threefold after agricultural clearing 
in the late 19th century. Knox (1977) estimated a similar two- to four-fold increase in 
bankfull flows in other Wisconsin streams. Transportation and deposition of bedload 
sediment accompanied by bank erosion resulted in channel widening. Raw, eroding 
banks from widened channels in coarse deposits are often found along small, for-
ested channels draining agricultural lands in our study area (Fig. 5). In the only study 
of contemporary coarse sediment generation in the glaciated Appalachian Plateau, 
Renwick (1976) described debris flows in a steep channel draining from cultivated 
lands through a bluff of glacial sand and gravel. In his study, 500 m3 of coarse mate-
rial were removed from the 150 m channel in a single storm. 

The Impact of Mill Dams and Legacy Sediment on Bank Erosion

An important reason for the much greater impacts of mill dams in the Lower 
Susquehanna compared to our study area is that dams in the lower river were larger 
and sturdier. The 1840 census (U.S. Census Bureau, 1841) showed that, in Lancaster 
County, PA, 71% of the 369 mills were flour or grist mills, with the rest sawmills. 
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But in Tioga County, NY, the county with the largest number of mills in the Upper 
Susquehanna, 85% of the 303 mills in 1840 were sawmills, which were often farm 
mills on small tributaries that carried enough flow only seasonally to run the mills. 

Construction of large, stable dams capable of holding quantities of sediment over 
centuries was more difficult in the northern Susquehanna basin, compared to south-
eastern Pennsylvania, due to a lack of suitable rock for construction in areas domi-
nated by shale. Steep tributaries and waterfalls in this region also allowed settlers 
to use flumes and avoid building mill dams. Sediment deposition was observed at 
a few documented mill dam sites, and an eroding bank in Mill Creek in northern 
Pennsylvania was identified as an old mill dam site. But examination of locations 
in Tompkins County and many locations in northern Tioga County, NY, mapped in 
the 1860s (Stone and Stewart, 1866; Beers, 1975) as having mill dams and ponds, 
showed no eroding banks and no clear evidence of sediment deposition like that 
documented in southeastern Pennsylvania by Walter and Merritts (2008).

Many of the mill dams were in-stream structures near existing waterfalls, with 
most of the diverted water either “run of the river,” or run through the mills after 
minimal pooling of water. The dams were small, usually constructed of wood and 
prone to failure. Most of the dams were removed by floods, and most sediments 
behind them washed downstream. In 1832 and 1835, floods washed out most of the 
dams in the region (Kappel, pers. commun., 2008). 

Fig. 4. Eroding glacial banks, Seeley Creek.
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In contrast to the clearly important role of sediments stored at mill dam sites in the 
southern Susquehanna basin (Walter and Merritts, 2008), our study streams accumu-
lated much less legacy sediment, and most of the eroding alluvial material predates 
settlement. Less alluvial accumulation of eroded agricultural soils may be due to the 
lower erodibility of soils in rocky, glaciated regions (Gordon, 1979; Meade, 1982), 
lower rainfall erosivity (Trimble, pers. commun., 2007), and less intensive cropping, 
with more land in pasture and forest compared to the Lower Susquehanna.

The alluvial materials through which most of the streams in our study area were 
cutting did not represent legacy sediments derived following forest clearing and 
settlement by Europeans. The 14C ages of buried wood that we collected in alluvial 
sediments at 11 locations across the GAP ranged from 140 to 7380 yr, with a median 
age of 680 yr (mean is 1298 years). Most streams were cutting primarily through 
much older alluvial material that predated Euro-American settlement, although in a 
few locations, buried A horizons were found under about 50 cm of lighter colored 
alluvial material, which was probably post-settlement deposition. Two GAP loca-
tions identified by 14C analysis as having deep deposits (150 cm) of post-settlement 
legacy sediments were very similar to those reported from many sites in southeastern 
Pennsylvania (Walter and Merritts, 2008), with buried hydric soils containing much 
organic material characteristically found below the legacy sediment,  indicating 
 low-gradient streams in valley locations where deposition was likely. However, 1866 
maps did not show mill dams at these locations (Stone and Stewart, 1866). 

Fig. 5. First-order tributary eroding through glacial moraine.
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Land clearing and cultivation began in the Upper Susquehanna about a century 
later than in southeastern Pennsylvania, with cultivated land peaking around 1880 
(Whitney, 1994). Intensive settlement of the region came after 1800, with much of 
the early economy depending on logging and with a shift to agriculture only after 
1835 in some areas (Kensler and Melvin, 1930). This explains the large number of 
water-driven sawmills in 1840.

Erosion and Sediment Yields in the Upper Susquehanna

We do not suggest that sediment from pasture or forested lands does not enter 
the channel, but previous studies in our study area have shown contributions from 
those sources to be minimal. In an early study of soil erosion plots, Lamb at al. 
(1950) reported that sod meadow generated only 0.017 t ha–1 yr–1, and yields from 
forest land plots were almost undetectable. Forest land erosion reported by Patric et 
al. (1984) for 291 sites in eastern forests ranged from 0.02 to 4.37 t ha–1 yr–1, with a 
mean of 0.3 t ha–1 yr1, even though most of these forests were managed with road 
networks and logging.

The likelihood of a low contribution of agricultural fields to fine sediment loads 
in many of our study streams is corroborated by other erosion studies in the region 
(Lamb and Chapman, 1943; Lamb et al. 1944; Reed, 1972). In the most intensive, 
small watershed study of erosion and sediment sources in the Upper Susquehanna, 
Reed (1972) compared sediment yields over a 13-year period (1954–1967) in two 
small treatment and control watersheds with typical rural land uses in the upper 
Tioga River drainage. Land in the 26 km2 treatment watershed was 54% grassland, 
40% forest, and 6% cultivated. Adoption of extensive soil conservation measures 
in the treated watershed reduced sediment yields by 47% during the growing sea-
son, but not during the winter or during large summer storm events, when 96% of 
total sediment was transported. The continued high sediment load was explained by 
export of stored sediment in gullies and by channel erosion.

In the earliest study of small agricultural erosion plots in the glaciated Upper 
Susquehanna, Lamb et al. (1944) reported erosion rates, based on eight years of 
field data, of only 3.9 and 5.8 t ha–1 yr–1 on 9% and 20% slopes, respectively. Such 
small plot studies overestimate sediment delivery to streams because most eroded 
soil accumulates as colluvium on lower slopes (de Ploey and Yair, 1985; Walling 
and Collins, 2008). Erosion from plots on weedy idle crop lands was 0.44 t ha–1 
yr–1 (Lamb et al., 1950). These relatively low agricultural erosion rates on even 20% 
slopes might be explained by the ubiquitous stones in many agricultural soils of gla-
ciated regions (Gordon, 1979). Removing all stones over 5 cm diameter from field 
plots resulted in a 220% increase in erosion rates (Lamb and Chapman, 1943). 

In contrast to relatively low agricultural erosion reported in the glaciated Upper 
Susquehanna, Gellis et al. (2008) used the 137 Cs method to calculate much higher 
contemporary net erosion rates in the lower Susquehanna’s Conestoga watershed, 
with an average of 19.4 t ha–1 yr–1 measured from five cultivated fields on 0–8% 
slopes.

With the abandonment of much steep croplands since 1900, agricultural erosion 
has decreased. This may account for the relative importance of bank sediment in 
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some tributaries. Current sediment loads in many streams of the Upper Susquehanna 
are not high compared to those in New York state (Nagle et al., 2007) or the rest 
of the Susquehanna basin, with some major tributaries showing low yields (Table 
3), although the data presented should be viewed with caution due to brief peri-
ods of measurement for many streams. Sediment yields reported by Williams and 
Reed (1972) in the eastern Upper Susquehanna basin were generally lower than 
those in the western basin (Table 3), which they explained was due to the presence 
of coarser sandstone bedrock in the east, with minimal deposits of eroding fine-
grained glacial drift and lacustrine deposits derived from shale. Short-term studies 
reported by Williams and Reed (1972) in eastern tributaries, such as the Unadilla 
and Chenango, show anomalously low yields of 14 and 17 t km–2 yr-–1, even lower 
than those assumed for minimally disturbed forested watersheds in the Northeast 
(Kunkle and Comer, 1972; Williams and Reed, 1972) (Table 3). The western Upper 
Susquehanna’s highest yields, at 154 t km–2 yr–1, are in the Canisteo River (Williams 
and Reed, 1972), where erosive muck soils were ditched and drained for agriculture 
and areas of severe bank erosion exist in its headwaters.

An explanation for the striking lack of correlation between the percentage of agri-
cultural land and basin sediment yields from the upper Susquehanna, compared to 
those of unglaciated river basins in the Atlantic drainage of the U.S. (Meade, 1982), 
is that rock armors the soil of glaciated regions against erosion (Gordon, 1979). 
Lower export of eroded agricultural soils might also be due to relatively low rainfall 
erosivity compared to other regions on the Atlantic seaboard (Meade, 1982) and 
lower sediment export from drainage networks interrupted by many lakes and bogs 
left as the continental ice sheets retreated at the end of the Wisconsin glacial period 
(Bloom, 2008).

CONCLUSIONS

To determine the proportion of stream sediment that eroded from banks, we 
compared the concentrations of the nuclear bomb–derived radionuclide 137 Cs in 
fluvial sediment samples from stream banks and cultivated lands in the glaciated 
Upper Susquehanna basin. Our use of recently deposited channel margin sediment 
from inside the bankfull channel was effective, although we caution others before 
attempting this approach because finding sites with recent deposition of very fine 
sediment is difficult in many tributaries. The simple mixing model was effective for 
distinguishing between bank and cultivated sources, since we have found that most 
channel banks in the area have little or no 137 Cs.

The contributions of bank sediment to stream sediment in the 15 study streams 
ranged from 0 to 100%, with a median contribution of 53%. In eight of the study 
tributaries, over half of the deposited sediments were derived from channel banks. 
Mill Creek had a 100% contribution from bank erosion, with an entrenched channel 
and eroding banks at an identified mill dam site. A channel reconstruction project 
on this site may also account for the high percentage of sediment from bank erosion. 
With the exception of this site, the impacts of abandoned mill dams in our study area 
were relatively minor compared to reports from the southern Susquehanna (Walter 
and  Merritts, 2008). We suggest that bank erosion in many smaller tributaries in the 
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Upper Susquehanna is a legacy impact from early Euro-American settlement, with 
mobilization of coarse glacial materials driving channel widening and  instability. 

Most streams in the western Upper Susquehanna study area had much higher 
levels of bank erosion than in the eastern region. The seven streams in the western 
region averaged 67% bank sediment (median 77%). The seven eastern streams aver-
aged 36% bank sediment (median 44%). Large actively eroding banks and fine-
grained streamside glacial deposits are much less common in the eastern than the 
western area. 

Table 3. Suspended Sediment Yields for Upper Susquehanna and Other Streams in 
the Northeast (in t km–2 yr –1 )

Source Location t km–2 yr –1 

Minimally disturbed watersheds in Northeast U.S.

Kunkle and Comer (1972) Vermont Sleepers watersheds (glaciated, forested 
and minimally disturbed)

22–52

USGS Susquehanna study 
(Williams and Reed, 1972)

Driftwood Creek (non-glaciated, forested and 
minimally disturbed, mid- Susquehanna)

 23

Sediment Yields from Upper and Lower Susquehanna

Gellis et al. (2006) Susquehanna River (mean for 36 stations, 1952–
2001)

 87

Conestoga River (southeast PA, Piedmont, mean 
of 4 stations, 1985–2001) 

279

Little Conestoga Creek (southeast PA, piedmont, 
1985–1992)

827

Reed (1972) Corey Creek (Upper Susquehanna,Tioga River 
drainage, 1954–1967)

 44

USGS Susquehanna study 
(Williams and Reed, 1972);
stations from 1962 to 1967, all 
less than three years of data
 

Tioga River at Erwins (western Upper 
Susquehanna) 

 66

Chemung (western Upper Susquehanna)  53

Canisteo River (western Upper Susquehanna) 154

Unadilla River (eastern Upper Susquehanna)  14

Chenango River (eastern Upper Susquehanna)  17

Owego at Owego (eastern Upper Susquehanna)  24

Susquehanna at Conklin
(eastern Upper Susquehanna) 

 28

Gellis et al. (2004) Susquehanna at Towanda, 1985–1996 estimated  36

Tioga at Lindley , NY; 1975–1980 (western Upper 
Susquehanna)

141

Chemung at Chemung, 1975–1977 (western 
Upper Susquehanna)

115
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