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The persistence of topography within ancient orogens remains one of the outstanding questions in
landscape evolution. In the eastern North American Appalachians, this question is manifest in the
outstanding problem of whether topographic relief is in a quasi-equilibrium state, decaying slowly over
many millennia, or whether relief has increased during the late Cenozoic. Here we present quantitative
geomorphic data from the nonglaciated portion of the Susquehanna River drainage basin that provide
insight into these end-member models. Analysis of channel profiles draining upland catchments in the
northern Valley and Ridge, Appalachian Plateau, Blue Ridge, and Piedmont provinces reveals that a large
number of streams have well defined knickpoints clustered at 300-600 m elevation but not system-
atically associated with transitions from weak to resistant substrate. Cosmogenic '°Be inventories of
modern stream sediment indicate that erosion rates are spatially variable, ranging from ~5-30 m/Myr
above knickpoints to ~50-100 m/Myr below knickpoints. Overall, channel gradients, normalized for
drainage area, scale linearly with catchment-averaged erosion rates. Collectively, regionally consistent
spatial relationships among erosion rate, channel steepness, and knickpoints reveal an ongoing wave of
transient channel adjustment to a change in relative base level. Reconstructions of relict channel profiles
above knickpoints suggest that higher rates of incision are associated with ~100-150 m of relative base
level fall that accompanied epierogenic rock uplift rather than a change to a more erosive climate or
drainage reorganization. Channel response timescales imply that the onset of relative base level change
predates ~3.5 Ma and may have begun as early as ~ 15 Ma. We suggest that adjustment of the channel
network was likely driven by changes in mantle dynamics along the eastern seaboard of North America
during the Neogene.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

in a state of quasi-equilibrium (e.g., Hack, 1960; Matmon et al.,
2003), maintained isostatically but decaying slowly over geologic

Despite significant progress in understanding the coupling
among topography, climate, and tectonics within active orogens
(Whipple, 2009), the persistence of topography observed along
many passive margins remains enigmatic (Baldwin et al., 2003;
Bishop and Goldrick, 2010; Scharf et al., 2013). As an example, the
eastern seaboard of North America has been a passive continental
margin for ~180 Myr (Faill, 1998); yet, the Appalachian Mountains
retain significant topographic relief, with the highest elevations
reaching just over 2000 m above sea level (Fig. 1A). The history of
this topography has long been a topic of study (Davis, 1889), and a
continuing debate centers on whether Appalachian topography is
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time (e.g., Baldwin et al., 2003), or whether it has been rejuve-
nated during the late Cenozoic (e.g., Davis, 1889; Hack, 1982; Poag
and Sevon, 1989; Hancock and Kirwan, 2007; Gallen et al., 2013;
Portenga et al., 2013; Prince and Spotila, in press).

Recent geomorphic studies in the Appalachians have revealed
fluctuations in channel incision during late Cenozoic time (Poag
and Sevon, 1989; Pazzaglia and Gardner, 1993; Sasowsky et al.,
1995; Granger et al., 1997; Springer et al., 1997; Reusser et al.,
2004; Ward et al., 2005), that stand in apparent contradiction to
the conventional wisdom that slow degradation of topography has
been sustained for > 100 Myr (Matmon et al., 2003; Spotila et al.,
2004). Potential drivers of erosion rate variability, however,
remain a point of debate, with workers alternatively favoring
climate change (Boettcher and Milliken, 1994; Reusser et al.,
2004; Ward et al., 2005; Hancock and Kirwan, 2007; Westaway,
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Fig. 1. Maps of study area. (A) Digital elevation model (DEM) of the eastern USA showing the Appalachian Mountains, Susquehanna River catchment (red), and Baltimore
Canyon Trough (yellow). Black contours show change in dynamic topography since 30 Ma, in meters (modified from Moucha et al. (2008)). Dashed line is the Fall Line.
Location of panels B and C outlined in black. (B) Geologic map draped over shaded relief DEM of study area. Geologic province boundaries shown with white dashed lines.
(C) Red polygons mark individual catchments used in erosion rate and stream profile analyses. Black lines mark southern margins of major glacial advances from Fullerton
et al. (2003)) (one tic: late Wisconsin; two tics: Illinoian; three tics: pre-Illinoian). Thick blue lines mark streams referred to in text and other figures (1: W. Branch
Susquehanna R.; 2: Moshannon Ck.; 3: Bennett Branch Sinnemahoning Ck.; 4: E. Branch Hicks Run; 5: Little Birch Island Run; 6: Lebo Branch Cooks Run; 7: N. Fork Beech Ck.;
8: Long Run; 9: Gottshall Run; 10: Larrys Ck.; 11: White Deer Ck.; 12: W. Conewago Ck.; 13: Mountain Ck.). (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)

2007), drainage reorganization and stream capture (Harbor et al.,
2005; Pazzaglia et al., 2006; Gunnell and Harbor, 2010; Prince
et al,, 2010, 2011; Prince and Spotila, in press), or changes in the
tectonic rock uplift rate (Poag and Sevon, 1989; Pazzaglia and
Brandon, 1996; Gallen et al., 2013).

Lately, studies of density-driven flow in the mantle (Moucha
et al., 2008; Spasojevi¢ et al., 2008) have renewed interest in
dynamically supported topography along the eastern North Amer-
ican margin (Vogt, 1991; Pazzaglia and Brandon, 1996; King, 2007),
perhaps associated with intraplate seismicity in the region (Wolin
et al., 2012). Although important differences among models and
their predictions exist (Flament et al., 2013), such models provide
reasonable explanations for anomalous sea-level curves deter-
mined from the Atlantic passive margin (Spasojevi¢ et al., 2008)
and deformed shorelines across the Cape Fear and Norfolk Arches
(Rowley et al., 2011). Moreover, some model realizations (Moucha
et al., 2008) raise the possibility that changes in mantle circulation
since ~30 Ma have driven surface uplift of ~100-200 m inboard
of the coastal margin (Fig. 1A). Although such changes should, in
principle, be measurable, the scarcity of geomorphic markers with
which to gauge subtle, long-wavelength deformation in the erod-
ing upland landscapes of the Appalachians, and thus test dynamic
topography models, makes this challenging.

River profiles are increasingly exploited as gauges of tectonic
and climate change (Wobus et al., 2010; Kirby and Whipple, 2012;
Schildgen et al., 2012). Interpretations of profile shape are com-
plicated where rivers cross substrates with contrasting erodibil-
ities because equilibrium channel gradients depend on rock mass
quality and resistance to erosion (e.g., Duvall et al., 2004). Such
complications are present in the Appalachians, where the Paleo-
zoic fold and thrust belt structure is clearly displayed in the
topography (Hack, 1960; Mills, 2003). Consequently, it has been
difficult in the Appalachians to show whether knickpoints in river
profiles—traditional geomorphic fingerprints of perturbations in
incision rate (e.g., Bishop et al.,, 2005)—are migratory, reflecting
changes in external forcing, or whether these are stable, anchored
by spatial variations in substrate erodibility (Hickok, 1933;

Morisawa, 1962; Harbor et al., 2005; Frankel et al., 2007; Gallen
et al,, 2011, 2013; Prince et al., 2011; Prince and Spotila, in press).
Central to this problem, it remains to be shown in the Appala-
chians that knickpoints thought to be migratory (e.g., Gallen et al.,
2013; Prince and Spotila, in press) correspond to along-stream
variations in incision rate.

In this paper, we examine whether the topography in the
Susquehanna River drainage basin (Fig. 1), part of the central
Appalachian Mountains, can be considered in a steady state or
whether it records the imprint of transient channel incision.
Because this region is largely upstream of relict fluvial terraces
(Pazzaglia and Gardner, 1993), we combine quantitative analyses
of channel longitudinal profiles (Wobus et al., 2006a; Kirby and
Whipple, 2012) with existing determinations of erosion rate from
in-situ cosmogenic '°Be inventories in fluvial sediment (Reuter,
2005; Portenga and Bierman, 2011). The results demonstrate that
regional channel gradients and erosion rates are adjusting to 100-
150 m of base level fall that most likely began in the Neogene.
Finally, we explore the implications of our results for geodynamic
predictions of mantle-driven late Cenozoic surface uplift. Our
results demonstrate that stream profile analyses coupled with
basin-averaged erosion rate data provide a powerful tool for
detecting and quantifying transient erosion in a lithologically
diverse, ancient orogen.

2. Study area

The 71,200 km? catchment of the Susquehanna River is the
largest draining the eastern slope of the Appalachians. Our study
focuses on the part of that catchment that is south of the limit of
Quaternary glaciation and mostly within the state of Pennsylvania,
USA (Fig. 1). Elevations range from sea level to 957 m. This region
encompasses a part of the Paleozoic Appalachian orogen that was
rifted locally during the Triassic and has subsequently become the
North American passive margin (Faill, 1998, 2003). Today, the area
comprises six geologic and physiographic provinces (Fig. 1B) with
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varying bedrock geology, structure, and topographic relief
(Schultz, 1999). Farthest upstream, the Appalachian Plateau pro-
vince consists of flat-lying to gently folded Paleozoic clastic rocks
(shale, sandstone, and conglomerate) and has up to 400 m of local
relief, measured in a 2.5 km radius window. The Valley and Ridge
province (<400 m relief) is made up largely of folded Paleozoic
carbonate, shale, sandstone, and quartzite. The Piedmont (<200 m
relief) and Blue Ridge (<300 m relief) provinces are underlain by
Precambrian to early Paleozoic crystalline rocks. Only in the
Piedmont have stream terraces been documented that are thought
to be older than the Pleistocene (Pazzaglia and Gardner, 1993;
Engel et al., 1996). The Triassic Gettysburg basin (<200 m relief) is
largely igneous and lacustrine sedimentary rocks. At its mouth, the
Susquehanna River crosses the physiographic Fall Line that marks
the contact between the Piedmont and onlapping Cretaceous to
Cenozoic Coastal Plain sediments.

3. Methods
3.1. Stream profile analysis

Stream profile analysis (Wobus et al., 2006a; Kirby and
Whipple, 2012) is based on the relationship between channel
gradient and erosion rate, both of which adjust to rock uplift,
climate, and lithology (Duvall et al., 2004; DiBiase and Whipple,
2011). This relationship is supported by a growing body of
empirical work from active orogens that demonstrates that channel
steepness increases monotonically with catchment-averaged erosion
rate averaged over 10°-10° yr timescales (Kirby and Whipple, 2001;
Safran et al., 2005; Wobus et al., 2006a; Harkins et al., 2007; Ouimet
et al., 2009; Cyr et al., 2010; DiBiase et al., 2010).

Stream profile analysis accounts for the fact that channel
gradients along a stream course commonly exhibit an inverse
power-law scaling relationship with contributing drainage area,
associated with graded, concave-up stream profiles (Flint, 1974).
This scaling relationship is defined by two parameters that are
estimated by least-squares linear regression of log-slope and log-
area: a concavity index, 0, and a steepness index, ks (see Online
supplementary materials). The latter parameter can be an effective
metric with which to compare the slopes of channels, normalizing
for differences in basin shape and drainage area. To facilitate
comparison among streams, it is common practice to calculate a
normalized steepness index, ks,, using a fixed reference concavity,
Orer (e.8., Snyder et al., 2000; Kirby et al., 2003). Although similar to
methods that rely on slope-distance relationships (Goldrick and
Bishop, 2007) and that compare channel slopes at a reference
drainage area (Sklar and Dietrich, 1998), this method has the
advantage of being more flexible when comparing among streams
of widely different size and with different catchment shapes (see
discussion in Kirby and Whipple (2012)).

Although stream profile analysis was developed in the context
of steady state landscapes (those where incision balances uplift of
rock), it has been extended to transient systems as well (e.g.,
Schoenbohm et al., 2004; Clark et al., 2005; Harkins et al., 2007;
Kirby et al., 2007; Kirby and Whipple, 2012; Miller et al., 2012;
Morell et al,, 2012; Olivetti et al., 2012; Schildgen et al,, 2012;
Walcek and Hoke, 2012). When rock uplift rate increases, for
example, channels respond by steepening profile gradients. In
detachment-limited (bedrock) streams, this adjustment begins
downstream and migrates upstream until the entire channel is
adjusted to the new boundary condition (Whipple and Tucker,
1999). The point or reach separating gentler channel gradients
upstream from steeper gradients downstream is the knickpoint or
knickzone, readily identified both on longitudinal profiles and also
as abrupt downstream increases in steepness index on plots of log-

slope against log-area (Wobus et al., 2006b). However, distinguish-
ing transient or migratory knickpoints from stable knickpoints
anchored to resistant substrate requires knowledge of underlying
geology as well as independent determinations of erosion rates
above and below the knickpoints (e.g., Harkins et al., 2007).

We analyzed stream profiles using a US National Elevation
Dataset DEM (Gesch, 2007; accessed July 2009) with 1/3-arc-second
resolution that we projected to a Universal Transverse Projection and
cell size of 10 m. Slope and drainage area were calculated at a 12.2 m
elevation interval, the contour interval (40 ft) of the data from which
the DEM was partially derived. Fifty-six small tributary catchments,
0.6-25.3 km? in area and ranging from low to high local relief, were
chosen to study the relationship between channel steepness and
erosion rate, which provides details about stream profile dynamics
on a local scale. Each catchment is underlain by a single dominant
lithology, either shale, sandstone, quartzite, or schist, as categorized
by Miles and Whitfield (2001). For each catchment, we calculated the
mean kg, following the procedure of Ouimet et al. (2009) using the
10 m resolution DEM and setting 6,.,~=045 (Fig. 1C; see Online
supplementary materials for further details).

For a larger-scale analysis that places these individual catch-
ments in a regional context, we downsampled the DEM to 90 m
resolution for computational feasibility. For this part of the study,
we inspected the profiles of 60 individual tributaries, estimating
concavity and normalized steepness indices (6r,,=0.45) and map-
ping knickpoints where channel profiles steepen by a factor of > 2
and exhibit offset trends in slope-area scaling. Knickpoint loca-
tions were compared to Pennsylvania's 1:250,000-scale digital
map of bedrock geology in order to assess the role of lithology
(Miles and Whitfield, 2001).

3.2. Catchment-averaged erosion rates

For each of the 56 small catchments, erosion rates were
determined from cosmogenic °Be measured in quartz extracted
from river sand in active channels (Brown et al,, 1995; Bierman
and Steig, 1996; Granger et al., 1996; Bierman and Nichols, 2004).
These rates are spatial averages for each catchment, integrated
over the residence time of quartz in the upper few meters of rock
and regolith on the hillslopes (~10%-10° yr in the Appalachian
Mountains) (Matmon et al., 2003). Sediment was sieved to 0.25—
0.50 mm, quartz was purified, and Be was extracted at the
University of Vermont using standard techniques (Kohl and
Nishiizumi, 1992; Bierman and Caffee, 2001). '°Be/°Be ratios were
measured by accelerator mass spectrometry at the Lawrence
Livermore National Laboratory and normalized to the KNSTD3110
standard to calculate '°Be concentrations (Reuter, 2005).
Catchment-averaged '°Be production rates were calculated on a
pixel-by-pixel basis from a 30 m DEM by Portenga and Bierman
(2011), correcting for latitude and elevation by applying the scaling
schemes of Lal (1991) and Stone (2000). No corrections were made
for topographic shielding, quartz enrichment, magnetic field
variations, or snow cover. Erosion rates were originally reported
by Reuter (2005) and updated (considering the change in °Be
halflife and thus standard values of Nishiizumi et al. (2007)) by
Portenga and Bierman (2011) using the CRONUS online calculator
(Balco et al., 2008), and assume a rock density of 2.7 g/cm>. Each
catchment is underlain by a single dominant lithology, hence we
assume quartz distribution is uniform. Larger catchments with
well-defined floodplains and alluvial fans were not included in the
analysis, so long-term sediment storage is likely minimal.

Along three of the tributaries, samples were collected by Reuter
(2005) both upstream and downstream of knickpoints allowing us
to evaluate along-stream variations in erosion rate. We decon-
volved erosion rates below knickpoints using a two-component
mixing model (Granger et al., 1996; see description in Online
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supplementary material) that specifically accounts for the areas of
hillslopes above and below knickpoints following the approach of
other studies (Reinhardt et al., 2007; Van den Berg et al., 2012;
erosion rates modeled for the below-knickpoint areas are the bold,
italicized values in Table S2).

4. Results
4.1. Stream profiles

Regional analysis shows that knickpoints are common in
tributary channels of the Main Branch and West Branch Susque-
hanna River (Fig. 2). The 61 knickpoints identified have a mean
elevation of 411 m (16=127 m). This sample includes a small
number (7%) between 50 and 150 m elevation; most (85%) of the
remainder lies between 300 and 600 m. The low-elevation cluster
of knickpoints appears to be associated with a well-studied
convexity along the lower 200 km of the Susquehanna River
(Pazzaglia and Gardner, 1993) that is thought to be related to
flexural deformation of the Atlantic seaboard (Pazzaglia and
Gardner, 1994). The higher elevation group of knickpoints spans
all geologic provinces in the Susquehanna catchment; this group is
the focus of the remainder of this paper.

The higher elevation knickpoints occur in diverse rock types
(e.g., carbonates, clastics ranging from mudstone to conglomerate,
and metamorphics including quartzite and metarhyolite) and have
upstream drainage areas that range over 5 orders of magnitude
(0.2-49,600 km?; Table S1 in Online supplementary materials).
These knickpoints are well defined in slope-area plots at the
breaks between to two sub-parallel scaling trends reflecting ~2-
3 fold differences in channel steepness (Fig. 3). Viewed together,
such overlapping slope-area plots demonstrate the shared beha-
vior among streams across the spatially large, geologically diverse
region.

On the whole, mean steepness indices in these tributaries are
15 + 2 m%® above knickpoints and 43 + 5 m%® below (Fig. 3 inset).
Mean concavity indices (0) are 0.41 + 0.06 and 0.45 + 0.18, above
and below knickpoints, respectively. This latter observation con-
firms that differences in channel profile gradient can be examined
regionally by mapping channel steepness index. Overall, steepness
indices within the Susquehanna catchment range from ~5 to
~170 m®°. The greatest steepness indices correspond to the lower
Susquehanna River where it crosses the Piedmont and through
Holtwood Gorge (Fig. 4). Other coherent regions of steep channel
gradients (k=40 m®®) occur hundreds of kilometers farther
upstream, immediately downstream of most of the high-
elevation knickpoints that we identified. These knickpoints, in
turn, lie at the downstream boundaries of low-steepness regions
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the bottom. (B) Histogram of knickpoint elevations identified from slope-area plots. Identification criteria described in text.
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on the Appalachian Plateau, as well as in high elevation valleys and supplement). These rates correlate (p <0.01; Table S3 in Online

broad ridge tops in the Valley and Ridge province. supplement) with channel steepness (Fig. 5A). There is no strong
influence of rock type apparent in these data. Rock types other
4.2. Erosion rates and relationship to channel gradients than sandstone are all eroding at rates <30 m/Myr, but also

reflect a relatively limited range of channel steepness
Catchment-scale erosion rates in our study, including the three (ken < 35 m®?). For these rock types (shale, quartzite, and schist),
deconvolved rates, range from 4 to 99 m/Myr (Table S2 in Online catchment-scale erosion rate and channel steepness do not
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correlate significantly; any potential differences in erodibility
cannot be distinguished clearly in the data (Table S3). Thus, within
the resolution available, the different rock types in our study erode
equally fast at a catchment scale for a given channel steepness.
The erosion rates reported here are averaged over entire
catchments, which are dominated areally by hillslopes rather than
channels. However, we suggest that the channels and hillslopes
are eroding at similar rates. To support this, we note the correla-
tion (R?=0.70) between hillslope gradients, represented by the
mean catchment slope, and channel gradients, represented by the
mean normalized steepness index (Fig. 6). This correlation is
exhibited in all catchments without knickpoints, which are
assumed to be in equilibrium, as well as in portions of catchments
below knickpoints. This relation suggests that hillslopes are
adjusted to channel gradients, even below knickpoints. This
relation is also consistent with the observation that hillslope
gradients in these catchments correlate well with catchment-

Slope (°)

oL =0, . . .
0 20 40 60 80 100

Normalized steepness index (m%9)

Fig. 6. The relationship between hillslope and channel gradients in different rock
type (circles: sandstone; triangles: shale; squares: quartzite; stars: schist). Plot
compares catchment-averaged slope against catchment-averaged normalized
steepness index. Gray symbols indicate catchments without knickpoints. Black
symbols represent portions of catchments below knickpoints and contiguous topo-
graphic breaks on hillslopes, for which erosion rates were deconvolved in Fig. 5.

averaged erosion rates (Reuter, 2005; Portenga and Bierman,
2011).

Paired samples collected above and below knickpoints on
individual tributaries, such as those shown in Fig. 7A, demonstrate
that erosion rates increase immediately downstream of knick-
points by 37-78 m/Myr (samples 110-111,120-121, and 125-126 in
Table S2). In fact, most of the variance in erosion rates in our study
can be explained by differences in channel steepness across
knickpoints. To demonstrate this, Fig. 5B shows data for catch-
ments in sandstone, the only rock type that was sampled both
above and below knickpoints, and separates those samples
according to their positions with respect to knickpoints: (1) those
samples upstream of knickpoints, (2) those directly downstream of
and in the same channel as knickpoints, and (3) those in concave
(equilibrated) tributary channels that enter below knickpoints.
Except for the three samples that allowed us to deconvolve the
erosion rates below knickpoints, we excluded results from catch-
ments that include knickpoints. Overall, sandstone catchments
above knickpoints are eroding at a mean rate of 15+ 3 m/Myr
while channels and adjacent hillslopes below knickpoints, includ-
ing equilibrated tributary channels and their catchments, are
eroding faster at a mean rate of 52 + 16 m/Myr.

These results indicate that spatial variations in channel gradi-
ents across the Susquehanna drainage basin largely reflect spatial
variations in catchment-averaged erosion rates, conforming to the
scaling relationship noted in non-glaciated, equilibrium catch-
ments undergoing rock uplift worldwide (Fig. 5C). This latter
observation, too, suggests that channel erosion rates in our study
closely match catchment-averaged rates. Thus, it is reasonable to
conclude that channels in the Appalachians adjust their erosion
rates, and hence gradients, in response to changes in external
forcing with the same physical behavior as bedrock channels in
tectonically-active landscapes (Kirby and Whipple, 2012).

5. Analysis

5.1. Spatial relationships among knickpoints, channel steepness, and
lithology

As noted above, erosion rates in our study show no strong
sensitivity to rock type, but vary significantly across knickpoints. In
this section, we broaden our analysis to the spatial association
between lithology and all studied stream profiles to examine
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Fig. 7. Transient erosion below knickpoints. (A) Longitudinal profile of Gottshall Run, showing different erosion rates across a knickpoint (circle). Sample locations (stars) and
erosion rates from '°Be analysis are shown. The reconstructed relict stream profile (black dashed line) and 95% confidence interval (gray envelope) were extrapolated using
the ks, above the knickpoint and 6,./=0.45. Amount of transient channel lowering (AZ) at confluence with West Branch Susquehanna River is indicated. Horizontal bar below
profile shows dominant rock types in formations across which the stream flows. (B) Representative longitudinal profiles with reconstructed relict profile of West Branch
Susquehanna River (black dashed line) and elevations of projected relict profiles at confluences with trunk stream (squares). Errors shown at 95% confidence interval. Dashed
gray line is the topographic profile of the Miocene terrace (Tg1) of Pazzaglia and Gardner (1993). Refer to Fig. 2 caption for other symbols.
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whether knickpoints occur consistently with a specific rock type,
or a transition from one rock type to another. The high-elevation
knickpoints in our study occur in a total of 21 different lithologic
formations dominated by carbonate, clastic, and metamorphic
rock types and ranging in age from Precambrian to Permian
(Table S1 in Online supplementary material). Steep channels
below knickpoints are commonly associated with sandstone, such
as on the Appalachian Plateau (Fig. 4B), but occur to lesser degrees
in shale, carbonate, igneous, and metamorphic rocks (Fig. 7A;
Table S1). Regions of low channel steepness above knickpoints
occur in this same range of rocks (Figs. 4B and 7A). Broadly, no
apparent spatial association exists between rock type and knick-
points, or rock type and channel steepness.

Nevertheless, some knickpoints could coincide with formation
contacts. On average, the horizontal distance between knickpoints
and the closest formation contact is 2.0 + 0.7 km, and the mean
vertical separation is 51 + 17 m. As a whole, the sample mean does
not coincide with contacts even at the 2¢ level. However, 48% of
individual knickpoints are separated vertically from the closest
formation contact by <12 m, the vertical resolution of the slope-
area analysis, and might therefore coincide with contacts. It
remains unclear whether knickpoints are briefly detained or
accentuated at these contacts, but, as large-scale features that
separate portions of the landscape eroding at different rates, it is
clear that they are not pinned by lithologic contrasts. We provide
evidence in the next section that the knickpoints are not sta-
tionary, and thus that the role of lithology is a secondary influence
on their presence and dynamics.

5.2. Comparison between observed knickpoint locations and
knickpoint migration model predictions

The regionally widespread, high-elevation knickpoints in our
study (1) occur across a large range of drainage areas but a limited
range of elevations, (2) demarcate a systematic ~2-3 fold increase
in channel steepness, and (3) are the spatial boundary between
~2 and 3 fold differences in erosion rate. Overall, these character-
istics are consistent with the predicted transient response of
detachment-limited channels to an increase in rock uplift rate or
base level fall (Snyder et al., 2000), supported by studies from
other orogens showing similarly elevated erosion rates below
knickpoints (Reinhardt et al., 2007; Olivetti et al., 2012; Van den
Berg et al., 2012). Knickpoint occurrence over a large range of
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drainage areas suggests that knickpoints do not form at a critical,
small drainage area (cf. Crosby and Whipple, 2006). Instead, the
cluster of knickpoint elevations follows the expectation that
migratory knickpoints initiated on a single trunk stream migrate
vertically through tributaries at the same rate (Niemann et al.,
2001). Assuming a space-for-time substitution, these transient
dynamics are represented by the overlapping slope-area plots of
these streams (inset in Fig. 3).

Another way to test whether the high-elevation knickpoints are
the result of transient erosion, and thus genetically related, is to
examine the consistency between the locations of observed
knickpoints and the locations predicted by a generic knickpoint
migration model. We follow others (Crosby and Whipple, 2006;
Berlin and Anderson, 2007; Whittaker and Boulton, 2012) by using
an expression derived from the stream power law (see Online
supplementary material), where knickpoint celerity, or dx/dt with
units m/yr, is

dx/dt = KA™ €]

where K is a celerity coefficient with units of m=2™)yr, A is
drainage area with units of m?, and m is a constant that depends
on erosion process, hydraulic geometry, and catchment hydrology
(Whipple and Tucker, 1999). This model assumes that erodibility is
not a function of sediment yield and that plucking is the primary
erosion mechanism, hence erosion rate scales linearly with chan-
nel slope (Whipple et al, 2000). Given the current drainage
network, for which we know the drainage area for every point,
and a given combination of K and m, we solve for knickpoint
position as a function of time through each tributary (Crosby and
Whipple, 2006). We use a brute force approach to iterate through
values of K (logarithmic increments of 10%2 between 107 and
107> m*~2™}yr) and m (increments of 0.02 between 0.40 and 0.60)
to find a combination that, at time t,j,rmse, Minimizes the root
mean square error (RMSE) between the predicted distances of all
knickpoints from the Susquehanna River mouth and the observed
distances.

The resulting best fit yields a strong correlation (R*=0.98)
between predicted and observed migration distance when
m=0.50 and K=2.5 x 10% yr™! at t;inrmse=2 Myr (Fig. 8A). For this
simulation, the mean along-stream distance between observed
and predicted knickpoints is only 0.3 +4.3 km (2¢), which is
remarkably small in comparison to the individual migration
distances (220-560 km) and the mean distance between observed
knickpoints and the divide above their channel heads (12 + 5 km).

10°

4.2+0.8 Ma

18.7£3.3 Ma

10%
0 5 10 15 20 25

Initiation of knickpoints (Ma)

Fig. 8. Results of knickpoint migration model. (A) Plot showing the predicted distance from the river mouth for the migrating model knickpoints against the observed
distance from the river mouth of real knickpoints that yields the lowest root mean square error, RMSE (R*=0.98). For comparison, hypothetical knickpoints at random
locations along each tributary are plotted against actual knickpoints (R*=0.41). Solid lines show least-squares linear regression results; dashed lines show 95% confidence
intervals. (B) Plot of RMSE between model and observed knickpoint distances from river mouth knickpoint travel time for three values of m. Solid lines represent model
results using preferred celerity coefficient, K, derived from least-squares linear regression of ks, and erosion rate in Fig. 5B; dashed lines represent misfits for the 95%

confidence interval of K from the same regression.
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Although this inverse procedure can yield a large range of similarly
small misfits, and thus a large range of tminrvse, for different
combinations of m and K (Berlin and Anderson, 2007; Gallen et al.,
2013), it is not our intention to uniquely determine these para-
meters. Rather, this exercise demonstrates that the observed, high-
elevation knickpoint positions are consistent with their being the
result of a single migrating wave (arrows in Fig. 4A) of transient
erosion through the existing drainage network (Bishop et al.,
2005). By way of contrast, if each present-day knickpoint is instead
compared to a knickpoint positioned randomly along each unique
tributary (Fig. 8A), the best-fit result is poorer (R>=0.47 + 0.01,
mean and bootstrapped 2¢ error of 1000 random samples) and the
mean distance between observed and random knickpoints is
larger (22.1 +£0.5 km). Such a hypothetical scenario might be
appropriate if knickpoints were (1) stationary and fixed to ran-
domly located asperities, (2) migrating with different K but
initiated concurrently, or (3) migrating with the same K but
genetically unrelated. Our results suggest that none of these
scenarios is likely.

5.3. Amount of transient incision

For streams exhibiting transient behavior but where stream
terraces are absent, one approach to evaluate channel incision
utilizes the steepness and concavity indices above knickpoints to
project a concave profile downstream, assuming that they had
concave profiles in equilibrium with prevailing conditions prior to
the onset of base level fall (e.g., Goldrick and Bishop, 1995;
Schoenbohm et al, 2004; Clark et al, 2005; Berlin and
Anderson, 2007; Harkins et al., 2007; Kirby and Whipple, 2012;
Miller et al., 2012; Morell et al.,, 2012; Schildgen et al., 2012;
Sternai et al., 2012; Walcek and Hoke, 2012). The difference
between the projected and modern channel elevations (AZ) is
the amount of relative channel lowering, which we measure at the
confluence with the Main Branch or West Branch Susquehanna
River (Fig. 7A). Thirteen representative tributaries underlain by
clastic rocks were reconstructed following Harkins et al. (2007)
and fixing ¢ equal to 0.45 (Fig. 7B). The resulting projected
tributary elevations nearly intersect the reconstructed trunk
stream profile over a distance of ~300 km (Fig. 7B). The failure
of the two reconstructed tributaries farthest downstream to
intersect the trunk profile is not surprising considering that the
reconstruction does not account for spatial variations in rock
erodibility or crustal deformation, which has been documented
by Pazzaglia and Gardner (1994) in stream terraces along the
lower Susquehanna River (dashed line in Fig. 7).

Taken together, the reconstructed tributaries have been low-
ered at the trunk stream by an average of 128 + 23 m (2¢ error
given; range: 56-180 m; Table S4 in Online supplement). This
result does not account for erosion of the relict channels above
knickpoints, and therefore does not account for the total base level
fall over the period of transient incision. Accounting for the
difference in erosion rates above (~15+3 m/Myr) and below
(~52+16 m/Myr) knickpoints (Kirby and Whipple, 2012;
Schildgen et al., 2012), the mean total base level fall is
181 + 32 m (range: 79-264 m). Overall, tributary incision (~100-
150 m) represents a modest fraction (at least 25-40%) of the local
topographic relief (up to ~400 m) in the study area present today.

5.4. Timescale of knickpoint migration

By assuming that the relict and transient profiles are eroding at
constant though different rates, one can estimate the amount of
time that base level has been lowering at the tributary mouths
(Kirby and Whipple, 2012; Schildgen et al., 2012). Given that the
difference between mean erosion rates above and below

knickpoints is 37 + 19 m/Myr, the mean amount of time required
to cause the observed tributary base level fall (128 +23 m) is
3.5 + 0.6 Myr (range: 1.5-4.9 Myr; Table S4 in Online supplement).

Our calculation roughly estimates the time that transient
erosion initiated along the tributaries to the Susquehanna trunk
stream, but it likely underestimates the total time that migratory
knickpoints have been propagating through the entire fluvial
network. Although subject to model assumptions, this total
migration time can be predicted by the knickpoint migration
model. Assuming that erosion rate scales linearly with channel
slope, the steady-state relationship between steepness index and
erosion rate (E), the reciprocal of slope in Fig. 5B, can be used to
constrain reasonable values of K in the knickpoint migration
model (see Online supplementary information). Over a reasonable
range of m (0.4-0.5) and the corresponding estimates of K, tinrmse
ranges from ~4 to ~19 Myr (Fig. 8B).

These estimates assume that erosion rates, as well as their
relationship with channel steepness, have remained constant
through time. However, it remains possible that millennial scale
erosion rates estimated with cosmogenic isotopes have exceeded
the Neogene average because of enhanced periglacial weathering
and downslope transport during the Quaternary (Braun, 1989).
Despite this uncertainty, these estimates are consistent with a
number of lines of geologic evidence that suggest changes in
landscape erosion and sediment flux during the late Miocene to
early Pliocene. The amount of transient incision below knickpoints
agrees closely with ~130 m of incision inferred from middle
Miocene terraces along the lower Susquehanna River (gray dashed
line in Fig. 7B; Pazzaglia and Gardner, 1993). Terrace surfaces are
interpreted to correlate with coastal plain deposits (Pazzaglia,
1993), and thus incision is argued to be the cause of an increase
in sediment flux and grain size to the Baltimore Canyon Trough
observed at ~15Ma (Poag and Sevon, 1989; Pazzaglia and
Brandon, 1996; Steckler et al., 1999). This time period also coin-
cided with incision into low-relief upland erosion surfaces along
the New Jersey Piedmont to the east (Stanford et al., 2001;
Stanford et al., 2002).

Although the magnitude of inferred Miocene denudation (1-
2 km, see Pazzaglia and Brandon (1996)) in the Susquehanna
drainage is large relative to our estimate, uncertainties in the
source regions for offshore deposits make a direct comparison
difficult. Moreover, weathering profiles present upstream of
knickpoints at 280-310 m elevation in parts of the Valley and
Ridge province (triangle in Fig. 4A) are thought to have formed
over the past ~14 Myr (Parizek and White, 1985), suggesting that
parts of the relict landscape above high-elevation knickpoints have
undergone little physical erosion since middle Miocene time.

Whereas these temporal associations do not confirm that the
knickpoints were initiated in the middle Miocene, it seems likely
that transient incision was ongoing by late Miocene time. Con-
tinued incision along the Susquehanna River, however, maintained
relatively high sediment flux to the southern Baltimore Canyon
Trough through the late Miocene and Pliocene (Kulpecz et al.,
2009). Incision through the Valley and Ridge province had lowered
the groundwater table and initiated development of present-day
cave systems by 3-5 Ma (White, 2009). Temporal comparisons are
complicated by, but consistent with, the fact that transient erosion
migrates upstream as a kinematic wave (Whipple and Tucker,
1999). Following middle Miocene incision, stream incision rates
across the Piedmont appear to have decreased between 8 and
2 Ma to less than a third of previous rates (Pazzaglia and Gardner,
1993; Stanford et al., 2002). Proglacial lake deposits in the West
Branch of the Susquehanna River indicate that the bed had
lowered to its current elevation by ~1 Ma (Ramage et al., 1998),
suggesting that incision rates slowed, and thus channel gradients
decreased, in the wake of high-elevation knickpoints, which is
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consistent with the broad region of low channel steepness through
the Susquehanna drainage basin at elevations of ~150-300 m
(Fig. 4). Steeper channels at lower elevations, below the low-
elevation set of knickpoints, may be associated with an increase in
stream incision at ~2 Ma identified from the terrace record
(Pazzaglia and Gardner, 1993).

6. Discussion

Our results support a growing number of studies inferring that
topographic relief in the central and southern Appalachians has
increased during the late Cenozoic. Such studies have been based
on observations of faster millennial scale erosion rates in stream
channels than on nearby ridgetops (Hancock and Kirwan, 2007;
Portenga et al., 2013) and the inferred migration of knickpoints
along tributary networks (Gallen et al., 2013; Prince and Spotila, in
press). Our results provide the first definitive association between
transient river profiles in the region and elevated erosion rates.
These results argue strongly that a recent increase in topographic
relief in the Susquehanna River catchment is the result of a
perturbation in erosion rates propagating through the fluvial
network. Moreover, the regional extent of the wave of transient
incision implicates a driver that acts at wavelengths of hundreds of
kilometers.

Our results are compatible with previous studies of slow
exhumation in the Appalachians. Considering that Neogene inci-
sion inferred in this study from river profiles is less than a few
hundred meters, similar to values observed in the central and
southern Appalachians (Gallen et al., 2013), this would go largely
undetected by most, if not all, low temperature thermochronologic
systems (Reiners and Brandon, 2006). Moreover, the rates of
incision are sufficiently low that sediment mixing from different
portions of a transient fluvial network would still yield relatively
slow rates of erosion. Thus, rejuvenated topography could be
consistent with the observation that Quaternary erosion rates
nearly match long-term exhumation rates (Matmon et al., 2003;
Portenga et al., 2013). While it is clear that erosion rate data
augment traditional geomorphic studies, the converse is also true:
identification of transient landscapes can be critical for interpret-
ing patterns of erosion rate data.

Factors that have been proposed to drive transient erosion and
relief production in the Appalachian Mountains range from cli-
mate change, to drainage reorganization, to tectonic uplift. Topo-
graphic rejuvenation has been attributed to climate change and
increased erosivity since ~4 Ma (Hancock and Kirwan, 2007),
based on global increases in basin sedimentation (Zhang et al.,
2001) and river incision rates (Bridgland and Westaway, 2008).
However, much of the incision below high-elevation knickpoints
in our study appears to predate climate change at ~4 Ma and is
not easily attributed to this driver. Furthermore, faster erosion
associated with channel steepening below knickpoints in our
study is inconsistent with a climate-driven increase in erosivity,
which should engender a reduction in channel gradients (Wobus
et al,, 2010).

Stream capture is a potential mechanism that can rapidly lower
local base level and steepen channels in individual drainage basins.
This may be a factor in the Blue Ridge province, where streams are
eroding westward through the drainage divide (Harbor et al., 2005;
Gunnell and Harbor, 2010; Prince et al.,, 2011). Similarly, drainage
reorganization along the Ohio River, west of the divide, may also
drive transient incision in this region (Granger et al., 2001; Prince
and Spotila, in press). However, there is limited evidence for
capture in the non-glaciated portion of the Susquehanna catch-
ment (Strahler, 1945). Moreover, the model results presented
above are consistent with knickpoint migration through the

existing drainage network and our observation that certain knick-
points, such as in the Blue Ridge province, are relatively close to
the Susquehanna outlet. Thus, any large-scale drainage reorgani-
zation of the Susquehanna River network, such as westward
migration of the drainage divide proposed by Pazzaglia and
Brandon (1996), must have occurred earlier than the arrival of
the wave of incision identified in our study.

We suggest that transient incision (on the order of ~100-
150 m) now migrating through headwater reaches of the Susque-
hanna catchment is the remnant of a wave of incision induced by
differential epierogenic rock uplift during Neogene time. The
absence of Neogene stream terraces more than 120 km upstream
of the Susquehanna River mouth has been typically interpreted to
suggest that the magnitude of Late Cenozoic incision declined
upstream, a consequence of a flexural bulge being centered over
the Piedmont province (Pazzaglia and Gardner, 1993, 1994). In
contrast, our results imply that Neogene incision was widespread
throughout the drainage basin and associated with a broad,
regional perturbation to the landscape. Although isostatic flexure
driven by continental denudation and offshore deposition may be
responsible for up to ~60 m of differential rock uplift across the
Valley and Ridge and Appalachian Plateau (Pazzaglia and Gardner,
2000), it appears that flexure can explain only a fraction of the
base level fall observed in streams and is superimposed on a
broader pattern of uplift.

Recent modeling of global flow in the mantle driven by density
variations suggests that the observed late Cenozoic incision could
be the result of a change in dynamic support of topography.
Dynamic topography is a transient feature that drives long-
wavelength, low-amplitude changes in surface topography and
may engender geomorphic responses similar to those presented
here (e.g., knickpoints), as well as drainage reorganization (Roberts
and White, 2010; Roberts et al., 2012; Braun et al,, in press). The
eastern seaboard of North America was subjected to long-term
dynamic subsidence as North America overrode the ancient
Farallon slab (Spasojevi¢ et al., 2008; Flament et al., 2013). In some
model realizations (Moucha et al., 2008), changes in this flow field
over the past ~30 Ma drive ~100-200 m of surface uplift of the
central Appalachians (contours in Fig. 1A). South of the study area,
null shear-wave splitting results under the Piedmont and Coastal
Plain provinces may indicate vertical mantle flow (Long et al.,
2010; Wagner et al., 2012a), consistent with shear-wave tomogra-
phy that suggests vertical ascent of volatile-rich fluids above the
Farallon slab (van der Lee et al., 2008). Moreover, Oligocene to late
Miocene unconformities across the Norfolk Arch and elevated
mid-Pliocene shallow marine sediments on the southeastern US
Coastal Plain cannot be explained by flexure of the coastal margin
or eustasy (Pazzaglia and Gardner, 2000; Kulpecz et al., 2009;
Rowley et al., 2011). Such geologic evidence for dynamic uplift is
consistent with certain mantle flow models (Moucha et al., 2008;
Rowley et al., 2011), but not with others (Spasojevi¢ et al., 2008). It
is also possible that on-going subduction of the Farallon slab may
be driving mantle flow that, in turn, facilitated convective removal
of the lower lithosphere beneath the central Appalachians beneath
the Susquehanna catchment (Moucha et al.,, 2012), as has been
suggested in the southern Appalachians (Wagner et al., 2012b;
Gallen et al., 2013).

7. Conclusions

Analysis of stream profiles throughout the Susquehanna River
catchment in the central Appalachian Mountains reveals a cluster
of knickpoints between elevations of 300 and 600 m that marks a
regional transition from gently sloping channels upstream to
steeper channels downstream. These knickpoints are present in a
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range of rock types and are not pinned to resistant units, challen-
ging notions that regional topography reflects a delicate balance
between erosion and rock erodibility. Moreover, erosion rates
determined from cosmogenic °Be inventories scale with channel
steepness and increase significantly below knickpoints, suggesting
that these features are transient aspects of the channel network.
This evidence points to an ongoing wave of ~100-150 m of
incision that has been propagating upstream since at least
3.5 Ma, and possibly since ~15 Ma, driving relief growth over this
part of the passive margin. The widespread occurrence of knick-
points, consistency in estimated incision depth throughout the
unglaciated portion of the catchment, and high elevation of relict
landscapes suggests this region underwent over 100 m of surface
uplift in the late Cenozoic, consistent with some models of mantle-
supported dynamic topography along the eastern margin of North
America.
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