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Introduction
The supporting information contains text describing the details of the methods used in this
study, five supplemental figures, one supplemental table summarizing the geology in the
study area, and a supplemental movie demonstrating knickpoint migration in the Upper
Tennessee Basin due to base level fall at the modern basin outlet.
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Text S1:
1 Extended Methods
1.1 River profile analysis:
Detachment-limited river incision, , can be modeled as a function of upstream contributing
drainage area, , and local channel slope, , as:
(S1)
where

is the erodibility coefficient, which incorporates the effects of lithology, adjustments

in channel width, hydrologic roughness and variations in runoff, among others, and

and

are positive constants that depend on basin hydrology, channel geometry and erosion
process (Whipple and Tucker, 1999). Solving for local channel slope and rearranging terms in
equation S1 yields:
/

(S2)

Equation S2 can be integrated with respect to distance along a river profile to predict the
elevation of a river profile:
/

where

is elevation, is distance along the profile,

the right-hand side of the equation is referred to as

′

(S3)

is base level, and the integral term in
(Perron and Royden, 2013). The version

of equation S3 differs from that in Perron and Royden (2013) who normalize
drainage area to give the metric units of length. We present
slope of a
, where

to a reference

as in equation S3 such that the

versus elevation plot, referred to as a -plot, is the normalized steepness index,
is equal to the term (E/K)1/n. The

to

ratio in equation S3 is the same as the

concavity index used in traditional slope-area river profile analysis (Kirby and Whipple, 2012;
Perron and Royden, 2013). Note that equation S3 is similar to equation 1 in the main text, save
for path dependent changes in

are included into the integral term in equation 1.

For the analyses in this study, we calculate for the full stream network using an

to

ratio of 0.45. This value was selected because it is consistent with the average concavity
index found for the southern and central Appalachian Mountains (Gallen et al., 2011, 2013;
Miller et al. 2013). This value might vary in the study area, but theory and empirical studies
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show that for well-adjusted, graded rivers that experience uniform uplift, climate and
lithologic conditions, the concavity index falls within a small range between 0.4 to 0.6 (e.g.
Kirby and Whipple, 2012). Absent these complicating factors, there is good reason to expect
that the

/ ratio for graded river profiles will fall within this restricted range. While there is

some uncertainty in the selection of this
basis of the selected

to

/ value, the measured value of

ratio. As such, if a different

will vary on the

/ were used the exact values of the

results would change, but the general patterns and results would hold.
1.2 Geologic unit and physiographic province average

and erodibility coefficient, :

A simplified digital geologic map of the Upper Tennessee basin was used to determine
the average

for eight geologic map units from -elevation data. For this analysis, we

discretize the river network on the basis of the distribution of the simplified geologic map,
allowing us to perform a matrix inversion of the -elevation data to determine unit average
and calculate 1 uncertainties after accounting for the autocorrelation of residuals (Figure
S1a) (see Gallen, 2018 for details).
We approximate the erodibility coefficient for the eight different geologic map units
(Figure S1a). Under the assumption that

in equation S1 is equal to 1, this calculation is made

by dividing the long-term average erosion of the Appalachians, 27 ± 4 m Ma-1, as determined
from apatite fission track analysis and cosmogenic nuclide concentrations in the central and
southern Appalachians (Boettcher and Milliken, 1994; Matmon et al., 2003a), by geologic map
unit average

. Uncertainties in unit average

and the inferred erosion rate were

propogated with a Monte Carlo analysis. This analysis is obviously over-simplified, but serves
to demonstrate that the shales and limestones in the Valley and Ridge province are more than
twice as erodibile as adjacent rocks in the Appalachian Plateau and Blue Ridge provinces
(Figure S1b). We conducted the same analysis for average

and

for each physigraphic

province to demonstrate that these differences in landscape morphology and inferred
erodibility are consistent even when averaged over the scale of entire physographic provinces
(Figure S1c). The results of this analysis are consistent with indendent estimates of

from the

southern and central Appalachains (Miller et al. 2013; Gallen et al. 2013). Furthemore, trends
defined by basin average erosion rates and basin average normalized steepness index data
from similar rock units found throughout the Appalachains support these calculations
(Matmon et al., 2003a, b; Marstellar, 2012; Miller et al., 2013; Duxbury et al., 2015; Linari et al.,
2017) (Figure S1). On the basis of the relationship

⁄

⁄

, the slope and y-intercept
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of a log-log -

plot is equal to

and , respectively. The data compiled for different rock

units in the Appalachians are general consistent with the assumption that
trends on par with our calculations of

= 1 and define

using the approach outlined above (Figure S1d).

1.3 Description of the river profile inversion:
The details of the river profile inversion are presented in Gallen (2018), but we
summarize them here for completeness. Under the assumption that the slope exponent, , in
equation S1 is equal to 1, the response time, , for a perturbation to travel from the river
outlet, at = 0, to a given point along a river network, , is given by (Whipple and Tucker,
1999):
(S4)
The assumption that

= 1 is justified by studies of knickpoint migration in the Appalachians

that demonstrate that knickpoint distributions within individual basins are well explained by
models that assume

= 1. Nonetheless, if

were not 1 the precise results of the inverse

modeling would change but the overall patterns observed would not. Furthermore, the
simplifying assumption that

= 1 allows for application of efficient linear inverse theory to

assess the potential base level fall history of the basin.
Following Goren et al. (2014), Gallen (2018) assumed a block uplift (or base level fall)
scenario in which the elevation of the river network follows the equation:
′

(S5)

where ’ is an integration variable, time zero is the present, and the past is represented by
negative time. Equation S5 predicts that the present elevation of a given point along a river
network,

, is the integral of the relative uplift rate along the downstream channel points

during the past over a duration of
same elevation

and that all tributaries with the same

will lie at the

.

To set up the inverse problem, the data are organized such that there are

data

points of and along the fluvial network that share a common uplift history and are ordered
according to elevation. A time step of constant length,

, is chosen that determines the

number of discrete time intervals, . In the case of the Upper Tennessee basin, Gallen (2018)
used a

of 2 Ma, but changing this variable has little effect on the general model outcome.
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Using the discretization described above, equation S5 can be written for each data
point, and the equations can be organized in matrix form:
(S6)
where

is an

× matrix of discretized as outlined above and is elevation. This is an

overdetermined inverse problem, and, thus, a least squares estimate for

is used (Tarantola,

1987):
Γ
where

1⁄

∑

⁄∑

(S7)
,

and is a prior guess at the uplift rate, Γ is a dampening

coefficient that determines the smoothness imposed on the solution, and is the ×
identity matrix.
To quantify the uncertainties associated with inputs into the linear inverse model (e.g.
and average erosion rate), Gallen (2018) used a Monte Carlo routine wherein 1000
independent simulations were applied. For each simulation,

and average erosion rate was

randomly selected based on the mean and standard deviation, assuming a Gaussian
distribution of uncertainties, for each geologic map unit. The selected

and erosion rate for

each rock unit were then used to calculate the erodibility coefficient for each rock unit and the
response time of the river, , using equation S4, and the -elevation data was then inverted for
the base level fall history using the method outlined above (Figure S2).
1.4 Paleo-fluvial network elevations:
For the paleo-fluvial network analysis, we assume that base level at the outlet of the
Upper Tennessee basin was 150 ± 25 m higher than the present day. The value represents the
mean inferred amount of base level fall from the linear inverse modeling calculated by
integrating the spike in the base level fall history (Figure S2b). Importantly, the contact
between overlying, relatively resistant conglomerates and sandstones and underlying,
relatively erodible shales of the Appalachian Plateau is ~150 m above the river channel at the
outlet of the Upper Tennessee basin (Figure S2). We do not think that this relationship is
coincidental; we suggest that capture of the Upper Tennessee basin by the Paleo-Lower
Tennessee basin, as inferred by Gallen (2018), occurred as the Appalachian capstone was
consumed across Walden Ridge (Figure S2). We, therefore, suggest that the basal contact of
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the caprock provides a robust datum of the elevation of the outlet just after capture, and
consider that the inverse modeling results provide corroborating support.
River profiles were projected upstream assuming a channel outlet elevation 150 ± 25
m higher than today on the basis of equation 1 in the main text. This analysis assumes that the
drainage network has not been substantially modified since capture and that the modern
distribution of rock-type average

has remained the same. These simplifying assumptions

are justified by inferred slow rates of drainage divide motion in the southern United States
(Linari et al., 2017) and the distribution of the normalized steepness index that is strongly
dictated by the physiographic provinces. To account for uncertainties in this analysis, we
perform a Monte Carlo analysis and reconstruct 1000 paleo-river network elevation maps for
the Upper Tennessee basin using equation 1 by randomly selecting a paleo-outlet elevation
above the modern river channel (150 ± 25 m) and a

value for each rock-type based on the

mean and standard deviation of each calculation. We only calculate the river network to ≤ τ of
9 Ma, which is the mean timing of the base level fall estimated from the inverse modeling
(Figure S2). In other words, we only reconstruct the paleo-elevation analysis to the
approximate position of the knickpoints observed in the Upper Tennessee basin today (Figure
1).
1.5 Eroded rock volume calculations:
To determine the volume of rock eroded during upstream migration of knickpoints,
we calculate the mean ± 1 elevations of the paleo-river network on the basis of the analysis
described above. A cubic spline interpolation with tension is fitted to the modeled river
network elevations (Figure S3). This analysis does not include hillslopes, but, because fluvial
networks maintain ~80 to 90 percent of landscape relief (Whipple and Tucker, 1999), this
analysis captures most of the paleo-relief in the landscape. The interpolated paleo-elevation
maps are then differenced from the modern topography to determine mean ± 1 eroded
volumes (Figures 2a, S3).
1.6 Stress modeling:
Because the area of preferential erosion in the Upper Tennessee basin is much longer than it is
wide, we use a line load approximation to understand how erosion has influenced stress on
hypothetical faults at depth (Amos et al., 2014) (Figure S4). The two-dimensional components
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of stress (

,

,

) at any point at depth caused by a distributed line load

at the surface

of an elastic half-space can be calculated as (Jeager et al., 2009):
(S8)
(S9)
(S10)
where

and

are the angles from the edges of the line load measured clockwise from the

positive direction to a given point at depth,

is the load half-width and is positive in the

downward direction (Figures 3; S4). The normal ( ) and shear ( ) stress components can be
resolved on to a fault plane with a dip angle

in a strike direction normal to the

2

plane as:

(S11)
(S12)

Assuming Coulomb failure and that pore-fluid pressure, cohesion and the coefficient of
friction

are constant over time, the change in Coulomb stress

is calculated as (Jeager et

al., 2009):
| |

(S13)

Note that the above equations can be used to calculate the change in stress rate when the
time derivative of the line load is applied.
For this analysis, we assume a line load distributed along a 70 km distance, which is
the average width of the eroded material, and

equal to ~2.8 x 1011 N m-1, based on an

inferred uniform 150 m of eroded material with a density of 2700 kg m-3 (Figures 4; S4).
Because seismic studies indicate that steeply dipping faults of variable dips are active in the
ETSZ and that the seismicity is concentrated at ~15 km depth, we calculate unclamping
stresses on faults with dips ranging from +45° to -45° assumed to be striking normal to the
plane. The results show changes in clamping stress for both favorably and unfavorably
orientated faults (Figure 4). We conduct a similar analysis using the modeled pattern of
modern erosion rates to derive the modern fault unclamping rate at 15 km depth as shown in
Figure 4c, d.
1.7 Flexural isostatic adjustments to erosional unloading:
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We model the flexural isostatic response to erosional unloading using a continuous
two-dimensional elastic layer over an inviscid half-space using the equation (Watts 2001):
∆
where

is lithospheric rigidity,

(S14)
is vertical deflection of the plate, ∆ is the density of the

mantle (3300 kg m-3) minus the density of the eroded material (2700 kg m-3),

is acceleration

due to gravity (9.81 m s-2) and is the applied surface load. The lithospheric rigidity is
described by (Watts, 2001):
(S15)
Where

is Young’s modulus, set to 100 MPa,

is the effective elastic thickness, and

Poisson’s ratio, here set to 0.25. We use a range of

is

from 40 to 50 km to span most of the

range proposed for the southeastern U.S. by Armstrong and Watts (2001). The applied load
values are based on the inferred eroded volume maps and the assumed density of the eroded
material. All calculations assume spatially uniform lithospheric rigidity and were solved in the
spectral domain. Forward and inverse fast Fourier transforms were used to move between the
spatial and spectral domains and generate maps of two-dimensional surface deflections
(Figures 3, S5).
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Supporting Information Figures:

Figure S1. a. Simplified geologic map of the Upper Tennessee basin draped over a hillshade.
. c.
b. Geologic unit and physiographic province average normalized steepness index,
Geologic unit and physiographic province average erodibility coefficient, . This calculation is
made assuming = 1 in the stream power equation and divide the average normalized
steepness index ( ) by the long-term average erosion rate of the southern Appalachians (27
± 4 m Ma-1). d. Plot of beryllium-10 derived basin average erosion rate versus basin average
for different rock-type in the Appalachians. The average for each physiographic in the
Upper Tennessee basin is shown by the background shading (see details of analysis in
Supporting Information section 1.2). The dashed gray lines show the trend of different
erodibility coefficients ( ) assuming = 1. Data was compiled from Matmon et al., (2003a, b),
Marstellar, (2012), Miller et al. (2013), Duxbury et al. (2015) and Linari et al. (2017).
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Figure S2. a. Geologic map and simplified stratigraphic section of the outlet of the Upper
Tennessee Basin. The elevation of the Upper Tennessee basin outlet prior to base level fall, as
estimated by the linear inverse modeling of Gallen (2018) is noted. b. River response time, ,
versus elevation plot of the Upper Tennessee basin (gray dots). The solid and dashed black
lines show the best-fit inverse model and 1 uncertainties, respectively. The red dashed line
show the project profile to the paleo-outlet elevation. c. The base level fall history (mean ± 1 )
recovered from the linear inverse modeling of river profiles. This pattern is consistent with a
rapid drop in base level of ~150 m at 9 ± 3 Ma. Figure modified from Gallen (2018).
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Figure S3. a. Digital elevation model (DEM) of the Upper Tennessee drainage basin. b.
Interpolated paleo-fluvial network elevation map of the Upper Tennessee basin generated
values for each rock type. c. Map of
using equation 1 in the main text and assuming mean
eroded thickness created by differencing the reconstructed fluvial network elevation map
shown in b from the DEM shown in a.
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Figure S4. Schematic of the line load modeling used to estimate changes in stress at depth
(after Jeager et al., 2009). See supplementary text for details.
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Figure S5. Upper row shows maps of mean ± 1 eroded thickness maps for the Upper
Tennessee River basin. Each corresponding column shows the modeled surface deflections
associated with the preferential removal of the rock mass. Surface deflections calculated
assuming flexural isostatic rebound assuming lithospheric rigidity based on effective elastic
thicknesses, , of 40, 45 and 50 km.
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Table S1. Description of simplified geologic map units in the Upper Tennessee Drainage Basin
shown in Figure S1a.
Assigned Unit Age and Name
Pennsylvanian
Sandstone and conglomerate
Shale and siltstone
Mississippian to Cambrian
Carbonate

Shale and siltstone

Sandstone and conglomerate
Paleozoic to Proterozoic nonsedimentary units
Metamorphosed sedimentary
Gneiss
Igneous

Description
Largely undeformed sandstone and conglomerate
beds with some layers of siltstone and shale.
Largely undeformed shale and siltstone beds with
some sandy and carbonate-rich layers.
Limestone and dolostone beds with some shale and
chert layers. Units are largely undeformed in the
Appalachian Plateau and Interior Low Plateau
Provinces and are deformed the Valley and Ridge
Province.
Mostly interbedded shales and siltstone of variable
organic content with some courser grained horizons.
Units are largely undeformed in the Appalachian
Plateau and Interior Low Plateau Provinces and are
deformed the Valley and Ridge Province.
Deformed sandstone and conglomerate beds.

Variably metamorphosed slates, phyllites and schists
derived from a range of protoliths.
Paragneiss and orthogneiss.
Mostly granite to diorite plutonic units. Includes some
mafic units and volcanic rocks.

Movie S1. Simulated propagation of knickpoints through the Upper Tennessee basin. The
different shades of gray represent to different physiographic provinces and the yellow dots
knickpoints (see Figure 1 for reference). The erodibility coefficient is determined by divide
, by an inferred average erosion rate of
geologic unit average normalized steepness index,
27 m Ma-1, consistent with the mean long-term average erosion rate of the southern
Appalachians (Boettcher and Milliken, 1994; Matmon et al., 2003a). Note how the knickpoints
rapidly sweep through the Valley and Ridge province and slow when they encounter the
flanking provinces, and thus are predicted to preferentially erode rock from the central basin
axis.

16

