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Lithologic Controls on Focused Erosion and Intraplate
Earthquakes in the Eastern Tennessee Seismic Zone
Sean F. Gallen1,2 and J. Ryan Thigpen3

1Department of Geosciences, Colorado State University, Fort Collins, CO, USA, 2Department of Earth Sciences, Geological
Institute, ETH Zürich, Zürich, Switzerland, 3Department of Earth and Environmental Sciences, University of Kentucky,
Lexington, KY, USA

Abstract We present a new geomorphic model for the intraplate eastern Tennessee seismic zone (ETSZ).
Previous studies document that the Upper Tennessee drainage basin is in a transient state of adjustment to
~150 m of base level fall that occurred in the Late Miocene. Using quantitative geomorphology, we
demonstrate that base level fall resulted in the erosion of ~3,500 km3 of highly erodibility rock in an ~70 km
wide by ~350-km-long corridor in the Paleozoic fold-thrust belt above the ETSZ. Models of modern incision
rates show a NE-SW trending swath of elevated erosion ~30 km southeast of the center of the ETSZ. Stress
modeling shows that lithologically focused erosion has affected fault clamping stress on preexisting,
favorably oriented faults. We argue that the lithologically controlled transient erosional response to base level
fall in the Upper Tennessee basin has given rise to and is sustaining earthquake activity in the ETSZ.

Plain Language Summary There is currently no adequate theory to explain earthquakes that occur
far from plate boundaries, known as intraplate earthquakes, yet they represent a relevant seismic hazard to
heavily populated regions like the central and eastern United States. Intraplate earthquakes are often observed
in discrete zones defined by low levels of background seismicity and sometimes large, destructive,
historical earthquakes. Deriving new models and methodologies for understanding the mechanisms driving
intraplate seismicity will improve regional earthquake hazard assessments. Here we present a new model for
the eastern Tennessee seismic zone (ETSZ), the second most seismically active region in the central and
eastern United States. We model the history of landscape evolution above the ETSZ and show that a zone of
weak rocks allowed for focused erosion above the seismic zone. Using stress models, we demonstrate
that this erosion was sufficient to unclamp preexisting faults, allowing them to reactivate in the regional stress
field. This new model for the ETSZ and the methodology described can be applied to better understand
intraplate earthquakes in the central and eastern United States as well as other intraplate settings globally.

1. Introduction

Plate tectonics theory explains the global distribution of most earthquakes, with seismicity concentrated
along discrete plate boundaries. In contrast, the distribution and driving mechanisms of intraplate earth-
quakes, which occur in plate interiors far from plate boundaries, remain poorly understood (Stein, 2007).
Seismicity in continental interiors is often observed in discrete zones, and progress has beenmade in demon-
strating that many of these seismic zones exploit preexisting weaknesses (e.g., faults, fractures, and shear
zones) in the mid-to-upper crust (e.g., Hughes et al., 2015; Powell & Thomas, 2016). However, not all inherited
structures in continental plate interiors are seismically active, and no universally accepted mechanism exists
that explains the distribution and occurrence of intraplate earthquakes. This lack of a theoretical underpin-
ning inhibits progress in understanding earthquake hazard potential in heavily populated intraplate settings,
such as the central and eastern United States (Stein, 2007).

Various mechanisms have been proposed to explain specific instances of intraplate earthquakes and seismic
zones throughout the globe. Far-field stresses, such as spreading ridge push, basal traction on the lithosphere
due to mantle flow or some combination of both, can explain the regional state of stress in the crust but do
little in helping predict the triggering mechanisms or spatial distribution of intraplate seismicity (Ghosh &
Holt, 2012; Richardson et al., 1979; Sykes & Sbar, 1973). Locally weak lithosphere or regions underlain by adja-
cent lithospheric blocks of differing strength that might promote locally higher stress concentration are
sometimes invoked to explain continental intraplate earthquakes (Powell et al., 1994; Zoback & Richardson,
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1996). Transient perturbations to the regional stress field due to isostatic adjustments from glacial retreat,
marine flooding of the continental shelf, or warping of the lithosphere due to dynamic topography or
lithospheric foundering might also explain sites of elevated and depressed seismic activity away from
plate boundaries (Biryol et al., 2016; Forte et al., 2007; Ghosh & Holt, 2012; Stein et al., 1979). Some
researchers have argued that intraplate seismic zones are the result of the gradual buildup of gravitational
body forces due to lithospheric density contrasts (Levandowski et al., 2017). Others have suggested that
intraplate seismicity might arise from stress changes induced by preferential surface erosion (Calais et al.,
2010; Vernant et al., 2013).

Such a variety of models invoked to explain intraplate earthquakes suggests that their origins might be
diverse. Nonetheless, three general characteristics emerge that are consistent among most models for intra-
plate seismicity: (1) the presence of inherited structures that are preferentially oriented in the ambient stress
field, (2) crust that is critically stressed, and (3) fault slip that is facilitated by local perturbations in the regional
stress field. The former two conditions are generally met in postorogenic (e.g., ancient convergent belts and
postcollisional rift margins) intraplate settings. Postorogenic crust hosts numerous preexisting weaknesses of
variable orientation and is subject to slow, long-term strain accumulation from processes such as ridge push
and mantle-flow traction (Ghosh & Holt, 2012; Richardson et al., 1979; Sykes & Sbar, 1973). However, there is
an ongoing debate regarding the specific processes driving local perturbations in the stress field that initiate
intraplate seismicity in discrete zones.

The eastern Tennessee seismic zone (ETSZ) is the secondmost seismically active region in North America east
of the Rocky Mountains (Figure 1). Here seismicity extends from northern Alabama to Kentucky, but most
activity is concentrated in an ~50 by 300-km corridor beneath the Valley and Ridge physiographic province,
which is underlain by the Paleozoic (Alleghanian) fold-and-thrust belt (Figure 1; Powell et al., 1994). Despite
historical seismicity of up to Mw 4.8, paleoseismic evidence of earthquakes ≥Mw 6 (Hatcher et al., 2013; Warrell
et al., 2017) and its proximity to large populations centers such as Chattanooga and Knoxville, TN, the ETSZ
has received far less attention than the New Madrid, Charleston, and Central Virginia Seismic Zones, which
have all had historic, destructive earthquakes (Coffman et al., 1982).

Most studies of the ETSZ have focused on seismology, geophysics, and geology to identify the causative
faults, kinematics, and geological context of seismicity (Chapman et al., 1997; Hatcher et al., 2013; Powell
et al., 1994, 2014; Powell & Thomas, 2016; Warrell et al., 2017). The few focal mechanisms reported for the
ETSZ indicate strike-slip, transtensional, and normal motion, which is broadly consistent with microseismicity
that illuminates steeply dipping, approximately NE-SW oriented structures in the subthrust belt basement
(Chapman et al., 1997; Cooley, 2014; Levandowski et al., 2018; Powell et al., 1994). The strike of basement
structures aligns with the direction of the regional maximum compressive stress (Mazzotti & Townend,
2010), indicating that their orientation is favorable for reactivation with strike-slip kinematics.

Regarding the processes driving seismicity, the ETSZ is likely too far south to have experienced significant
stress perturbations due to postglacial isostatic adjustments (Craig & Calais, 2014). Alternately, it has been
argued that intraplate stress concentrated along lithospheric blocks of different strengths on opposite sides
of the seismic zone allows for slip on an ancient Grenvillian suture, defined by the New York-Alabama mag-
netic lineament (Powell et al., 1994; Powell & Thomas, 2016). However, this model fails to explain why earth-
quakes only occur in the ~300-km-long ETSZ and not along the entirety of the ~1,600-km-long ancient
basement lineament. Additionally, other studies have had difficulty resolving differences in mantle litho-
sphere structure across this boundary (Wagner et al., 2018). Lower crustal delamination and lithospheric
foundering have been invoked to explain the ETSZ (Biryol et al., 2016; Graw et al., 2015), but such hypotheses
are difficult to test with observational data from the geological record.

Here we present a new model for the ETSZ that suggests that lithological focusing of transient erosion in the
Upper Tennessee drainage basin has augmented the local stress field through redistribution of surface loads,
allowing preexisting basement structures to slip in the regional stress field. This research builds on a previous
study that demonstrates that a transient wave of incision is sweeping through the Upper Tennessee drainage
basin, which lies above the ETSZ (Gallen, 2018). The signal of base level fall is defined by a series of fluvial
knickpoints that encircle the Valley and Ridge province (Figure 1). The observed knickpoint distribution
implies that erosion has been preferentially focused downstream of the knickpoints in an ~70 km wide by
~350-km corridor of relatively erodible rocks in the Valley and Ridge (Figure 1). In this study, we use
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landscape reconstructions and analytical and numerical modeling to assess the impact of rock-type
controlled preferential erosion on the origin and ongoing activity of the ETSZ.

2. Background
2.1. Tectonic and Geological Setting

The eastern margin of North America has experienced two complete Wilson cycles (Thomas, 2006) and three
relatively discrete Paleozoic collisional events that culminated with the Alleghanian (Pennsylvanian-Permian)

Figure 1. Regional setting, geology, and geomorphology of the Upper Tennessee River basin. (a) Shaded relief map of the
eastern and central United States with major rivers shown in blue. Earthquake epicenters from the Virginia Tech
Seismological Observatory (1901–2016), the location of Figure 1b (white outline), and the Upper Tennessee basin (red
outline) are shown. (b) Hillshade of the Upper Tennessee basin with the physiographic provinces highlighted. The
distribution of knickpoints (red dots) found between ~400- and 600-m elevation represents the propagating front of
landscape adjustment to a Late Miocene base level fall event at the basin outlet (from Gallen, 2018), and earthquake
epicenters (yellow dots) from the Virginia Tech Seismological Observatory are shown. The eastern Tennessee seismic zone
(ETSZ) is shown by the clustering of seismicity beneath the Valley and Ridge province. (c) Longitudinal river profiles for
rivers draining ≥5 km2 in the Upper Tennessee basin with the location of the knickpoints (red dots). (d) Average normalized
steepness index, ksn, (left) and erodibility coefficient, K, (right) for each province in the Upper Tennessee basin
(see section 3 for details on the calculations of ksn and K). These values are representative of the distribution of rock-type
average ksn and K calculated throughout the basin (Figure S1). Table S1 contains brief descriptions of the rock types
in the Upper Tennessee drainage basin.

10.1029/2018GL079157Geophysical Research Letters
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orogeny (Hatcher et al., 2007). Late Triassic rifting led to opening of the North Atlantic and development of a
passive margin along eastern Laurentia (Hatcher, 1989). The tectonic and geologic history is strongly
imprinted in the contemporary landscape, providing the basis for the classification of well-defined physio-
graphic provinces (Figure 1). The passive margin drift history is recorded in Mesozoic-Cenozoic marine and
terrestrial sediments that underlie the low-relief coastal plain. The crystalline cores of the Alleghanian and
Neoacadian (Devonian) orogenies form the bedrock of the low-relief Piedmont province, and deeply
exhumed mid-to-high metamorphic grade thrust sheets of the Taconic orogeny (Hatcher et al., 2007) com-
prise the high-relief Blue Ridge of the modern Appalachian Mountains. Deformed sedimentary rocks in the
exhumed Alleghanian fold-thrust belt define the moderate relief Valley and Ridge province. Gently deformed
subhorizontal rocks representing the same Valley and Ridge Paleozoic stratigraphy are located in the
Appalachian Plateau.

2.2. Geomorphology of the Upper Tennessee River Basin

The Upper Tennessee River basin spans the Blue Ridge, Valley and Ridge, and Appalachian Plateau physio-
graphic provinces, and variations in rock type are strongly expressed in the topography (Figures 1 and S1;
Mills, 2003; Gallen, 2018). Relative to provinces to the west, the Blue Ridge consists of steep, high-relief terrain
underlain by erosionally resistant metasedimentary rocks. In the Valley and Ridge, resistant sandstone and
dolomite occupy ridgetops, while most of the province is defined by more erodible limestone and shale that
underlie valleys. A resistant sandstone and conglomerate caprock overlies most of the Appalachian Plateau
within the Upper Tennessee basin.

Gallen (2018) conducted a quantitative geomorphology study of the Upper Tennessee River system and
identified a suite of fluvial knickpoints (sharp convex upward sections in a longitudinal river profile) that sur-
round the Valley and Ridge province (Figure 1). This study showed that these knickpoints could be modeled
as a kinematic wave sweeping through the basin due to a 150 ± 25m base level fall event that occurred at the
mouth of the basin at 9 ± 3 Ma (Figure S2). The inferred amount of base level fall is consistent with the
present-day elevation of the contact between the strong Appalachian Plateau capstone and underlying easily
erodible shales, implying that eventual removal of the capstone is related to base level fall (Figure S2). On the
basis of these results, coupled with existing geomorphological, sedimentological, and biological data sets,
Gallen (2018) argued that base level fall was facilitated by capture of the Upper Tennessee basin by the
Lower Tennessee basin. Gallen (2018) argued that capture was triggered by expansion of the Lower
Tennessee basin in response to incision through the resistant Appalachian Plateau capstone. A detailed
description of this study and the methodology used are in the supporting information (Goren et al., 2014;
Tarantola, 1987). We use this study as a starting point to assess the geomorphic, isostatic, and crustal stress
response to this landscape perturbation.

We first reconstruct the magnitude and spatial extent of differential erosion associated with Late Miocene
base level fall and model the present-day distribution of river incision rates throughout the Upper
Tennessee basin. We then assess the flexural isostatic response to differential erosional unloading. Finally,
we use an analytical model to calculate unclamping stress on faults in the midcrust to evaluate the role of
differential erosion on the origin and ongoing activity of the ETSZ.

3. Methods
3.1. Geomorphic Analysis

The pre-base level fall elevation of the Late Miocene paleo-Upper Tennessee river network is reconstructed
assuming that local base level at the river outlet was 150 ± 25 m higher than present based on the inverse
modeling of Gallen (2018; Figure S2). We assume that the paleo-river network was in steady state and solve
the equation:

z xð Þ ¼ zb þ ∫xxb ksn x
0

� �
A x0ð Þ�m=ndx

0
(1)

where x is distance, z is elevation, zb is the paleo-base level elevation, ksn is the normalized channel steepness
index, A is drainage area, and m and n are positive constants, with a ratio equal to 0.45 (cf. Perron & Royden,
2013). This ratio is consistent with that found as a local or regional average in the Appalachians (Gallen, 2018;
Gallen et al., 2011, 2013; Miller et al., 2013). It is also in agreement with theoretical considerations that suggest
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that a well-adjusted river with spatially uniform uplift, lithology, and
runoff should have an m to n ratio between 0.4 and 0.6 (Kirby &
Whipple, 2012). The normalized steepness index is a stream channel
metric commonly used in tectonic geomorphology studies, and it is
proportional to the ratio of river incision rate to bedrock erodibility
raised to an exponent (Kirby & Whipple, 2012; Whipple & Tucker,
1999). The average ksn is calculated for eight geologic map units
(Figure S1; see the supporting information for complete description
of the methodology). For our paleo-elevation estimates, we use the
path-dependent changes in rock-type-averaged ksn and drainage
area defined by the modern river network to solve equation (1) and
propagate uncertainties in the paleo-outlet elevation and ksn using
a Monte Carlo routine. We use the paleo-elevation estimates along
with the digital elevation model of the Upper Tennessee basin to
quantify the spatial extent and volume of rock eroded downstream
of the knickpoints by subtracting the two elevation models
(Figures 2 and S3).

A model of the spatial distribution of modern erosion rates is gener-
ated by taking the derivative of river network elevation with respect
to the response time of the river system, τ. The river response time
is calculated as (Whipple & Tucker, 1999)

τ xð Þ ¼ ∫x0
dx

0

K x 0ð ÞA x 0ð Þm (2)

where K is a coefficient of erodibility that is calculated for the eight
geologic map units by dividing the geologic unit average ksn by an
assumed basin average erosion rate of 27 ± 4 m/Ma. We use this
basin-averaged erosion rate because it represents the regional aver-
age of the Appalachians integrated over a range of timescales from
tens of thousands to hundreds of millions of years (Boettcher &
Milliken, 1994; Matmon, Bierman, Larsen, Southworth, Pavich, &
Caffee, 2003; Matmon, Bierman, Larsen, Southworth, Pavich, Finkel,
et al., 2003).

3.2. Flexural Isostasy

We assess the flexural isostatic response to spatially focused erosional
unloading in the Upper Tennessee basin and surrounding area. The
area affected by the isostatic response is determined by the size of
the load and the elastic strength of the lithosphere (Watts, 2001).
We use an elastic plate model with an effective elastic thickness, Te,
a proxy for lithospheric elastic rigidity, ranging from 40 to 50 km.
These values encompass most of the range of Te in the study area
as determined using a maximum entropy-based coherence method
(Armstrong & Watts, 2001). The isostatic response was calculated
using a Young’s modulus of 100 MPa, a Poisson’s ratio of 0.25, and
densities of the eroded material and mantle of 2,700 and
3,300 kg/m3, respectively. Calculations were made in the spectral
domain, and forward and inverse fast Fourier transforms were used
to move between the spatial and spectral domains.

3.3. Stress Modeling

To assess the role of spatially focused erosion on fault plane
stress we used an analytical line load model that calculates

Figure 2. Earthquakes density and results from the geomorphic analysis.
(a) Density map of earthquake epicenters per kilometer squared as determined
from a 10 km moving window over the Virginia Tech Seismological Observatory
catalog. (b) Map of mean eroded rock due to base level fall and upstream
migration of knickpoints. The dashed gray line shows the central axis of the Upper
Tennessee Valley, which is set as zero distance for the line load modeling and
projection of the earthquake epicenters shown in Figure 4. The black dashed
rectangle shows the location of the eroded thickness swath profile in Figure 4a.
Note the correlation between eroded thickness in b and the density of earth-
quakes generated in the ETSZ in a. (c) Map of modeled present-day erosion rate.
The dashed white box shows the location of the swath shown in Figure 4c. Note
the elevated zone of erosion along the westernmargin of the Blue Ridge province.
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two-dimensional (2-D) stress from surface loading or unloading of an
elastic half-space at any point at depth (Jaeger et al., 2009; Amos et al.,
2014; see the supporting information for full model details). The
approximation of a 2-D line load is justified because the modeled
loads are much longer than they are wide. We resolve the shear and
normal stress on hypothetical fault planes of a range of dip angles,
consistent with reactivated faults in the ETSZ that strike normal to
the x-z plane in our model (Figure S4). Assuming Coulomb failure,
the change in Coulomb stress, Δσc, on the fault plane is calculated as

Δσc ¼ Δ τsj j þ μΔτn (3)

where Δτs is the change is shear stress, Δτn is the change in normal
stress, and μ is the coefficient of friction, assumed to be 0.6. (Amos
et al., 2014; Jaeger et al., 2009). This same equation can be used to
calculate changes in stress rate when the time derivative of stress
change is provided.

4. Results

The normalized steepness index of Valley and Ridge rock units is, on
average, approximately a factor of 3 lower than adjacent units in the
Blue Ridge and Appalachian Plateau provinces. This result implies that
Valley and Ridge units are approximately 3 times more erodible than
the flanking rock-types (Figures 1 and S1). These calculations are con-
sistent with independent estimates of erodibility from the Valley and
Ridge (Miller et al., 2013) and the Blue Ridge (Gallen et al., 2013) pro-

vinces as well as trends defined by basin average erosion rate and ksn data from similar rock-types through-
out the Appalachians (Figure S1; Matmon, Bierman, Larsen, Southworth, Pavich, & Caffee, 2003; Matmon,
Bierman, Larsen, Southworth, Pavich, Finkel, et al., 2003; Marstellar, 2012; Miller et al., 2013; Duxbury et al.,
2015; Linari et al., 2017).

Our paleo-topography reconstructions indicate that erosion was confined to an ~70- by 350-km corridor of
highly erodible rocks in the Valley and Ridge (mostly carbonate and shale) (Figures 1, 2, and S3). The volume
of rock preferentially removed from the Valley and Ridge due to differential erosion associated with the tran-
sient wave of erosion totals ~3,551 ± 783 km3, with an average eroded thickness of ~150m (Figures 2 and S3).
Despite the large volume of preferentially eroded rock, the flexural isostatic response to focused erosion is
only several tens of meters, due to the high rigidity of the lithosphere in this region (Armstrong & Watts,
2001) (Figures 3 and S5). The map of modeled present-day river incision rates shows a zone of elevated ero-
sion, more than double background, in an elongate NE-SW trending swath along the western margin of the
Blue Ridge province (Figure 2c). The advancing knickpoint front defines the elevated zone of erosion and it is
located ~30 km southeast of the center of the ETSZ (Figures 1 and 2).

The highest density of ETSZ microseismicity is located at ~15-km depth beneath the zone of focused erosion
(Figures 1, 2, and 4). Stress modeling indicates that maximum unclamping stresses on faults at 15-km depth
are >3 MPa, with maximum long-term time-averaged unclamping rates of nearly 0.4 Pa/year assuming that
base level fall initiated at 9 Ma (Figures 4a and 4b; Gallen, 2018). The location of the greatest reduction in
modeled unclamping stress is spatially coincident with the highest density of historical seismicity
(Figures 2 and 4). The swath of elevated present-day erosion rates along the western margin of the Blue
Ridge is also predicted to perturb stress in the mid-to-upper crust and is capable of reducing clamping stress
at a rate of 0.3–0.4 Pa/year in the ETSZ (Figures 4c and 4d).

5. Discussion and Implications

Relatively erodible shale and limestone in the Valley and Ridge allowed for rapid, focused removal of
~3,500 km3 of rock in response to base level fall in the Late Miocene (Figures 2 and S3 and Movie S1).

Figure 3. Modeled flexural isostatic response to erosion unloading of ~3,500 km3

of rock in the Valley and Ridge province as shown in Figure 2b. This analysis
assumes an effective elastic thickness (Te) of the lithosphere of 40 km, which is
consistent with the lower end of estimates derived for this region that range
between 40 and 50 km (Armstrong & Watts, 2001), to demonstrate the maximum
anticipated flexural isostatic response to erosional unloading.
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The wave of enhanced incision slowed as it encountered more resistant sandstone and conglomerate in the
Appalachian Plateau and metamorphic rock in the Blue Ridge, giving rise to the peculiar distribution of
knickpoints surrounding the Valley and Ridge (Figures 1 and S2 and Movie S1). The differential response
time of rivers incising variable lithology resulted in the development of a focused zone of erosion along
the western edge of the Blue Ridge (Figures 1 and 2c). Despite the removal of such a large volume of rock,
the amount of isostatically induced rock uplift is surprisingly small due to the high elastic rigidity of the

Figure 4. Stress modeling. (a) Swath profile of mean (blue line) ± 1σ (shaded orange) eroded thickness derived from
Figure 2a. The gray bars show the boundary between the Appalachian Plateau (AP), Valley and Ridge (VR), and Blue
Ridge (BR) physiographic provinces within the swath. The average eroded thickness in the Valley and Ridge is ~150 m, and
we use a simple step function, as shown by the red line, to simulate the changes in clamping stress on faults at 15 km depth.
(b) Modeled changes in unclamping stress on hypothetical faults at 15-km depth with dips ranging from +45° to �45°
(135°) assumed to be striking normal to the xz plane. The y axis on the right-hand side of the plot shows the average rate of
unclamping stress assuming a time-averaged erosion rate of 150m of rock over a 9-Myr period, which is the favored timing
of base level fall (Gallen, 2018). The plot shows the spread in data for faults of all dips considered. (c) Same as in a but
showing modeled present-day erosion rates (d) Same as in b but the calculations are made using the erosion rate step
function in c. (e) Location and kernel density plot of earthquake depths as projected onto the gray dashed line shown in
Figures 2b and 2c.

10.1029/2018GL079157Geophysical Research Letters

GALLEN AND THIGPEN 9575



lithosphere in this ancient orogenic belt (Figure 3). However, the preferential erosion of less resistant rocks
substantially changed the clamping stress along preexisting basement structures (Figure 4).

The spatial coincidence between the location of the largest mass of rock preferentially eroded rock from the
Valley and Ridge and earthquake density in the ETSZ hints at a causative link (Figures 2a and 2b). The correla-
tion between the maximum unclamping stress and the highest concentration of seismicity supports this
interpretation (Figures 4b and 4e). We argue that lithologically focused erosion allowed preferentially
oriented preexisting basement structures to slip in the regional stress field and gave rise to the ETSZ. The pat-
tern of modeled present-day incision rates suggests that base level fall and the lithologically controlled drai-
nage basin response resulted in a pattern of differential erosion capable of affecting the local state of stress in
the ETSZ today (Figures 2c and 4c and 4d). We suggest that modern differential erosion, perhaps coupled
with changes in Coulomb stress and fault weakening due to ongoing earthquake activity, are sustaining
the ETSZ. The slow response time of the Upper Tennessee River system (Gallen, 2018) resulted in a persistent
zone of reduced clamping stress. While the rates of stress change are low, provided the crust is critically
stressed, an infinitesimal amount of stress change would result in failure. Even if the crust is not critically
stressed, when integrated over hundreds of thousands of years, these rates of stress change are large enough
to promote fault unclamping and slip.

This new model for the ETSZ is consistent with the model of erosion-induced seismicity in the New Madrid
Seismic Zone proposed by Calais et al. (2010) and suggests that intraplate earthquakes will occur on suitably
oriented preexisting faults in a passing wake of transient erosion. Our model indicates that intraplate seismic
zones triggered by focused erosion may not be stationary but can migrate through time. If faults favorably
oriented in the regional stress field are located beneath these erosion hotspots, seismic zones will be located
downstream of the erosional front and propagate headward following the migrating knickpoints. If correct,
we expect that the ETSZ will become more diffuse and spread to the north and southeast through time.
Within this framework, the propagation rate of the erosional front, and thus the migration rate of the ETSZ,
is controlled by variations in erodibility and landscape response time associated with different rock-types.

Our proposed lithologically focused erosional unloading model for intraplate earthquakes is most applicable
to postorogenic settings, as stark contrasts in rock strength are expected at the transition from crystalline to
sedimentary units in ancient convergent orogens. Spatial variability in substrate erodibility will modify the
erosional response and can act to focus erosion during periods of transient landscape evolution. A number
of processes can trigger landscape transients, including incision through rocks of variable erodibility, river
capture, climate change, or uplift from dynamic mantle processes. We expect intraplate seismicity to be
repeatedly turned on and off as transient waves of incision intermittently sweep through the landscape
and drive erosional focusing in swaths of less competent rock units. This model is also applicable to modern
piggyback basins in fold-thrust belts, where the breaching of a basin will result in rapid erosion of the basin
fill, changing the state of stress on underlying faults. We emphasize that this geomorphic model for intraplate
seismicity does not exclude or invalidate other hypotheses regarding the ETSZ. Rather, several factors might
contribute to the generation of earthquakes in the ETSZ and other intraplate seismic zones. Importantly, the
model presented in this study makes several testable predictions, namely, a flexural isostatic response to ero-
sional unloading and a distinct spatial pattern of present-day erosion rates.

6. Conclusions

We present observations that a transient wave of incision preferentially eroded ~3,500 km3 of rock from rela-
tively erodible lithologic units in the Alleghanian fold-thrust belt of the southern Appalachian Mountains. We
show that there is a spatial correlation between this focused erosion and seismic activity on preexisting base-
ment structures beneath the fold-thrust belt. Through stress modeling, we demonstrate that focused, differ-
ential erosion can drive a >3-MPa reduction in clamping stress along these structures and that modern
differential erosion continues to affect crustal stress in the ETSZ. We use this evidence to suggest that litho-
logically focused erosion has given rise to and is sustaining the ETSZ by allowing optimally oriented struc-
tures to slip in the ambient, regional stress field. This model can be applied to other continental intraplate
seismic zones, provided spatial variations in bedrock erodibility allow erosion to be spatially focused.
Ancient convergent mountain belts are likely to meet these criteria best, and this model might help explain
anomalous or elevated seismicity beneath erodible rock units in modern fold-thrust belts.
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