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Abstract

The eastern Tennessee seismic zone (ETSZ) is the second-most active
seismic zone in the eastern United States, but it has not generated an earthquake larger
than Mw 4.8 in historic time. Earthquakes are sourced deep in autochthonous basement, and there are no known faults originating at this depth that break the surface. As
a result, until recently, there has been virtually no fieldwork to identify Quaternary
paleoseismic features in the ETSZ. We present new results from paleoseismic investigations of coseismic features that indicate the ETSZ generated Mw ≥ 6 earthquakes
during the late Quaternary. Detailed geologic mapping and trenching near Dandridge,
Tennessee, record a northeast-trending zone of seismically generated features.
Optically stimulated luminescence ages delimit timing for the formation of
paleoseismic features crosscutting Quaternary alluvium and alluvium-filled fissures,
including a thrust fault with ∼1 m displacement. Collectively, this zone of faults and
fissures provides significant evidence that the ETSZ has produced at least three large
earthquakes during the late Pleistocene and at least one that exceeded Mw 6.

Introduction
Broadly intact cratonic crust in the eastern United States
allows moderate-to-large earthquakes (Mw 4.5–7.5) to affect
areas at least five times larger than earthquakes of equal magnitude in the western United States, where the crust is more
fragmented (Bollinger et al., 1993; Bockholt et al., 2015).
Thus, identifying seismogenic faults in the east is vital for accurate seismic-hazard assessments. The eastern Tennessee seismic zone (ETSZ) is second to the New Madrid seismic zone in
the frequency of earthquakes in the eastern United States, yet it
has not generated an earthquake larger than M w 4.8 in historic
times (e.g., Powell et al., 1994). As a result, even though the
ETSZ has far more earthquakes than the Charleston, South
Carolina, seismic zone, seismic-hazard estimates for the ETSZ
are lower than those for Charleston (Bollinger et al., 1993; Petersen et al., 2014). Several large population centers (e.g.,
Knoxville, Tennessee and Chattanooga, Tennessee) and critical
infrastructures (e.g., nuclear power plants, dams, and highways) are located in the ETSZ and may not be fully prepared
for large earthquakes (Fig. 1). In this article, we build on the
fieldwork of Hatcher et al. (2012) and describe paleoseismic
features that suggest that the ETSZ has produced at least one
Mw ≥ 6 earthquake during the Quaternary.
*Now at Department of Earth and Planetary Sciences, Rutgers, The State
University of New Jersey, 610 Taylor Road, Piscataway, New Jersey 088548066.
†
Now at P.O. Box 1732, Fairfield Glade, Tennessee 38558.

Background
The ETSZ extends from northeastern Alabama and
northwestern Georgia into eastern Kentucky (Powell et al.,
1994; Hatcher et al., 2012; Carpenter et al., 2014), encompassing an area 50 km wide and > 300 km long (Fig. 1). This
area is underlain by the late Paleozoic Appalachian foreland
fold-thrust belt (Hardeman et al., 1966), but recent seismicity
appears to be unrelated to the Paleozoic faults because the
basal décollement of the thin-skinned fold-thrust belt is
3–5 km below the surface (Hatcher et al., 2007), and the
hypocenters of ETSZ earthquakes lie at 5–26 km depth in
Precambrian basement rocks (Vlahovic et al., 1998). To
ensure that the features we investigate are related to ETSZ
earthquakes and not Paleozoic earthquakes, this article focuses on features that deform late Quaternary river sediments
that rest on shale bedrock.
Except for the geologic work by Whisner et al. (2003)
and Hatcher et al. (2012), previous work in the ETSZ has
focused on determining focal mechanism solutions of earthquakes and resolving possible fault planes at depth using
small earthquakes (Chapman et al., 1997; Dunn and Chapman, 2006; Cooley, 2014; Cooley et al., 2014). These focal
mechanism solutions (mostly strike slip and thrust) are compatible with the N70°E orientation of maximum principal
compressive stress (σ 1 ) in the ETSZ, which is hypothesized
to derive from ridge-push forces originating at the MidAtlantic Ridge (Zoback and Zoback, 1991; Zoback, 1992;
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Earthquake epicenters in the eastern Tennessee seismic zone depicted relative to large cities in the region. Dandridge, Tennessee, is the location of the field sites for this article.
Earthquake data are from the Advanced National Seismic System Comprehensive Catalog. Regional setting of field sites DL-6 and DL-9. Digital elevation model source = Shuttle Radar
Topography Mission 90 m; geographic features from The National Atlas.
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Figure 2. (a) 1938 Tennessee Valley Authority aerial photo of sites DL-6 and DL-9 and the surrounding area. (b) Part of the Shady Grove
7.5 min quadrangle, Tennessee (1939 version), showing the same area in (a) and sites DL-6 and DL-9. (b) Shaded areas indicate land
elevations above maximum summer water level (305 m.a.s.l.) in Douglas Reservoir. C.I., contour interval.
Hurd and Zoback, 2012). Additionally, P- and S-wave arrival
times have been used to investigate the relationship of seismic-velocity anomalies in the ETSZ to the New York–Alabama magnetic-gravity lineament (King and Zietz, 1978;
Vlahovic et al., 1998; Powell et al., 2014), which probably
represents a major crustal boundary in the Grenville orogen
(King and Zietz, 1978). Other workers (e.g., Powell et al.,
1994, 2014; Steltenpohl et al., 2010; Powell and Chapman,
2012) attempted to correlate the distribution of ETSZ earthquakes with this lineament. Hatcher et al. (2012, their fig. 1)
stated that this correlation is unlikely because the New York–
Alabama lineament has a much larger extent than the ETSZ,
and areas of highest earthquake density are not necessarily
linear. Recent vertical relocation of ETSZ earthquakes (Powell and Chapman, 2012) indicate that most of the seismicity
occurs east of the New York–Alabama lineament, and that
the concentration of earthquakes is bounded on the west by
the lineament.
The first detailed field-based study of the ETSZ described folded Quaternary sediments in a small part of the
ETSZ that could possibly be related to paleoseismic activity
(Whisner et al., 2003). More recently, Hatcher et al. (2012)
made a detailed reconnaissance of French Broad River
terraces exposed along Douglas Reservoir near Dandridge,
Tennessee, and identified several faults, fractures, and liquefaction features that cut Quaternary sediment at sites along
the reservoir.
In this article, we present the results of detailed geologic
mapping and optically stimulated luminescence (OSL) ages
of sediments at site DL-6 of Hatcher et al. (2012) and at site
DL-9 (an area of colinear sediment-filled fissures on the opposite shore of the reservoir) west of Dandridge, Tennessee

(Figs. 1 and 2b); and use these to develop a chronology of
seismic events affecting the sites.

Previous Work
Hatcher et al. (2012) identified at least five fluvial strath
terraces belonging to the French Broad River along the
shores of Douglas Lake. The lowest terrace, the preimpoundment floodplain, is only partly exposed in the upstream limits
of Douglas Lake during maximum (winter) drawdown.
Winter drawdown increases terrace exposures throughout the
reservoir, and these are the focus of Hatcher et al. (2012).
The ages of French Broad River terraces are not well constrained, but a terrace exposed 200 m south of Dandridge,
Tennessee, yielded an OSL age of 203 ! 13 ka (Hatcher
et al., 2012). OSL ages of deformed terraces provide only a
maximum age for deformation.
Site DL-6 of Hatcher et al. (2012) is located on the
inside of a meander of the modern French Broad River
∼5 km southwest of Dandridge, Tennessee (Fig. 2). This site
is a south-facing exposure of a Quaternary terrace (saturated
OSL ages > 112 and > 103 ka) and Middle Ordovician Sevier Shale along a small tributary of the French Broad River
(Hatcher et al., 2012; Fig. 2). Strong currents in the reservoir
at this site have partially eroded the terrace deposits, exposing alluvium above the shale that ranges from 0 to 4.0 m
thick. The basal alluvium on the bedrock strath is an
∼0:5-m-thick discontinuous layer of pebbles, cobbles, and
boulders composed mostly of rounded-vein quartz, some
rounded-to-angular chert, minor granitoid and quartzite pebbles, and rare amphibolite and calcsilicate pebbles. The clasts
originate from the headwaters of the French Broad River,
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possibly as far away as the southeastern flank of the Blue
Ridge. This basal cobble layer is overlain by a red clay loam
to sandy loam (Hatcher et al., 2012). A dark brown to
reddish-yellow BC or BCt soil horizon may be locally developed, and the surface soil is a 3" m thick, well-developed
Ultisol (Hatcher et al., 2012), which suggests the terrace
is older than Holocene.
At site DL-6, Hatcher et al. (2012) described an ∼30 cm
wide, N33°E-striking Quaternary fissure in N70°E-striking,
15° SE-dipping Sevier Shale saprolite. The fissure is filled
with Quaternary alluvium from the overlying terrace.
Because the northeast strike of the fissure is oblique to topographic contours, Hatcher et al. (2012) argued that it is
unlikely the fissure is related to landsliding, at least on the
Holocene landscape. (We present herein new evidence that
this fissure is part of a larger zone that crosses the French
Broad River valley and thus is not related to landsliding.)
Trenching across this fissure revealed an N55°E-striking,
southeast-dipping thrust fault with ∼1 m displacement of the
terrace alluvium/bedrock contact (C–G in Fig. 3a,b and at
N7.5 in Fig. 4a; Hatcher et al., 2012). The hanging wall
moved uphill, precluding a landslide origin. Fault dip is
30°–40° within terrace alluvium but flattens to 15°, and
down-dip becomes listric, parallel to bedding within Sevier
Shale saprolite (Figs. 3 and 4e). This thrust cuts the sediment-filled fissure. An N35°W-striking, vertical, sinistral
strike-slip fault in the thrust hanging wall offsets the fissure
10 cm (at K14.5 in Fig. 4a). Hatcher et al. (2012) also described a liquefaction body in terrace alluvium that predates
Ultisol development (blue unit in Fig. 4a; Fig. 5). Bedding
has been destroyed by fluidization of the alluvium within the
liquefaction body, and it represents a potential source bed for
upward clastic intrusions. Rarity of similar features in terrace
alluvium around Douglas Lake argues that the destruction of
bedding within this body was not caused by a common process like tree throw. It is similar to other liquefaction bodies
described previously, such as the bulbous-shaped lens paleoliquefaction feature at site 2 of Bastin et al. (2015) in Canterbury, New Zealand. These and other numerous features
discovered at site DL-6 by Hatcher et al. (2012) suggested
at least two Mw ≥ 6 earthquakes and motivated detailed mapping of a larger area of DL-6, expanded reconnoitering of
Douglas Lake winter low-water shore, and additional OSL
dating of Quaternary alluvium.

Methods
Our study sites DL-6 and DL-9 (Figs. 1 and 2) are along
the winter (low water) shore of Douglas Lake, built by the
Tennessee Valley Authority in 1943 by impounding the
French Broad River, a principal drainage of the southern
Appalachians. This reservoir provides a unique area in which
to study paleoseismic features in this region because the Tennessee Valley Authority seasonally lowers the water level of
the reservoir some 15 m from late October until mid-April to
accommodate winter–spring runoff. As a result, during win-

ter large areas of the unvegetated lakebed expose multiple
Quaternary French Broad River terrace deposits. This
permits high-quality reconnaissance and detailed geologic
mapping of potential paleoseismic features that occur in
Quaternary alluvium and underlying bedrock. Alluvial terraces at study sites DL-6 and DL-9 are underlain by Middle
Ordovician Sevier Shale, thus avoiding the misinterpretation
of sinkhole collapse in carbonate bedrock as deformation
related to recent fault movement.
To expand the mapping of Hatcher et al. (2012), site
DL-6 was bulldozed during winter low water to remove
modern lake sediment and topographic irregularities. Using
a 2 m grid, we mapped the cleared area in as much detail as
possible (Fig. 4a), although terrace alluvium in the mapped
area contains few recognizable features because of intense
weathering and soil development. We measured strike and
dip on fault and fracture surfaces and on bedding in bedrock
and measured trend-and-plunge of slickenlines (Fig. 4a–d).
Also, at site DL-6, trench 2 of Hatcher et al. (2012) was reopened to expose the Quaternary thrust, and the first detailed
description of the southwest trench wall is presented here
(Fig. 3c,d). A shallow water table prevented excavating the
trench deeper than 1.5 m.
Investigation of Quaternary deformation associated with
structures observed at site DL-6 was further expanded by reconnoitering the Douglas Lake shoreline at a lower water level
than previous attempts. We cleared modern lake sediment at
site DL-9 by hand shovel, mapped Quaternary fissures filled
with terrace alluvium and joints in Quaternary alluvium using a 1 m grid, and made structural measurements on fissure
and joint surfaces (Fig. 6).
OSL samples were collected in opaque tubes to ensure
they were not exposed to sunlight, and the OSL samples were
sent to the Luminescence Dating Research Laboratory at the
University of Illinois-Chicago for analyses. At the University
of Illinois-Chicago, OSL ages were calculated using the Galbraith et al. (1999) minimum age model which assigns a
greater weight to the youngest equivalent dose population.
This model was adopted because overdispersion values for
these samples are high (> 35%). The coarse-grained (150–
250 μm) quartz fraction was analyzed. Equivalent dose values
were analyzed under blue-light excitation (470 " 20 nm)
following single aliquot protocols of Murray and Wintle
(2003). U, Th, and K2 O content were measured by inductively
coupled plasma-mass spectrometry at Activation Laboratories
Ltd., Ancaster, Ontario, Canada. The cosmic component of
the dose rate was estimated from Prescott and Hutton (1994).
We collected four new OSL samples from terrace alluvium
within fissures in Sevier Shale saprolite: two were collected
from the map-view trace of the main fissure at site DL-6
(Fig. 4a) by driving a tube vertically into the alluvium filling
the fissure; one was collected from a fissure branch in the west
wall of trench 2 at site DL-6 (Fig. 3c,d) by driving a tube horizontally into the alluvium filling the fissure, and one was
collected from a fissure exposed in a pit excavated at site
DL-9 by driving a tube horizontally into the alluvium filling
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Figure 3. Composite photographs of (a,b) the northeast wall of trench 2 of Hatcher et al. (2012) and (c,d) the southwest wall of the same
trench (first described herein) at site DL-6 that expose an N55°E-striking thrust fault that truncates an N33°E-striking alluvium-filled fissure,
along with sketch overlays of the photographs. Note two small faults splaying from the main thrust on the northeast wall. The main thrust has
∼1-m upslope displacement. The location of the southern end of a liquefaction body is also shown on the northeast wall. Half arrowheads
denote the dip-slip component of displacement. The trench location is shown in Figure 4a. (Photographs by R. D. H.)
BSSA Early Edition
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Figure 4. (a) Detailed geologic map of fracture arrays and faults in Sevier Shale saprolite and Quaternary sediments at site DL-6, west of
Dandridge, Tennessee. (b) Great circles and poles (points) from fault surfaces and bedrock bedding in the map area. Brown line and pole
indicate thrust in alluvium; black line and pole indicate bedding in saprolite; blue lines and poles indicate clay-gouge-coated fault planes; red
lines and poles indicate Fe–Mn oxide-coated fault planes. (c) Rose diagram of slickenline azimuths recorded from the map area. Slickenline
azimuths on the main thrust are N65°W, and they plunge from 28° to more than 40° SE. The plunges of slickenlines on other bedding plane
faults in saprolite are generally less than 5°. (d) Rose diagram of fracture azimuths from the map area. Horizontal axes in (c) and (d) are the
percentage of slickenlines or fractures with respective orientations. (Plotted using software by Allmendinger et al., 2012.) (e) Annotated
oblique aerial image of site DL-6 looking north.
BSSA Early Edition
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Figure 5.

Trench 2 wall exposing a partial cross section through
a liquefaction body at site DL-6. The liquefaction body clearly truncates the finely laminated Quaternary alluvium in the left of the
photo. (Photograph by K. F. W.) The trench location is shown in
Figure 4a.

the fissure (Figs. 6b and 7b). We collected a fifth OSL sample
from undisturbed terrace alluvium 1 m topographically above
alluvium-filled fissures in bedrock shale saprolite at site DL-9
(Figs. 6b and 7c).

Results
Red Clay-Filled Fractures
We first noted red clay-filled fractures along and adjacent to demonstrable faults in Quaternary alluvium at the
DL-6 site and have subsequently found them at numerous
other localities in southeastern Tennessee (Hatcher et al.,
2012; Glasbrenner et al., 2014; Feng et al., 2015). They
are rarely found more than a few tens of meters from localities displaying evidence of Quaternary paleoearthquakes
(liquefaction, faults in alluvium, alluvium-filled fissures).
Thus, we interpret these red clay-filled fractures to be related
to Quaternary earthquakes as possible shear-plane gouge,
filled fractures or fissures, and/or enhanced weathering along
damage zones. Slickensided, red clay-filled fractures are
abundant in Sevier Shale and are intimately related to traceable faults at site DL-6. They appear to locally merge with
bedrock joints and alluvium-filled fissures in some places
and truncate against these fractures in others (Fig. 4a).
Burton et al. (2015) documented the presence of similar red
clay-filled fractures in trenches in the epicentral area of the
2011 Mw 5.8 Mineral, Virginia, earthquake (Hough, 2012).
Site DL-6
The winter 2012–2013 drawdown of Douglas Reservoir
exposed an N55°E-striking, southeast-dipping fault-line
scarp in terrace alluvium extending northeast from trench
2 (Figs. 4a and 8a), which is the thrust in trench 2 of Hatcher
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et al. (2012) (Fig. 3). Additional clearing at site DL-6 facilitated detailed geologic mapping of the Quaternary thrust in
Sevier Shale saprolite to the south and southwest of trench
2 (Fig. 4a).
The thrust described in DL-6 trench 2 by Hatcher et al.
(2012) is continuously traceable through the mapped area at
site DL-6. Mapping of the Quaternary thrust within Sevier
Shale saprolite was aided by a 1-cm-thick red sandy-clay
gouge along the fault surface (orange unit in Fig. 4a). Excavation of the site left extensive, continuous exposures of the
red clay fault gouge (Fig. 8b,c). The thrust continues at least
15 m to the northeast of trench 2 through Quaternary terrace
alluvium (N7 to V1 in Fig. 4a; Fig. 8a) and at least 16 m to
the southwest of the trench in shale saprolite (N8 to I18 in
Fig. 4a). This thrust fault truncates a west-trending branch of
the alluvium-filled fissure (at K13 in Fig. 4a; Fig. 8b), the
southern end of the main fissure (at I18 in Fig. 4a; Fig. 8c),
and a small N35°W-striking, sinistral strike-slip fault (at K14
in Fig. 4a). Red clay on the thrust displays slickenlines trending S62°E and plunging 28°, with northwest vergence. In the
terrace alluvium upslope of the trench, dip on the thrust and
plunge of the slickensides steepen to 40° or more. In addition
to the thrust, we observed multiple ∼N70°E-striking surfaces
subparallel to bedding in Sevier Shale saprolite that are also
coated with red sandy clay and display horizontal-tosubhorizontal slickenlines (Fig. 4a). These slickensided
surfaces strike between N55°E and N70°E, most (57%)
slickenlines trend between N50°E and N70°E and verge
generally west-southwest (Fig. 4c), but no marker beds are
present for measurement of displacement. Slickenlines were
also identified on Fe–Mn oxide-coated fault surfaces in bedrock (dark gray screen in Fig. 4a), although these surfaces are
not as areally extensive or as traceable through the map area
as the red sandy clay gouge fault material. In addition to the
set of N70°E-striking, bedding-parallel faults at site DL-6,
there are two sets of subvertical fractures in saprolite clustered at N55°E–N75°E (55%) and N40°W–N50°W (45%)
(Fig. 4d). We also mapped the sinistral strike-slip fault originally described by Hatcher et al. (2012) that offsets the
sediment-filled fissure ∼10 cm (Fig. 8d); it is absent in the
footwall of the Quaternary thrust fault.
Our re-entry of trench 2 revealed the thrust and the
alluvium-filled fissure on the northeast trench wall as described by Hatcher et al. (2012) and on the southwest trench
wall. The shale saprolite-terrace alluvium contact is an
irregular scoured, step-like surface that we interpret as the
product of hydraulic plucking of the shale beds by the river
current (C–E/F in Fig. 3a,b and A–C in Fig. 3c,d).
There are two additional fissures in shale saprolite in the
southwest trench wall filled with terrace alluvium (Fig. 3c,d).
Both fissures strike northwest and are parallel to the trench
wall, thus displaying a subhorizontal apparent dip in
Figure 3c,d. One of these fissures extends from B/C to F
in the thrust hanging wall, and the other fissure extends from
a joint near B/C to the end of the trench past A in the footwall
of the thrust (Fig. 3c,d).
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(a) Annotated aerial photo of site DL-9. Shore parallel lines on the photo are Douglas Lake water lines. (b) Geologic map of site
DL-9 showing alluvium-filled fissures in Sevier Shale saprolite bedrock and joints in Quaternary terrace alluvium. (c) Strike-azimuths of
fissures. (d) Equal-area projection of planes to joints.

Site DL-9
At site DL-9, N35°E-striking fissures up to 60 cm wide
in Sevier Shale saprolite were filled from above by
Quaternary terrace alluvium (Fig. 6), as previously observed
at site DL-6 (with the same strike). A secondary set of allu-

vium-filled, N10°W-striking fissures ≤ 20 cm wide exploits a
widespread Paleozoic or Mesozoic joint set. Site DL-9 is
along strike and southwest of the large fissure and thrust
at site DL-6 (Fig. 2b) and contains the only bedrock fissures
filled with Quaternary alluvium found during our comprehensive survey of the south shore of Douglas Lake.
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Figure 7. (a) Photographs from DL-9 showing basal alluvium of the Quaternary terrace sagging into an alluvium-filled fissure in Sevier
Shale saprolite bedrock and horizontally bedded alluvium filling the sag trough. Trowel is 25 cm long. (b) Optically stimulated luminescence
(OSL) sample DL-9-01 collection site within sandy alluvium fissure fill. Brunton compass is 15 cm long. (c) OSL sample DL-9-02 collection
site within cross-bedded sands in the overlying alluvial terrace deposit. Locations are shown in Figure 6. (Photography by R. T. C.)

A 4-m-thick Quaternary alluvial terrace overlies Sevier
Shale saprolite bedrock at site DL-9. Although also at a similar
elevation as the terrace deposit at site DL-6, the soil profile is
thinner (1.5 m) and less developed than the 3" m thick soil at
site DL-6. This suggests that, when the fissures in the saprolite
opened, the basal 0.5 m of terrace alluvium collapsed and
filled the underlying bedrock fissures (Fig. 7). The overlying
yellowish-brown, sand to sandy loam alluvium is horizontally
bedded and fills the sag troughs in the basal alluvium above
the fissures. A systematic set of vertical joints in the
Quaternary terrace alluvium at site DL-9 strikes ∼N70°W
(Fig. 6). These joints are laterally restricted to the terrace alluvium that overlies the alluvium-filled bedrock fissures, and

they extend ∼2 m vertically above a basal cobble zone until
they become obscured by a moderately developed Ultisol.

Geochronology
OSL samples collected from the terrace at site DL-6 by
Hatcher et al. (2012) were saturated with respect to the OSL
dose level and yielded minimum ages of > 112 and > 103 ka
for the terrace at site DL-6. Ages of 203 ! 13 ka and
119 ! 8 ka were obtained from terrace deposits at similar
elevations above the French Broad River a few kilometers
upstream (Hatcher et al., 2012), consistent with the age of the
terrace at DL-6 being > 112 ka. Alluvium from the terrace at
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*Analyses were performed by Steven L. Forman at Luminescence Dating Research Laboratory, University of Illinois-Chicago.
Equivalent dose analyzed under blue-light excitation (470 ! 20 nm) by single aliquot regeneration protocols (Murray and Wintle, 2003). The coarse-grained (150–250 μm) quartz
fraction was analyzed.
‡
U, Th, and K2 O content analyzed by inductively coupled plasma-mass spectrometry by Activation Laboratories Ltd., Ontario, Canada.
§
Cosmic dose rate component is from Prescott and Hutton (1994).
||Ages calculated using the minimum age model of Galbraith et al. (1999) because of high overdispersion values (> 35%), which weights for the youngest equivalent dose population.
All errors are 1σ, and ages were calculated from A.D. 2000.
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Alluvium at Site DL-9 (DL-9-02)
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site DL-9 (OSL sample DL-9-02) has an age of 21:8 ! 1:4 ka
(Figs. 6b and 7c; Table 1). This age is from undeformed
alluvium above alluvium-filled fissures. Two OSL samples
collected at the surface 11 m apart along the map-view trace
of the alluvium-filled fissure at site DL-6 had OSL ages of
15:5 ! 1:7 ka at DL-6-01 (upslope) and 4:9 ! 0:7 ka at
DL-6-02 (downslope) (Fig. 4a; Table 1). Terrace alluvium
from a fissure branch in the southwest wall of trench 2
(DL-6-03) has an OSL age of 11:9 ! 1:4 ka (Figs. 3c,d
and 4a; Table 1). Terrace alluvium filling a fissure at site
DL-9 (Fig. 2) yielded an OSL age of 15:9 ! 1:7 ka (Figs. 6b
and 7b; DL-9-01 in Table 1).

Discussion
Quaternary terrace alluvium and Sevier Shale bedrock
saprolite are two very different materials with different
physical properties. Terrace alluvium is unconsolidated,
nearly cohesionless sediment with soil development in the
upper portions, whereas Sevier Shale saprolite is cohesive
with bedding planes and Paleozoic joints forming weak
surfaces. Some younger fractures postdating Quaternary
alluvium/colluvium may be shear fractures related to ETSZ
faults. In weak, homogenous Quaternary alluvium, deformation is concentrated along discreet faults. In Sevier Shale saprolite, deformation is distributed diffusely on bedding planes
and joints that are weak surfaces that commonly require a
lower threshold of stress to activate than is required to form
new fractures. In some areas of the Sevier Shale outcrop at
site DL-6, however, small faults curve away from bedding
planes and pre-existing joints, suggesting that orientations of
pre-existing surfaces are not fully compatible with
Quaternary stresses. Additionally, in Quaternary alluvium,
thrust motion is toward the northwest, whereas in Sevier
Shale saprolite thrust motion is toward the west-southwest,
further indicating that material properties may have had an
influence on direction of displacement.
Crosscutting Relationships of Fractures, Faults, and
Sediments
Site DL-6. The large (> 20 cm wide) northeast-striking
fissure that is cut by the northeast-striking thrust at site
DL-6 is similar to complex coseismic damage described at
sites of strike-slip fault surface ruptures of recent decades
(Fu et al., 2004; Li et al., 2010; Liu-Zeng et al., 2010;
Lin et al., 2011; Villamor et al., 2012). However, the fissure
is also typical of bending moment extension in the crest of a
surficial fold (Yu et al., 2010), and because the thrust at DL-6
merges down-dip with a bedding plane in shale saprolite bedrock, we suspect that this thrust is due to flexural bedding
plane slip during fault-propagation folding above the tip
of a blind fault at depth.
The maximum principal compressive stress (σ 1 ) of the
regional stress field in the ETSZ is subhorizontal (SHmax ) and
oriented N70°E (Zoback and Zoback, 1991; Hurd and
Zoback, 2012), which is subparallel to the majority of meaBSSA Early Edition
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Figure 8.

Structures at DL-6 related to earthquake 3 (location shown in Fig. 4). (a) A fault-line scarp produced by erosion during summer
2012 high water along the Quaternary thrust, exposed just east of trench 2 (Fig. 3), view to the southwest. Slickenlines oriented down the dip
of the fault are present on the scarp face. (Photograph by R. D. H.) (b) The thrust truncates a west-trending branch of the main alluvium-filled
fissure. Scale is 10 cm long. (Photograph by K. F. W.) (c) The thrust also truncates the main fissure at its southern extension. Scale is 10 cm
long. (Photograph by K. F. W.) (d) A sinistral strike-slip fault offsets the main fissure ∼10 cm. Scale is 30 cm long. (Photograph by J. D. V.)

sured slickenlines in Sevier Shale saprolite at site DL-6 but
strongly oblique to the northwest-trending slickenlines on
the Quaternary thrust at site DL-6. Azimuths of bedrock fractures measured in shale and siltstone in the Blue Ridge Foothills near Pigeon Forge, Tennessee, and the Valley and Ridge
near Oak ridge, Tennessee, contain populations of fractures
with azimuths centered at N55°E–N75°E, N80°W, and
N45°W (Hatcher et al., 2012, their fig. 12). The near-vertical
fracture sets striking N55°E–N75°E and N40°W–N50°W in
bedrock at DL-6 are likely pre-existing Paleozoic or Mesozoic fractures based on comparisons with those measured in
the Blue Ridge Foothills and western Valley and Ridge, but
they are suitably oriented for reactivation as strike-slip faults
in the current stress regime. One set of northwest-trending
fractures is continuous on both sides of the thrust fault at
DL-6 and appears to slightly disturb the bedrock-alluvium

contact (at E/F11 in Fig. 4a); several splays off this fracture
set curve northeast, and some appear to merge with the fault
(at K12.5 in Fig. 4a). This fracture set may be either a reactivated Paleozoic set or a younger set that formed during recent faulting. Farther west (from C11 to E17 in Fig. 4a), a
prominent, single northwest-trending fracture truncates
many smaller fractures, but no displacement is present, suggesting that it is an old (Paleozoic?) fracture that forms a
barrier to later fracture propagation.
Absence of the sinistral strike-slip fault in the footwall
of the thrust fault suggests it may be a tear fault in the thrust
hanging wall that was coeval with thrusting. The tear fault
interpretation is consistent with the near-perpendicular
northwest strike of the strike-slip fault to the northeast strike
of the thrust fault and with its near-parallel strike to slickenlines plunging S28°E on the thrust near trench 2 (at P6 in

BSSA Early Edition

12

K. F. Warrell, R. T. Cox, R. D. Hatcher Jr., J. D. Vaughn, and R. Counts
1.3 km

(a)

Site DL-9

(b)

Site DL-6

Site DL-9

French Broad River

~25 ka
terrace

Site DL-6

French Broad River

Ultisol

Ultisol

LB

>112 ka
LB terrace

LB

Sevier Shale saprolite

Liquefaction bodies
(earthquake 1; predates ultisol)

∼ 25 ka

(c)

Site DL-9

Initial fissuring (earthquake 2; 23 - 22 ka)

(d)

Site DL-6

Site DL-9

Site DL-6

French Broad River

21.8 ka
terrace

Soil

LB

LB

4m
French Broad River

Incision by French Broad River post 21.8 ka terrace deposition at site DL-9

Deposition of 21.8 ka terrace alluvium at site DL-9

(e)

Site DL-9
Backwasting
Ultisol

(f)

Site DL-6

Site DL-9

Backwasting

Slope
sediment

Ultisol

Ultisol

French Broad River

Site DL-6
Renewed
fissure
opening

Renewed
fissure
opening

Ultisol

French Broad River

Thrusting at DL-6 and renewed fissure opening
(earthquake 3; ∼ 15.7 ka)
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Figure 9. Schematic illustration (not to scale) of the timeline of events at DL-6 and DL-9 near Dandridge, Tennessee. Age constraints
were obtained by OSL dating of alluvium (Table 1) and by degree of soil development. Possible paleoearthquakes are numbered. (a) Hypothetical setting of site DL-6 and DL-9 during deposition of basal cobble alluvium at DL-9. The > 112 ka OSL age, Ultisol development, and
liquefaction bodies (related to earthquake 1) are adopted from Hatcher et al. (2012). (b) Initial development of cobble alluvium-filled fissures
during earthquake 2 prior to the deposition of overlying point bar and floodplain alluvium at site DL-9. (c) Lateral migration of the Pleistocene French Broad River, and deposition of upper alluvium at site DL-9 ∼21:8 ka (OSL sample DL-9-02; Table 1). (d) Incision by the
French Broad River and abandonment of the terrace at site DL-9 post 21.8 ka. (e) Backwasting of the French Broad River valley walls and
deposition of slope sediment over exposed cobble alluvium-filled fissures. (f) Thrusting and renewed opening of alluvium-filled fissures at
sites DL-6 and DL-9 (earthquake 3) ∼15:7 ka (OSL age of fissure fill from samples DL-6-01 and DL-9-01). Additional seismic events may
be associated with events on the timeline, but these events lack sufficient evidence to be classified as paleoearthquakes.
Fig. 4a). A slight change of the fissure width across the sinistral fault suggests that it has oblique north-down, leftlateral slip.
Site DL-9. Large (> 20 cm wide) alluvium-filled fissures at
site DL-9 are parallel and collinear with the large alluviumfilled fissure at site DL-6 and appear to be a continuous
coeval zone of fissures trending northeast, subparallel to
ETSZ seismicity. Fissures taper downward at sites DL-6
and DL-9 and terminate at ∼4 m depth below the base of
the terrace deposit. They taper downslope (Figs. 4 and 6,
southward at DL-6 and eastward at DL-9) indicating they
formed before the modern topography developed. Fissuring
only disturbs the basal cobble terrace alluvium at site DL-9
(Fig. 7c), consistent with initial formation of a zone of fis-

sures before deposition of the overlying cross-bedded sandy
terrace alluvium at DL-9 (Fig. 9b).
That the collinear fissures at sites DL-6 and DL-9 seem
to comprise a zone that crosses the French Broad River valley argues against landsliding into the valley as the origin of
the fissures. Rather, they may have formed in response to
near-surface extension in the hinge of a neotectonic faultpropagation fold that is parallel or subparallel to an active
fault. No fault cuts the Quaternary alluvium or bedrock at
the surface at site DL-9. Thus we interpret that a blind fault
underlies the site, consistent with the Quaternary thrust at site
DL-6 being a secondary near-surface fault that may have
propagated from a bedrock bedding plane during flexuralslip folding above the tip of a propagating blind fault
at depth.
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N70°E-striking, systematic joints in Quaternary terrace
alluvium at DL-9 are parallel to Quaternary σ 1 and to slickenlines on shear planes at site DL-6. These joints postdate
OSL sample DL-9-02 (21.8 ka) and are overprinted by moderate Ultisol development near the surface of the terrace.
Relative Timing and Magnitude of Seismic Events
Hatcher et al. (2012) reported that deformation at DL-6
provided evidence of at least two strong earthquakes after
deposition of the alluvial terrace. The first of these two
events liquefied the alluvium. Fractures that cross-cut the
liquefaction features and the Ultisol soil profile are evidence
of a second earthquake that postdates the Ultisol (several
thousands to a few tens of thousands of years ago).
OSL ages suggest that several earthquakes may have initiated and later renewed fissuring at sites DL-6 and DL-9,
similar to episodes of fissuring in Canterbury, New Zealand
(Quigley et al., 2016). As stated in the Site DL-9 section, we
interpret fissures at these two sites to be parts of a formerly
continuous zone of fissures that extended across the French
Broad Valley and potentially beyond (Fig. 9b). Initial fissuring predates deposition of undeformed terrace alluvium at
site DL-9 (OSL sample DL-9-02, 21.8 ka; Table 1). Because
the basal conglomerate of the DL-9 terrace is deformed by
collapse into fissures, we interpret the timing of initial fissuring to be immediately prior to 21.8 ka. Initial fissuring accompanied fault-propagation folding and the related
paleoearthquake. Thrusting at site DL-6 cross-cuts fissures,
suggesting a later paleoearthquake.
Stream incision and backwasting of terrace deposits
after 21.8 ka exposed downslope fissure segments to sediment younger than the original terrace cover. OSL samples
DL-6-01, DL-6-02, DL-6-03, and DL-9-01 (Table 1) yield
ages of fissure fill that are younger than the preserved terraces at sites DL-6 and DL-9. Agreement of OSL ages DL-601 (15:5 ! 1:7 ka) and DL-9-01 (15:9 ! 1:7 ka) suggests
that a paleoearthquake accompanying thrusting at site
DL-6 may have renewed opening of fissures at ∼15:7 ka.
We interpret N70°E-striking systematic joints in late Pleistocene terrace alluvium at site DL-9 as possibly coeval with
thrusting and renewed fissure opening ∼15:7 ka.
A timeline of events at DL-6 and DL-9 can be formed
from the data collected for this study and by Hatcher et al.
(2012) (Fig. 9). Formation of liquefaction features in terrace
alluvium (> 112 ka) at site DL-6 predates strong Ultisol
development. We suggest that pedogenic clay enrichment reduced the liquefaction potential and prevented later liquefaction events. This pre-Ultisol event (earthquake 1) predates
the opening of bedrock fissures (earthquake 2) that were
filled from above by terrace alluvium at site DL-6 and at
DL-9 (21–23 ka), which in turn predate the thrust (earthquake 3) at DL-6. We suggest that fissures formed along
the hinge of a fault-propagation fold during earthquake 2 as
the thrust fault tip propagated nearer to the land surface, later
rupturing the surface during earthquake 3. Coeval renewal of
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fissure opening at both sites DL-6 and DL-9 ∼15:7 ka suggests
that this is the timing of the significant paleoearthquake that
accompanied thrusting at site DL-6 (earthquake 3). N70°Estriking systematic joints that are overprinted by the Ultisol
at site DL-9 (Fig. 6) occurred at some time in the late Pleistocene and may have accompanied development of the
N65°E-trending slickenlines on red sandy clay-filled shear
planes in saprolite at site DL-6 (Fig. 4). The difference between
the northwest-trending slickenlines on the thrust and the southwest-trending slickenlines on minor shear planes at DL-6 suggests that these structures may record separate earthquakes.
OSL ages from samples DL-6-02 and DL-6-03 may record renewed fissure opening related to earthquakes ∼11:9 and
∼4:9 ka, but more age data are needed to assess the significance of these dates with respect to paleoearthquakes. It should
be noted that crosscutting relationships only provide relative
ages for these features, and the time between some events
could range from centuries to days or hours, similar to strong
aftershocks that followed the 1811–1812 earthquakes in the
New Madrid seismic zone and the 2010–2011 Canterbury
earthquake sequence in New Zealand (e.g., Guccione, 2005;
Quigley et al., 2013).
The estimated magnitude of the earthquake producing
the DL-6 thrust fault with 1 m of displacement is
Mw ≥ 6:5 ! 0:2, using the 95% confidence interval of the
empirical relation between maximum displacement and magnitude derived by Wells and Coppersmith (1994). Following
Biasi and Weldon (2006), this magnitude value is in agreement with the moment magnitude value (M 0 6.7) for which
the probability distribution function for earthquake magnitude is maximized given an observed displacement of 1 m.
Our measured displacement may not be the same as the
displacement on the seismogenic fault at depth, but the
amount of seismic energy needed to produce secondary faulting with 1 m of displacement likely requires as much or more
displacement on the main seismogenic fault. Furthermore,
earthquake focal mechanism solutions show that fault movement in the ETSZ is mostly strike-slip (Chapman et al.,
1997), and northeast-striking faults are favorably oriented
for strike-slip reactivation in the modern stress field (Zoback,
1992). Strike-slip fault systems are characterized by complex
branching flower-structure geometries in the near surface
(Davison, 1994; Hauksson et al., 2002). If thrusting at
DL-6 is related to a strike-slip flower structure, the observed
1 m of slip at DL-6 may be only a component of the total slip
during earthquake 3 with additional coeval slip on other
splays of the fault system. Thus, M w 6.5 is a minimum
estimate of magnitude for earthquake 3. Overall, the paleoseismic data at DL-6 and DL-9 provide evidence for three
large paleoearthquakes (one or more Mw ≥ 6) during the late
Quaternary (Fig. 9).

Conclusions
1. Cross-cutting relationships of faults, fissures, liquefaction
bodies, and soil horizons mapped at DL-6 and DL-9
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indicate a history of three large earthquakes, at least one of
which exceeded M w 6, on a northeast-trending fault zone
within the last 200 ka. All three earthquakes are late Pleistocene events, and OSL dating suggests two occurred
within the last 25 ka. However, these ages may be too
young because of cryptic pedogenic mixing and bioturbation. Earthquake 1 is recorded by a liquefaction body that
predates strong soil development in the terrace alluvium. A
thrust fault displacing > 112 ka terrace alluvium (earthquake 3) truncates a fissure filled with terrace alluvium,
indicating that the fissure formed during a separate, earlier
event (earthquake 2). The fissuring event (earthquake 2)
postdates late Pleistocene terrace alluvium.
2. A large proportion of slickenline (57% verge N50°E–
N70°E) and fracture (55% trend N50°E–N80°E) azimuths
measured within Paleozoic shale saprolite at DL-6 are
nearly parallel to the current maximum compressive
stress (SHmax # N70°E; Hurd and Zoback, 2012), suggesting they may be Quaternary structures.
3. The data presented here support the occurrence of large
(Mw ≥ 6) prehistoric earthquakes in the ETSZ. These
data fortify the need for additional studies to readdress
seismic-hazard estimates in the ETSZ.

Data and Resources
Earthquake epicenters used in this study were obtained
from the U.S. Geological Survey (USGS) at earthquake.usgs
.gov (last accessed October 2014). A negative of the aerial
photograph in Figure 2 is available at the National Archives
in 8601 Adelphi Road, College Park, Maryland 20740-6001,
and a print may be purchased. The archived 1939 topographic map was obtained from the USGS and is freely available at http://landmarkhunter.com/quad/40725 (last accessed
May 2017).
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