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ABSTRACT

At 8:07 a.m. EDT on 9 Aug. 2020 a M|
5.1 earthquake located ~3 km south of
Sparta, North Carolina, USA, shook much
of the eastern United States, producing the
first documented surface rupture due to
faulting east of the New Madrid seismic
zone. The co-seismic surface rupture was
identified along a 2-km-long traceable zone
of predominantly reverse displacement,
with folding and flexure generating a scarp
averaging 8—10-cm-high with a maximum
observed height of ~25 cm. Widespread
deformation south of the main surface
rupture includes cm-dm-long and mm-cm-—
wide fissures. Two trenches excavated
across the surface rupture reveal that this
earthquake propagated to the surface along
a preexisting structure in the shallow
bedrock, which had not been previously
identified as an active fault.

Surface ruptures by faulting are rarely
reported for M <6 earthquakes, and hence
the Sparta earthquake provides an opportu-
nity to improve seismic hazard knowledge
associated with these moderate events.
Furthermore, this earthquake occurred in a
very low strain rate intraplate setting, where
earthquake surface deformation, regardless
of magnitude, is sparse in time and rare to
observe and characterize.

INTRODUCTION AND BACKGROUND

The M 5.1 Sparta earthquake was the
largest in North Carolina in nearly 100
years (Stover and Coffman, 1993) and the
strongest in the eastern United States since
the 2011 M 5.8 Mineral, Virginia, earth-
quake. The maximum intensity was VI-VII
(MMI) at Sparta and was widely felt across
the eastern and central United States
(USGS, 2020a). Most notably, the earth-
quake generated the first documentated co-
seismic surface rupture by faulting in the
eastern United States (Fig. 1).

Moderate (5 < M <6) to large (M >7)
earthquakes in intraplate settings, such as
the North American—Atlantic passive mar-
gin, are rare (Wolin et al., 2012). Notable
earthquakes in the eastern and central U.S.
include the 1755 Cape Ann (M 5.9; Ebel,
2006), the 1811-1812 New Madrid sequence
(three >M7; Hough and Page, 2011), the 1886
Charleston, South Carolina (M 6.8-7.2;
Chapman et al., 2016), and the 2011 Mineral,
Virginia (M, 5.8; Horton et al., 2015).
Earthquakes occurring within the East
Tennessee, central Virginia, Giles County,
and coastal Charleston seismic zones con-
tribute to North Carolina seismic hazard.

In the Blue Ridge physiographic province
of North Carolina, historical earthquakes
such as the 1861 Wilkesboro MMI V-VII,
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the 1916 M 5.2 Skyland, and the 1926 MMI
V-VI Mitchell County had intensities com-
parable to the Sparta earthquake. However,
there is insufficient information to infer
which fault(s) generated them (Reinbold
and Johnston, 1987; Stover and Coffman,
1993). The seismic catalog of Reinbold and
Johnston (1987) documents 166 earth-
quakes since 1776, strong enough to be felt
and interpreted to have their epicenters in or
near North Carolina. However, instrumen-
tal seismicity records low magnitude
(M < 4) earthquakes, and in the Blue Ridge
province, the mean hypocenter depth is
12 km (Bollinger et al., 1985).

The tectonic framework in the southern
Appalachians preserves multiple Paleozoic
orogenic events recorded by NE-trending
regional structures (Hatcher et al., 2007).
Crossing these structures are several poorly
understood WNW to E-W topographic
lineaments. Their genesis is speculated to
result from early-to-mid-Mesozoic extension
(e.g., Garihan and Ranson, 1992), Cenozoic
mantle reorganization, which may account
for Cenozoic regional uplift (Weems and
Edwards, 2007; Gallen et al., 2013; Hill,
2018), or tectonic inheritance from Iapetian
rifts (Thomas, 2011). In addition, some
WNW lineaments have brittle deformation
of unknown age and are roughly normal to
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Figure 1. Location, earthquake sequence, and interferometric synthetic aperture radar interferogram for the Sparta earthquake. (A) Unwrapped phase
interferogram overlaying a lidar-derived hillshade model with the main surface rupture (black line) and August 2020-February 2021 instrumental seismicity
(circles; USGS catalog). Topographic lineament marked by brown arrows. Figure 2 location denoted by the dashed white rectangle. Line P-P' indicates the
projection plane for seismicity. (B) Focal mechanism solution (Horton et al., 2021). (C) Projection of seismic sequence (USGS catalog) into a plane with azi-
muth N20°. (D) Location of the earthquake (red) in eastern North America, with North Carolina outlined. LOS—line of sight; CERI—Center for Earthquake
Research and Information, University of Memphis; SLEUC —Saint Louis University Earthquake Center.
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the NE-SW to ENE-WSW regional S,
(Snee and Zoback, 2020), favoring them as
potentially seismogenic. However, these
WNW-trending structures are not included
in the USGS Quaternary Faults or U.S.
Seismic Source Characterization for Nuclear
Facilities databases (Crone and Wheeler,
2000; Machette et al., 2004; U.S. Nuclear
Energy Regulatory Commission, 2012).

THE SPARTA EARTHQUAKE

The surface rupturing M 5.1 Sparta
earthquake occurred on a WNW-striking
previously unknown structure, now named
the Little River fault (Hill et al., 2020). The
main event generated peak ground accelera-
tions of at least 0.2 g with an MMI of VI-VII
in Sparta (USGS, 2020a). Roads, utility
lines, and masonry structures were dam-
aged, including the collapse of walls and
chimneys and the cracking and shifting of
foundations, causing North Carolina’s gov-
ernor to declare a local state of emergency
and the North Carolina General Assembly to
provide U.S.$24M for earthquake recovery
(Office of State Budget and Management,
2020, pers. comm.). Fortunately, there were
no casualties or significant damage to major
infrastructures.

The mainshock hypocenter and focal
mechanism have been estimated indepen-
dently by several groups. Horton et al.
(2021) at the Center for Earthquake
Research and Information, University of
Memphis (CERI), calculated a first-motion
focal mechanism consistent with a N108°-
striking 60° SW-dipping nodal plane, with
a 24° rake (Fig. 1B) and a best-fitting cen-
troid depth of 0.6 km based on modeling
regional waveforms and an epicenter loca-
tion (36.488° N, 81.106° W) using a grid
search procedure. The Saint Louis
University Earthquake Center calculated a
centroid depth of 1 km with a N115° 50°
SW nodal plane and rake of 40° based on
best-fit modeling of regional waveforms
(SLUEC, 2020). Analysis by SLUEC (2020)
and Horton et al. (2021) yield similar results
consistent with a shallow (<1 km) left-
lateral reverse rupture on a SW-dipping
plane. These results, however, differ from
the preferred USGS solution, which places
the event deeper (4.1 £ 1.8 km), with a nodal
plane striking N176°, 48° W and a rake of
136° (USGS, 2020b). The earthquake
sequence started with eight foreshocks with
M, 1.8-2.6 during the 24 h before the main-
shock, followed by at least 300 aftershocks
over the next six months, the largest being

an M 2.9 on 11 August. The aftershock
sequence was mainly recorded with a real-
time broadband seismic array installed by
CERI 48 h after the main shock. Most
aftershocks were M <1.5, shallower than
3 km, and distributed across a 40-km?
elliptical area with its major axis trending
NW to WNW (USGS Catalog August—
February 2021; Fig. 1A). The plotted after-
shock hypocenters projected onto a cross
section normal to the rupture suggest that
the earthquake sequence is associated with
a SW-dipping structure (Fig. 1C).

RECOGNITION OF THE SURFACE
DEFORMATION

The recognition and mapping of a surface
rupture trending ~N110° began on the day
of the earthquake and continued for several
months. The collection of uncrewed aerial
systems (UAS) imagery and processing of
digital terrain models aided field mapping,
highlighting minor topographic changes
along the surface rupture and identifying
small-scale deformation features (Figs.
2B-2F). In addition, the co-seismic scarps
were surveyed with a real-time kinematic
global positioning system to measure
displacements.

A preliminary interferometric synthetic
aperture radar (InSAR) analysis was con-
ducted using ascending Sentinel-1A imagery
acquired a day before the Sparta earthquake
(8 August) and Sentinel 1B imagery acquired
six days later (14 August). Despite areas of
poor coherence, the unwrapped interfero-
gram delineates an area of deformation of
~20 km? (Fig. 1A). An irregular contact
between a positive and negative line-of-sight
(LOS) trends ~N125° for ~3-km, roughly
coincident with the mapped co-seismic sur-
face rupture. The southern block has a nega-
tive LOS (movement away from the ENE-
looking satellite), while the northern block
has a positive LOS (movement toward the
satellite). These patterns are consistent with
left-lateral reverse motion occurring along
the SW-dipping nodal plane identified in the
focal mechanism.

In the hanging wall, located ~300 m and
600 m from the main surface rupture, the
Alleghany 13 and Funeral geodetic monu-
ments surveyed by the North Carolina
Geodetic Survey in September—November
2020 moved 19.7 cm to the ESE and 5.7 cm
to the ENE, respectively, and Alleghany 13
rose 15 cm (Fig. 2A). The geodetic monu-
ment Alleghany 15, located ~600 m north of
the main surface rupture shifted 7.8 cm

toward the SW. These movements are
consistent with the determined focal mech-
anism and InSAR analysis.

Along the central portion of the surface
rupture, several 250 MHz ground-penetrat-
ing radar (GPR) profiles were acquired per-
pendicular to the surface rupture. The GPR
profiles consistently show sub-horizontal
reflectors in the upper ~4 m crossed by a
few 20-30° south-dipping reflectors. While
this is the expected co-seismic rupture
geometry, one dipping reflector projects to
the surface a few meters to the north of the
surface rupture (Fig. 3G).

GEOLOGICAL ANALYSIS OF

SURFACE DEFORMATION
No major ground cracking was evident

near the epicenter. The majority of the sur-
face rupture is located to the south and south-
east of Sparta, and north of U.S. Route 21,
stretching for ~2 km and across a generally
<25-m-wide zone. The most prominent fea-
tures and primary evidence of surface rup-
ture are straight ten to hundreds of meters
long, ~N110°-trending occasionally en éche-
lon ground ruptures. Along the rupture, a co-
seismic topographic step, formed by reverse
scarps and folding/flexure of the topography,
has an average height of 8—10 cm and a maxi-
mum of ~25 cm. The southern block is con-
sistently uplifted. The surface rupture has
four sections (A to D in Fig. 2A):

1. Greenway Drive industrial park (sec-
tion A): South of downtown Sparta sev-
eral ground fissures (crossing U.S. Route
21) and small scarps align in strike for a
distance of ~300 m as they cross the
industrial park at Greenway Drive. The
structures trend N100-110°, and some
exhibit a subtle right-stepping en échelon
pattern. The scarps are single or multiple
minor steps, building to a ~20 cm high
maximum (Figs. 2B-2D). Folding associ-
ated with the uplift caused extension at
the top of the hanging wall with oblique
fissures and cracks. Evidence for lateral
displacement is minor, and no marker
was laterally displaced across the rupture
trace. Several buildings were moderately
damaged in the industrial park, particu-
larly those on the surface rupture. Many
secondary ground fissures were induced
by ground shaking to the south and west
of the industrial park (Fig. 2A).

2. Little River valley (section B): The
rupture crosses the Little River valley
for ~500 m along a steep and densely
vegetated slope that hampers features
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Figure 2. Co-seismic main surface rupture along the newly identified Little River fault. (A) Main surface and ground ruptures, locations of displaced geodetic
monuments, and earthquake sequence. Topographic map overlaying digital elevation model (DEM) and hillshade. White dashed lines indicate the surface
rupture sections (A-D) described in the text. The stereogram displays the focal mechanism (green), measured fault (red), and foliation (blue) orientations.
Location of 2A provided by inset in Figure 1A. (B and C) Greenway Drive industrial park, uncrewed aerial systems (UAS) imagery in B is overlain by UAS-DEM
with topographic profiles TP1 and TP2 (blue lines) along the surface rupture. The red rectangle is the inset area of (C), where arrows highlight surface rup-
ture trace. (D) Topographic profiles TP1 and TP2 (VE = 10x) extracted from UAS-DEM. (E and F) Rivers Edge Road, UAS imagery in E is overlain by UAS-DEM
and includes the location of ground penetrating radar profile line 02 presented in Figure 3G. Arrows in (F) highlight the surface rupture crossing the field.
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recognition. We identified two small
N110°-trending fissures in the south
river bank, with 2-3 c¢cm of reverse verti-
cal offset. Minor rockfall on the southern
slope and a small liquefaction feature in
a sand bar on the northern riverbank
were also documented.

3. Rivers Edge Road (section C): An
~8-cm-high rupture scarp, trending
~N90°, crossed Rivers Edge Road, causing
buckling of the road and breakage of a bur-
ied water pipe (Figs. 2E-2F). Eastward,
the surface rupture crosses a north-facing
slope in open fields and forest patches,
striking ~N110° with a linear and continu-
ous trace. The topographic step is single or
complex, with heights varying between 5
and ~25 cm. It was trackable for ~1,100 m
until the scarp and fissures stopped being
detectable due to dense vegetation.

4. Chestnut Grove Church Road (section
D): The surface rupture is subdued as
it continues from Duncan Drive to
Chestnut Grove Church Road. Small fis-
sures and WNW-trending 3—4-cm-high
steps occur in a cattle path close to
Duncan Drive. Following the rupture
strike N110° to Chestnut Grove Church
Road, extensional co-seismic fissures
broke the road into several decameter
blocks, which have a similar geometry to
older cracks in the asphalt. These co-
seismic fissures suggests that preexist-
ing mass wasting—related features were
activated during the earthquake. We
interpret these as minor deformation
along the eastward rupture termination.
South of U.S. Route 21 and southwest of

Sparta, co-seismic deformation not related to
the main rupture trace, expressed by ground
fissures in less consolidated material in road
cuts and riverbanks, resulted from ground
shaking or translational sliding (Fig. 2A).
Near Little River, riverbank fissures are sub-
parallel with cm-dm—long and mm-cm-wide
openings. At an industrial parking lot (3238
U.S. Route 21, Glade Valley, North Carolina),
co-seismic fissures extend for several m with
mm-to-cm openings, exhibiting shortening
and extensional displacement. These features
are likely due to co-seismic deformation along
several preexisting pavement discontinuities
formed by earlier downslope processes and
differential compaction in artificial fills.

FAULT TRENCHING AND
SUBSURFACE ANALYSIS

We excavated two trenches to investigate
the earthquake deformation (Figueiredo et

al., 2020). Trench T1 was excavated three
days after the mainshock at the Greenway
Drive industrial park (section A) at the tip of
a rupture segment (Figs. 2A and 3A-3D). A
~5-m-long and ~1.2-m-deep trench exposed
weathered Neoproterozoic to Ordovician
metasedimentary bedrock of the Ashe
Metamorphic Suite overlain by northward-
thickening horizontal layers of clay and
sand construction fill. A thrust fault is rec-
ognized in the upper few dm of the trench
displacing surficial fill deposits ~10 cm
along a fault plane (N100°, 19° S) with 4-cm
vertical displacement of the southern hang-
ing wall, forming a small, very well-
preserved scarp. The low-angle fault roots
into weathered bedrock ~20 cm into a
steeper preexisting plane (N115°, 45° S)
interpreted to be associated with the
Paleozoic fabric. Primarily dip-slip slicken-
lines were identified in the low-angle and
steeper fault surfaces, although oblique
slickenlines were observed near the surface
in folded materials of the scarp (Hill et al.,
2020). Small excavations within the indus-
trial park across minor scarps corroborate
reverse faulting and cumulative co-seismic
vertical displacements of up to 10 cm.
Moreover, markers in the pavement across
the fault trace were not laterally displaced.
Older fault gouge with manganese-coated
surfaces and breccia in the weathered bed-
rock indicates brittle deformation, with
dip-slip slickenlines. The age of the brittle
deformation is unknown.

Trench T2 (~1.3-m deep and ~10-m long)
was opened along the side of Rivers Edge
Road across an ~8-cm-high scarp next to a
buckled road and broken water pipe (Figs.
2A and 3E-3F). The excavation exposed two
clay-rich colluvial units (2 and 3) and sapro-
lite (4), which were not displaced by a fault
despite being positioned across the scarp.
The upper colluvium (1) was gently warped;
however, this folding was not observed in the
lower colluvium or saprolite. The absence of
faulting despite the evident compression was
corroborated by a 250 MHz GPR profile par-
allel to T2 interpreted as recording minimal-
to-no stratigraphic disturbance in the upper
4 m. We argue that T2 is located in a com-
pressional step-over.

There was no clear evidence for cumula-
tive Quaternary deformation prior to the
2020 earthquake due to a lack of additional
Quaternary markers at depth in T1. None-
theless, both trenches unequivocally dem-
onstrate surface deformation caused by an
active fault.

RELATION TO TECTONIC
FRAMEWORK AND
GEOMORPHOLOGY

The focal mechanism, InSAR interfero-
grams, field observations, and aftershock
sequence provide evidence supporting a
SSW-dipping seismogenic fault. The surface
ruptures are ~N110°, similar to the strike of
the south-dipping nodal plane for the first
motion moment tensor solutions and the
InSAR unwrapped interferograms. None of
these matches mapped tectonic structures in
the Sparta area (Rankin et al., 1972; NCGS,
1985; Merschat et al., 2020). However, the
Little River fault is subparallel to the Boone
and Mills Gap faults, located 50 and 150 km
to the southwest, respectively (Wooten et al.,
2010; Hill, 2018). Hill (2018) argued that
WNW lineaments in North Carolina are
likely brittle Cenozoic structures. The sur-
face rupture is located along a subtle ~10-km-
long WNW-ESE—trending topographic lin-
eament visible in digital elevation models
and centered on the fault zone (Fig. 1A).

DISCUSSION

The Sparta earthquake is unusual for
eastern North America and worldwide
because 4.5 <M_ < 5.5 earthquakes rarely
produce surface ruptures. It was also unex-
pected, occurring along an unknown struc-
ture trending oblique to the regional NE-SW
structural trend and triggered at shallower
depths than regional seismicity.

The fault identified in trench T1 (N115°,
45°S) was interpreted as reactivation of a
foliation plane (Fig. 2A). We argue that the
foliation parallel to the active fault in T1
could be locally rotated due to brittle defor-
mation, similar to anomalous WNW rotated
foliation observed in the Mills Gap fault
zone (Wooten et al., 2010). Trench T2 is
placed at a compressional step-over without
evidence of faulting. Nonetheless, GPR pro-
files acquired 20 m to the east of T2 and
along an ~600-m segment consistently
show a low-angle south-dipping reflector
(Fig. 3G). This reflector projects to the sur-
face a few meters north of the co-seismic
scarp, where ground deformation was not
recognized. We suggest that this reflector
may be (1) related to an older earthquake
structure or (2) the result of deformation
partitioning on an unidentified complex set
of structures during the 2020 earthquake.

The strike of the seismogenic structure
inferred from seismology and remote sens-
ing is consistent with field observations.
However, and interestingly, the kinematics
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are different from the observed slip. The
focal mechanism derived from waveform
analysis and the InSAR unwrapped inter-
ferogram indicate oblique-reverse motion.
Geodetic monuments were displaced differ-
ently on the hanging wall and footwall sup-
porting a left-lateral and reverse motion. In
contrast, the geologic field evidence sug-
gests predominantly reverse faulting and
associated folding along a low-angle (~20°)
fault plane that roots in a steeper preexistent
fabric (~50°). This discrepancy may indi-
cate complex strain partitioning or a change
of slip during the earthquake. The initial,
deep rupture may be predominantly strike-
slip, possibly along a steeper structure with
subsequent up-dip failures on shallower
preexisting planar discontinuities in the
bedrock accommodating most of the reverse
component. Slip variations during an earth-
quake rupture are recognized from recent
and historical earthquakes (Kearse and
Kaneko, 2020). Further research is needed
to understand slip partioning associated
with the Sparta earthquake.

Eastern North American earthquakes com-
monly have complex ruptures. According to
Horton et al. (2015), significant earthquakes
such as the 1988 M 5.9 Saguenay and 1989
M, 6.0 Ungava, both in Quebec, and the 2011
M, 5.8 Mineral, Virginia, event had large
local stress drops and complex ruptures that
evolved spatially and temporally. The 2011
Mineral earthquake had three subevents, with
most of the seismic moment release occurring
at a depth of 8 km as the earthquake rupture
propagated from SW to NE along strike and
up-dip (Chapman, 2013; Hartzell et al., 2013;
Horton et al., 2015). The Sparta earthquake
had a shallow centroid depth and moment
release more favorable for surface rupture.

The regional S, is NE-SW to ENE-
WSW (Snee and Zoback, 2020), consistent
with an oblique-reverse focal mechanism
and overall reverse fault characteristics.
Several processes can increase the stress
field and trigger seismicity, including gla-
cioisostatic adjustments, loading/unloading
of sediments or water, and static stress
changes; however, none of these apply to
the Sparta region. Walsh et al. (2015) ana-
lyzed the Coulomb static stress transfer
during the 2011 Mineral earthquake, and
except for an area in the range of 10 km
from the main event, stress changes are
negligible (~1 mbar) and much less than the
values needed to trigger earthquakes at a
regional scale. Since Sparta is located ~300
km from the 2011 Mineral seismic area,

relevant stress perturbations from the 2011
earthquake are unlikely to be the cause. The
Sparta focal mechanism (SLUEC, 2020;
Horton et al., 2021) is similar to the ones
obtained for the Giles County, Virginia,
seismic zone, located ~100 km to the north-
northeast. Across a six-year survey, Munsey
and Bollinger (1985) calculated several pre-
dominately strike-slip moment tensor solu-
tions where the left-lateral solutions have an
ESE trend dipping steeply to the south, sim-
ilar to the 2020 Sparta earthquake.

In intraplate settings, recognizing active
structures and quantifying their deformation
rates for seismic hazard can be challenging
when seismicity is diffuse and infrequent,
with long periods of quiescence spanning
10°-6 years (e.g., Clark et al., 2012). The rec-
ognition and documentation of moderate
earthquakes with surface rupture, like that of
the 2020 Sparta M 5.1 earthquake, has
increased recently (e.g., King et al., 2019;
Ritz et al., 2020), likely due to the increasing
knowledge and availability of remote sens-
ing methods. These earthquakes provide
direct evidence of seismicity that is generally
poorly expressed or misunderstood in the
paleoseismologic record. In the case of the
Sparta earthquake, the application of the
magnitude-surface deformation empirical
relationships (e.g., Wells and Coppersmith,
1994) would support a larger magnitude
event. This discrepancy indicates that paleo-
seismology data may be underestimating
seismic hazard for certain cases. Thus, docu-
mentation of surface deformation generated
from moderate seismicity is meaningful and
relevant for seismic hazard assessment, not
only for intraplate settings.

CONCLUSIONS

The moderate M 5.1 Sparta earthquake
produced complex oblique reverse-faulting
with surface rupture, the first recorded
earthquake to do so across the eastern
United States. The seismogenic source
strikes WN'W and dips SW, and instrumen-
tal data support a left-lateral earthquake
with reverse slip. However, field investiga-
tions of the main surface rupture, document
predominantly reverse slip, controlled by a
preexisting planar structure, inferred to
show brittle deformation of probable
Cenozoic age. This structure, now recog-
nized and named Little River fault, is possi-
bly part of a WNW-ESE set of lineaments
inferred to have Cenozoic activity that
crosses the dominant NE-SW Appalachian
structural grain. The shallow (~0.6—1.0 km)

hypocenter promoted surface rupture. Left-
lateral reverse motion on a WNW-ESE—
trending fault is consistent with the regional
stress field, with S oriented NE-SW to
ENE-WSW. The occurrence of Quaternary
activity preceding the 2020 Sparta earth-
quake has yet to be determined.

Two moderate earthquakes (2011 M 5.8
Mineral and 2020 M_ 5.1 Sparta), occurred
in eastern North America during the past
decade, causing disruption and economic
loss. These occurred along structures not
included in any database as potentially
active, suggesting that the regional seismic
hazard may be underestimated.
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