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In the past two decades, geodesy and geochronology have endeavored toIn the past two decades, geodesy and geochronology have endeavored to
quantify crustal strain and paleoseismology in the central and eastern U.S quantify crustal strain and paleoseismology in the central and eastern U.S 
(CEUS).  We have learned that:(CEUS).  We have learned that:

Seismic zones have little to no measurable crustal strains when using GPSSeismic zones have little to no measurable crustal strains when using GPS
  geodesy.  geodesy.
Seismic zones have measurable crustal strains when using geomorphic and  Seismic zones have measurable crustal strains when using geomorphic and  

  stratigraphic markers.  stratigraphic markers.
Seismic zones have clear evidence of past earthquakes.Seismic zones have clear evidence of past earthquakes.
We know virtually nothing about the potential for earthquakes in betweenWe know virtually nothing about the potential for earthquakes in between

  seismic zones.  seismic zones.
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Geomorphic paleogeodesy and intraplate deformationGeomorphic paleogeodesy and intraplate deformation
associated with the Mineral, VA earthquake andassociated with the Mineral, VA earthquake and

surrounding Central Virginia Seismic Zone (CVSZ)surrounding Central Virginia Seismic Zone (CVSZ)
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Plate boundary earthquake cyclePlate boundary earthquake cycle
and crustal strain measured and crustal strain measured 
geodeticallygeodetically
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No GPS geodetically measurable crustal strains at New Madrid



Elastic, rigid lithosphere

Weak, visco-elastic zoneWeak, visco-elastic zone

Visco-elastic oscillatorVisco-elastic oscillator Systems-level model for CEUS intraplate earthquakesSystems-level model for CEUS intraplate earthquakes

coseismiccoseismic interseismicinterseismic

model 1

model 2

Kenner and Segall, 2000, ScienceKenner and Segall, 2000, Science Crustal strains by Bill Holt, unpublished dataCrustal strains by Bill Holt, unpublished data
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Mineral 
earthquake
Fault

Cross-section courtesy of
David Spears and Amy Gilmer
Division of Geology and 
Mineral Resources
Virginia Department of Mines, 
Minerals, and Energy
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Two largeTwo large
knickpointsknickpoints
related torelated to
base levelbase level
fall at thefall at the
Fall ZoneFall Zone

Many smallerMany smaller
knickpoints thatknickpoints that
“decorate” the“decorate” the
middle reachesmiddle reaches
of the stream,of the stream,
perhaps relatedperhaps related
to rock-typeto rock-type
or intraplateor intraplate
seismicityseismicity



IRIS seismic network
340 events 
September 2011 – May 2012
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Mineral Fault / EarthquakeMineral Fault / Earthquake
Depth ~6 kmDepth ~6 km
Dip ~50Dip ~50oo

Strike length ~ 10 kmStrike length ~ 10 km
M 5.8M 5.8
throw ~0.1 m throw ~0.1 m 
(Wells and Coppersmith, 1984)(Wells and Coppersmith, 1984)

4-4



Scognamiglia et al., 2012 
AnnalsGeophysics

12 May, 2012
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Depth ~ 6 km
Dip ~ 50o

M =5.8



Lavecchia et al., 2012, AnnalsGeophysics
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Footwall Hanging wall



Approximate surface projection of
fault that ruptured in 2011Horseshoe FarmHorseshoe Farm



Horseshoe FarmHorseshoe Farm



Walsh et al., 2015, GSA SP 509.



assuming that faultassuming that fault
slip is drivingslip is driving  ~8~8-16 -16 m of m of 
rock uplift in ~400 ka,rock uplift in ~400 ka,

and Mineral earthquakeand Mineral earthquake
-scale events generate-scale events generate
~7 cm of co-seismic~7 cm of co-seismic
fold growthfold growth
(Walsh et al, 2015),(Walsh et al, 2015),

That isThat is  ~114~114-228-228  
earthquakesearthquakes
with a R.I. of with a R.I. of 
~3,500~3,500 - 1750 yrs. - 1750 yrs.
since the middle Pleist.since the middle Pleist.

Footwall incisionFootwall incision
~18 m since middle ~18 m since middle 
PleistocenePleistocene
(~ 45 m/m.y.)(~ 45 m/m.y.)

(1) Hanging wall incision(1) Hanging wall incision
~34 m since mid Pleist.~34 m since mid Pleist.
(~115 m/m.y.)(~115 m/m.y.)

(2) Hanging wall incision(2) Hanging wall incision
~26 m since mid Pleist. ~26 m since mid Pleist. 
(~65 m/m.y)(~65 m/m.y)

Footwall incisionFootwall incision
~18 m since middle ~18 m since middle 
PleistocenePleistocene
(~ 45 m/m.y.)(~ 45 m/m.y.)

(1)(1)

(2)(2)



Great Falls of the Potomac....large base level fall and river incision in the VA-MD Great Falls of the Potomac....large base level fall and river incision in the VA-MD 
Piedmont that is currently located between recognized (dense) clusters of seismicity Piedmont that is currently located between recognized (dense) clusters of seismicity 
in CVSZ and RLSZ..... in CVSZ and RLSZ..... 

CVSZCVSZ

RLSZRLSZ



ConclusionsConclusions

Direct evidence for local crustal deformation of the Appalachian landscape Direct evidence for local crustal deformation of the Appalachian landscape 
is evident in the warped terraces of the South Anna River that flows above is evident in the warped terraces of the South Anna River that flows above 
the epicenter of the 23 August, 2011 Mineral earthquake.the epicenter of the 23 August, 2011 Mineral earthquake.

GPS geodesy may struggle to measure crustal strains in the seismic zones, GPS geodesy may struggle to measure crustal strains in the seismic zones, 
but maybe this is the wrong place to capture the elastic phase of the visco-but maybe this is the wrong place to capture the elastic phase of the visco-
elastic oscillator.  Geomorphic geodesy can measure the accumulated elastic oscillator.  Geomorphic geodesy can measure the accumulated 
strain of permanent co-seismic deformation, from many earthquakes.strain of permanent co-seismic deformation, from many earthquakes.

What we do not know, can hurt us.  Nearly all intraplate earthquake What we do not know, can hurt us.  Nearly all intraplate earthquake 
investigations have been focused in seismic zones; we should also be investigations have been focused in seismic zones; we should also be 
looking in the aseismic gaps for evidence of crustal strains in CEUS; looking in the aseismic gaps for evidence of crustal strains in CEUS; 
geomorphic paleogeodesy is one tool that can help identify crustal strains in geomorphic paleogeodesy is one tool that can help identify crustal strains in 
places that are currently “aseismic”.places that are currently “aseismic”.
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Eastern U.S. Dynamic topography (Moucha et al., 2008, EPSL)

Present-day dynamic 
topography

Post-30 Ma change 
in
dynamic 
topography



l Contoured second invariant of strain rate for the lithosphere in parts of ENAM, together with depth-integrated 
deviatoric stresses, obtained from a global model and using a craton viscosity and old ocean (Müller et al., 
2008, 1997) lithosphere viscosity of 1x1024 Pa-s. Bold vectors are principal axes of compression and open 
vectors are principal axes of tension.  The craton distribution was obtained from the tomography model in 
Simmons et al. (2006). l Holt, unpublished data
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Projection of 
Mineral Fault
to the surface
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