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Figure 1. Triangles show the nearest stations recording the August 23, 2011 mainshock. The star shows the epicenter. The station at North Anna is a triggered strong-motion instrument operated by Dominion, Inc. RCRC is a 1 Hz short-period instrument operated by Virginia Tech. URVA is a broadband instrument operated by Virginia Tech. CBN is a broadband and strong-motion station operated by the USGS Advanced National Seismic Network (ANSS). CVVA is an ANSS strong-motion station. The station at Reston, Virginia is USGS National Strong Motion Network station no. 2555.
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Figure 2. Terrain map (higher elevations colored brown) of the Louisa County, Virginia, area showing major roads (solid red and black lines). Red circles show epicenters of larger aftershocks, occurring from August 25, 2011 through September 1, 2011, determined in this study using data from stations deployed by Virginia Tech. Different symbols indicate temporary stations with different IRIS network designations: Virginia Tech temporary deployment (network XY, black triangles), IRIS Ramp deployment (network YC, black squares), USGS national strong motion program (network NP, black stars), USGS netquakes (network NQ, white triangles), USGS (network SY, black hexagons). The epicenter of the mainshock initiation and two largest subevents are shown by the blue star and the blue crosses (see text).
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Figure 3. (a) A 3-dimensional perspective view of the early (to September 2, 2011) aftershock hypocenters (spheres) looking N29°E, in the strike direction of the mainshock focal mechanism nodal plane from a point in the Earth at a depth of approximately 4 km. (b) 3-dimensional perspective view looking obliquely downward from a point above the surface of the Earth, in a direction normal to the focal mechanism nodal plane. 
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Figure 4. (a) S-P arrival time interval versus P-wave arrival time for 36 aftershocks used to estimate upper-crustal velocity.  A constant was added to the P-wave arrival times for each earthquake such that the linear trends of data points for each event are offset from one another for the purpose of illustration. The line indicates the joint estimate of the slope of Equation 1, (- 1).  (b) Residual plot showing observed P-wave travel time (squared) minus the calculated P-wave travel time (squared) for a least-squares linear regression of P-wave travel time (squared) versus epicenter distance (squared), following Equation 2.
[image: image5.png]Acceleration (cm/s?)

Velocity (cm/s)

(a)

200

200 |

T
radial

200

200 k

I T
transverse

200

200 |

I . H
vertical

10 F

-0 |

l
radial

10 |

I T
transverse

-10 |

10 F

-10

I T
vertical

Velocity (cm/s)

-10

-15

o

Time after origin (s)

—_
o




Figure 5. (a) Acceleration and velocity recordings at the foundation base-mat, Unit 1, Dominion Inc. North Anna power station. The time scale is relative to instrument trigger time and the dashed lines indicate onset times of the three subevent pulses discussed in the text. (b) Transverse component velocity recording (solid line) and full wavefield synthetic for a finite-fault simulation with a smooth source time function (dashed line). In (b), the observed data have been time-shifted to align the largest S-wave pulse, with onset at 1.7 seconds in (a), with the far-field S-wave of the synthetic.  The time scale in (b) is relative to origin time of the synthetic seismogram. The vertical solid lines in (b) indicate the subevent onset times shown by the vertical dashed lines in (a). Note a second large S-wave pulse with onset at approximately 6.8 seconds in (b) that is absent in the synthetic, as well as a precursory pulse onset at approximately 5.6 seconds in (b). 
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Figure 6. Velocity, acceleration and displacement waveforms recorded at the local stations. (a) North Anna, strong-motion instrument, S-wave transverse component. (b) URVA, broadband instrument, P-wave vertical component. (c) RCRC, 1-Hz short-period instrument, P-wave vertical component. (d) Reston, Virginia, NSMP station 2555, strong-motion instrument, P-wave vertical component. (e) CVVA, strong-motion instrument, P-wave vertical component.(f) CBN, broadband instrument, P-wave vertical component. The solid lines indicate the measured subevent onset times. Dashed lines indicate predicted times based on the linear regression solution for the relative locations and origin times of the subevents.
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Figure 7. (a) The broadband velocity recording of the P-wave arrival at station ESK (Eskdalemuir, Scotland) is shown by the red line. The green line is a synthetic seismogram containing the direct P, pP and sP phases for a focal depth of 6 km, using a source moment-rate based on the Brune (1970) far-field displacement pulse for Mw 5.7 and stress drop of 10 MPa. The vertical dashed line indicates the arrival time of pP in the synthetic. The numbers indicate subevent arrivals apparent in the observed data. (b) As in (a) showing acceleration.
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Figure 8. Teleseismic stations used for analysis.
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Figure 9. Red lines show observed velocity waveforms (normalized to peak amplitudes) for teleseismic stations. The green lines show synthetics based on the linear regression solution for the relative locations and origin times of the subevents and an 8.0 km focal depth of rupture initiation.
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Figure 10. Red lines show observed acceleration waveforms (normalized to peak amplitudes) for teleseismic stations. The green lines show synthetics based on the linear regression solution for the relative locations and origin times of the subevents and an 8.0 km focal depth of rupture initiation.
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Figure 11. 3-dimensional Cartesian coordinate system with origin at source point O. The position of a second source at point P is given by vector Vop. Assuming a receiver at infinity, unit vector Vr indicates the ray directions at both O and P. Points O and P are assumed to lie in a fault plane defined by strike s and dip d. The source receiver azimuth is a, and the ray take-off angle (with respect to the negative z direction) is [image: image13.png]


. 
[image: image14.png]Y (km)

0.0

0.5

1.0 1.5
X (km)

2.5




Figure 12. The result of 500 relative subevent locations, using random sampling with replacement, involving only 1/2 of the arrival time data set per sample. The locations of subevent 2 are shown by the circles, and subevent 3 by the crosses, relative to the location of subevent 1 (at X=0, Y=0). The coordinate system is in the fault plane (strike N29°E, dip 51°), with the positive X-axis in the strike direction. 
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Figure 13. The solid line shows the recorded transverse component velocity record at North Anna. The dashed line shows a simulation based on the results of the subevent location and the subevent source parameters given in Table 1.
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Figure 14. Red lines show observed velocity waveforms (normalized to peak amplitudes) for stations ESK, ALE and YKW3. The green lines show synthetics created for different focal depths.
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Figure 15. Red lines show observed acceleration waveforms (normalized to peak amplitudes) for stations ESK, ALE and YKW3. The green lines show synthetics created for different focal depths.
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Figure 16. Circles show the epicenters of early aftershocks (August 26 through September 1, 2011) located using the velocity model determined in this study and P and S arrival time data from all available recording stations shown in Figure 2. Red circles indicate the aftershocks used to determine the epicenter of the mainshock initiation (subevent 1), shown as the red star. The red crosses show the epicenters of subevent 2 and subevent 3.
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Figure 17. (a) Crosses show hypocenters of early aftershocks (August 26 through September 1, 2011) located using the velocity model determined in this study and P and S arrival time data from all available recording stations shown in Figure 2, projected onto a vertical plane with normal direction trending N29°E (i.e., the plot is a depth section looking in the strike direction of the main shock focal mechanism nodal plane. Squares show the hypocenters of the mainshock initiation (subevent 1) and subevents 2 and 3. (b) As in (a), but projected onto a plane trending N29°E.
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