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PART ONE
FOCAL MECHANISM ANALYSES FOR VIRGINIA EARTHQUAKES (1978-1984)

AB,STRACT

Focal mechanisms are presented for 11 earthquakes from the Giles
County, Virginia seismic zone and its vicinity and for 12 earthquakes
from the Central Virginia seismic zone. These earthquakes (01M1 )4

were monitored by local networks between January, 1978 and October,
1984. In Giles County, the data base consists of 43 P-wave polarities
and 50 SV to P amplitude ratios (SV/P) that yielded six single event
focal mechanisms (SEFM's) and five composite event focal mechanisms
(CFM's). In Central Virginia 79 P-wave polarities and 51 SV/P ratios
are used to determine 11 SEFM's and 4 CFM's. A computer program
FOCMEC, which systematically searches the focal sphere for valid
mechanism solutions based on pre-defined data error limits, was used
to detennine the focal mechanism solutions.

The results for the Giles County seismic zone show mainly strike-
slip mechanisms on steeply dipping (73'216') NNE (right lateral
motion) and ESE (lef t lateral motion) trending nodal planes. However,
some (4/11) of the solutions show similar movement on nodal planes
rotated 45' counterclockwise. The means and standard deviations for
the trends and plunges of the P axes are N46*E 24' and 13.5'120',1
respectively, as computed from the six SEFM's and two CFM's.

Focal mechanisms from Central Virginia exhibit much more scatter
in mechanism types and nodal plane orientations than in Giles County.
The P axes in Central Virginia are generally northeast trending for
shallow earthquakes (>8 km) and northwest trending for deeper ones (#8
km). The focal mechanisms exhibit a mixture of reverse and strike
slip faulting on planes that dip 62'316*.

In Giles County, where the seismic activity is occurring beneath
the Appalachian decollement, faulting and inferred stress orientations
are more uniform than in Central Virginia, some 200 km away, where the
seismicity is occurring near and above the decollement.

_ _________ - ____



,

,

INTRODUCTION
i

The southeastern United States exhibits a low level of seismic
energy release, typical of most intraplate tectonic settings.
However, clusters or zones of sporadic seismic activity within the
region have been delineated on the basis of the historical record
(Bollinger, 1973; Figure 1). Recent seismicity patterns monitored by
networks in the southeastern U.S. are very similar to the historical
distribution of events (SEUSSN Bulletin 14, 1984, Figure. 2). The
intensity X, Charleston, Souta Carolina earthquake of 1886 is the
strongest earthquake known to have shaken the region. In addition,

approacimately a dozen earthquakes of intensity VII or greater have
occurred in the southeastern U.S., two of which were located in
Virginia (Bollinger, 1973).

| The 1875 Goochland County, Virginia (Oaks, 1985) and the 1897
"

Giles County, Virginia earthquakes (intensities VII and VIII,
respectively) are the two largest Virginia earthquakes ( Bollinger,
1978). The 1875 earthquake occurred within an area that Bollinger
(1973) described as the Central Virginia seismic zone and the 1897

,

j Giles County event took place in the Giles County seismic zone
(Bollinger and Wheeler,1983). These two zones are separated by only

j| 200 km, yet the results reported herein denonstrate that their
seismogenic characteristics are quite different.'

Baplacement of seismograph networks in the late 1970's, within
and around these two zones, has allowed detailed studies of their
seismic characteristics. The purpose of this investigation is the
detennination of focal mechanisms for Virginia earthquakes that
occurred during network operation between 1978 and 1984. The data
base consists of P-wave polarities and SV to P amplitude ratios

,

(SY/P); the FORTRAN program, FOCMEC (Snoke and others, 1984) is used
to analyze the data. The two study areas, Giles County, Virginia and
Central Virginia, are first discussed separately and then subsequently
compared and contrasted.

DATA COLLECTION
4

Installation of what is now a 20 station network of vertical,
i short-period seismographs began in the latter part of 1977 (Figure 3).
'

The seven station Giles County sub-network in southwestern Virginia
and the nine station Central Virginia sub-network were positioned to
monitor seismic activity in those two areas of the state possessing a

,

record of historical earthquakes. |
The Bath County sub-network in the northwestern part of the state i

occupies what has been a virtually aseismic area (Bollinger and
Gilbert, 1974). However, construction of a large pumped-storage
reservoir project there has required that a seismic monitoring program
be conducted to determine the background, pre-reservoir filling
seismicity characteristics. The seismicity of the Bath County area

i was described by Todd (1982).
In Giles County, the data base consists of 43 P wave polarities

| and 50 SV/P amplitude ration from 11 earthquakes. Those earthquakes
'

had duration magnitudes of 2.2 or less and their focal depths ranged

from 7 to 20 km. In Central Virginia, 79 polarities and 51 SV/P
i

2 |
.
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ratios from 12 earthquakes were used in the analysis. The Central
Virginia events ranged in magnitude from 0 3 to 4.0 and had depths

t from 3 to 15 km. Pre-network events were also considered for focal
| mechanism analysis but because of one or both of the following

shortcomings they are not considered herein: (1) a poorly constrained
hypocenter, usually in depth; (2) lack of good quality polarity and,

| more of ten, amplitude ratio data.
Only impulsive P-wave polarities and the ratio of the vertical

components of the maximus SV to P amplitudes (SV/P) within the first
1) cycles of each phase are employed to determine focal mechanisms,
Quality control for the input data included the reading of all

i

| polarity and amplitude ratio data by two or more independent

i observers, usually on more than one type of recording medium. The

| fidelity of P-wave polarities for the study earthquakes was assured by

| comparing the polarities of teleseismic P waves at the WWSSN station
'

BLA with those at each network atation for impulsive P-waves from
teleseismic shocks that occurred both before and during the study
pe riod. SV/P amplitude ratios were measured only for stations with
epicentral distances of 100 km or less for two reasons. First,

restricting the distance range minimizes the effect that potential
differences in P and S wave anelastic attenuation would have on the
amplitude ratio. Secondly, the distance restriction eliminates the
possibility of interference fras Pg-Pn or Sg-Sn crossover amplitudes.
Quality control measures relatira directly to event location accuracy

|
are discussed in the following section.

DATA PROCESSING

Velocity Models and Earthquake Location Procedures

Yhe earthquake location program HYP0 ELLIPSE (Lahr,1980) was used
! to locate all events. The use of locale-specific crustal velocity
l models significantly upgraded the precision and reliability of
I hypocenter estimates (Table 1). Such local velocity models had

previously been developed for 011es County and Central Virginia
(Hoore, 1979 and Chapman, 1979). Also, joint relocation studies of
Virginia earthquakes (Viret and others, 1984) have shown that the
individual hypocenter estimates obtained by HYP0 ELLIPSE for Central
and Southwestern Virginia earthquakes are reliable and have no

i significant biases resulting from the different network configurations
I employed in their locations.

Revisions of earlier locations (SEUSSN Bulletin 12A, 1983) were
conducted because accurate ray take-off angles and azimuths are

| essential to achieve reliable focal mechanisms (see Appendix A).
| These revised locations incorporated the two layered, locale-spectrio
I velocity models. Af ter relocation, only those earthquakes with

vertical and horizontal errors (941 confidence level) of 5 km or less
| were retained for analysis. Location revision efforts included

rereading of some arrival times, employing consistent arrival time
residual and distance weighting schemes, and, in some cases, the
incorporation of new arrival time data. Finally, the coordinaten of
two Central Virginia stations were found to be slightly in error, aryl !

l the correct coordinates were include! in the relocation runs. !

'
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h Table 1
!
| Velocity Models
1

i
i

MODEL P WAVE VELOCITY DEPTH THICKNESS CRADIENT VP/VSa

f (KM/SEC) (KM) (KM) (KM/SEC/KM) {
! I

j CC01 5.63 0.0 5.7 Constant 1.64 |
1 6.05 5.7 9.0 Constant 1.72

'

6.53 14.7 36.0 Constant 1.70
,

' 8.18 50.7 Constant 1.71

i CCCR 5.63 0.0 50.7 0.035 1.70 or 1.72 l

! 7.40 50.7 1.70 or 1.72
| 8.18 50.7 Constant 1.70 or 1.72
I
| CVNA 6.09 0.0 15.0 constant 1.73

6.50 15.0 21.0 Constant 1.72
8.18 36.0 constant 1.73

.

l CVCR 6.09 0.0 36.0 0.016 1.73
4 6.67 36.0 1.73

) 8.18 36.0 constant 1.73

.
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The use of layered velocity models in focal mechanism
determinations results in only direct arrival take-off angles and one
possible (critical refraction) take-off h./' a for each layer boundary

| below the earthquake hypocenter. This artifact of layered models will
'

result in a plot of rings of focal mechanism data when stations are

| distant enough from the source to record critical refractions as first

| arrivals. To alleviate this problem, postulated gradient velocity
| models were applied to the data in both study areas. However, our

| selection of focal mechanism solutions are derived from the layered
! velocity model resul ts and all subsequent interpretations will he

based upon these Inyered model findings.
| In Giles County, the postulated gradient velocity model ts
| characterized by a surface P wave velocity of 5.63 km/see, a gradient

| of 0.035 km/sec/km to a depth of 50.7 km, and a sub-M0HO P-wave
'

velocity of 8.18 km/sec (Table 1). The S wave velocity model was
identical except that it was divided by the Vp/Vs ratios of 1.70 or
1.72 depending on the layer in which the seismic event was located
using the discrete layer model. The gradient velocity model in Giles
County was used to relocate the seismic events and it was chosen to
minimize differences in the event locations produced by it and the
layered model. Thus, while the hypocenters found by both Giles County
layered and gradient velocity models are similar, and differences in
take-off angles are primarily a function of the nature of the models
and not of small differences in focal depth.

The gradient velocity model in Central Virginia was chosen in a
manner somewhat different from the one for Giles County. In Central

| Virginia, the gradient model hypocenters were fixed to remain the same
as the layered model ones. The gradient that produced the lowest
total arrival time RMS error for the rive events analyzed was chosen
as the Central Virginia gradient model. The model selected had a
surface P wave velocity of 6.05 km/see with a 0.016 km/sec/km gradient
to the M0HO at 36 km depth. The sub-M0HO P wave velocity is 8.18
km/sec. The Central Virginia gradient velocity model employs a 1.73
VD/Vs ratto for all locations.

It must be emphasized that these gradient velocity models were
subjectively and NOT rigorously developed. They were employed to
illustrate the possible variation in focal mechanisms that is obtained
from ONE possible gradient velocity model in comparison to a layered
one.

| The Oiles County locations are generally more reliabic than the
! Central Virginia ones. This is the result of the tighter and more

evenly distributed Oiles County network stations than are present in
Central Virginia. Also, the distance betwoon the earthquske and
closest recording seismograph atation is generally smaller in Oiles
County than in Central Virginia.

Focal Mechaninm Onta Heduction

The P-wave polarity in a discrete-valued parameter. I t 15 cither
a compression or a dilatation. However, the observed SV/P amplitude
ratios produce a continuum of values between zero and infinity. Dody

I wave amplitudes potentially require application of three types of
| corrections to recover their value at the nourcet (1) Ibundary

I
8

|
|
i
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!

!

I i

i transmission effects (free surface and internal), (2) Geometrical

; spreading and (3) Anelastic attenuation. The dirrerences in body wave
amplitudes between the source and station depend on the radiation1

| pattern, the velocity structure and the d ensity and anelas tic
attenuation (Q) values of the medium. :

4
Free surface effect corrections were applied to all SV/P data. |;

i SV/P amplitude ratios with emergence angles of 30' to 37' were deleted (
i because the free surface effects change very rapidly in that range. ;

) Transmission coefficients are virtually the same for P and 3 across a
velocity boundary for any angle of incidence, except when the density I

i
; and/or Poisson's (V /Vs) ratio are significantly different across the !

bounda ry . The difference in the Vp/Vs ratto for the Giles County
; layered velocity model causes transmission differences of more thanj '

; 105 between P and S rays that a"e incident upon the bottom of the top
i layer at angles of less than 20*. Thus, for that velocity model, e

2 transmission corrections were applied to the SV/P ratios.
.

!

<

Geometrical spreading affects P and S waves differently only when
the Vp/Vs ratto changes along a raypath. Otherwise, the geometrical

,

|
attenuation is exactly the same for both waves. Additionally, when

'

|
variable Vp/Vs ratios are assumed, amplitude ratios from raypaths with

{ take-off angles within approximately 3 ' of horizontal were not |2
utilized because the differences in raypath length for P and S waves L

become too sensitive to the take-off angle in that range. i
j As mentioned earlier, anelastic attenuation is ASSIMED to create i

j negligible differences between P and S amplitudes at epicentral I

j distances of 100 km or less. No effort was made to correct the SV/P
! amplitude ratios for this effect and the validity of this assumption ;

j was not tested.
Several other assumptions about the data processing and analysis

should be noted explicitlyt (1) the velocity modet employed for event
locations is an adequate approximation of the actual velocity

j structure, and the take-off angles and azimuths as well as surface |
emergence angles, derived from the velocity model are correct, (2) {+

when velocity models with variable ~ Vp/Vs ratios are used, the ;

amplitude ratio corrections used different P and S take-off angles at |
| the source for a given epicentral distance are correct. However,

j theoretical amplitude ratios at the source are calculated with the '

same take-off angle for P and S. This inconsistency is assumed to be |;

t negligible when comparing the corrected observed amplitude ratio and [

! the theoretical value because differences in P and 3 wave take-off i

! argiles were almost always less than two degrees. (3) Finally, the |

t wave frequency at which both P and 3 amplitudes were read is assumed r

j to be virtually the same. In practice, the P wave ' frequency !
'

) (approutmately 5 Hz) is usually slightly higher than the 3 wave
j frequency. Without this assumption, however, the frequency response
! of seismographs would have to be considered to obtain the correct i

i relative amplitude. ;

'

FOCAL, M8CHANISM ANAL,YSIS

i

! Stauder (1962) gave an excellent review of the historical
| development of double. couple focal mechanism theory. More recently. [

( Herrmann (1975) presented a straightforward discussion of the use or ;

!,

l i
9 ;

I

,

- i



P-wave polarity and S-wave polarization angles to determine focal
mech anisms . Kiss 11nger (1980; and others, 1981; and others, 1982)
developed the theory and use of SV/P amplitude ratios to obtain a
focal mechanism solution by non-linear least squares iterations.

Focal Mechanism Analysis by FOCMEC

The comput,er program, FOCMEC, (Snoke and others, 1985) was used
in this study ta determine focal mechanism solutions. This program is
a refinement an'd extension of the algorithm written by Tzeng and Long
(1982). FOCMEC incorporates P-wave polarities and/or SV/P amplitude
ratios and differs from Kisslinger's approach in that it uses the SY/P
data to constrain possible solutions, not to converge to a single one.
FOCMEC systematically searches the focal sphere to find mechanism
solu tions consistent with pre-specified numbers of polarity and/or
amplitude ratio errors. Acceptable ratios are those which fall within
a pre-defined error allowance range. FOCMEC can search over any
desired interval or increment of the focal sphere, but in this study a
5' search grid is used which generates more than 25,000 possible
solutions. The set of solutions that satisfies the data within the
pre-defined error allowances is called the family of solutions.f

Some experience factor s gained from this study's application of
FOCMEC should be mentioned. In general, polarity data were judged to
be more reliable than amplitude ratios. Too, any raypath errors
present in polarity data must also be present for amplitude ratios.
Mislocating station data on the focal sphere will thereby affect both
types of data. Moreover, such mislocation is potentially more serious
for amplitude ration than polarities because of the raypath-d@endent
corrections to which ratios are subject. Finally, picking the S-wave
onset time is in general less certain than the P-wave arrival time.
This implies that the S wave amplitude, and hence the SV/P amplitude
ratio, probably tends to be suspect more of ten than the P-wave
polari ty .

The above considerations pertain to any data set. However,
composite focal mechanism (CFM) solutions are observed to generally
have a higher percentage of agreement with polarity than amplitude
ratio data. That tendency is not as strong for single event
solu tions . This may be due in part to the subjective compositing
scheme that usually groups events on the basis of spatial association,
similarity of s tress axes, and/or similarity of polarity
distributions, but generally not on the basis of amplitude ratio

,

patterns. Nonetheless, some of the poorer SV/P agrement observed for j
composite solutions is likely related to the continuous, as opposed to l

discrete, nature of the amplitude ratio distributions.
Large disparities between the percentage of polarity and

amplitude ratto errors indicates that some aspect of the resulting
focal mechanism solution not is su1pect. For example, when no
polarity errors are found but 9 out of 10 ration must be declared in
error to obtain solutions, then the polarity data which may have
errors present, is probably over-restricting the set of solutions. In
cases such as this, allowing one polarity error will usually increase !
greatly the percentage of amplitude ratio data found to be in I

ngrement. Except in rare cases when all the polarity and SV/P data

10
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are acceptable, two or more sets of error specifications should be
applied in an attempt to assess the data quality and mechanism
solution stability.

The primary criteria for selection of a single preferred
mechanism from a family of possible mechanisms is the root mean square
(RMS) error for those ratios that fit the solutions, in combination

with the RMS error for all ratios. The HMS error is defined as the
square root of the squared differences between the theoretical and
observed log SV/P amplitude ratios. Usually, greater emphasis is

10placed on choosing the lowest RMS error for the acceptable ratios than
for all ratios because one or two ratios could be grossly in error and

thereby make the overall RMS error misleading. However, when half or
fewer of the ratios are acceptable, then the total ratio RMS error has
been given more weight. In all cases, both types of RMS error are
considered in choosing the preferred solution. The number of ratio
errors for each solution within a family of solutions and the
agreement in type of ary one solution with all others from that family
were judged to be secondary considerations in the choice of a
preferred mechanism.

The data and solutions for each focal mechanism family are
presented in the following on equal area, lower focal hemisphere
projections. Except where noted specifically to the contrary, the
figure format will be as follows: (1) nodal planes from the family of
solutions on the lef t, (2) polarity and amplitude ratio data with the
preferred solution in the center, and (3) the ramily of P (maximum
compressive stress), T (minimum compressive stress) and B (null) axes
corresponding to the nodal planes in (1) on the right. The convention
for slip angles in Tables 4 and 8 is O' left-lateral, 90' s reverse,
180' or -180' s right-lateral, and -90' normal slip.

THE CILES COUNTY, VIRGINIA SEISMIC ZONE

Geology and Seismicity

Most of Giles County lies within the Valley and Ridge
physiographic province. The extreme northwest part of the County
extends into the Cumberland plateau. Sedimentary rocks ranging in age
from Early Cambrian (Rome Formation) to Mississippian (Pennington
Group) crop out at the surface (Geologic Map of Virginia, 1963).
Igneous and metamorphic rocks underlie the sedimentary cover at depths
from about 3 to 7 km with the contact being deeper to the southeast
(Dollinger and Wheeler,1982). The strike of the sedimentary units is
generally N60'-65'E. With the exception of that small portion of the
county in the Cumberland Plateau, where flat-lying unfaulted rocks are
the rule, these Paleozoic rocks have been folded and thrust-faulted
northwestward to form several long, sub-parallel, linear ridges. The
New River flows through the center of the County and cuts directly
across these long, east-northeasterly trending ridges.

Dollinger and Wheeler (1983) have described the characteristien
of the Oiles County seismic zone. A sunmary of their results,
modified somewhat by additional data and reevaluations of the complete
data base follows. Seismicity in Oiles County is concentrated at

I depths of 7 to 20 km (Figure 4). This places the seismic activity in

|
the basement and below the overthrust sedimentary rocks. E icenters

|

11
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| Figure 4: Upper lef t (4a): Network located and pre-network Dewey and
'

Gordon relocated events in Giles County and vicinity are shown
with horizontal error axes. Dark circles are study events and

, stations are represented by open triangles. Upper M (4b):
! The events in cross section A-A' of Figure 4a are shown with
a their vertical and horizontal error axes. The larger circles
; are study events. This cross-section is oriented perpendicular
i to a strike of ?!20*E which is the trend of one of the nodal planes
! for CD! A in Figure 6. Lowe r le f t (4c): Same map as Figure 4a
1 except that events are scaled to magnitude. Again, darkened
; circles are study events. Lower right (4d): The events in cross

'' section B-B' from Figure 4c are shown. This cross section is
included because it is perpendicular to a trend of N25'W which is,

j the trend of one of the nodal planes for CD! C in Figure 8.
.
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fran the main zone as defined by Bollinger and Wheeler, form an

j alignment striking N45'E. In section, these events form a near
A vertical plane. An important subset. of earthquakes in the main zone
| consists of events from the southwestern and central portions of the

l zone. This sub-portion of the zone strikes N30'E and its significance
will be discussed later in the contert, of composite focal mechanisms.

Since 1959, nine felt events have been recorded in the Giles
j County area. Dewey and Gordon (1982) relocated several of these

earthquakes and they are included with the network located seismicity
,

1 in Figure 4. Unfor tunately , the local netwo* was not yet in _

'

j operation for any of these events. Thirty-five seismic events have,

} however, been detected by netwoW monitoring in the last seven years
with the larr,est event having a duration magnitude of 2.2.

Previous Focal Mechanism Studies

Herrmann (19'I9) computed a focal mechanism for the 1969 Elgood,
|

West Virginia earthquake based primarily on surface wave data. That
i event occurred about 15 km northwest of the Giles County seismic zone.

j His mechanism indicated primarily strike-slip motion on near-vertical i

j northeast and northwest trending nodal planes with lef t-lateral motion
. on the northeast striking plane. Conversely, Wheeler and Bollinger
j (1982) had projected right-lateral reverse motion on a near vertical, !

i
j northeast trending plane on the basis of a few impulsive P-wave first
~ motions and in-situ atress estimates from core data. The mechanism :

"

i proposed by those two workers is consistent with the east-northeast
! maximum compressive stress typical of the midcontinent stress regime

of Zoback and Zoback (1980).
; Focal mechanisms results from the Bath County, Virginia area
; northeast of Giles County exhibited both strike-slip and reverse

| mo tions (Todd, 1982). However , the orientation of the maximum

,

compressive stress (P) axes from that Central Appalachian setting was
} unlike that proposed for the Southern Appalachian Giles County.

! Generally, focal mechanism results from Bath County showed P axes with
i west to northwest trending, moderately plunging orientations. E

| Teague (1984) obtained focal mechanisms for earthquakes from I

i eastern Tennessee using the same analysis method as ,~n this study.
i Teague's study area is roughly along strike with and some 325 km
i southwest of the Giles County seismic zone, and his rotal mechanisms
I showed mainly strike slip motion on north-south (right U.teral) and
|

east-west (lef t late.ral) trending nodal planes. The mean P axis trend

|
for Teague's composite focal mechanisms was N54*E with a plunge of

| 12'.
t

|
Focal Mechanism Results and Interpretations

!

| A total of six single event focal mechanisms (SEPM's) and five
j composite event focal mechanisms (CFM's) solutions were obtained from
! earthquakes occurring along and in the near vicinity of the Giles i

j County seismic zone. In addition to the primary family of focal

| mechanism solutions found using the layered Giles County velocity ,

| model (Figure 5; Table 2), focal mechanisms for some of the data sets
include alternative solution families for the layered model and/or

^
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Table 2

Giles County Hypocenters *

,

EVT DATE TIME LAT LONG DEPTH MAG CAP DMIN RMS ERH ERZ
(M/D/Y) (UCT) (DFG N) (DEG W) (KM) (DEG) (KM)(SEC)(KM) (KM)

33 5/10/78 04:19 37.3112 80.7072 17.2 0.3 160 8 0.18 4.2 4.5

34 5/25/78 08:30 36.9903 80.7677 12.1 1.5 259 6 0.28 4.3 3.2

35 6/01/78 01:33 37.3360 80.6593 9.5 -0.2 153 12 0.16 1.6 4.6

38 8/30/78 02:19 37.3472 80.6812 11.2 0.5 151 11 0.18 1.7 3.5

63 12/02/80 07:47 37.4275 80.5427 18.0 0.4 113 25 0.16 1.2 3.8

75 12/04/81 02:35 36.9980 80.7743 8.2 2.0 136 5 0.2: 1.3 1.6

90 1/25/83 20:38 37.3863 80.5137 15.8 1.8 81 14 0.24 0.8 1.5

94 5/26/83 01:04 37.5060 80.3152 9.0 2.2 103 8 0.24 0.8 1.4

97 7/10/83 14:05 37.2690 80.7558 7.1 1.0 89 6 0.26 1.1 2.9

104 12/9/83 00:11 37.2015 80.7857 12.2 1.1 98 13 0.22 0.7 1.1

! 110 7/02/84 19:51 37.2858 80.7180 10.8 1.4 89 8 0.19 1.0 2.0

*CC01 velocity model
EVT - event number
MAG - duration magnitude
CAP - greatest azimuthal separation of stations relative to epicenter
DMIN - distance of closest station from epicenter
ERH,ER2 - horizontal and vertical error estimates, respectively, at

the 94% confidence level
|

!
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solutions found by using a gradient velocity model. Alterna tive
solution families for the layered velocity model are also shown when
the choice of a preferred family of solutions is not clear, or when
the secondary solution family more closely resembles solutions from
other nearby events than does the primary family. Gradient velocity
model mechanisms were obtained as an aid in the assessment of the
stability of the layered model results. Appendices C and D present
the complete set of focal mechanism results for both velocity models.

The character and distribution of the focal mechanism data
indicates that four sub-groupings to form CFM's are appropriate (Table
3) for the Giles County events. Data from events 33, 35, 38, 97, 104
and 110 combined to form CFM A. Earthquakes 97, 104 and 110 also
yielded SEFM. CFM group A occupies the southwestern and central
portions of Bollinger and Wheeler's (1983) original seismic zone.
Results for this CFM are shown in Figure 6. A group B CFM is derived
from earthquakes 63 and 90. These two events lie at the northeastern
end of the Giles County zone. Both events gave SEFM's and Figure 7
portrays the results for CFM B. To the south of and apart from the
main zone, seismic events 34 and 75 were composited as Group C to give
the results shown in Figure 8. Event 94 occurred 25 km northeast of
the zone, and because it is spatially isolated and exhibits a somewhat
different type of mechanism from the other events, it will not be
discussed in detail. The preferred solutions for all of the SEFM and
CFM are shown in Figures 9 and 10, respectively (also see Table 4).

The results from CFM's A and B attest to the complexity of
faulting within the zone. The trend of the nodal planes and the
spatial relationship of events in the northeastern and southwestern
parts of the zone for these two sets of solutions make it unlikely
that the seismicity results from a single, 40 km long northeasterly
trending fault. Two hypotheses may be postulated from consideration
of these differing mechanisms. First, seismicity on the southwestern
and central parts of the zone is occurring on one or several very
closely spaced, north-northeasterly striking, near vertical faults.
The trend of epicenters in the southwestern and central portion of the
zone is approximately N28'E which differs by only 8' from the N20*E
nodal plane trend obtained from the CFM of these events. Motion on
these faults is primarily right-lateral strike slip with a small
reverse component. The activity at the northeastern end of the zone
can be interpreted to result from a north-northwesterly trending,
vertical fault with motion divided evenly between right-lateral and
reverse slips. The spatial pattern of seismicity an the northeastern
end of the zene, especially the alignment of epicenters, would support
but not require this interpretation (Figure 5).

A second explanation for seismic source mechanisms within the
zone would propose that the southwestern and northeastern ends of the
zone lie on distinct, but sub-parallel faults. CFM D, which includes
all eight events on the zone (Figure 11), satisfies all input data
well, especially the polarities. Motion on faults in the northeastern
end of the zone would be very similar to motion on faults in the
southwestern portion of the zone.

The focal mechanisms will allow for either hypothesis. Analysis
of future additional events, especially those with larger magnitudes,
will be required to better define the nature of faulting within the -

zone.
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Table 3

Giles County Composites

COMPOSITE EVENTS AVE DEPTH MAX MAG

(KM)

A 33,35,38,97,104,110 11.3 1.4

B 63,90 16.9 1.8

C 34,75 10.2 2.0

D 33,35,38,97,104,110, 12.7 1.8
63,90

E 33,35,38,97,104,110, 11.9 2.2
63,90,34,75,94

!
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Figure 6: Top row, from left to right: (1) The family of nodal
plane solutions, (2) the preferred nodal planes with polarity
and SV/P amplitude data, and (3) the family of maximum (P)
and minimum (T) compressive stress axes and the null (B) axes
are shown on equal area, lower hemisphere projections. These
solutions for CFM A were obtained using the Ciles County layered
velocity model. Second row: The solutions are presented in
same order as above. These solutions are obtained by using
the Giles County gradient velocity model as applied to CD1 A.
For the middle diagrams in both rows, circles represent com-
pressions, triangles are dilatations and the size of the X's
are proportional to the log of the SV/P corrected amplitude
ratios.
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Table 4

Giles County Preferred Solutions

EVT STRIKE DIP SLIP P(TREND,PLUNCE) T(TREND,PLUNCE) B(TREND, PLUNGE)

63 N20*W 85'E -178* S25'W,5* N65'W,2* N45'E,85*
S70*W 88'N -5'

90 N20*W 90*E 145' N31*E,24' N71*W,24' S20*E,55'
N70*E 55'S O'

94 S 30'W -171* N21*E,42' S33*E,34' 580*W,30'
N82*E 86*S -60*

97 N20*E 82*E -174* S65*W,10' N25'W,1* N70*E,80*
N70*W 84*N -8'

104 S26*W 64*NW 164* N73*E,7* S13*E,29' N30*W,60*
N57*W 76*NE 27*

110 S27'W 66*NW -147' N67"E,40' N26*W,3* S60*W,50*
S78'E 60*S -2S'

A N20*E 86*E 165' N66*E,7* N26'W,13' S5'W,75*
S69'E 75'S 4*

B N20*W 90*E 135' N35'E,30' N75'W,30' S20*E,45'
N70*E 45'S 0*

C N25'W 86'NE 171* N20*E,3' N70*W,9' S50*E,80*
N65'E b1'EE 4*

D S29*W 60*NW 177* N71*E,19' 511'E,23' N55'W,60*
N59*W 88'NE 30*

| E S30*W 60*NW -161* N67'E,34' S17'E,9* S85'W,55'
S70*E 73*S -31*;

!

|

|
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Interestingly, CFM C, which consists of two events about 35 km
south of the zone, produced a preferred solution whose fault geometry
strongly resembles that of the preferred solution for CFM B. Thus,
seismicity at the ends of the zone may be occurring on nearly
identical fault planes with the trend of fault planes in the center of
the zorie differing from those at the ends by 40* 45* (N20'E versus
N25"W ) .

For the Giles County analysis, the percentage of acceptable
amplitude ratios was usually higher for the gradient velocity model
solutions than the layered velocity model (Table 5 and Appendix C).
This is probably a consequence of the inclusion of amplitude ratio
corrections , namely, geometrical spreading and transmission
coefficient corrections, in the layered velocity model da ta . The
Giles County layered velocity model includes variable Vp/Vs ratios
that differ enough between layers to imply significant geometrical
spreading and transmission coefficient correc tions . The gradient
model assumes a constant Vp/Vs ratio, hence, these two corrections are
not necessary . In this c as e , a literal application of ratio
corrections implied by the layered velocity model seems to be
inappropriate.

One of the most interesting results of this study was the
consistency in the orientation of the stress and null axes throughout
the entire Giles County area (Figure 12) . The preferred P axis from
CFM E (all events, Figure 13) has a trend of N66*E and plunge of 33*.
The T axis trend was S17'E with a plunge of 9'. The mean and standard
deviation for the trend and plunge of the preferred P axes from SEFM's
63, 90, 94, 97, 104 and 110 and CFM's A and C are N46*E 24' and1
13 5'220', respectively. Corresponding values for the trend and
plunge of the T axis are S41*E 24' and 1*f20'. Note that the mean P1
and T axes agree within one standard deviation of the values for the
preferred P and T axes of CFM E. Both of these measurements are in
good agreenent with the previously inferred . principal s tress
directions for the region by Wheeler and Bollinger (1981). They
proposed a maximum horizontal compressive stress trend of N65'E. Our
results herein also support the continuation of the Midcontinent
stress province of Zoback and Zoback (1980) into the basement rocks
beneath Giles County.

Bollinger and Wheeler (1982) have proposed that seismicity in
Giles County is occurring on reactivated nonnal faults that were
fonned originally during Iaeptan time as the proto-Atlantic began to
open. These faults would lie within the basement beneath the Valley

and Ridge, but at an angle to the lineated surface structural trend.
The focal mechanisms shown here support that hypothesis. However,
faults at cross-trends to the strike of the rif ted margin are also an

obvious possibility. In light of these focal mechanism results, the
reactivation of Iaeptan rif t-associated faults below Giles County as a
plausible explanation for present day seismicity in this area is
supported.

I
I
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Table 5

Error Allowances for Giles County Events

EVT MODEL POL POL ERR RAT RAT ERR ERR ALL QUAD SOL

63 GC01 3 0 3 0 0.25 3 20

90 GC01 12 1 10 6 0.25 4 32

94 GCul 5 0 9 1 0.25 2 40

97 GC01 4 1 6 2 0.15 4 27

104 GCol 5 1 5 1 0.15 4 38
,

,

110 GC01 5 0 4 1 0.25 4 48

A GC01 17 2 22 13 0.25 4 19
GCCR 17 3 21 10 0.25 4 14

i

B GC01 15 1 13 8 0.25 4 11
GCGR- 15 1 12 6 0.25 4 17

C GC01 6 0 6 2 0.25 4 44
GCGR 6 0 6 2 0.25 4 40

D GC01 32 4 35 26 0.25 4 14
GC01(2) 32 3 35 28 0.25 4 12
GC01R 32 4 33 23 0.25 4 27

,

E GC01 43 6 50 38 0.25 4 10
j GCGR 43 6 47 37 0.25 4 15'

|f .
POL - number of polarities
POL ERR -' number of specified polarity errors

* '
RAT - number of SV/P ratios
RAT ERR . number of SV/P ratio errors
ERR ALL - log ## ' '## ## "*" *10
QUAD .- number of focal sphere quadrants that contain data for the

preferred solution
SOL - number of acceptable solutions found by FOCMEC
GC01 - Giles County layered velocity model primary family of solutions
GC01(2)-Giles County layered velocity model secondary family of solutions
GCGR - Giles County gradient velocity model family of solutions

,
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THE CENTRAL VIRGINIA SEISMIC ZONE

Geology and Seismicity

The Central Virginia seismic zone extends some 150 km f rom the
Fall Line on the east to the western edge of the Piedmont near

l Lynchburg (Figure 14) . From north to south, the zone is about 120 km
wide. Geologic units ranging from Grenville to Cretaceous age are
present at the surface (Geologic Map of Virginia,1963). However, the
majority of the area is covered by rocks at least as old as Cambrian.
The dominant lithologies are metamorphics, meta-volcanics and granitic
intrusives. Sedimentary rocks are present in the Triassic basins and

,
' Coastal Plain sediments abut the sastern edge of the zone. In

addition to the Triassic basins, Triassic-Jurassic age dikes are
scattered over the area and strike generally north to northwest.

4

| Collisional tectonics during the Paleozo;? -esulted in extensive,
northwest-directed overthrusting in the area. The Triassic basins and
Mesozoic dikes a re indicative of later extensional tectonics related;

to continental rifting (Glover and others,1995).'

Low ridges and hills characterize the western part of the area
and the topography becomes less pronounced eastward. The James River

i bisects the seismic zone in an east-west direction.
Seismicity within the zone is diffuse. No obvious lineations are

apparent although there are some indications of clustered ac tivity
(Figure 14). Most of the events are located no deeper than 10 km and
all of the well-located events have depths of 15 km or less (Figure
15; Table 6). There is some tendency for earthquake sequences to
occur in Central Virginia (Bollinger and Sibol, 1985). Recently, for
example, in February, 1981 three earthquakes, all of magnitude about
3, occurred near Scottsville, Virginia within eight minutes (Sibol and
Bollinger, 1981). Focal mechanisms for these and other events are
presented below.

Previous Focal pechanism and Crustal Stress Studies

Originally, Zoback and Zoback (1980) suggested that the entire
United States Atlantic Coastal Plain and much of the Piedmont is
undergoing northwest directed, maximun compressive s tress. Several
other authors (Yang and Aggarwal, 1981; Wentworth and Mergner-Keefer,
1981; Aggarwal and Sykes, 1978), some of whose work Zoback and Zoback
(1980) cited, have proposed reverse faulting on north and northeast
planes to be the dominant mode of faulting in - the Piedmont and
Atlantic Coastal Plain provinces of Eastern North America. This mode
and orientation of faulting would imply a ho rizontal , east to,

southeast trending, maximum compressive stress. However, a study by

Pulli and Toksoz (1981) showed focal mechanisms for the entire
northeast U.S. with east to northeast trending P axes. In addition,

recent hydrofracturing tests and reevaluations of some earlier focal

mechanism results from the northeast U.S. (M.L. Zoback, personal
communication, 1984) indicate that the whole northeastern United

,

| States may indeed be subject to northeast trending, horizontal maximum
compressive stress. Thus, the stress field of the northeastern U.S.

7 may be quite similar to Zoback and Zoback's (1980) midcontinent stress

29
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Table 6
|

Central Virginia Hypocenters **

EVT DATE TIME LAT LONG DEPTH MAG GAP DMIN RMS ERH ERZ
,

(M/D/Y) (UCT) (DEG N) (DEG W) (KM) (KM) (KM)(SEC) (KM) (KM)

53 8/4/80 10:13 38.0718 77.7673 4.9 0.9 115 6.4 0.17 0.8 1.8

57 9/26/80 01:31 38.071 77.7678 3.3 1.0 102 6.5 0.16 1.0 3.4
|

|
64A 2/11/81 13:44 37.7168 78.4388 6.8 3.4* 123 29.4 0.16 1.1 2.3

64B 2/11/81 13:50 37.7543 78.4033 9.6 3.2* 156 25.7 0.20 2.4 2.3

64C 2/11/81 13:51 37.7208 78.4492 5.6 2.9* 129 28.9 0.14 0.9 3.7

78 1/18/82 06:11 37.8932 77.8193 5.4 0.3 183 11.3 0.11 1.6 3.7

82 5/6/82 07:18 37.8553 77.5792 10.0 2.1 153 17.2 0.19 1.0 2.5

86 6/25/82 23:03 37.835 77.5033 13.4 1.9 166 23.1 0.14 1.1 1.8

87 9/20/82 12.15 37.8352 77.5032 13.4 1.6 166 23.1 0.16 1.0 1.4

100 8/10/83 12.29 37.7505 78.4177 10.4 1.9 157 25.9 0.19 2.7 4.0

111 8/17/84 18:05 37.8662 78.3242 8.1 4.0 103 17.5 0.22 1.7 2.9

113 10/17/84 08:57 37.9372 77.5100 15.3 1.1 201 16.2 0.17 2.7 2.3
|

|
,

| ** - CVNA velocity model
EVT - event number
MAG - duration magnitude except * is m (LG)

b
| GAP - greatest azimuthal separation of stations relative to epicenter
j DMIN - distance of closest station from epicenter
| ERH,ERZ - horizontal and vertical error estimates, respectively, at

94% confidence level
!

l

!

!

|
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regime, but the detailed stress orientations within the Piedmont and
Coastal Plain provinces of the southeastern U.S., of which Central

Virginia is a part, are still unclear.
Dames and Moore (1976) obtained focal mechanisms from the

vicinity of the North Anna Nuclear Power Plant in Mineral, Virginia,
near the northern boundary of the Central Virginia seismic zone.
These mechanisms did in fact show reverse faulting on north to
northeast trending planes. However, due to those earthquakes' very
shallow depths and locations near the North Anna reservoir, they may
be a reservoir-induced " skin eff ect."

Two possible CFM's for events 64A and 64B near Scottsville,
Virginia, some 60 km to the southwest of the North Anna site, were
obtained using 29 P-wave polarities (Sibol and Bollinger,1981). One
of their CFM's shows mainly reverse faulting on north and northwest
trending planes and is very similar to the focal mechanism developed
for those events in this study through the use of both polarity and
SV/P ratio data.

Focal Mechanism Results and Interpretations

At first glance the results from Central Virginia are both
puzzling and surprising (Figure 16; Table 8). The diffuse character
of seismicity in the zone itself is mimiced in the scatter present in
the focal mechanisms. Preferred mechanisms for the eleven SEFM and
four CFM event range in type from almost pure dip slip to pure strike-
slip. Addi tionally , the principal s tress axes have different
orientations throughout the zone (Figure 17). For example, the trend
of the P axes (heavy arrows in Figure 16) depict both NE and NW
directed maximum compressive stress for the four CFM's. The mechanism
data and families of solutions for these four CFM's, F,G,H,I (Table

7), are shown in Figures 18-21. Spatial proximity of hypocenters and
input data compatibility were the primary compositing criteria for the
Central Virginia events. Spatial lineations of epicenters appear to
be much less meaningful for compositing purposes in Central Virginia
than they are in Giles County and were, therefore, not used.

Yet another complication is that two earthquakes (86 and 87,
Figure 16) with identical hypocenters and separated in time by only
three months may have markedly diff erent focal mechanisms. The
difference in focal mechanisms for these two events could be real or
it may be exaggerated by rather poor data coverage on the focal

| sphere.
Finally, none of these focal mechanisms have nodal planes with

I nor theast strikes and subhorizontal dips which Glover and others
(1985) have proposed on the basis of reflection seismic data as
probable faults for the current Central Virginia seismicity. Possible
explanations are offered below for these puzzles.

Some important relationships between nodal planes, stress axes
and focal depth are shown in the four graphs in Figure 22. Figure 22a
suggests that there is no relationship between event magnitude and P!

axis trend. To illustrate this lack of any relationship between
stress axes orientation and magnitude consider, CFM F (events 64A, B
and C) and SEFM 111. Event 64A had a s (Lg) of 3 4 and event 111's

h
magnitude was 4.0. However, as Figures 18 and 23 show, the mechanisms

1
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Table 7

Central Virginia Composites

COMPOSITE EVENTS AVE DEPTH MAX MAG

(KM)

F 64A,64B,64C 7.3 3.4*
a

G 53,78 5.2 0.9

H 100,111 9.3 4.0

I 82,87,113 12.9 2.1

* - indicates g (1.G) instead of duration magnitude

,

!
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. Table 8
!

Central Virginia Preferred Solutions

EVT DIP STRIKE SLIP P(TREND,PLUNG) T(TREND, PLUNGE) B(TREND, PLUNGE)

53 41'W N19'W 139' S34'W,13' N32*W,57* S60'E,30'
64's S76*E 56'

57 82*NW S40*w 174* N85'E,1* S5'E 10' N10*W,80'
84*NE N50'W 8'

64A 67'E N14'W 117' N56*E,18' N66'W,58' S25'E,25*
35'SW S67'E 42'

64B 35'N N82'W 81' S14'W,10' N41'E,79' N75'W,5*
55'S S72'E 96*

78 79'E N14*W 136' N43'E,21' N64'W,38' S25'E,45'
47'S N86'E 15'

82 61*W S22*E -8' S61*E,26' N22*E,14' 585'W,60'
83'N S72'W -151'

86 42*NE N44'W 129' S19'W,9' N52'W,63* S75'E,25'
59'S N89'E 60'

87 79'NE N33'W 17' S81'E,3' S11*W,20' N0',70*
74*SE S$3*W 168*

I

100 45'NE N27'W -5' N60*W,33' S11*W,27' N70*E,45*
i86'SE N66'E -135'

111 59'NE N25'W 16' N72'W,ll' S11*W,33' N35'E,55'
76*NW 556*W 148'

113 63*E N3*E 14' N42'W,10' S42*W,28' N65'E,60'
78'N S87'W 152'

F(1) 35'N N82'W 81' S14'W,10' N41*E,79' N75'W,5'
55'S S72*E 96'

F(2) 58'E 59'W 132' N52*E 4' N44'W,55* S35'E,35'
51*S S69'E 43'

C 48'E N1*W 141' S56'W,8' N23'W,54' S40'E,35'
52'S S72'E 49'

H 65'NE N24'W 2' N67'W,16* S17'W,19' N60'E,65'
88'N S85'W 155'

'

I 66*E N4'W 26' N55'W,0* S35'W,35' N35'E,55'
66'N S74'W 154'

I 36
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Table 9

Error Allowances for Central Virginia
o

EVT MODEL POL POL ERR RAT RAT ERR ERR ALL QUAD SOL

!

53 CVNA 5 1 7 2 0.2 3 19

57 CVNA 5 0 2 0 0.14 4 89
,

64A CVNA 9 0 3 0 0.25 2 17

64B CVNA 7 1 5 2 0.25 2 23

78 CVNA 3 0 4 0 0.17 3 27

82 CVNA 5 0 6 1 0.25 2 76

86 CVNA 7 0 6 2 0.25 3 13

87 CVNA 4 0 8 2 0.25 3 14

100 CVNA 3 0 3 1 0.17 2 45

4 7111 CVNA 24 2 0 - -

4 7CVCR 24 2 0 - -
,

! 113 CVNA 6 0 5 1 0.20 4 34

! F CVNA 17 1 10 5 0.25 2 7
# CVCR 17 1 10 5 0.25 3 10

C CVNA 8 1 11 4 0.25 4 6

CVCR 8 1 11 4 0.25 4 3

11 CVNA 27 4 3 1 0.25 4 30

CVNA(2) 27 3 3 2 0.25 3 6

CVCR 27 4 3 1 0.25 4 5

I CVNA 15 1 19 9 0.25 4 36
CVCR 15 1 19 9 0.25 4 23

POL - number of polarities

i POL ERR - number of specified polarity errors
RAT - number of SV/P ratios
RAT ERR - number of SV/P ratio errors
ERR ALL - log 0 ! #8 '## #* "*""*

1

QUAD - number of focal sphere quadrants that contain data for the
! preferred solution

SOL - number of acceptable solutions found by FOCMEC
CVNA - Central Virginia layered velocity model primary family of

I solutions
CVNA(2) - Central Virginia layered velocity model secendary family

,

; of solutions
CVCR - Central Virginia gradient velocity model family of solutions

!

37;
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1 Figure 18: Upper row: The solution set for CFM F using the
Central Virginia layered velocity model is shown. Note
that two preferred solutions are shown. Bottom row: The.

solution set for CR! F using the Central Virginia gradient
velocity model is shown. The symbols and order are the
same as in Figure 6.
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Figure 22: Upper left (22a): The graph plots duration magnitude
(g (LG) for 64A and 64B) versus the preferred P axes trends for
single SEFM (solid dots) and CDi (open ' circles) solutions. Upper

right (22b): The graph plots focal depth versus the preferred P
axes' trends from Figure 22a. The banded area is +35' of a fit by
eye line. The 70* band corresponds to the area within which c
should lie relative to the focal mechanism P axis. Lower left (2St):
The orientations of all 16 pairs of preferred nodal planes in Central
Virginia are shown. Note the absence of nodal planes with dips Jess
than 30' and the sparsity-(two) of planes with northeast strikes.
Lower right (22d): This plot shows focal depth versus preferred T
axes' plunges for all Central Virginia SEFM and CFM. The 70* band
should include a . The decreasing T axis plunge with depth implies

3a change in slip from reverse to strike slip with depth in the
presence of a horizontal P axis.
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for CFM F and SEFM 111.are different: CFM F exhibits mainly reverse
faulting on west or north striking nodal planes while SEFM 111 shows
predominantly strike-slip motion on northwest and southwest striking
nodal planes.

Figure 22b can be interpreted as showing a linear relationship
between P axis trend and depth. A 70' band is included around a line
fi t by eye . McKenzie (1969) has shown that theoretically the in-situ
maximum compressive stress (sigma-one) could lie anywhere within the
focal mechanism's dilatational quadrant. The 70* band is included
because Rayleigh and others (1972) showed that, for the Rangely,
Colorado, study area, on pre-existing faults the orientation of sigma-
one generally differed from the focal mechanism's P axis by no more
than 135'.Another possible interpretation of Figure 22b would be that a
change in P axis trend from northeasterly to southeasterly results as

,
earthquakes occur above and below 8 km. Of the 7 solutions whose
depths or average depths are less than 8 km, only one has a P axis
trend outside of N14*-60*E. The change, if real, could mean that the
d ecollement is acting to decouple the stress fields. That is,

different stress fields may be operative above and below about 9 or 10
km because the decollement serves as a mechanical discontinuity.

! Glover and others (1985) suggested that the basal detachment and
ramp faults identified by reflection seismic and geological studies in
Central Virginia are ac ting as seismogenic s tructures for the
contemporary seismicity there. Those faults strike northeast and dip
at 45' or less. While it is true that most or all of the seismicity
is occurring in the allochthonous, thrust faulted block, the focal
mechanisms presented here do not agree with the Glover and others
proposed seismogenic structures. Additionally, only two of 32 total
nodal planes have strikes between due north and N70*E and neither of
these planes dip at less than 45*. Therefore, reactivation of
northeast trending, shallow to moderately dipping fault planes in the
Central Virginia Piedmont is strongly discouraged by these focal
mechanisms. Seismogenic s tructures other than the northeasterly

! trending ramp faults and the subhorizontal basal detachment postulated
by Glover and others (1985) appear to be present in Central Virginia. |

'

A final observation about faulting in Central Virginia is the
general trend of predominantly dip slip giving way to mainly strike-
slip motion as the events become deeper. The P axis for virtually all

.

of the solutions is horizontal to sub-horizontal. Cons equently, the

plunge of the T axis will determine whether the mechanism is more
reverse slip (steeply plunging T axis) or more strike slip (shallowly
plunging T axis). Figure 22d plots the T axis plunge against depth
and shows a general tendency for the plunge of the T axis to become
more horizontal with depth. Again, a 70' band is included to account
for possible variations in the in situ minimum compressive stress
(sigma-three) from the double couple T axis. A shift of the T axis ,

such as this could be accomplished by interchanging the orientations |
of the intermediate and least compressive stresses in response to |

increasing lithostatic pressure. Such shifts have been reported in

the literature. For example, Talwani (1982) finds reverse faulting
for shallow events and s trike-slip for deeper events in the
Charleston, S.C. area, which is consistent with the results of this
s tudy .
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Because Glover and others (1985) proposal for seismogenic
structures in Central Virginia is in conflict with the Central
Virginia focal mechanism results, an alternative hypothesis is now
suggested that may explain at least some of the seismicity there. Fox
(1970) noted the association of Triassic dikes with seismicity in the
Piedmont of the Eastern U.S. More recently, McKeown (1978) has
suggested that much of Eastern U.S. seismicity is related to mafic
intrusives. Additionally, Campbell (1978) conclud ed that serpentized
mafic intrusives may act to concentrate stresses more than 200% above
their average regional values.

These preferred focal mechanisms from Central Virginia are
generally consistent with an association of Mesozoic dikes and
seismicity because 10 of the 32 possible nodal planes strike between
N50*W and N5'E and have dips within 35' of vertical. The mapped dikes
(Geologic Map of Virginia, 1963) in Central Virginia trend northwest
and north and supposedly dip vertically to near ver tically. In
addition to dikes mapped in the field, many other mafic dikes are
indicated throughout the Virginia Piedmont by aeromagnetic anomalies
( Aermagnetic Map of Virginia,1977) . This correlation is suggestive,
but not conclusive, evidence for the dikes or associated fracturing
acting as seismogenic structures. The widespread distribution of
these dikes could also explain the diffuse character of the Central
Virginia seismic zone.

The Virginia Mesozoic dikes are observed to extend across the
Blue Ridge into the Valley and Ridge west of Charlottesville,
Virginia. Dennison and Johnson (1971) noted that this westward'

excursion of Mesozoic or younger dikes is one of only three places
where they cross the Blue Ridge Anticlinorium and penetrate the
western Appalachians. The existence of the Central Virginia seismic
zone is itself enigmatic. Perhaps the westward excursion of these
dikes northwest of and roughly parallel to the trend of the zone is

related in sme manner to the reason for the existence of the
seismicity there.

SUMMARY AND CONCLUSIONS

New focal mechanism analytical techniques have been applied to
data sets from the Giles County and Central Virginia seismic zones.
In Giles County, the seismicity lies within the autochthonous basement
rocks and below the decollement. In Central Virginia, only some 200
km to the east, earthquakes are occurring near the basal detachment or
above it in the allochthonous block. The methods of focal mechanism
evaluation were the same exactly in both areas but the results are
markedly dissimilar in these two geologically different locales.

In Giles County, a consistent stress regime is present throughout
the area. The P axis trend as determined from eight different sets of
solutions has a mean and standard deviation of N46'E+24' and the
plunge is 14'220'. The mean and standard deviation f3r the T axis
trend and plunge are S41'E 24' and 1*320', respec tively. The Giles2
County seismic zone as defined by Bollinger and Wheeler (1983) is
corroborated by these focal mechanism results. However, portions of
the zone are probably more complex than originally defined.
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One of the . two nodal planes and the trend of epicenters for
shocks from the southwestern and central portions of the zone indicate
a north-northeast striking fault. Motion on this near vertical plane
is almost pure right-lateral s trike-slip. Faulting at the northeast

end of the zone may be occurring on a vertical plane that strikes
N20*W. This geometry would be consistent with that found for a two
event CFM from south of the zone. Al terna tively , faulting at the

northeast end of the zone may occur on faults sub-parallel to the
fault (s) in the southwestern part of the zone. Faulting throughout

the zone and for nearby events is primarily atrike-slip with some
reverse motion.

Despite the spatial proximity of the two seismic zones in
Virginia the focal mechanism results are quite di ff erent . The
uniformity of stress axes found in Giles County does not hold for the
seismicity in Central Virginia. In Central Virginia, the trend of the
generally sub-horizontal P axis appears to rotate fran northeast to
southeast as the events become d eeper. An obvious alternative
interpretation is that there is an offset in the P axis trend from
northeast for events occurring above 8 km to southeast for those below
this level. The scarcity of data from larger earthquakes (M > 4) may

_

mean that neither of these generalizations is valid, and even if one
of than is, the answer will require additional focal mechanisms.

There is a tendency for strike-slip to dominate over dip slip as
a mode of faulting for the deeper events in Central Virginia. This
result is consistent with the increase in lithostatic pressure with
depth which can interchange the roles of the three principal stresses.

A more complete and detailed geologic interpretation of
seismicity in Central Virginia is an objective for our future
research. The lack of northeast striking, gently dipping nodal planes
implies that structures identified from reflection seismic and
geological studies in Central Virginia (Glover and others, 1985) are
probably not directly responsible for the recent seismicity. The

; widespread distribution of Mesozoic dikes, their near vertical
orientations and their spatial correlation with focal mechanism nodal
planes suggest that these features may be associated with present day
seismicity in Central Virginia.

Several important experience factors have been gained in focal
mechanism analysis through the use of a powerful new analytical tool,
FOCMEC. Insights related to the use of both P-wave polarity and SV/P
amplitude ratio data are:

(1) The inclusion of amplitude ratio data has allowed the
definition of well-constrained focal mechanism solutions
where P-wave polarities alone would not,

(2) At least two combinations of P-wave polarity and amplitude
ratio error allowances should be applied to all data sets
which do not satisfy all the input polarity and SV/P data. A
sound general approach is to find a family of solutions with
the least number of polarity errors possible, then increase
the number of polarity errors by one and reevaluate the
results to see if other combinations of polarity-amplitude
ratio errors are appropriate,

l
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(3) When either the specified number of polarity or amplitude
ratio errors is overly restrictive to obtain solutions, the'

other type of _ data will of ten indicate this by also being in
poor agreenent with that family of solutions

(4) In general, composite solutions match a much greater
percentage of polarity data than the ratio data.
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PART TWO

. FOCAL MECHANISM ANALYSES FOR EASTERN TENNESSEE EARTHQUAKES
(1981-1983)'

ABSTRACT

To investigate the neotectonic processes in the Southern
Appalachians, eleven single event focal mechanisms (SEFM) and seven
composite focal mechanisms (CFM) were determined from 37 events that
occurred in eastern Tennessee between September 1981 and July 1983
Both P-wave polarities and (SV/P)z amplitude ratios are input to a
computer program that systematically searches the focal sphere for
solutions acceptable within pre-set error limits . Hypocenter

locations , azimuth and departure angles are taken from locations
obtained by the Tennessee Earthquake Information Center (TEIC) with a
four layer velocity model (GC01). A second velocity model (STEP 2),
developed to improve focal depth estimates and to provide continuously,_

varying (rather than discrete) departure angles, is used to relocate
the seismic events for which SEFM and CFM solutions are obtained. The
two different velocity models each produced focal mechanisms with

l similar nodal plane and P-axis orientations, indicating stable and
reliable mechanism solutions; the differences between average strike,
dip, and rake angles of the two data sets range from 2' to 11'.

Both SEFM and CFM solutions exhibit predominantly strike-slip
motion along nearly vertical north-south (right-lateral) or east-west
(lef t-lateral) oriented nodal planes. Standard deviations for average

j strike, dip, and rake angles are generally less than 20'. P-axis
trends average about NSO'E, with a nearly horizontal average plunge,
and both trend and plunge estimates have standard deviations of 25' or
less. Thus, the earthquakes in the study area all appear to result
frca a maximum compressive stress trending between N40'E and N70*E and

i plunging between 10' and -30*.
1

|

:
;
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INTRODUCTION

The record of historic seismicity for the southeastern United
States depicts a diffuse regional distribution of low to moderate
earthquake activity constrained roughly to zones trending both
parall el and transverse to the regional Appalachian s tructure
(Bollinger, 1973). Some clustering of events exists within these
zones, most notably in the vicinity of Giles County, Virginia, and
near Charleston, South Carolina, locus of the largest shock to occur
in the region (MMI - X) in 1886. Recent seismic network monitoring
has revealed seismicity patterns similar to these expressed in the
historic recort!. However, for the eastern Tennessee region, the
current level of seismicity is somewhat higher than that for the
surrounoing locales. That is, for the last three years, over one-
- third of all earthquakes recorded, and about one-third of all felt
events in the Southern Appalachian region have occurred in eastern
Tennessee (Sibol and others, 1984). Unlike the Giles County Seismic
Zone (Dollinger and Wheeler, 1982; Bollinger and Wheeler, 1983) some
300 km to the northeast, hypocenters in eastern Tennessee exhibit no
obvious lineation(s).

The purpose of this study is to obtain earthquake focal mechanism
solutions for earthquakes in the eastern Tennessee region. Input data
are P-wave polarities and (SV/P)z amplitude ratios as recorded by
short-period vertical (SPZ) seismometers. Thirty-seven events that
occurred between' September 1981 and July 1983 in the region extending _
fran 35.5* to 36.5' north latitude and from 83* to 85* west longitude
are considered (Figure 24) . HYP071 horizontal and vertical error
estimates for the foci of these earthquakes are less than 2 km.
Duration magnitudes range from 0.8 to 3 5, and focal depths rarge from
3 to 23 km, averaging 13 km (Sibol and Bollinger, 1984; Nava and
Everett , 1984).

The computer program, FOCMEC (Snoke and others, 1984), is used to
detennine families of permissible focal mechanism solutions that are
consistent, within pre-defined error allowances, with the P-wave
polarities and the (SV/P)z amplitude ratios. FOCMEC is a refinement
and extension of the FOCALSR program written by Tzeng and Long (1982),
and features a more efficient and systematic searching algorithm along
with a more complete and detailed output listing.

Twenty-eight of the original 37 events are used to determine 11
single event focal mechanisms (SEFM) and 7 composite focal mechanisms
(CFM) using locations determined by a layered velocity model . The
effects of various velocity model parameters on hypocentral locations,
and ultimately on the resulting focal mechanism solutions, are
evaluated. A gradient velocity model, approximated by 12-layers with |
variable Vp/Vs ratios, is also used to relocate earthquakes from which I

focal mechanisms are obtained. The resulting focal mechanism I
solutions are then compared to those solutions determined by using the |
original locations found by the Tennessee Earthquake Infonnation
Center (TEIC) employing the layered velocity model. The multiple
mechanisr solutions obtained collectively place strong constraints on
the possible orientations of the regional in-situ stresses.

|

54



'' ' ' O OO uasmiTuot

ss.a - 4 A -

SMo -
ho O9a -

-

o i
- e o Oo

gMS o Op 3 QO
' O

MS -

do
o

-

o o
o

gQ Q , _,,,, gQ , ,. k /-O o

o & .'f u. - O

O %b h)(*
-

n 9Y? ', f,M= - Co -- ' --
! , ,

95 0 M6 M2 85.s 85 0 M6 M2 83 8

LONGITUDE (degree)

i

Figure 24: Eastern Tennessee Seismicity. Left: Total seismicity in
eastern Tennessee region between 1981 and 1983. Study area
shown by inset (shaded) map. Right: Earthquakes used to
obtain focal mechanisms in this study. Location of A-A'
profile as shown in Figure 27. All epicenters (open circles)
scaled according to duration magnitudes.
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Regional Geology

The geology of eastern Tennessee can be generalized into three
major geologic divisions: the western portion of the Blue Hidge
province, the Valley and Ridge province, and the eastern portion of
the Cumberland Plateau province (Figure 25). The western portion of
the Blue Ridge is characterized by an approximately 5 to 6 km thick
allochthonous sheet of highly metamorphosed Proterozoic and lower
Paleozoic volcanic, sedimentary, and plutonic rocks with metamorphic
grade increasing eastward. Large thrust blocks have been transported
tens to hundreds of kilometers westward alorg low-angle thrust faults.
The associated thrust faults coalesce into a single sole fault above
relatively unmetamorphosed lower Paleozoic sediments (Cook and others,
1979), which are underlat n by crystalline basement. The Blue Ridge
thrust fault separates the Blue Ridge province to the east from the
Valley and Ridge province on the west.

The Valley and Ridge province consists of an approximately 5 km
thick sequence of unmetamorphosed and linearly folded sedimentary
rocks. W es t to east imbricated thrust faults coalesce into a
decollement above crystalline basement rocks (Harris, 1976). Fold and
fault axes trend N45'E through mest of eastern Tennessee. The
intensity of folding and faulting decreases westward toward the
Cumberland Plateau. That geologic division is composed of some 4 km
of relatively flat-lying Paleozoic platform sedimentary rocks that
overlie G renville basement, and marks the western extent of
Appalachian style defonnation.

Seismicity

The historic seismicity of the Southern Appalachian region can be
characterized as a diffuse zone of moderate activity that extends from
central Alabama to southern Wes t Virginia, with epicenters
concentrated in the Valley and Ridge province of Tennessee, the Blue
Ridge province of North Carolina, and the Giles County region in the
Valley and Ridge province of Virginia (Bollinger, 1973; Bollinger and
Wheeler, 1983). The largest earthquake known to have occurred in the
region is the MMI VIII, mb 5.8 Giles County earthquake of 1897
(Bollinger and Wheeler, 1982). An intensity VII earthquake that
occurred in 1913 near Knoxville is the largest known earthquake in the
eastern Tennessee area of this study (Bollinger.1973; Coffman and 1

others , 1982). Dewey and Gordon (1984) report the relocation of three '

earthquakes with magnitudes greater than 4 that occurred in eastern

Tennessee since 1925.
Until late-1981, most eastern Tennessee earthquakes were located

either by widely spaced regional seismograph stations and/or by
isoseismal maps and thus have potentially large locational errors (see
Dewey and Gordon, 1984). Studies by Dollinger and others (1976) and
Guinn (1980) of the 1973 eastern Tennessee earthquake sequence,
initiated by a 4.6 mainshock, made use of temporary, portable
seismograph networks. They were, however, unable to obtain definitive
focal mechanism solutions. That is, the P-wave first motion data
could not distinguish between primarily strike-slip motion along
northeast or northwest trending nodal planes, and dip-slip motion

56
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1
along northwest trending nodal planes for the mainshock (Bollinger and j
o thers , 1976). Af tershocks yielded mechanism solutions different from |

| those found for the main shock (Bollinger and others, 1976; Guinn, I
1980). Herrmann (1979), using primarily surface wava data, obtained a
focal mechanism for the main shock that exhibited primarily strike-
slip motion along north or east trending nodal planes (see Johnston
a nd o thers , 1985, their Figure 8) .

i

| Installation of the Southern Appalachian Regional Seismic Network
(SARSN) in eastern Tennessee and western North Carolina was initiated!

by the Tennessee Earthquake Information Center (TEIC) in early 1981, |
and was completed some two years later (Figure 26). Additionally, the |

Tennessee Valley Authority (TVA) has also operated from four to seven |

| auxiliary s tations in the area since the early 1980's. Good
| hypocenter location capability for the region was achieved by I

! mid-1981. Over half the earthquakes occurring from September 1981
through 1983 are considered to be reliably located (ERH < 2 km) and to
have good depth control (ERZ < 2 km; Johnston and others71985).

Most earthquakes that have been located thus far in eastern
Tennessee are in the crystalline basement, well beneath the

! Appalachian decollement found at about 5 km depth. Focal depths range
fem 3 to 25 km with a mode and mean or 13 km. Between 80% and 90% ofi

| the 101 events located by TEIC from 1981 to 1983 lie between the
northeast trending New York-Alabama ( NY-A L) aeromagnetic lineament
first identified by Watkins (1964) and later studied by King and
Zietz (1978), and the Clingman and Ocoee aeromagnetic lineaments
defined by Nelson and Zietz (1983) and Robert Butler (personal comm.;
Johns ton a nd o thers , 1985; Figure 25). According to Johnston and
others (1985), these lineaments bound the "Ocoee Basement Block" in
which the majority of earthquakes in the east Tennessee region are
gen era ted . The number of earthquake occurrences decreases eastward
through the Blue Ridge and Piedmont provinces of North Carolina. The
neighboring Cumberland Plateau province to the west is virtually I

aseismic. |

Recently published focal mechanisms from the eastern Tennessee
i region exhibit generally no rth-sou th (right-lateral) or east-west

(l ef t-lateral), nearly vertical nodal pl a nes , with predomina ntly
strike-slip motion (Reinbold and others,1983; Johnston and others,
1985). Frm the general north-south elongation of isoseismal contours

!

frm some felt shocks along with and the general northeast trend of I

! epicenters, Johnston and others (1985) conclude that fault movement is |

| probably along the north-south planes.

DATA ACQUISITION

Data were collected from visual and film recorders at TEIC and
TVA data centers that had been telemetered from a total of 24 stations
in Tennessee, North Carolina, Virginia, Kentucky, Georgia, and Alabama

| (see Figure 26). All TEIC polarity and amplitude ratio data were
read by at least two independent observers. TVA data, which comprises
less than 10% of the data base, were unavailable for verification

; reading.

Hypocenters were located by TEIC using the HYP071 progs am (Lee
and Lahr, 1975) and a crustal velocity model developed by Moore
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(1979). . Arrival time data, epicenter to station azimuths, and
departure angles (measured from downward vertical) are taken fra the
TEIC locations. Azimuths and departure angles not available in the

' TEIC listings were calculated by a ray tracing program (RAYFIND;
Snoke , wri tten comm. , 1984 ) .

P-wave polarities are considered reliable at all epicentral i;

distances provided the first motion signal-to-noise ratio is large, |
1.e. , the first motions are impulsive. Theoretically, first motions
are not altered by refrac tions , and therefo re , no attempt to
distinguish between direct and refracted arrivals was made.

P and S-wave amplitudes are altered in differing amounts as they
propagate through the earth. Fur thermo re , differences in
compressional and shear motion, as measured at the earth's free
s.cface on a vertical seismometer, must also be taken into account.4

'

Thus, both raypath (particularly anelastic attenuation and geometrical
spreading) and free surface corrections must be applied to the,

a recorded amplitude data to estimate the true source amplitude
!j characteristics . i

} The effect on amplitude measurements of later arriving primary
j phase scatter is avoided, or at least significantly reduced, by
I choosing the largest P or S amplitude within the first one-and-a-half

| cycles of the respective phase. Dnergent or ambiguous arrivals are
| not used. Because free surface corrections vary rapidly for incident
] angles between 30' and 37*, amplitudes that have calculated P or S
i wave surface incident angles between 27' and 40' are also not used.
j Arrival times are computed for direct waves and for head waves
4 critically refracted off the first layer beneath the hypocenter.
j Possible interference of direct and refracted waves can then be
1 avoided by rejecting any data with calculated head wave arrival times
j within 0.2 to 0.3 seconds of the direct phase. Since there is no
i conclusive evidence of a geologic structure that corresponds to the

middle velocity boundary which is capable of producing criticallyi

; refracted head waves (see GC01, Figure 28), corrections for these head
! waves are probably less important than those for critical refractions
'

off other boundaries, e.g. , the MOHO. Also, according to Kisslinger*

(1980), refracted waves may theoretically be used to determine valid
amplitude ratios. In this study, some amplitude ratios are obtained
fra head wave arrivals that were calculated to arrive 0.2 to 0 3

| seconds before the direct wave. Free surface and geometrical
j spreading corrections are applied to the remaining data.
| Other basic assumptions in this study are that the differences in
; the anelastic attenuation are negligible a nd , hence , also the
I frequency content of P and S waves for epicentral distances less than

100 km (Kisslinger, 1980). At greater epicentral distances, these
differences are assumed to be significant enough to prohibit the valid
use of ratio data. Differences in the transmission of P and S-wave

! energies across a boundary are considered negligible. Finally.
. although departure angles for both P and S-waves differ slightly when
| variable Vp/Vs ratios are used, they are assumed herein to be the
j same. This difference is also considered negligible.

'

i

i

60

,

.

.- - . ,.--- -,~v. m , - . - - ~ ---n ,--w-.---v, ,--,,.,,e --r me- m w w a - n,. , . . . . , - , . - , - , - - - - - - - , . . , . ~ , . . - - - , . - ,-



OlSTANCE (km) 4A
0 20 40 60 00

e i i i i e i

.
-.- o.

' * 4 9-7 to -
,

* *

5 . . + , . . * * *.
, -

y
- o. t,

h 20
- . g g y -

*
t

..-

' ' ' ' ' ' '
30

8 s'
o 20 40 so so

n i i i i i , i

-

7to 1 !+ '
<.

I.1' '
x ' '

d
_ f

"k' ff [I~

| ~

4 | *

a. t' t- g "| ? t'

$ 20
~ -

+-,

f .

I
i ' ' ' ' ' 'so

Figure 27: Depth Distribution of Events 1,ocated with CC01 and STEP 2 Models.
Cross section A-A' is the depth distributton of events located
with CC01 velocity model (see Figure 28). Note t'io concentration
of events above and the depletion of events at, and just below,
the 14.7 km discontinuity. A-A' corresponds to profile lines in
Figures 24 and 29. Cross section B-B' is the depth distribution
of events located with STEP 2 velocity model (see Figuro 28). Note
the more continuous distribution of events near 15 km depth. The
orientation of B-B' is similar to A-A', and is shown in Figure 29.

61



. _ _ _ _ - _ _ _ _ _ - --_ . _ - - .

Vp/Vs

see | GCol GRADI | STEPl $TEP2 ''

i o een....e L-. L

.
e..e e se . o.e.sn ,' '' ~**

. . . . . . .

-to _
E
O

'

sto ~80 f

-40

I Imen. .. go

e tt

2 'OS e F e e r e e r a e , e

P-veiocity (km/s)
|

|
|

|

| Figure 28: Velocity Modeln. Velocity models used to determine hypocentral i

locations with generalized geologic interpretations and Vp/Vn
ratios on left, and depth in km on right. The originni TEIC
locations used a constant Vp/Vs ratto value of 1.73.

|
.

;

1
|
:

!

62

L _ _ _ . _ . _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ . _ . _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ . _ . _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _



. _ _ _ _ _ _ _- __

t

i

1

DATA PH0 CESSING'

|

' The determination of focal mechanism solutions is influenced by
the distribution or data points on the focal sphere. That is, as

azimuths and departure angles are changed, so too will the rumber and
type of acceptable fault plane solutions change. This is especially

true when a continuous type of data, sach as amplitude rattos, is used)
to determine the mechanism. whereas only those polarities near nodal'

!planes constrain critically the focal mechanism, all of the amplitude
! rati o.s contribute equally to focal mechenism determina tions ,
! regardless of their location on the focal ephere. Fur thermo re, the

free uurface ard raypath corrections applied to the amplitude ratios
are path dependent, and any change in hypocenter location will, in ,

4

general, also produce a change in the amplitude ratto value. Thus, '
i

j given the presence of errors, relatively small changes in the focal
sphere position of amplitude ratios, especially in those regions of
the focal sphere where the ratios change rapidly, can alteri ,

dramatically the resulting focal mechanism nolutions.
j Departure angles depend on epicenter location and, particularly,

on the generally less well-determined focal depth. For epicentral
: t

) distances comparable to the focal depth, a small change in rocal depth
can produce a relatively large change in departure angle. This effect1

i decreases as epicentral distances become larger. but it does continue
to influence the possible focal mechanisms.

j Of ten the simplest velocity model calculated from arrival time
j data consists or a few constant velocity layers. Sich models probably

do not represent the true geologic s tructure. The data may i
! collectively be " averaging over," and hence he insensitive to (with

respect to time) these velocity discontinuities. Thus, hypocentral ;

locations which are judged to be statistically good may, in fact, have
,

.

Inrge errors associated with them.
j Nicholson and Simpson (1984) showed that, for computer located j

| earthquakes in California, the hypocentern were clustered distinctly
above discontinuities in the velocity model. Convernely, they showed !
that velocity model-independent hypocenters computed from Wadati,and [;

|
Hiznichenko plots were scattered more unifo rmly with d epth. A

j possible model-dependent clustering or seismic events may be seen in
eastern Tennessee where both the mode nnd mean depth of hypocenters

| are 13 km, near the 14.7 km deep velocity discontinuity (see Figure
! 27; Johnaton and others, 1989). Nicholson and Simpson (1984) also ,

found that, while P and S velocities tend to increase or decrease at
j the same depths, they do not do 80 proportionally. Closing of
' saturated microcracks due to increased lithostatic loading with depth,

and changes in lithology can both produce different rates of change in
;

! P and S velocities. Hence , to accurately model the local velocity
structure, neparate P and S velocities must be used (Nicholson and 4

i

Simps on, 19848 Nicholnon and othera,1984). This usually involves the
use of Vp/Vs ration thnt vary from layer to layer. [

;

!
Another potentint probinn with large velocity discontinuities is '

that critical refractions from nuch boundaries have the same departure
i

| angle regardicas or epicentral distance. At epicentral distances r

found in eastern Tennessee, these refractions exert a strong control [!

on the rays that arrive at a distant station. This effect increases [

.
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as hypocentral depth approaches the velocity discontinuities. Thus, a
simple velocity model that is adequate for time-dependent hypocentral
locations may be inappropriate for raypath-dependent rocal mechanism ;
detenninations. jIn summary, rocal mechanisms that utilize amplitude ratios are

i

especially sensitive to hypocentral locations and thus are velocity )model dependent. To obtain accurate rocal mechanisms, independent P 1

| and S velocity models are of ten required (variable Vp/Vs ratios) and
1

| the errects or velocity layering on rocal depth and raypath
projections must be reduced insofar as is possible.

! Testiqi of Velocity Models

| As previously mentioned, all SARSN events are located with the
HYP071 locating program (Lee and Lahr, 1975) and the Moore (1979)
crustal velocity model (GC01 in Figure 28). Three potential problems

! can arise from the use of the Moore model to locate eastern Tennessee
! events: 1) the model was determined primarily in the Valley and Ridge

province of southwestern Virginia while SARSN stations are located in
the Blue Ridge province of North Carolina and the Valley and Ridge and
Cumberla nd Plateau provinces of Tennessee, 2) HYP071 uses a single
Vp/Vs ratio for the entire velocity model rather than the layered
V /Vs ratios defined by the Moore model, and 3) the middle boundary's
(14.7 km depth) influence on hypocentral locations, especially the
focal depth. However TEIC conducted locational stability tests using
the 0001 model, and determined that it performs reasonably well in
eastern Tennessee (Brewer and others,1982; see Appendix F).

The following summary of velocity model testing is discussed in
more detail in Appendix F. The HYP0 ELLIPSE locating program (Lahr,
1984) was employed in this study to locate rive well recorded events
utilizing the GC01 velocity model with variable Vp/Vs ratios and with
a single Vp/Vs ratio. The constant Vp/Vs ratio appears to locate,

i epicenters with error statistics comparable to those for variable
| Vp/Vs ratios. The variable Vp/Vs ratios, however, obtained generally
| deeper and statistically better depth estimates. Similar results were

found by Nicholson and Simpson (1984) and Nicholson and others (1984)
who relocated carthquakes in California and the New Madrid Seismici

'

Zone using independent P and S velocity models. They also round that

| epicentral locations were not significantly arrected, but that rocal
depths increased noticeably and systematically.'

The hypocentral control of the middle velocity boundary could be
errectively eliminated by replacement with a gradient veloci ty
increase between the upper and lower boundaries (see ORADI in Figure
28). Unfortunately, HYP0 ELLIPSE cannot simultaneously apply both a
gradient velocity model and variable Vp/Vs ratios to locate events.
It can, however, employ a 12 step velocity model (approximation to a;

gradient velocity model) with variable Vp/Vs ratios. Retaining thel

decollneent and MOHO velocity boundaries allows a gradient model to be
approximated by 10 steps (see STEP 1 in Figure 28). The erricacy or

. this approximation was tested by locating rive well recorded events
I

,

with both GRADI and STEP 1 velocity models, and comparing the results. !
STEP 1 was round to adequately substitute for OHADI.

64
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Two 12-layer velocity models were postulated (STEP 1 and STEP 2 in
Figure 28) and used to locate seven well- and one poorly-recorded
ear thquakes . The STEP 2 model was judged to be superior because it
obtained horizontal (11 of 16) and vertical (6 of 8) error estimates
that were smaller than STEP 1, plus its quality evaluations, especially
those for focal depth (6 of 7), were also consistently better.

STEP 2 was then selected as a test velocity model for the study
area. Its advantages include the use of variable Vp/Vs ratios and the
elimination of the strong locational control of the middle velocity
boundary. Earthquakes for which focal mechanisms had been previously
obtained were relocated using the arrival time data from the original
TEIC locations and the STEP 2 velocity model. The new azimuths and
departure angles were then used to obtain focal mechanisms. All

polarity and amplitude data were processed in the same manner as was
previously done, except that only head waves off the decollenent or
M0HO layers were considered capable of interfering with direct
arrivals. New amplitude ratio corrections, consistent with the new
hypocentral locations and velocity model, were applied.

C_onputer Focal Mechanism Determinations

FOCMEC (Snoks. c"4 others, 1984) is a computer program that
sys tematically searches the focal sphere for focal mechanisms
consistent, within prescribed error limits, with the input polarity
and amplitude ratio data. It is used to determine families of valid
solutions . Input and output files for FOCHEC are presented in
Appendix H. In FOCMEC, a searching algorithm examines the focal
sphere for acceptable focal mechanism solutions by relating the
observed data to a rotating set of orthogonal B, A, and N axes, where
B is the null axis, and A and N are the poles (nonnals) to the nodal
pla nes . The density of focal sphere coverage is controlled by a
preset increment of axes rotation. The 5' increment of focal sphere
coverage used for all events herein tests more than 25,000 possible
orthogonal nodal plane orientations within the focal sphere.

In FOCHEC, polarity data are analyzed first to determine if they
are consistent with each pair of orthogonal nodal planes. If the

number of polarity errons is within a pre-specified number of
allowable errors, then the difference between theoretical amplitude
ratios and the corresponding observed (Sv/P)z amplitude ratios is
compared to the preset error allowance. All ratios and ratio error
allowances are represented as logarithms to insure linearity of the
differences. If the number of acceptable ratio differences (within
the preset error allowance) is less than a specified number of allowed
ratio errors , a valid solution is declared and its parameters are
output. The B, A, and N axes are then incremented for the next
iteration.

Solution Selection

A complete search of the focal sphere generally results in not
one but rather a family of solutions. From this family of solutions,
a preferred solution is selected by analyzing the root-mean-square
(fiMS) error for the ratios calculated by FOCMEC. This family,
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however, is nonunique, and is dependent primarily upon the polarity
and amplitude ratio error limits. Varying those error limits can be
expected to produce a different family of solutions. The problem
would then arise of selecting the overall preferred solution for an
event for which there were more than one family of solutions. The
solution selection process is summarized below and is expl ained in i

detail in Appendix G.
In general, the family of solutions with the least number of '

polarity errors is selected as the preferred family of solutions, from
which the overall preferred solution is to be chosen. This is because
polarities are a discrete data type and are generally more accurately
determined, and hence, more objective than amplitude ratios, which
depend upon two continuously varying observations ( P- and S-wave
amplitudes) subject to coda interference and a number of velocity
model dependent corrections. If, h owever , the family of solutions
with an increased polarity error allowance also has a reduction of two

or more ratios and/or substantial improvement in the RMS statistics,
then it would become the preferred f amily . The overall preferred
solu tio ns , plotted with the polarity and ratio data, are presented
with their respective family of solutions in Figures 33 through 50.

DISCUSSION OF RESULTS

In this study, focal mechanisms have been obtained from two
different earthquake location data sets, each of which was generated
with a different velocity model (GC01 and STEP 2). The GC01 model was
developed from a large crustal refraction arrival time data base, and
has been stringently tested in different sub-regions of the Southern
Appalachian region (Moore, 1979; Bollinger and Wheeler, 1982; Brewer
and others , 1984; Chapman and Bollinger, 1985). Addi tionally , the

Virginia Tech Seismological Observatory and TEIC have collectively
located over 150 earthquakes in the past five years with the GC01
model .

The STEP 2 model was subjectively created to reduce certain biases
;in the GC01 model (single Vp/Vs ratio and hypocentral control of

middle velocity boundary) in an effort to obtain better focal depth
and departure angle estimates. The primary objective was to test the
stability of the focal mechanism solutions derived from the GC01 data
set. That is, how and to what extent, did the assumptions ~ used to
develop the STEP 2 velocity model af fect focal mechanism solutions?
Recall that the STEP 2 model is, however, only speculative. The GC01
data set and its resulting focal mechanisms will therefore be employed
as the definitive solutions, with the STEP 2 set of mechanism solutions
used primarily to probe for mechanism solution stability.

Hypocentral Locations

As mentioned previously, events relocated with the STEP 2 model
were observed to have consistently deeper focal depths and relatively
unchanged epicentral locations. Both velocity models located nearly
all of the earthquakes in the basement; only one of the 37 earthquakes
in the study area is located in the overlying sedimentary layers with
the GC01 model, and none of the 28 earthquakes relocated with the
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STEP 2 model has focal depths less than 8 km. Thus, a major proportion

of the seismic energy in the study area is being released within the
crystalline basement below the detached upper layers. Johnston and
others (1985) also found most of the earthquake activity in eastern
Tennessee occurring within the basement.

Effect of, Amplitude Ratios on Focal Mechanisms

In this study, amplitud e ratios were of great value in
detennining focal mechanism solutions in three important ways. First,
roughly half (51% or 153 of 311) of the data used to obtain mechanism
solutions are amplitude ratios. Hence, when amplitude ratios are

included, more events have acceptably constrained mechanism solutions
than when only polarities are used. For example, many events (8 of
18) have five or less polarities which cannot by themselves adequately
constrain the nodal plane orientations. However, well cons trained
families of solutions a re obtained for those same events when
amplitude ratios are included.

Secondly, in every case, ampli tud e ratios exert a stronger
constraint on the dip, strike and rake angles of solutions than do the
polarity data. Since amplitude ratios become more sensitive to nodal
plane orientations with increasing dip angle, they are very useful in
determining dip and rake angles. In cases where the polarity data
would allow both dip-slip and strike-slip solutions, the amplitude
ratios consistently restricted the rake angles to those indicating
predominantly strike-slip motion.

Finally, amplitude ratios provide an objective method of
selecting a preferred solution through the use of the RMS errors for
the ratios. Such statistics, discussed in Appendix G, have proved
invaluable in accessing the fit of the solutions to the data.

Nodal Plane Orientations

Both SEFM and CFM solutions obtained for earthquakes located with

the GC01 velocity model exhibit predominantly strike-slip motion alorg
nearly vertical no rth-south (right-lateral) or eas t-wes t (left-
lateral) oriented nodal planes (see Figures 29 and 30, and Table 10).
Eighty-eight percent (45 of 51) of the strike, dip, and rake angles
for both SEM and CFM solutions lie within 30' or a perfectly
vertical, north-south or east-west, strike-slip solution (see Tabl e
11). Standard deviations for strike, dip, and rake angles range from

8' to 23*. P-axis trend and plunge angles average N48'E, -4' for the
SEFM solutions and N54*E, -12* for the CFM solutions, with standard
deviations ranging from 11' to 25' (Table 10). These orientations are
very similar to N46*E, 13* average P-axis orientation determined for
the Giles County, Virginia region (Munsey, 1984). P-axis orientation
argles for SEM solutions were plotted with respect to both time and
d ep th. Within the constraints of the data, the orientations of P-axes
do not exhibit a dependence with time, since all orientations may be
produced by the same maximum compressive stress orientation. The
orientations of P-axes do, however, have a suggestion of depth
dependence (Figure 31) . As depth increases, both P-axis trend and
plunge angles appear to become systematically restricted to an apex
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chronologic event number. All solutions are equal area, lower
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TABLE 10

SEFM and CFM P-axis and Nodal Plane Orientations *

SEFM CFM
i

GC01 STEP 2 DIF/SD GC01 STEP 2 DIF/SD

P Trend 48 +- 23 49 +- 19 5 54 +- 11 52 +- 11 18
P Plunge -4 +- 25 -2 +- 22 9 12 +- 16 13 +- 11 9

North

Strike' 8 +- 23 6 +- 18 11 8 +- 11 7 +- 11 9

Dip 65 +- 20 76 +- 19 58 79 +- 10 75 +- 9 44
Rake 16 +- 9 19 +- 11 33 19 +- 13 16 +- 8 38

i East

Strike 97 +- 23 95 +- 18 11 97 +- 11 98 +- 12 9
Dip 77 +- 8 72 +- 12 63 71 +- 13 75 +- 8 50.

'

Rake 26 +- 20 15 +- 19 58 12 +- 10 16 +- 9 44

* P-axis and nodal plane orientations and standard deviations for |

SEFM and CFM from GC01 and STEP 2 data set. Nodal plane orien-

tations are divided into northernmost and easternmost trending

planes. DIF/SD is the percent of difference between GC01 and STEP 2

averages compared to the smallest standard deviation between the

two.

i
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TABLE 11

Percent of Nodal Planes within 30 of Vertical, N-S or E-W

Strike-slip Solution

GC01 STEP 2

Strike Dip Rake Strike Dip Rake

SEFM 82 86 77 91 86 86

CFM 100 100 100 100 100 100

TOTAL 88 91 85 94 91 91

OVERALL 88% 92%

* The percentage of strike, dip, and rake angles that are within

30 of a perfectly vertical, north-south or east-west,

strike-slip solution for SEFM, CFM, and a combination of both SEFM

and CFM for GC01 and STEP 2 data sets. The overall percentage com-

bines all strike, dip, and rake angles for both SEFM and CFM for

GC01 and STEP 2 data sets.
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near N40' to 50'E, and 5' to 10', respectively. This aspect of the P-
axis orientation will be discussed further in the next section.
Similar plots of T-axis orientations indicate no dependence with
either time or depth.

Primary exceptions to the general orientation of nodal planes are
in the southernmost region of the study area where two SWM events
(#28 and 36) have nodal planes that are oriented more than one
standard deviation clockwise of the regional average (see Figure 29),
and in the northernmost region of the study area where the sense of
slip for a CFM (#1) is opposite that of all other solutions (see
Figure 30) . A SEFM solution (#23) approximately 15 km southeast of
CFM #1 exhibits an expected slip direction, i.e. , right-lateral along
north-south planes or lef t-lateral along east-west planes. Assuming

that SEFM #23 resulted from the inferred regional stress field
(approximately N50*E), the slip direction exhibited by CFM #1, would
require a change in the orientation of the regional stress field by
20' to 40' within a distance of 15 km. In any event, CFM #1 is
inconsistent with the inferred regional s tress field, and this
mechanism has therefore been anitted from all calculations of

We do not have an explanation for this disparity but willaverages.
continue to seek clarification. Our suspicion at this stage is the
presence of undetected erro r(s) . We continue to investigate this

resul t.
Other exceptions are SEFM #23, 30 and 31, whose north-south

oriented nodal planes dip more horizontally than the. regional average.
This would indicate that either strike-slip motion occurred along an
inclined north-south fault plane or that dip slip motion occurred
along a vertical east-west plane.

SEFM and CFM solutions obtained for events located with the STEP 2
velocity model are remarkably similar to those obtained with the GCD1
model. Nodal plane and P-axis orientations are well within one
standard deviation of those found with GlD1 locations (see Figures 29
and 30, and Table 10) . Strike, dip, and rake angles between the two
sets of solutions (those obtained from GCD1 and STEP 2 locations)
differ at most by 2',11', and 11', respectively, and P-axis trend and
plunge angles differ by no more than 2' each. Similar to the G001
results, the STEP 2 set of solutions has exceptions in the southernmost
region where one SEFM event (#36) has nodal planes that are oriented
more clockwise than the regional average and in the northernmost
region where the CFM solution (#1) exhibits a sense of slip opposite
that of all other solutions. In addition, SEFM #30 has a near
horizontal north-south trending nodal plane. Other differences are
the sub-vertical dips exhibited by the east-west nodal planes of SEFM
#31 and 28.

Apparently, the magnitude of change produced in event location
(most notably in focal depth) by the two different velocity models
does not significantly affect the ultimate mechanism solution. This
is because changes in the departure angle, which is the principal
focal mechanism parameter altered by the relocations, produce only
radial (along radit of the focal sphere) changes in the location of
data on the focal sphere. For this case, polarities will only modify
the dip angle and not the strike of nodal planes . Also, for

predominantly strike-slip solutions such as those obtained for eastern
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Tennessee, amplitude ratios affect primarily the location of the B-
axis (null axis) and only to a minor extent the nodal plane dip and
strike. The combined effect of the polarities and ratios is to move
the B-axis about with relatively minor associated changes in the nodal
plane strike. The most notable changes would then be in the dip and
rake angles of the nodal planes. For the solutions obtained in this
study, the greatest differences between the solutions obtained from *

GOO 1 and STEP 2 data sets are indeed the dip and rake angles (see Table
10, especially DIF/SD). Crosson and Endo (1982) also showed that
small changes in event location produced by a gradient velocity model,
principally those in focal depth, influence primarily dip-slip events
and the dip angle of nodal planes. Strike-slip events with nearly
vertical nodal planes remained relatively unchanged. Never theless ,
the similarity of solutions with two different velocity models
supports the presence of stablity in the focal mechanisms.

In-situ Stresses

A homogeneous and fracture free material subjected to a triaxial
stress will fail along either of two planes oriented at an angle of
45' or less to the maximum compressive stress (sigma-one) and parallel
to the intermediate compressive stress ( e .g . , Anderson, 1951). The
orientation of sigma-one would then correspond exactly to that of the
P-axis determined from focal mechanism solutions. However, if the
earthquake is caused by slip along a pre-existing fault and/or the
prop 3rty of internal friction is taken into account, then the sigma-
one is not simply related to the P-axis but may, in principle, lie
arywhere in the quadrant containing the P axis (McKenzie, 1969).

Assuming that earthquakes in eastern Tennessee occur along pre-
existing fractures and that the orientation of stresses is generally
uniform throughout the region and constant through the short time
frame of our observations, then the distribution of P-ax es fran
numerous focal mechanisms should define a quadrant, or sector, wherein
the sigma-one is located. The average P-axis orientation can further
constrain the region of sigma-one, but may be biased by any
concentrations present in the number and/or orientation of pre-
existing fractures. However, because the sigma-one can lie anywhere
in the quadrant containing the P-axi s , then numerous nodal plane
orientations could also, in principle, limit the region in which the
sigma-one can lie. The applicability of this " sector method"
increases directly with the number of different fault orientations and
slip directions, and is not biased directly by fault concentrations,

1since only those extreme fault orientations that will slip in a given '

stress regime will form the sigma-one limits.
The sector method was used to determine a region for the sigma-

one from both SEFM and CFM solutions obtained with G001 loca tions
(Figure 32). The CFM solutions (with only 12 nodal planes)
constrained the region of sigma-one to the outer portions of the
northeast and southwest quadrants. Addition of the SEFM solutions
(with 22 nodal planes) further constrained the region of sigma-one to
between N38'E and N63*E with plunges ranging from about 12' to -25*.
Similar, but less constrained regions were found using vodal planes
from STEP 2 located events. These SEFM solutions restricted the region
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to between N38'E and N76*E,;vith plunge angles of about 15' to -40'.
Thus, all earthquakes in the region (except those in the northernmost
region that were de'.eted, i $s. , CFM[ (1) ,cou1(have been induced by a
uniform sigma-one of northeasterly orientatio'n, and sub-horizontal i

plunge. This orientation is very similar to that determined for the
Giles County, Virginia region by Munaey (1984), and is coraistent with
the east to northeast sigma-one trend determined for the midcontinent

1region by .7oback and Zoback (1980). /
I Avedge P-axis orientations for SEFM and CFM frm beth Oocational
,

models ale plotted on each focal sphere containing :the sigma-one
limits, and all lie near the center of each region (f tgure /32) . This
MMge.*ts that f ractures in the region tend to be anmewhat multi-
directional but rather unifonaly distributed throughout the region.
That is because any nonunironn distribution or concentrations of fault
plane orientations would bias the average P-axis orientation, and

.

offset it from the center of the region of sigma-one.
If, as Raleigh and others (1972) suggest, the regir.a in which the'

sigma-one is likely to be found is more reasonably restricted to near
M' aboit the focal mechanism computed P-axis, then the regional
stresi rield would be further constrained to between !NF'E and N53*E,

j with plunges ranging from about O' to -15' (OCfh) or betocen N48'E and
' N66*E, with plunge argles from 5' to 'iO' (STEPP). The .f verage P-axes

would still be located within these more restricted redJns.'

One line of evidence supporting the ;;enr$ cal 'J 40* F. to N66 * E
orientation of the sigma-one is the syster.#,1c restriction of the P-
axis trends to near N40 to 50*E with depth (see Figure -31). For'

vertical , s trike-slip events , the sigma-ot,e and least compressive
stress (sigma-three) are horirontal, and the intermootico compressive
stress (sigma-two) de vertical. Assuming that'che a1
constant with depth sand the sigma-two increases with'4*,u-one crmainsd $th, then the

possible orientations' f ar,'#hich fault slip will decrease with depth
toward an angle of 309 fran the sigma-one. The value a'. wrich the P-
axis trend is restrictdJ towa*d with depth (apex) shouu be 45' from

|

this fault orientation, ,3r 15* from the ile;na-one. The apex values

|
for the G(I)1 and STEP 2 data sets are Nh0''f| pM N50*ff, respv:tively.
Within the constraints of these data setb,' which See in thnselves
biased with depth, the inferred sigma-one is consis.+.ent with the

j aforementioned N48'E to N53*E (GC01) to 66*EyTEP6 defined by the
; nodal planes. ;. ,

,

Geologic Model , Compar'. son to Giles Cotnty , V1.rEib.
';

The Giles 1,ounty Sebmic Zone, 300 km to the northeast, has been
the subject of several''recent papers (Bollinger |and Wheeler, 1982;
Munsey , 1984; Munse; an f Dollinger, 1984) and ig one of 'the better
understood seismically active sub-regions in tte routhern
Appalachians . Bollinger and Wheeler ('1982) suggny,ted that seismicity
in Giles County is ' occurring alorf tompt essionally reactivated Iapetan

j (Scambr.ian nonnal faul ts restrictM to a sub-vertical, tabular zone
| strikin;; northeast. Punsey (1984) and <Munsey and Dollinger (1984)
i havri since proposed f.ne poss!htlity. of adf.ttional f ault orientations

mnd slip motion to the northeast ads southWeatmf the zont. These n9w
fault orientations (vertical, , north-nor% west trending faults with
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Figure 32: Limits for the Maximum Compressive Stress. Regions in which
the maxinum compressive stress can exist based upon the
assumptions that all fault movement in the study area is due
to the sane maximum compressive stress orientation, and that
the maximum compressive stress can be located anywhere in the
dilatational quadrant. Topt CC01 data; SEnt on lef t and Cat
on right. Bottom: STEP 2 data; SEnt on lef t and CRt on right.
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both right-lateral and reverse slip) are also consistent with the
stress regime inferred for the main north-northeast striking zone.

Wheeler and Bollinger (1984) have also suggested that the current
seismicity in th>e eastern Tennessee-North Carolina border area may be
occurring along compressionally reactivated extensional fractures that
formed during the rif ting of the Proto-Atlantic. By analogy with the
North American Mesozoic and other passive margin nonmal faults,
Bollinger-and Wheeler (1982) argue that Iapetan normal faults should
strike northeast to north-northeast, dip steeply, and may be formed as
far inland as 250 to about 450 km from the continental edge. Eastern

,

Tennessee focal mechanisms exhibit generally no rtherly , s teeply
dipping nodal planes. Fur thermo re, the band of eastern Tennessee
seiamicity is located from 250 to 350 km cratonwards (westward), and
trends approximately parallel to, the Piedmont gravity and magnetic
lineaments, which have been interpreted to mark the eastern edge of
the North American craton (Rankin, 1975; Hatcher and Zietz, 19 80 ).

* A major distinction between the two sub-regions is the tabular
trend of hypocenters in Giles County, and the diffuse distribution of
hypocenters in eastern Tennessee. Other dissimilarities are the
underlying basement rock types and the proximity of each sub-region to
the Precambrian continental margin. Giles County is underlain by
granitic Grenville basement, and is located about 100 km nearer the
Piedmont gravity and magnetic lineaments than the eastern Tennessee
sub-region, which is underlain by Ocoee basement rocks separated from
Grenville basement by the New York-Alabama and Clingman lineaments
(see Johnston and others, 1985). These dissimilarities, however, may

be interrelated. That is, the granitic Grenville rocks may have
undergone a different magnitude of extension and may have reacted
differently to such a stress regime than the probably petrologically
different Ocoee rocks. Such diff erences may be reflected in the
patterns of seismicity observed in each area.

In short, the seismicity of e~ stern Tennessee may be due to
compressionally reactivated Iapetan nonnal faults similar to those
proposed for the Giles County Seismic Zone, but the evidence presented
herein is not conclusive. Future delineation of faults from seismic
reflection profiles and/or hypocenter lineations are obviously needed.

! CONCLUSIONS

( Eleven SEFM and seven CFM were obtained from two diff erent
! hypocenter data sets that were derived from a 4-layer velocity model
i (GC01) using a constant Vp/Vs ratio and with a 12-layer velocity model
! (STEP 2).using variable Vp/Vs ratios. STEP 2 was defined in an effort
| to obtain improved depth estimates and a core uniform distribution of

( ray departure angles. The individual earthquakes analyzed were the
same for each set of solutions.

'

_ On the average, the resulting focal mechanisms for individual
events are quite similar between the G001 and STEP 2 data sets. While

;

a few events may show significant differences, a majority (29 of 36)'

i of the focal mechanism solutions have strike, dip, and rake angles
l that differ by less than one standard deviation between themselves.

The (SV/P)z amplitude ratios significantly improved the
determination of focal mechanism solutions in three important ways.

|
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First, the addition of amplitude ratio data allows more events to have
acceptably constrained solutions than when only polarity data are
used. Secondly, ratios restrict, at least to some extent, the strike,
dip, and rake angles determined by pola ri ties , producing better
constrained resul ts. In this study, amplitude ratios were often
necessary to distinguish between primarily strike-slip and dip-slip

ievents. Thi rdly, the RMS errors and other statistics generated from i
the amplitude ratio data provide an objective method in selecting a
preferred solution frm the family of solutions generally obtained.

The detailed geologic structures involved in the earthquake
process remain unresolved. The general orientation of fault planes
and some insights into the faulting process, however , have been
d escribed . Below, in summary fom, are the basic conclusions of this
study.

1. A major proportion of the seismic energy release in the study
area has occurred in the basement, below the detached upper
sedimentary layers. Both velocity models (GCD1 and STEP 2)
employed to locate hypocenters confirm this factor.

2. Fault motion for SEFM and CFM solutions is predominantly
strike-slip along nearly vertical north-south (right-lateral)
or east-west (lef t-lateral) nodal planes. The average P-axis
trend is about N50'E, with a nearly horizontal plunge. This
orientation is consistent with both - the P-axis orientation
detemined for the nearby Giles County, Virginia region
(Munsey, 1984) 300 km to the northeast and the inferred trend
of the sigma-one for the midcontinent region (Zoback and
Zoback, 1980).

3 Limits placed by the GC01 based focal mechanism results on
the region in which the maximum compressive stress can exist,
based on the assumption that it may lie anywhere in the
quadrant contalru. the P-axis, were about N38'E to N63*E,
with plunges ranging fem about 12' to -30'. The STEP 2 based
mechanism data set constrained the region from about N38'E to
N76*E, with plunge angles of about 15' to -40'. The average :

P-axis orientation for SEFM and CFM sclutions from both !

locational models each lie near the center of these regions
of maximum compressive stress. That the average P-axis,
- which may be biased by concentrations in faul t plane
o ri entations , is so located suggests that fractures in the
region are rather uniformly distribu ted throughout the
region.

4. Two sub-regions of the study area have exceptions to the
preceding general orientation of nodal planes and/or P-axes.
Firs t , nodal - pl anes for some events in the southernmost
region are oriented mere clockwise than the regional average.
These focal mechanisms are, nevertheless, consistent with the
inferred regional stress regime. Secondly, the CFM in the
northernmost study area exhibits a sense of _ slip that is
opposite that of all other solutions and is thereby
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inconsistent with the inferred regional stress field. We

suspect error but have no confimation for the source of this
apparent local variation in the regional stress field.
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