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NOTICE

This report was prepared as an account of work sponsored by an agency of the United Stat 6s
Government Neither the United States Government not any agency thereof, or any of their
employees, makes any warranty, expressed or imphed, or assumes any legal habihty of re-
sponsibihty for any thnd party's use, or the results of such use, of any information, apparatus,
product or process disclosed in this report, or represents that its use by such third party would
not inftmge privately owned rights.
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NOTICE

Availability of Referer>ce Materials Cited in NRC Pubhcations

Most documents cited in NRC publications will be available from one of the following sources:

1. The NRC Public Document Room,1717 H Street N.W.
Washington, O C 20555

2. The Superintervient of Documen:s. U.S. Government Printing Of fice, Post Of hre Box 37082
Washington, DC 20013-7082

3. The Nationa! T m hnical Information Service, Springfield, VA 22161

Although the hstmg that foHom represents tre majority cf documents cited in NRC pubhcations,
it is not intended to be exhausthe.

Referenced documents available for inspection and copying for a fee from the NRC Public Docu-
ment Room include N RC correspondence and internal N RC memoranda; N RC Of fice of Inspect.on
and Enforcement bulletins, circulars, infermation notkes, inspection and investigation notices;
Licensee E vent Reports; vendor reports ana correspondence; Commission papers; and apphcant and
bcensee documents and corresponcence.

.

The following documents in the NUREG series are available for purchase from the GPO Sales
Program: formal NRC staff arid contractor reports NRC sponsored conference proceedings, and
NRC booklets and brochures Also am!able are Regulatory Guides NRC regulations in the Code of
federal Regulations, and Nuclear Regalatory Commissior issuancesa

Documents available froni the National Technical Information Service include NUREG senes
reports and techneal reports prepared by other federal agencies and reports prepared by the Ato<nic
Energy Commission, forerunner agency to the Nuclear Regulatory Commission.

Documents availat'le from public and special technical hbraries include all open hterature items,
such as Noks, journal and periodical articles, .nd transactions. federaf Reg ster notices, federal and
state leg station, and congressional reports can usually be obtained from these Obraries.
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Documents such as theses, dissertations, fore;gn reports and translations, and non NRC conference
proceedings are available for purchase from the organization sponsoring the pubhcation cited

Single copies of NRC draft reports are available free, to the extent of supply, upon written -

request to the Division of Information Support Services. Distribution Section, U.S. Nuclear
Regulato y Commission, Washington, DC 20555.

Copies of industry codes and standards used in a substantive manner in the NRC regmatory process
are maintained at the NRC Librar y, 7920 Norfo:A Avenue, Bethesda, Maryland, end are a>ailab!e
there for reference use by the public. Codes and standards are usually copyrighted and may be
purchased f rom the originating organtiation or, if they are American Natronal Standirds, from the
American National Standaras institute,1430 Broadway, New York, NY 10018.
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SEISh11 CITY, SEIShilC REFLECTION, GRAVITY AND GEOLOGY OF THE
CENTRAL VIRGINIA SEISh11C ZONE: PART 1, REFLECTION SEISh! OLOGY

Cahit Goruh, John K. Costain, Lynn Glover, III, nomas L Piatt, and Jeanne Brennan

.

.

Abstract

in central Virginia,180 km of vibroseis reflection data have been obtained along the James River
traverse from near Richmond on the east to the crest of the Blue Ridge anticlinorium on the west.
Laboratory determinations of velocity and density were made to identify potential seismic marker
horizons in the Valley and Ridge, Blue Ridge, and Piedmont provinces. One of the best impedance
contrasts within Valley and Ridge relatively unmetamorphosed lower Paleozoic shelf strata is at the
Rome Shady boundary (Lower Cambrian) where a reflection coefficient of between 0.2 and 0.4 can
be expected. Beneath the Blue Ridge, the master decollement is at a depth of approximately 3 km
(1 ) at the westem end of the traverse where Gremille basement is acoustically transparent.
Eastward dipping reflections between 1.0 3.0 s were recorded from beneath the Blue Ridge
decollement, probably from relatively unmetamorphosed lower Paleozoic shelf strata (Rome),
large amplitude reflections from a depth of about 9 km (2.8 3.0 s) beneath the Blue Ridge are from
the Paleozoic shelf strata, probably from the Rome Shady boundary in para autochthonous strata
at 9 km. East of the Blue Ridge, the best reficctions originate from the Catoctin rift volcanics and
the Chopawamsic island are volcanics. Eastward dipping reflections from the Catoctin Formation
dominate the seismic section below the Triassic Scottsville basin. A window of poor reflection
quality associated with the small impedance contrasts of the Triassic outlines the gross geometry
of the Scottsville basin, and indicates a basin thickness of approximately 1.6 km (0.7 s). Measured
sections of the Catoctin revealed thin beds of metamorphosed, epidotized basalts and sandstones
interlayered with non-epidotized, foliated metabasalts and metasediments. Compressional velocities
parallel and perpendicular to the dominant foliation in 12 Catoctin Formation samples and one
Chilhowee Formation sample were determined. Velocities range from 5.13 km/s to 6.47 km/s for l

-

samples of the Catoctin epidozites, greenstones, phyllites, and volcanic breccia. Velocities parallel
to foliation are higher than those perpendicular to foliation. He highly epidotized metamorphosed
basalts and sandstones can result in reflection coefficients of magnitudes 2: 0.1. Reflections from. .

the Catoctin Formation of central Virginia are believed to be due in large part to constructive in-
terference from acoustically thin, epidotized layers (epidosites and volcanic breccia) interlayered
with non epidotized layers (greenstones and phyllites), and to a lesser extent from non epidotized
greenstones and phyllites. We conclude that the successful definition of the regional geologic
fran.; work of the crystalline rocks of the Piedmont of Virginia depends to a large extent on the
placement of reflection seismic traverses where thick sequences of metamorphosed 'oasaltic/ felsic
volcanics, or metamorphosed basalts / sandstones occur in the subsurface.
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Introduction
.

In recent years seismic reflection profding has been increasingly successfulin helping to understand -

the dynande evolution of the Earth's crust. Multifold reflection profdes over major tectonic features
provide the data base for interpreting the geometry and intemal structure of the crust. This is es-
pecially true in tne crystalline Appalachians whose allochthonous architecture requires seismic re-
flection data to relate surface geology to deep crustal structure. A combined geophysical and
geological study of the tectonic framework of the central Appalachians has been underway at the

partment of Geological Sciences at Virg) and the Oropnic Studies Laboratory (OSL) of the De-
Regional Geophysics Laboratory (RGL

mia Polytechmc Institute and State University since 1974.
In Virginia,180 km of vibroseis reflection data have been obtained by RGL along the James River
(Figure 1).

Prorde agments funded by difbrent sponsors have been combined to give relatively continuous
regional traverses. Le first Saverse (JRT 1) is located on the north side of the James River from
near Richmond on the east to the crest of the Blue Ridge anticlinorium on the west (Figure 1).
He total length of traverse JRT 1 is 108 km. A second traverse (JRT 2), 74 km long, is located
south of the James River. In this paper, the key data segments for interpretation of the two seismic
traverses are discussed along with general comments on seismic reflection profding over crystalline
terrane.

Previous work
,

I

Seismic reflection profdes discussed in this paper were obtained over an igneous and metamorphic ,

terrane containing metamorphosed basalts, felsic volcanics and sandstone that was thrust over rel-
atively unmetamorphosed shelf strata. Derefore, a discussion of the crustal reflectisity to be ex-
pected is helpful to understand features of the feal processed record sections as well as limitations
that must be considered while interpreting the data. Over the past dozen years, we have made de- -

terminations of velocity and density on samples of shelf strata and igneous and metamorphic rocks
representative of lithologies in the Valley and Ridge, Blue Ridge, and Piedmont provinces of
Virginia and North Carolina (Kolich,1974; Edsall,1974; Wells,1975: Clark and others,1978).
Sample locations are given by Kolich (1974), Edsall (1974), and Wells (1975) Acoustic impedance
(py) was determined from density determinations on representative fresh samples and from velocity
determinations on the same samples in a pressure cell (Kolich,1974). These were used to determine
reflection coeflicients that might be expected from the sedimentary strata and crystalline terranes in
the southeastem U.S.. From these results, a range ofimpedance values for igneous, metamorphic

2
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Figure 1. Locations of seismic lines and general surface geology: Geology frorn Glover and others
(second part of this report).
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and sedimentary rocks similar to those that might be expected along the James River traverses was
determined.

De signal to noise (S/N) ratio is the most important single parameter that affects the ultimate
quality of seismic record sections. His depends to a certain extent on the magnitudes of the re-
f7ection coemeients as well as the two way transmission coemeient (Waters,1981, p. 26). Although
a reflection coemeient greater than * 0.3 is extremely high and reflects a significant portion of the

,

energy, the two way transmission coemeient across such a reflector is 0.91. Thus, good reflectors
do not necessarily mean poor energy return from below the reflector. In addition, "tuning" can
significantly increase the S/N ratio.

.

Normal incidence reflection coemcients, (p3v, pivi)/(pay, + pivi) computed from the values of
velocity and density given in Table i vary between about 0.03 and 0.4, the higher value representing
the contrast between the Rome shale and Shady dolomite. Contrasts between tectonically
juxtapositioned basalt-dolomite and basalt gneiss result in poor reflectivity (reflection coeflicient
s 0.03.).

It has been known for some time that unmetamorphosed Valley and Ridge shelf strata underlie at
least part of the crystalline Blue Ridge (Clark and others,1978; Cook and others,1979; llarris and
others,1981; liarris and Bayer,1979). Our field and laboratory determinations of velocity and
density suggest that one of the best impedance contrasts in the Valley and Ridge unmetamorphosed
lower Paleozoic section is at the Rome Shady boundary (Lower Cambrian) where shales of the
Rome Formation (acoustic impedance = 0.88 x 10' 1.09 x 10' egs units) overlie dolomites
of the Shady Formation (acoustic impedance = 1.71 x 10' 2.15 x 10' egs units). A reflection
coeflicient of between 0.2 and 0.4 can be expected from this part of the sedimentary section; other
good reflecting intervals have been illustrated by Gresko and Costain (1985). Thick sequences of
predominantly shale can be expected in the Rome; where exposed in southwestern Virginia, the
Shady is about 700 m in thickness (Perry and others,1979). The Rome Shady boundary is thus
an important structural marker bed for scismic investigations where these strata have been over-
thrust by crystalline rocks of the Blue Ridge and Piedmont, as for example under the western end
of JRT 1. In igneous and metamorphic terrane, we have found that the best reflections originate
from volcanic lithofacies such as the Catoctin rift volcanics and the Chopawamsic island arc
volcanics.

Along the James River traverse, reflection seismic profdes crossed thick units whose subsurface
geometry and continuity, or lack of it, were expected to reveal the structure in the upper crust.
Surface geologic mapping and interpretation of potential field data along the James River corridor
have identified key structural elements and thick metavolcanic lithofacies that are believed to persist
to depths of more than several kilometers in the crust (Reilly,1980; Keller and others, 1985, 1986).

'

Certain lithofacies such as the Chopawamsic and Catoctin metavolcanics were expected to have
excellent seismic response.

,

|
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Data Acquisition And Processing

All data were acquired by RGL personnel. Recording instrumentation consisted of 48-channel
MDS 10 amplifiers, a field summing unit (SMM 1), and a field correlator (DC 2400) for quality. r

control. All final correlation was done on the RGL VAX 11/780 computer. Receiver arrays were
,

electronically weighted for a Chebychev response over an effective array equivalent to a length of "

two group intervals. The receiver group interval was 70 m for alllines except Line NSF 2 where,

the interval was 35 m. In spite of the relatively short source receiver distance for NSF 2, which
generally makes it more difficult to determine accurate stacking velocities, good reflection quality
was obtained (Figure 2 and Figure 3). The principal reason for using a receiver group interval of
35 m for Line NSF 2 was to obtain increased resolution over the Scottsville Triassic basin.

A single Failing Y 1100 vibrator with a peak force of 27,000 pounds was used to form source arrays.
He number of pad positions per source array was varied from 8 to 64; an array of 16 pad positions
was found to be adequate. A downsweep varying in length from 16 to 24 s was used for all lines
except llae NSF 1 which was obtained with an upsweep. Bandwidth of the sweep was normally
10 60 liz, although in some cases 10 80 llz was used (Line NSF 2). He source array length was
70 m, except 35 m for NSF 2, and the interval between source arrays was varied from 35 m to 140 '

a

; m depending on the receiver group interval and the multiplicity desired. Most segments of the two
2 traverses are 12 fold. nice segments on JRT 1 are 24-fold. Comparison of 12 and 24 fold data

clearly favors the higher multiplicity for better data quality and interpretation.

Processing of the seismic data was done in RGL using Digicon's DISCO software plus special
processing modules developed in RGL. He typical data processing sequence included demulti-
plexing, vibroseis whitening (Goruh and Costain,1983), trace editing, common mid. point sorting,
elevation statics corrections, velocity analysis (constant velocity panels and velocity spectra), de-
convolution (if appropriate), automatic residual statics, stacking, time migration, and bandpass fil-
tering. Most of these steps are described in detail by Waters (1981) and Robinson and Treitel
(1980).

One of the most effective processing steps was the whitening (VSW) of vibroseis data, in VSW
processing, the spectrum of the data is balanced before cross correlation to attenuate coherent noise
ar.d to recover weak refketions that have a higher frequency content. This processing step was
applied to all data. Static corrections were especially critical on line NSF 1 (Traverse JRT-1), and j

,i an unconventional method of calculating elevation statics was used (Bahorich and others,1982). ,
'

Multi step application of automatic residual statics helped to improve data quality, i

14 -

Migration of seismic data is found to be important in the crystalline terrane examined here because
of generally high velocities and complex geology. Considerable effort, therefore, was devoted to
testing processing parameters in order to obtain accurate stacking velocities and optimum process-,

ing parameters to which the migration process is sensitive.
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Seismic Signatures of Major Structural Elements and
Tectonic Lithofacies in Central Virginia

.

Seismic traverse JRT 1 (Figure 1) is located north of the James River and is a composite ofline
segments NRC 5 (12 fold,70 m group spacing), NSF 2 (24 fold,35 m), NRC 7 (24 fold,70 m),
NSF 3 (12 and 24 fold,70 m), and NSF 1 (24 fold,70 m). A summary line drawing of the in-
terpreted record section of traverse JRT 1 is shown in Figure 4 for correlation with illustrations *

of the actual seismic data shown below.

De seismic signatures of tectonic lithofacies are discussed on enlargements of the data taken from
the seistnic sections. In all cases, structuralinterpretations were carried out on time migrated data
which were compared with the unmigrated data. This paper (Part 2) deals primarily with the
reflectivity and seismic signatures of igneous and metamorphic rocks in central Virginia. For this
paper selected portions of traverse JRT 1 are discussed, in general, the excellent acoustic response
of the rift related Eocambrian Catoctin metabasalts and metasandstones, the Chopawamsic
subduction related metavolcanic rocks, and the relatively unmetamorphosed lower Paleozoic strata
account for most of the energy retum, and rnake an interpretation possible.

Blue Ridge Master Decollement. A portion of the stacked section of line NRC 5 (unmigrated) is
shown in Figure 5. His is the westemmost extent of our traverse JRT 1. The Grenville basement
of the Blue Ridge is exposed at the surface and accounts for the absence of shallow reflections to
a time of about 1.0 s, the approximate location of the Blue Ridge master decollement. Good
eastward dipping reflections between 1.0 3.0 s appear from beneath the Grenville basement of the
Blue Ridge. The quality and character of reflections in this window makes a source from within
Gremille basement unlikely. The most plausible origin of these reflections is from
unmetamorphosed lower Paleozoic strata (Rome). The Blue Ridge master decollement at the base
of the Grenville is interpreted to be at a depth of approximately 3 km (1 s) at the west end of the
traverse, in agreement with proprietary seismic data projected in from the northwest from the Valley
and Ridge province, and at about the same depth as indicated on new seismic data from beneath
the Blue Ridge about 400 km to the southwest in South Carolina (Goruh and others,1985).

Important evidence for the allochthonous nature of the Blue Ridge is shown in Figure 5 and
Figure 6. The large amplitude reflection between 2.8 and 3.0 s is characteristic of the deepest re-
flection from the unmetamorphosed rocks of the Valley and Ridge province, and is probably from
near the Rome Shady boundary near the sole fault. The eastward-dipping reflections at 2.5 s be-
tween stations 330 370 on Figure 5 and at 2.2 s between stations 150 and 170 on Figure 6 have
a high frequency signature, before filtering, similar to that seen on proprietary data in other areas

,

of the Valley and Ridge below the Rome Shady contact. Although Paleozoic strata are interpreted
to occur in the time window from 2.2 s to 2.9 s, evidence of good reflections at times less than 1.0

ls is not obvious on our data. Divergence of these reflections between stations 330 and 370 on '

Figure 5 and between stations 150 190 on Figure 6 is additional evidence for thrust faults.

A portion of the time migrated stacked line NRC 5 is shown in Figure 6. His line crosses, from
west to east, the Lynchburg Fonnation, Catoctin Formation Evington Group, and the Scottsville
Triassic basin. The eastem part of this segment (12 fold,70 m) exactly overlaps with segment
NSF 2 (24 fold,35 m) shown in Figure 2 and Figure 3. Comparison of Figure 6 and Figure 3
clearly documents the advantages of higher multiplicity and spatial receiver density. Divergence of
reflections below station 120 at 1.0 1.5 s (Figure 6) is interpreted to be characteristic of thmst
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faults. Shallow westward dipping reflections beneath stations 90 120 are consistent with dips of
rocks of the Evington Group exposed at the surface.

Catoctin volcanle sequence. The seismic signature of the Catoctin volcanic seguence is well defined
in Figure 6; however, the signature is better with higher multiplicity and spattat density (Compare
with Figure 2 and Figure 3. Divide station numbers by 2 because of a 35 m receiver interval). He
reflections correlate well with mapped surface contacts of the Catoctin. He seismic signature of.

the Catoctin is characterized by approximately parallel reflections of large amplitude (Figure 6 and
Figure 2). Relatively poor reflections are recorded from the top of the Catoctin, suggesting that
the transition from the Catoctin into the Evington Group is not associated with as large an

,

impedance contrast as that between the Catoctin and Lynchburg. He good reflection quality de.
fined by large amplitudes and a well formed Klauder wavelet at the Catoctin Lynchburg transition
is an aid to the interpretation of deeper reflections. The reflection at 1.4 s at station 130
(Figure 6) is one of the largest amplitude reflections on the section and, because ofits truncation
of reflectors below, it is interpreted as a thrust fault. The thrust probably represents the contact
between the Basement and Paleozoic strata. Likewise, truncation of the honzontal reflectors near
station 90 between 2.0 2.2 s is interpreted as an indication of a eastward dipping fault. Between
stations 120 and 200 at approximately 2.8 s, eastward dipping reflections are truncated by a
horizontal reflection interpreted to be at or near a fault, and below 3.1 s the absence of prominent
continuous reflections is consistent with the known reflection character of pre Rome strata and
Grenville basement.

Scottsville Triassic Basin, ne stacked section of Line NSF 2 (24. fold, 35 m) is shown in
Figure 2. The line traverses the Scottsville Mesozoic basin (Costain and others,1982). An excellent
signal to noise ratio and well formed Klauder wavelets are characteristic of this line. In general
good eastward dipping (from the Catoctin) and horizontal reflections dominate the section below -

the basin. A shallow westward-dipping event (station 170, time 0.2 s) in the Evington Group is
consistent with surface mapping. An important feature suggested by this line is that the near.
surface response of the Earth where the Evington Group is exposed is quite different than the re-
sponse where the vibrator is over Triassic lithologies. On the left hand side of the section excellent
reflections with well formed Klauder wavelets indicate parallel reflectors. Although at first glance
multiple reflections appear to be present in the data, velocity analyses indicate that the events are
primary reflections. These excellent reflections correlate with the mapped surface geology, and
clearly represent the acoustic response of the Catoctin Fonnation (Figure 1). Deeper events be-
tween 1.8 2.4 s at the left hand side of Figure 6 also show a similar Catoctin character. Divergence
of reflected events suggests repetition by thrust faulting (see also Figure 3). Altematively, these .

'deeper reflections may be from a Paleozoic sedimentary section (see Glover and others, in the sec-
ond part of this report).

The time migrated section of Figure 2 is shown in Figure 3. Because of the large dips of reficctions
,

in Figure 2, migration has a significant effect on moving the reflections up to the northwest and,
in some cases, out of the section (compare Figure 2 and Figure 3 at stations 170-210). A plausible
geologic interpretation is possible only after migration. Dipping events are clearly truncated by
other dipping or horizontal events. The reflections which truncate other reflections (A on-

Figure 3) are interpreted as being due to thrust faults. The deepest reflection arrives at approxi-
mately 2.8 s (8.7 km) and is probably from Gremille basement. If the reflections below 1.8 s are
from the Catoctin, then an interpretation of back sliding along a thrust fault might be made below
station 170 on Figure 3 at about 1.8 s (5.4 km). This might have important implications for
understanding the seismicity of the Central Virginia Seismic Zone,

t Reflections from Triassic Jurassic strata in onshore Mesozoic basins are often not oflarge ampli-
tude (Costain atid others,1982). liigh amplitude reflections from below the Scottsville basin are

!
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evidence that energy from the vibrator is well coupled at the surface over the Triassic rocks, and
that energy transmission through the Triassic basins is excellent. The window of poor reflection
quality associated with the low Triassic impedance contrasts is actually outlining the gross geometry
of the Scottsville basin.

Some difTraction pattems associated with the basin were removed by migration. Special reproc-
essing w.; Ane to enhance the data from the Scottsville Triassic basin. A difTerent mute, refine.
ment of stacking ~locities, and use of a lower fdter passband resulted in the data shown in .

Figure 7, after tune nJgration, which shows the lower boundary of the basin. Truncation of
eastward dipping parallel reflections on the right hand side of the figure is taken as evidence of the
basin boundary. Sub horizontal reflections originat from within the Triassic basin. Depth to the. ,

bottom of the basin is approximately 1.6 km (0.7 s) with a better defined boundary on the east side.
The continuity of the seismic data below the basin precludes downward projection of a steep fault
on the west side of the basin without shallowing (see Figure 3 and Figure 7), which suggests that
the western boundary is a listric fault. Even with split spread recording geometry with relatively
short (35 m) receiver group spacing, wavelet stretching by removal of normal moveout degrades the
resolution of desirable high frequency reflections, and thus reflections from the shallow Triassic
basin do not have as high a frequency content as desired. Severe muting necessary to eliminate the
effect of stretching resulted in low fold and a poor signal to noise ratio for the shallow data (< 0.4
:).

Chopawamsic volcanic sequence. The results obtained suFgest that 24 fold data are desirable to re-
cord accurately the signature of Chopawamsic volcanic rocks (Figure 8 and Figure 9). Line seg-
ment NSF 3 as originally recorded,i.e., as 24 fold,70 m data,is shown in Figure 8. He same line
segment resorted by computer and stacked as 12 fold data,is shown in Figure 9. The difference
in reflection quality and overall resolution of the seismic signature makes the higher 24 fold Ata
an obvious choice; however, for economic reasons the remainder of the line was recorded as 12 fr Id
data.

One of the best seismic signatures along the traverse is from the Chopawamsic volcanics, as shown
in An excellent S/N ratio and well formed Klauder wavelets with reflections which apper to trun-
cate one another are characteristics of the seismic response. These characteristics may be s man-
ifestation of the stratigraphy as well as isoclinal(?) folding and faulting. A repeated sequence of
Chopawamsic volcanic rocks is interpreted to be present, as shown on the line drawing of
Figure 4 (eastem part of NSF 3). Reflection quality from the expected contact between the
Grenville Maidens basement and Chopawamsic volcanics is poor. Figure 10 from line NSF 3
(24 fold,70 m data, time migrated).

A portion of stacked section ofline NSF 3 is shown in Figure 11. The signature of Chopawamsic
volcanic rocks is apparent on the right hand side of the section. Evidence of faulting is present in
this section where eastward dipping reflections are truncated by a set of sub-horizontal high-

,

amplitude reflections. Eastward dipping reflections between stations 290 and 390 at 1.0 to 2.0 s are
interpreted as originating from Chopawamsic metavolcanic rocks. They are not present to the east
and west because of the Columbia Granite, leading to the interpretation shown (see Glover and
others, in the second part of this report). Below the reflections interpreted as Chopawamsic
volcanic rocks, segments of sub parallel reflections suggest layering. These events might originate
from a metamorphosed volcanic sequence other than Chopawamsic; the reflections are interpreted i

to be from Catoetin metabasalts and sandstones. Although the reflected energy retum from '

Chopawamsic volcanic rocks is excellent we do not believe as mentioned earlier that a prohibitively
large decrease in reflected energy from below the Chopawamsic volcanics would result because of
the high reflectivity of the Chopawamsic. Below 3.0 s (9 km) the absence of additional reflections
is consistent with energy return from Gremille basement in other areas.

,
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Figure 13 is a stacked section of line segment NRC 4 (12 fold,70 m) on traverse JRT 2. De re-
flection qualhy on this line is excellent with reflections down to 3.5 s (10.5 km). Figure 12 is a

j time migrated section ofline segment NRC 4, and is a good example of why seismic data should !

i be migrated before fmal geological interpretation is made. Duplex structures appear to be promi- i

i nent (between stations 50120 at 1.2 2.0 s). Iow angle thrust faults are interpreted to refract up.
! ward at steep angles when entering packages of more rigid metabasalts (A on Figure 12), i

'
a

Line NRC 4 o!Ters significant infonnation about seismic prording of the crust as well as the po-1 .

tential of using a single vibrator:

1. a) Although the multiplicity of this line is only 12. fold, reflections are excellent, f
I 2. b) Reflections down to 3.5 s (10.5 km) show good resolution which allows correlation of events

across faults.
L

I
3. c) here is no visible decay in reflection amplitude with depth.

One may therefore conclude that even with a single vibrator the retum of reflected energy is excel- |
4

lent if a suitable subsurface reflector geometry and impedance contrasts are present. Because of the !
generally high Q of crystalline rocks the attenuation of energy is much less than in non crystalhne

'

rocks.
1

4
i
a i

!

I

Acoustic properties of the Catoctin volcanics |
4

b

! >

| ne Catoctin Formation of central Virginia is composed of metamorphosed basalts and sandstones

J that represent part of the Eocambrun rift volcarues of the eastem continental margin of North .

|
America (Wehr and Glover,1985). On the est side of the Blue Ridge near lire NSF 2, granulite .

facies rocks of 1 Ga Gremille Blue Ridge basement are overlain nonconformably by a thin unit of i
- Eocambrian (?) Swift Run shallow water clastics and nonmarine Catoctin volcanics i

l metamorphosed to greenschist facies (Figure 1). Nonconformably overlying the Catoctin Forma-
| tion in the adjacent Valley and Ridge are shallow manne and alluvial clastics of the Cambrian
i Chithowee Group (Wehr and Glover,1985). ,,

<
a

j Stratigraphic sections of the Catoctin Formation measured at two locations consist of thin beds of '

metamorphosed, epidotized basalts and sandstones interlayered with non-epidotized, foliatedi

metabasans and metasediments. He epidotized zones are flow breccias or highly altered zones of
I
'

epidote and quartz, Gathright (1976) refers to these zones as epidote amypialoidal breccia. Basalt
I

,

flows and rift sediments are also commonly a part of the Catoctin Formation.

Overlying the Lynchburg Formation cast of the Blue Ridge are approximately 2 km of Catoctin
,

j greenschist. facies metamorphosed basalts interbedded with metasediments. Coarse epidote
j amygdules are present in outcrop (Wehr and Glover,1985). He Evington deep water sequence, i

a possible equivalent of the Cambro.Ordovician Valley and Ridge Chilhowee shelf sequence, i

'. stratigraphically overlies the Catoctin on the east side of the Blue Ridge (Wehr and Glover,1985). !

!
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The renections from within the Cetoctin Formation on line NSF-2 originate from within a rift se-
quence believed to have been deposited in a submarine environment.

De excellent reflectivity of the volcanics prompted additional field and laboratory studies of the
Catoctin. Stratigraphic sections and sample collection locations are in Brennan (1985). He
Catoctin Formation on the east side of the Blue Ridge where the scismic data were obtained is more
foliated than that on the west side, and is more easily weathered than the western Catoctin. Sam-
ples of the Catoctin were not collected on the eastern side of the Blue Ridge because of the poorer
sample quality of the more foliated section.

Compressional velocitics parallel and perpendicular to the dominant foliation (when present) ht 12.

Catoctin Formation samples and one Chilhowee Formation sample were detemiined in the Re-
gional Geophysics using the method described by Kolich (1974). Samples were collected at lo-
cations given in Brennan (1985) and at Luck Stone Quarry la central Virginia. Compressional
velocities were detenrined at pressures of 400 and 600 atm, corresponding to depths of approxi-
mately 1.5, and 2.25 km respectively. Velocities determined at 600 atm rang from 5.13 km/s to
6.47 km/s for samples of the Catoctin epidosites, greenstones, phyllites, and volcanic br- ia (Table
2).

Velocities determined parallel to foliation are higher than those perpendicular to foliatbn for all of
the foliated samples (greenstones). Velocities of the epidosites generally lie between a velocity
parallel and perpendicular to the foliation of the greenstones. The difference in velocity from 400
to 600 atm is probably within the accuracy of the velocity determinations. f,leasurements of core
lengths were repeatable to within 1%; traveltime measurements were repeatable to within 4% at
600 atm. Velocities are believed to be accurate to * 5% at 600 atm, and the values at 600 atm
were used to calculate reflection coeflicients. Velocities and densities of the Catoctin samples are
s;iven in Table 2. Velocity versus density for samples with no apparent foliation (epidosites; samples
JB4-3C, JBS-SD, JBS-12A, JBS-11 A, and JB4 4A) shows that velocity, v(km/s), is approximately
a linear function of density, p(gm/cm ), (e.g. Birch, 1961) with a least squares fit of3

v = (1.04 A 0.225)p + (2.83 * 0.696), R = 0.9367. A least squares fit between velocities de-
termined perpendicular to S ( S) and censities of Catoctin greenstones (samples JB5-10C,i i

JB4-3D, JB4-4G, JB4-4D, and JB5-10D) showed an inverse relationship between velocity and
= - (1.53 * 0.513)p + (10.5 1.53), Rn 0.86553. A similar butdensity of the form v n

less well defined inverse relationship between velocities parallel to S and density (samples JB5-10C,i
J B4-4G, J B4-4D, J B4-3D, and JB5-10D) was of the fonn
m = - (1.39 0.985)p + (10.5 3.0), R = - 0.6295.v

Normal inewnce reflection coefficients were calculated for various juxtapositions of Catoctin
Formation Inhologies. The juxtapoWion of Catoctin metabasalts (samples JB4-4A, JBS IIA,
JBS 12A, JBS-3C, and JBS-5D) with epidotized metasandstones (JB4 3C) can result in reflection
coefficients of magnitudes ;t 0.1.

Pressure versus acoustic impedar.t perpendicular and parallel to foliation of the greenstones and |

cpidosites indicate that maximum contrasts result from the juxtaposition of the Catoctin
greenstones and the epidosites. A large contrast exists between acoustic impedance of sample
JB4-3C and that parallel to the foliation of the greenstone samples. Large contrasts occur between
the acoustic impedance of samples JB4 4A, JBS-II A, and JBS-12A and acoustic impedance per- ,

pendicular to foliation of the greenstone samples; the reflection coefficient between sample JB4 4A l

and sample JBS 10C S is 0.08. Acoustic impedance contrasts within the epidosites between |i
sample JB4 3C, a metasandstone, and samples JB4 4A, JBS IIA, and JBS 12A, the amygdaloidal !
metabasalts, are the largest observed; the reflection coeflicient between samples JB4-3C and JB4-4A
is 0.12.
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1

: Tuning
.

A thin bed is defined as one whose two way traveltime thickness is less than the tuning thickness, -

T/2, of the source wavelet, where T is the dominant period of the wavelet (Sengbush and others,
1961). For a dominant frequency of 38 llz snd a compressional velocity of 6 km/s, the dominant

, wavelength,2, is approximately.157 m. The Catoctin beds are commonly less than 30 m thick or-
less than 1/4, and are thus acoustically thin. Generally, for beds less than tuning thickness, re-
flections from the top and bottom are not resolved separately by conventional methods (Kallweit
and Wood,1982; Widess,1973). At tuning thickness, the reflection begins to take on the shape
of the first derivative of the source wavelet (Sengbush and others,1961). The nellection from a thin
bed of tuning thickness is approximately twice the amplitude of the same source wavelet icflected
from a single interface. These thin bed, first derivative, reflections may themselves constructively
interfere to form "tuned" first derivative reflections which are larger in amplitude than would be

*

expected from a single interface, or from a single bed of tunmg thickness. The result is a reflected
t wavefonn similar in shape to that leaving the source. As more thin beds are added, the reflections

take on a reverberating appearance. Using reflection coeflicients determined in this study, synthetic
seismogram modeling of thin bed sequences was done to obtain seismograms that might simulate

i the reflection character observed on a segment of Line NSF 2. Typical results are s;iven by Brennan
(1985). ,

'

Models based on measured Catoctin sections illustrate tliat constructive interference of reflections
ifrora multiple thin bed; can result in large-amplitude composite reflections that are characterized

by first derivative waveforms, Klauder type waveforms, or ringing seismic signatures. Reflections
'

from the synthetic seismogram model of geologic section B are oflarge amplitude with a slightly
reverberating appearance (Brennan,1985).

i

s

Conclusions .

,

Metamorphosed basalts and sandstones (Catoctin) and metamorphosed felsic and mafic volcanic
rocks (Chopawamsic) in the upper crust along the James River traverse have excellent reflectivity.

2 Without tiiese reflectors, reflection quality might normally be expected to vary from poor to good
in metamorphic and igneous terrane. Our results indicate that, in general, the best crustal
reflectivity in the Piedmont is associated with citbr metamorphosed basalts and felsic volcanics, ;

or with metamorphosed ba<alts and sandstones. Reflections from the Catoctin Formation of cen- '

tral Virginia are believed to be due in large part to constructive interference from acoustically thin,
epidotized layers (epidosites and volcame breccia) interlayered with non epidotized layers
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(greenstones and phyllites), and to a lesser extent exclusively from non epidotized greenstones
against phyllites. The successful definition of the regional gecdogic framework of seismicity in the
crystalline rocks of the Piedmont depends to a large extent on the placement of reflection seismic
traverses where thick requences of such metamorphosed basalts / felsic volcanics, or metamorphosed
basalts / sandstones are believed to occur in th: subsurface.

Because of the relatively low attenuation coefficients due to high Q, the amplitude of reflected en-
ergy does not decay significantly in igneous and metamo phic rocks. Even a single vibrator with a

.

two-octave sweep gives good results. From our data there is no evidence to suggest a depth limi-
tation from a single vibrator provided enough e7ergy is injected into the ground by using long
sweeps. Comparison c, lour data (NRC 5) with multivibrator data obtained about 10 km to the
northeast along strike of Catoctin outcrops on 164 (llarris and others,1982) indicates that the*

single vibrator data has a higher S/N ratio. A simik.r conclusion holds where we were able to make
a comparison between proprietary multivibratc,t data and our data on the same road over the Blue
Ridge at the western end of JRT-1.

In general, characteristic seismic signatures of certain metamorphic and igneous rocks can be re-
cognized. The Grenville terrane is acoustically transparent. Metamorphosed volcanic lithoracies
have excellent reflectivity. The Chopawamsic volcanics (Figure 1I) and Catoctin (Figure 6) have
different, recogninble, signatures. The former shows good quality rettections with well formed
Klauder wavelets that truncate one another. They suggest 'enticular geometry and repetition by
thrust faults. The Catoctin has a signature oflarge-amplitude, more parallel reflections. Boundaries
between granite and basalts or amphibolite seem to result in poor quality reficctions. Using the
quality and geometo of the reflections in interpretation we obtained a good correlation with
trapped surface geology. The geometry c,f the Scottsville Triassic basin along JRT 1 has been
clarified (Figure 7). Good reflected events were recorded on Line NRC 5 beneath the Blue Ridge
(Figure 5 and Figure 6) at about 3.0 s (9 km).

Signatures characteristic of reflections which are directly related to the depositional environment
have the potential to identify questionable lithofacies below allochthonous plates where exuapo-
lation of reflectors to the surface is not possible. Traverses JRT 1 and JRT 2 confirm that
metamorphosed volcanic sequences, which are abundant in the architecture of the Appalachian
orogen, and play a key role in evaluating tectonic models, can be easily detected by reficction
seismology.

\.
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Table 1

Compressional Velocity and Density of
Valley and Ridge and Blue Ridge Rocks'

Velocity (km/s) Average '

Sample Pressure (Atm) Density .

8Age Sample Number - 400 600 (g/cm )

.

Mississippian 119A 5.06 5.17
l 19B 5.03 5.09

Price 3 6A 5.48 5.58 2.67 * 0.03
sands'.one 3 6B 5.53 5.53

3-6C 5.50 5.55

post-Cloyd 3-7A 4.62 4.70 2.72 0.01
claystone 3 7B 4.72 4.79

Cloyd 1 17A 5.50 5.53 2.58 * 0.00
conglomerate 1-17B 5.43 5.49

Parrott 1- 16A 5.63 5.M 2.62 * 0.00
sandstone 1 15A 5.44 5.51

Devonian 1 14A 4.53 4.64
Chemung 1 14B 4.58 4.70 2.61 0.05 !

sandstone 1 15A 4.63 4.79
l-15B 4.73 4.91

Millboro 1 13A 4.72 4.72 2.74 0.01
: shale 1 13B - 4.64 4.70
!

Silurian Keefer 121 A 5.68 5.76 2.64 0.01
sandstone 121B 5.68 5.72

Silurian 1 12A 5.30 5.31
Rose 11111 1 12B 5.32 5.33 3.07 0.03
sandstone 120A 5.29 5.32

1 200 5.68 5.69
.

1 ilA 5.79 5.80-

Tuscarora 1 11B 5.76 5.76 2.64 0.01
sandstone 2-4A 5.55 5.63 -

24B 5.60 5.66

Ordovician 1 10A 5.18 5.2
Juniata 1 10B 5.26 5.31

sandstone 2 6A 4.51 4.58 2.62 * 0.03

i Velocity and density determinations from Kolich (1974) except where noted.
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-.

2 6B 4.31 4.54 4.66
3 SA 5.19 5.34 5.42

Martinsburg 3-1 A 4.53 4.54 2.70 * 0.00
shale 3.IB 4.66 4.83

Eggleston 3 3A 5.31 5.35 2.65 t 0.00
conglomerate.

19A 5.46 5 53
19B 5.41 5.48

.

Moccasin 19C 5.51 5.55 2.71 * 0.03
shale 1-9D 5.24 5.30

3-4A 3.90 4.09
3-4B 3.89 4.09

.

Ordovician 2 2A 5.59 5.59
Bays 2 2B 5.71 5.71 2.68 * 0.01
sandstone 2 3A 4.96 4.99

2 3B 5.00 5.05

Witten 1-6A 5.98 5.99 2.68 * 0.01
lirnestone 16B 6.06 6.07

2-8A 4,39 4.51
2 8B 4.40 4.41
210A 4.70 4.81
210B 4.59 4.61
210C 4.61 4.63

Liberty llall 41A 5.46 5.49
shale 41B 5.47 5.56 2.69 A 0.02

4-lC 5.81 5.82
4 2A 4.37 4.51
4-2B 4.44 4.60
4 2C 4.54 4.70
2-1 A 6.17 6.22
21B 6.00 6.01

17B 6.27 6.28
18A 6.21 6.22

lincolnshire 18B 6.39 6.40 2.70 * 0.01
limestone 4-13A 6.27 6.32

4-13B 6.24 6.29

Ordovician Five Oaks 1 SA 6.38 6.38 2.70 * 0.00
* limestone 15B 6.37 6.38-

New Market 412A 6.45 6.46 2.72 * 0.00
limestone 4-12B 6.34 6.29

Elway 13A 6.00 6.07 2.68 * 0.01
limestone 13B 6.29 6.30

Upper Knox l 2A 6.32 6.40 2.82 * 0.00
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;

dolomite 12B 6.26 6.31 |
,

Kingsport 4 IIA 6.02 6.20 2.79 * 0.00 |

dolomite 411B 6.44 6.49 I

Longview 410A 6.61 6.62 2.71 * 0.00
limestone .

|.

Chepultepec 4-SA 6.55 6.56 2.72 * 0.00 j
limestone 4 5B 6.44 6.45 i

Chepultepec 4-6A 6.44 6.57 2.83 0.00
~

l
|

dolomite 4-6B 6.46 6.65 |

Cambrian Copper Ridge 4-7A 5.63 5.79 2.71 * 0.00 |
sandstone 4-7B 5.89 6.01

Copper Ridge 4-8A 6.13 6.32 2.81 * 0.01
dolomite 4 8B 6.21 6.33

Cambrian 3-9A 6.23 6.24
Elbrook 3 9B 6.26 6.27 2.80 0.03
dolomite 4 9A 6.53 6.58

4 9B 6.62 6.68,

Ilonaker 11A 6.92 6.93 2.85 * 0.01

6Al 7.3 7.2
Ilonaker2 6A2 7.1 7.1 2.83 * 0.01
dolomite 6B1 7.5 7.5

6B2 7.6 7.6

sal 3.7 4.1
Rome 2 SA2 3.7 3.8 2.67 0.02
shale SA3 3.7 3.9

5A4 3.6 3.7

Rome 2 SBl 7.4 7.3 2.83 * 0.00
dolomite SD2 7.4 7.4

4A1 6.7 6.9
Shady2 4A2 6.7 6.9 2.84 0.01
dolomite 4A3 6.7 6.9

Shady 2 4BI 7.0 6.9 2.73 * 0.01 -

limestone 4B2 6.8 6.8

Cambrian 31A 6.0 6.0
Erwin2 3A2 6.1 6.1 2.59 * 0.04

2

Samples measured by Edsall (1974).
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sandstone 3D1 5.4 5.4
3B2 5.3 5.3

Ilampton 2(1) 5.4 5.4 2.71 * 0.002

shale 2(2) 5.5 5.4

'

Unicoi8 1(1) 6.2 6.2 2.67 0.01
sandstone 1(2) 5.9 6.0

- Precambrian Augen2 9(1) 6.1 6.2 2.70 * 0.00
gneiss 9(2) 5.8 6.0

Amphibolite2 7(1) 5.6 5.7 3.00 * 0.00
7(2) 5.6 5.7

Lynchburg2 8Cl 6.1 6.1 2.97 0.03
amphibolite SC2 6.4 6.4

8A1 5.4 5.4
2 8A2 5.4 5.4 2.64 i 0.08Lynchburg

gneiss 8B1 4.9 5.0
8B2 4.9 4.9

Precambrian 1.1 billien V105 200 6.05 6.06
year old V105-410 6.06 6.07 2.66 * 0.04
gneiss, V105 550 5.96 6.00
Grenville (?) V106 803 6.00 6.05

.
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Table 2 )

Compressional Velocity and Density of
Catoctin Samples

1

!

5 Velocity Propagation Density |
d 5

Sample Description
number (km/s) direction (g/cm') i,

l

JB4-1 Chilhowee phyllite: 5.29; 5.29 S 2.79 )3 i
38%Chl, 38%Q + F, |
15%Op,9%Ep l

JB4 3B Phyllite: 3S%Op, 5.14; 5.13 S 3.15 |3 i
26%Chl, 22%Q, 9%Ep, (

4%Sph, 2%Cc |

JB4 3C Metasandstone: 5.73; 5.71 no S 2.80i
45%Ep,45%Q + F,
10%Op; (Epidosite)

JB4-3D Schist: 47%Ep,28%Chl, 6.25; 6.28 HS 2.99
14%Q, 6%Cc, 5%Op
(Greenstone) I

J B4-3D Schist: 47%Ep,28%Chl, 5.98; 5.97 S 2.95
3 i

14%Q, 6%Cc, 5%Op
(Greenstone)

J B4-4A Metabasalt: 6.23; 6.24 no S 3.19i
50%Ep,17%Chl,
17%Q + F, 8%Cc, 8%Op
(Epidosite)

JB4 4D Schist: 38%Chl, 6.38; 6.39 OS, 3.02
19%Op,18%Ep, 5%Cc,
14%Q + F, 6%Sph
(Greenstone)

JB4-4D Schist: 38%Chl, 5.80; 5.80 S 3.01
3 i

19%Op,18%Op, 5%Cc,
14%Q + F,6%Sph
(Greenstone)

.

JB4-4G Schist: 45%Chl, 26%Sph, 5.90; 5.92 S 3.012 i
21%Ep, 4%Q + F,4%Act
(Greenstone)

JB4 4G Schist: 45%Chl, 26%Sph, 6.48; 6.47 HS 3.01i
21%Ep, 4%Q + F, 4%Act
(Greenstone)
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The reflections from within the Catectin Formation on line NSF 2 originate from within a rift se-
quence believed to have been deposited in a submarine environment.

The excellent reflectivity of the volcanics prompted additional field and laboratory studies of the
Catoctin. Stratigraphic sections and sample collection loca' ions are in Brennan (1985). The
Catoctin Formation on the east side of the Blue Ridge where the seismic data were obtained is more
foliated than that on the west side, and is more easily weathered than the western Catoctin. Sam-
ples of the Catoctin were not collected on the eastem side of the Blue Ridge because of thw poorer
sample quality of the more foliated section.

Compressional velocities parallel and perpendicular to the dominant foliation (when present) in 12-

Catoctin Formation samples and one Chilhowee Formation sample were detennined in the Re-
gional Geophysics using the method described by Kolich (1974). Samples were collected at lo-
cations given in Brennan (1985) and at Luck Stone Quarry in central Virginia. Compressional
velocities were determined at pressures of 400 and 600 atm, corresponding to depths of approxi-
mately 1.5, and 2.25 km respectively. Velocities determined at 600 atm range from 5.13 km/s to
6.47 km/s for samples of the Catoctin epidosites, greenstones, phyllites, and volcanic breccia (Table
2).

Velocities determined parallel to foliation are higher than those perpendicular to foliation for all of
the foliated samples (greenstones). Velocities of the epidosites generally lie between a velocity
parallel and perpendicular to the foliation of the greenstones. The difference in velocity from 400
to 600 atm is probably within the accuracy of the velocity determinations. Measurements of core
lengths were repeatable to within 1%; traveltime measurements were repeatable to within 4% at
600 atm. Velocities are believed to be accurate to * 5% at 600 atm, and the values at 600 atm
were used to calculate reflection cocilicients. Velocities and densities of the Catoctin samples are
given in Table 2. Velocity versus density for samples with no apparent foliation (epidosites; samples
JB4-3C, JBS SD, JBS 12A, JBS-11A, and JB4 4A) shows that velocity, v(km/s), is approximately
a linear function of density, p(gm/cm ), (e.g. Birch, 1961) with a least squares fit of2

v = (1.04 0.225)p + (2.83* 0.696), R = 0.9367. A least squares fit between velocities de-
tennined perpendicular to S ( S,) and densities of Catoctin greenstones (samples JBS-10C,i
JB4-3D, JB4 4G, JB4 4D, and JB510D) showed an inverse relationship between velocity and

si = - (1.53 * 0.513)p + (10.5 * 1.53), R = 0.86553. A similar butdensity of the form v
less well defined inverse relationship between velocities parallel to S and density (samples JB510C,i
JB4 4G, J B4-4D, J B4-3D, and J B5-10D) was of the form
vm = (1.39 0.985)p + (10.5 3.0), R = 0,6295.

Normal incidence reflection coefficients were calculated for various juxtapositions of Catoctin
Formation lithologies. The juxtaposition of Catoctin metabasalts (samples JB4-4A, JBS-IIA,
JB512A, JBS-3C, and JBS SD) with epidotized metasandstones (JB4 3C) can result in reflection
coefficients of magnitudes 2 0.1.

Pressure versus acoustic impedance perpendicular and parallel to foliation of the greenstones and
epidosites indicate that maximum contrasts result from the juxtaposition of the Catoctin
greenstones and the epidosites. A large contrast exists between acoustic impedance of sample
JB4 3C and that parallel to the foliation of the greenstone samples. large contrasts occur between
the acoustic impedance of samples JB4-4A, JBS-IIA, and JB5-12A and acoustic impedance per-
pendicular to foliation of the greenstone samples; the reflection coefficient between sample JB4 4A
and sample JBS 10C S is 0.08. Acoustic impedance contrasts within the epidosites betweeni
sample JB4 3C, a metasandstone, and samples JB4 4A, JBS-IIA, and JBS 12A, the amygdaloidal
metabasalts, are the largest observed; the reflection coefficient between samples JB4 3C and JB4 4A
is 0.12,

22



'

|

|

l

Tuning
.

A thin bed is defined as one whose two-way traveltime thickness is less than the tuning thickness, -

T/2, of the source wavelet,.where T is the dominant period of the wavelet (Sengbush and others,
1961). For a dominant frequency of 38 liz and a compressional velocity of 6 km/s, the dominant
wavelength,1, is approximately 157 m. The Catoctin beds are commonly less than 30 m thick or
less than 1/4, and are thus acoustically thin. Generally, for beds less than tuning thickness, re-
flections from the top and bottom are not resolved separately by conventional methods (Kallweit
and Wood,1982; Widess,1973). At tuning thickness, the reflection begins to take on the shape
of the first derivative of the source wavelet (Sengbush and others,1961). The reflection from a thin
bed of tuning thickness is approximately twice the amplitude of the same source wavelet reflected
from a single interface. These thin bed, first derivative, reflections may themselves constnictively
interfere to form "tuned" first derivative renections which are larger in amplitude than would be
expected from a single interface, or from a single bed of tuning thickness. The result is a reflected
waveform similar in shape to that leaving the source. As more thin beds are added, the reflections
take on a reverberating appearance. Using reflection coeflicients determined in this study, synthetic
seismogram modeling of thin bed sequences was done to obtain seismograms that might simulate
the reflection character observed on a segment of Line NSF 2. Typical results are given by Brennan
(1985). ,

blodels based on measured Catoctin sections illustrate that constructive interference of reflections
from multiple thin beds can result in large-amplitude composite reflections that are characterized
by first-derivative waveforms, Klauder type waveforms, or ringing seismic signatures. Reflections
from the synthetic seismogram model of geologic section B are oflarge amplitude with a slightly '

reverberating appearance (Brennan,1985).

1

,

Conclusions .
,

i

I
.

hietamorphosed basalts and sandstones (Catoctin) and metamorphosed felsic and mafic volcanic |
rocks (Chopawamsic)in the upper crust along the James River traverse have excellent reflectivity, i

Without these reflectors, reflection quality might normally be expected to vary from poor to good
in metamorphic and igneous terrane. Our results indicate that, in general, the best crustal
reflectivity in the Piedmont is associated with either metamorphosed basalts and fdsic volcanics,
or with metamorphosed basalts and sandstones. Reflections from the Catoctin Formation of cen-
tral Virginia are believed to be due in large part to constmetive interference from acoustically thin,
epidotized layers (epidosites and , volcanic breccia) interlayered with non-epidotized layers
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(greenstones and phyllites), and to a lesser extent exclusively from non epidotized greenstones
against phyllites. The successful definition of the regional geologic framework of seismicity in the
crystalline rocks of the Piedmont depends to a large extent on the placement of reflection seismic
traverses where thick sequences of such metamorphosed basalts / felsic volcanics, or metamorphosed
basalts / sandstones are believed to occur in the subsurface.

Because of the relatively low attenuation coefficients due to high Q, the amplitude of reflected en-
ergy does not decay significantly in igneous and metamorphic rocks. Even a single vibrator with a
two octave sweep gives good results. From our data there is no evidence to suggest a depth limi-
tation from a single vibrator provided enough energy is injected into the ground by using long
sweeps. Comparison of our data (NRC-5) with multivibrator data obtained about 10 km to the
northeast along strike of Catoctin outcrops on 164 (llarris and others,1982) indicates that the*

single vibrator data has a higher S/N ratio. A similar conclusion holds where we were able to make
a comparison between proprietary multivibrator data and our data on the same road over the Blue
Ridge at the western end of JRT 1.

In general, characteristic seismic signatures of certain metamorphic and igneous rocks can be re-
cognized. The Gremille terrane is acoustically transparent. Metamorphosed volcanic lithofacies
have excellent reflectivity. The Chopawamsic volcanics (Figure 11) and Catoctin (Figure 6) have
different, recognizable, signatures. The former shows good quality reflections with well formed
Klauder wavelets that truncate one another. They suggest lenticular geometry and repetition by
thrust faults. The Catoctin has a signature oflarge amplitude, more parallel reflections. Boundaries
between granite and basalts or amphibolite seem to result in poor quality reflections. Using the
quality and geometry of the reflections in interpretation we obtained a good correlation with
mapped surface geology. The geometry of the Scottsville Triassic basin along JRT 1 has been
clarified (Figure 7). Good reflected events were recorded on Line NRC 5 beneath the Blue Ridge
(Figure 5 and Figure 6) at about 3.0 s (9 km).

Signatures characteristic of reflections which are directly related to the depositional emironment
have the potential to identify questionable lithofacies below allochthonous plates where extrapo-
lation of teflectors to the surface is not possible. Traverses JRT 1 and JRT 2 confinn that
metamorphosed volcanic sequences, which are abundant in the architecture of the Appalachian
orogen, and play a key role in evaluating tectonic models, can be easily detected by reflection
scismology.
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Table 1 - ;

Compresdonal Velocity and Density of
Valley and Ridge and Blue Ridge Rockst

Velocity (km/s) ' Average
Sample Pressure (Atm) Density

2

i.-
Age Sample Number 400 600- (g/cm )

.

Mississippian 1 19A 5.06 5.17 -
1 19B 5.03 5.09 ..

Price 3 6A 5.48 5.58 2.67 * 0.03
sandstone 3 6B 5.53 5.53

3 6C 5.50 5.55

post.Cloyd 3-7A 4.62 4.70 2.72 * 0.01
claystone 3 7B 4.72 4.79

Cloyd 1-17A 5.50 5.53 2.58 * 0.00 ;
"

conglomerate 1-17B 5.43 5.49

i

Parrott l16A 5.63 5.64 2.62 * 0.00 ;

sandstone 1 15A 5.44 5.51

Devonian 1 14A 4.53 4.64 .

Chemung 1 14B 4.58 4.70 2.61 0.05
sandstone 1 15A 4.63 4.79 -

1 15B 4.73 4.91
.

Millboro 1 13A 4.72 4.72 2.74 * 0.01
shale 1 13B 4.64 4.70

Silurian Keefer 121 A 5.68 5.76 2.64 * 0.01
sandstone 121B - ' 5.68 5.72.

'

Silurian 1 12A 5.30 5.31

i Rose 11111 1 12B 5.32 5.33 3.07 0.03
4 sandstone 120A 5.29 5.32

120B 5.68 5.69
,

l llA 5.79 5.80
Tuscarora 1 110 5.76 5.76 2.64 0.01
sandstone 2-4A 5.55 5.63

24B 5.60 5.66

Ordovician 1 10A 5.18 5.27
Juniata 1 10B 5.26 5.31;

sandstone 2 6A 4.51 4.58 2.62 * 0.03

i Velocity and density determinations from Kolich (1974) except where noted.
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2 6B 4.31 4.54 4.66
3 SA 5.19 5.34 5.42

Martinsburg 3 lA 4.53 4.54 2.70 * 0.00
shale 31B 4.66 4.83

Eggleston 31A 5.31 5.35 2.65 * 0.00
conglomerate-

19A 5.46 5.53
I 9B 5.41 5.48

,

Moccasin 1-9C 5.51 5.55 2.71 * 0.03
shale 19D 5.24 5.30

3-4A 3.90 4.09
3-4B 3.89 4.09

Ordovician 2 2A 5.59 5.59
Bays 2 2B 5.71 5.71 2.68 * 0.0)
sandstone 2-3A 4.96 4.99

2 3B 5.00 5.05

Witten 16A 5.93 5.99 2.68 * 0.01
limestone 16B 6.06 6.07

2 8A 4.39 4.51
2-8B 4.40 4.41

'

2-10A 4.70 4.81
210B 4.59 4.61
210C 4.61 4.63

liberty IIall 41A 5.46 5.49
shale 41B 5.47 5.56 2.69 0.02

41C 5.81 5.82
4 2A 4.37 4.51
4-2B 4.44 4.60
4 2C 4.54 4.70
21A 6.17 6.22
21B 6.00 6.01

17B 6.27 6.28
18A 6.21 6.22

lincolnshire 18B 6.39 6.40 2.70 0.01
limestone 4-13A 6.27 6.32 !

413B 6.24 6.29

Ordovician Five Oaks 1 SA 6.38 6.38 2.70 0.00 i
i

limestone 15B 6.37 6.38

New Market 4-12A 6.45 6.46 2.72 * 0.00
limestone 412B 6.34 6.29

Elway 13A 6.00 6.07 2.68 0.01
limestone 13B 6.29 6.30

Upper Knox l 2A 6.32 6.40 2.82 * 0.00
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dolomite 12B 6.26 6.31

Kingsport 4-il A 6.02 6.20 2.79 * 0.00
dolomite 41IB 6.44 - 6.49

Longview 4-10A 6.61 6.62 2.71 * 0.00
limestone

.

Chepultepec 4-5A . 6.55 6.56 2.72 * 0.00
limestone 4 5B 6.44 6.45

d

*

Chepultepec 4-6A 6.44 6.57 2.83 * 0.00
dolomite 4 6B 6.46 6.65

,

Cambrian Copper Ridge 4 7A 5.63 5.79 2.71 * 0.00
sandstone 4 7B 5.89 6.01

Copper Ridge 4 8A 6.13 6.32 2.81 * 0.01
dolomite 4-8B 6.21 6.33

Cambrian 3 9A 6.23 6.24 I

Elbrook 3-9B 6.26 6.27 2.80 0.03
dolondte - 4 9A 6.53 6.58 ;

4-9B 6.62 6.68 [

lionaker 11A 6.92 6.93 2.85 * 0.01 >

6A1 7.3 7.2
Ilonaker2 6A2 7.1 7.1 2.83 * 0.01 ;

dolomite 6Bl 7.5 7.5 I

6B2 7.6 7.6.i

! .

L

sal 3.7 4.1
Rome 2 SA2 3.7 3.8 2.67 * 0.02 i

shale SA3 3.7 3.9
5A4 3.6 3.7 :

Rome 2 5BI 7.4 7.3 2.83 * 0.00
dolomite SB2 7.4 7.4 ;

4A1 6.7 6.9
'

Shady 2 4A2 6.7 6.9 2.84 * 0.01
dolomite 4A3 6.7 6.9

Shady2 4B1 7.0 6.9 2.73 0.01"
-

limestone 4B2 6.8 6.8

Cambrian 31A ' 6.0 6.0
Erwin2 3A2 6.1 6.1 2.59 0.04 .i

3

Samples measured by Edsall(1974).

|
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;

sandstone 3BI 5.4 5.4
3B2 5.3 5.3

Ilampton 2(1) 5.4 5.4 2.71 * 0.002

shale 2(2) 5.5 5.4

*

Unicoi2 1(1) 6.2 6.2 2.67 * 0.01
sandstone 1(2) 5.9 6.0

Precarnbrian Augen2 9(1) 6.1 6.2 2.70 0.00-

gneiss 9(2) 5.8 6.0

2 7(1) 5.6 5.7 3.00 0.00Amphibolite
7(2) 5.6 5.7

2 8CI 6.1 6.1 2.97 0.03Lynchburg
amphibolite SC2 6.4 6.4

8AI 5.4 5.4
Lynchburg2 8A2 5.4 5.4 2.64 A 0.08
gneiss 8B1 4.9 5.0

8B2 4.9 4.9

Precambrian 1.1 billion V105-200 6.05 6.06
year old V105-410 6.06 6.07 2.66 * 0.04
gneiss, V105-550 5.96 6.00
Grenville (?) V106-803 6.00 6.05

i-

l
l

!

.
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Table 2

Compressional Velocity and Density of
Catoctin Samples

'

Sample Description) Velocitt Propagation Density5

number (km/s) direction (g/cm') .

JB41 Chilhowee phyllite: 5.29; 5.29 S 2.792 i
38%Chl,38%Q + F,
15%Op,9%Ep

3.15JB4 3B Phyllite: 38%Op, 5.14;5.13 ,Si
26%Chl, 22%Q, 9%Ep,
4%Sph, 2%Ce

J B4-3C Metasandstone: 5.73; 5.71 no S 2.80i
45%Ep,45%Q + F,
10%Op; (Epidosite)

JB4-3D Schist: 47%Ep,28%Chl, 6.25; 6.28 |S 2.99i
14%Q, 6%Cc, 5%Op
(Greenstone)

JB4-3D Schist: 47%Ep, 28%Chl, 5.98; 5.97 S 2.95
3 i

14%Q, 6%Cc, 5%Op
(Greenstone)

J B4-4A Metabasalt: 6.23; 6.24 no S. 3.19
50%Ep,17%Chl,
17%Q + F, 8%Cc, 8%Op
(Epidosite)

J B4-4D Schist: 38%Chl, 6.38; 6.39 OS, 3.02
19%Op,18%Ep, 5%Cc,
14%Q + F,6%Sph
(Greenstone)

JB4 4D Schist: 38%Chl, 5.80; 5.80 S 3.01
3 i

19%Op,18%Op, 5%Cc,
14%Q + F, 6%Sph
(Greenstone),

J B4-4G Schist: 45%Chl,26%Sph, 5.90; 5.92 S 3.012
21%Ep,4%Q + F,4%Act 1

'

(Greenstone)
i

J B4-4G Schist: 45%Chl,26%Sph, 6.48; 6.47 US 3.01i
21%Ep,4%Q + F, 4% Act 1

(Greenstone) !

|

|
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,

JBS5D Metabasalt: 5.97; 5.98 no S, 3.03
38%Ep, 29%Q + F,
23%Op,10%Cc -
(Volcanic Breccia).

JBS5F Schist: 43%Chl, 5.52; 5.68 1S, 2.89r

17%Q + F,15%Sph,
'

14%Op, 6%Ep, 5%Cc
'

(Greenstone)

JBS-10C Schist: 40%Chl, 6.41; 6.45 US .2.93 ;

22%Op, 21 %Q,-

13%Ep,4%Cc
(Greenstone)

JB5-10C Schist: 40%Chl, 22%Op, 5.99; 6.01 S 2.91ii
21%Q,13%Ep,4%Cc
(Greenstone) .

.

JB5-10D Phyllite: 45%Ep,34%Op, 5.65; 5.68 Si 3.11
15%Q + F, 6%Cc ;

(Epidotised
volcanic breccia)

JB510D Phyllite: 45%Ep, 34%Op, 6.26; 6.21 BS 3.07
15%Q+ F 6%Cc
(Epidotised
volcanic br;:ccia)

-

|

:

JBS11A Amygdaloidal metabasalt: 6.14; 6.16 no S 3.30 ii
42%Ep,32%Op,26%Q + F ;
(Epidosite) !

JBS 12A Amygdaloidal metabasalt: 6.16; 6.15 no S 3.15i
q 45%Op, 35%Q, 20%Ep
'

(Epidosite)

|
:

: 8

Q = quartz; F = albite; Ep = epidote: Op = opaques; Ce = carbonates; - Chl = chlorite; Act = aednolite; r

Sph = sphene; Bio = biotite; Z = zircon. ;
*

Detailed modal analyses are in Brennan (1985, p.13). Modal analyses were done on a 1000 point grid. !

Zircon was recognized in each thin section, but not in the count grid. Only one sample had more than,

10% plagioclase (JB4-4D); several other sampics had minor amounts. The smati grain size and lack of
twinning in the fine-grained samples made the distinction between quartz nd feldspar difficult; for this '

,

',

reason, percentages of quartz and feldspar were combined (Q + F)in the sample descripdons. '
.i

s |

Compressional velocides measured under hydrostatic pressure at 400 and 600 atm, respeedvely.The dif- i
ference is indicadve of the accuracy of the velocity determinations.

s Si refers to primary foliadon.
OSi velocity measured parallel to S .=

t
t Sg = velocity measured perpendicular to Sg.
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SEISh11 CITY, SEIShilC REFLECTION, GRAVITY AND GEOLOGY OF Tile
CENTRAL VIRGINI A SEISh11C ZONE: PART 11, GEOLOGIC FRAh1EWORK

t

Lynn Glover, III, John K. Costain, Cahit Goruh, Nicholas II. Evans,
G. A. Bollinger, Stewait S. Farrar, and biathew S. Sibol

. .

.

Abstract

A geologic corridor from the Blue Ridge to the eastern Piedmont near Richmond, Virginia is inte-
grated into a preliminary tectonic model and extrapolated downward 10 to 15 km by means of
seismic reflection and gravity studies. The geologic framework of current seismicity in the central
Virginia scismic tone is then derived from the coincidence of subsurface fault structure with the
location of well constrained hypocenters. The Blue Ridge appears to be a hinge zone that faced a i

rift-generated lapetus Ocean. Eocambrian and Cambrian rift and drift stage sediment accumulated
in the North American margin. An eastern continent with an Eocambrian and Cambrian magmatic
arc, collioed with the North American continental margin in the Niiddle and l2te Ordovician. He
zone of suture locally still contains a subduction wedge complex of metagraywacke and ocean floor
basalt. Subsequent Devono-Niississippian and N1ississippian Pennian orogenesis from collisions (7)
outboard of the early Paleozoic suture continued to dnve thin thrust nappes onto North America.
Early N!esozoic rift and pull apart (?) basins record the beginning of the Atlantic basin and during
Niiddle Jurassic present rift and dnft, the margin of North America was covered by the Atlantic

,

Coastal Plain sediments. Several constrained hypocenters of the central Virginia seismic zone,
,

which occur in or adjacent to the plane of the reflection profile, show an apparent relation to |

structure. These records show a correspondence between seismically located faults and earthquake
activity. We tentatively conclude that flat and ramp faults fonned during Paleozoic nappe
emplacement are currently being reactivated. The reactivation may be largely aseismic on the old
thrust faults but from scismic first motion studies appears to be related to high angle transcurrent
faults in the hanging wall where new rock breakage may be occurring.

>
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Introduction
.

Geologic and geophysical studies by Virginia Tech along the James River traverse (Figur: 1) were
designed to provide a crustal section that would: 1) test current Appalachian orogenic models by
comparison with a detailed transect across the Blue Ridge and Piedmont at this latitude, and 2)
provide information about the geologic framework of current seismicity in the Central Virginia
Seismic Zone. At the broadest level ofinquiry we are attempting to clarify the accretionary history
and growth of this part of the eastem Nonh American continental margin during the last billion
years. This paper is a discussion of some of our results to date and their relevance to current
seismicity in central Virginia.

Two previous papers by Bollinger and Sibol (1985), and Keller and others, (1985,1985) have re-
spectively discussed current seismicity, and gravity modelling along the James River traverse. Ilere
we develop a tectonic model from surface geologic studies (based in part on detailed geologic
mapping at 1:24,000 along the traverse) in the region and integrate that with the seismic reflection |

and gravity studies. The seismic reflection data are discussed by Goruh and others in the first part
,

of this report. Finally we relate current seismicity to the tectonic model.
,

i

1

l

j'

|

t Geologic Framework

|
''

A complex history of rift, drift. and collision is recorded in the development of the Blue Ridge and
Piedmont rocks along the traverse. In the model presented the Taconic orogeny spans middle and
late Ordovician time. Acadian orogenesis is weakly documented here; however, it was relatively 1

intense in the southem Appalachians (Glover and others,1983). The Alleghanian was an intense i
-

1 event in the eastem Piedmont along this traverse. Brief descriptions and analyses of lithotectonic 4

units along the traverse are given below. !
l

Western Blue Ridge and Valley and Ridge

On the west side of the Blue Ridge, granulite facies granitoid rocks of the 1 Ga Grenville basement l

are overlain nonconformably by a thin unit of Eocambrian(?) Swift Run clastic rocks and nonma-

|-

l

|
< -
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rine Catoctin basalt. These formations and the overlying Unicoi of Cambrian Chilhowce Group
belong to the tilt facies formed during the Eocambrian in eastern North America. Conformably
oveil>ing the Unicoi in the adjacent Valley and Ridge Province are shallow marine clastic and
marine carbonate rocks (Gathright and others,1977). These Cambrian and early Ordovician rocks
comprise a dominantly passive margin drift sequence. Basalt erupted on the early Cambrian Unicoi
shelfin southwestem Virginia (Rankin,1975). This marks the end of the rift stage begun in latest
Precambrian time. During late Early Cambrian deposition of the Rome Formation, the North
American shelf was again briefly disrupted by rifting centered 50-100 km west of the Valley and -

Ridge in West Virginia, hfaryland, and states to the southwest. This modified passive margin se-
quence is overlain in turn by the hiiddle and late Ordovician (Tsconic) orogenic clastic wedge, of
which the h!artinsburg Formation is the principal unit. Younger clastic wedges occurring to the
west were formed during Afiddle Devonian through Early Slississippian orogeny ("Acadian"?)
(Glover and others,1983) and during the hiiddle Slissippian to Permian (Alleghanian orogeny).
All of these clastic wedges (interpretation slightly modified from Colton,1970) were derived from
eastem sources in the Blue Ridge and Piedmont Provinces.

Eastern Blue Ridge and western Piedmont

Un the east flank of the Blue Ridge Grenville-age basement (pCg) gneisses and late Precambrian
Crossnore intrusives are overlain nonconformably by east dipping Eocambrian shallow to deep
marine clastic rocks (Wehr, 1982, 1983) of the Lynchburg Group (eCly). The intrusives are
bimodal, peralkaline and have been related to rifting by Rankin (1975). The I ynchbut:; represents
an alluvial fan to deltaic system with transportation directly into a steep-sided basin from the west.
The implied rapid subsidence and narrow shelf are consistent with the model of graben fill during
late Precambrian to Eocambrian rifting (Brown,1973; Wehr,1982).

A metamorphosed ultramafic sill within the Lynchburg Group near Schuyler, Virginia was proba-
bly emplaced during rifting. Origin as a sill is suggested by well preserved thin beds of I ynchburg
sedimentary rock that lie undeformed just bc;ow the basal contact of the ultramafic body and by
the generally concordant outcrop pattem of the body. 'lhus, an ophiolite origin can safely be ruled
out for the Schuyler.

Approximately 2 km of Catoctin metabasalt (cCc) overlie the Lynchburg Group along the traverse
(Figure 1 on page 3). Directly underlying the Catoctin are lenses of conglomerate, quartzo-
feldspathic sandstone, and graphitic and non graphitic mudstone with planar, massive and locally
graded beds as well as lenses of mafic and rare felsic volcanic rocks (Wehr,1983). These layers have
the superficial appearance and stratigraphic position of the Swift Run Formation (Stose and Stose,
1946), which lies below the Catoctin on the northwest limb of the anticlinorium. Unlike the non-
marine Swift Run at the type locality, this southeastem sequence appears to be of marine origin
(Wehr,1983). The mixed len>es of conglomerate, sandstone, graphitic mudstone, mudstone and
volcanics probably resulted from gravitational sliding, turbidites and volcanic disruption of the
Lynchburg surface during initial eruption of Catoctin lavas.

The Catoctin conta' s interlayers of mafic pyroclastic rocks and arkosic sandstone, and coarsem
amygdules are common in the Charlottesville area. Pillow lava and hyaloclastite breccias occur near
the top of the Catoctin along the liardware River in Albennarle County. These features suggest
that on the southeast side of the Blue Ridge the Catoctin is a shallow submarine unit,in contrast
to its nonmarine nature on the northwest side (Reed,1955).

A thin unit of quartzite occurs in depcsitional contact with the top of the Catoctin along the James
River traverse. This forms the base of the Candler Formation of the Evington Group. Just above
the base of the Candler, ferruginous basaltic breccias are interlayered with thin bedded mudstone
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and graywacke (Evans,1984). The upper part of the Candler along the JRT 1 profile is dominantly
thin bedded, metamorphosed mudstone and black claystone with minor carbonate rocks (Evans,
1984). Along strike to the southwest near Lynchburg, the f>ington Group comprises the sequence,
from base to top: deep water turbidites and carbonate (Candler and Archer Creek respectively),
massive and planar bedded petite (Pelier schist), shauow water quartz arenite and carbonate (.\1ount
Athos), and Slippery Creek basalt (Brown,1970; Bland,1978). The Evington Group, because of
its composition and stratigraphic position position above the Catoctin, has long been considered a
deeper water equivalent of the Cambrian and Ordovician(?) shallow shelf sequence of the Valley
and Ridge (Brown,1970 and references therein).12rge scale crossbeds in the quartzite and locally
large amygdules in the basalt also suggest a shallowing upward sequence; facies changes along strike
in northern Virginia seem to support this inference. For example, the basal quartzite of the Candler.

on the east flank of the Blue Ridge near Charlottesville is supplanted by a much thicker sequence
of quartz arenites, siltstones and mudstones in northem Virginia and Staryland. This sequence is
shown as Chilhowee on the Geologic hiap of Virginia (Calver,1963).

Characterization of the Evington Group as an off shelf passive continental margin basin sequence
is an important part of our tectonic model; however, because the stratigraphic sequence and struc-
ture of the Evington and the origin ofintercalated basalt are controversial, we herein digress into a
more regional discussion of these problems.

In the western Staryland Piedmont, the westem Wissahickon Fonnation (Reinhardt,1974; Fisher
and others,1979), which includes Starburg and ljamsville schists and phyllites, Silver Run
limestone and Sams Creek Basalt, comprises a package cf rocks along strike from, similar to, and
probably correlative with the Evington Group (Illand,1978 and references therein). Both the Sams
Creek Basalt and the Slippery Creek Basalt are generally believed to be near the top of these eastem
Piedmont Cambrian Early Ordovician(?) sequences (Brown,1970; Bhnd,1978; Reinhardt,1974).
Redden (1963), however, proposed that the sequence south of Lynchi rg near Altavista, Virginia
was originally deposited in the reverse order of that mapped at Lynchburg by Brown. Although
the problem of stratigraphic order near Altavista has yet to be resolved, the stratigraphic order with
Candler at the base prevails over about 90 percent of the mapped extent. Additionally, along the
liardware River on the JRT 1 profile, the Candler seems to be in depostional contact (Evans,1984)
with the underlying Catoctin. For these reasons we tentatively accept the order of Brown (1970)
which places the basalt lavas at the top of the sequences.

Espenshade (1954) noted the possibility of a correlation between manganoan carbonate in the
Shady dolomite (Early Cambrian) of the Valley and Ridge and manganoan snarble in the 51ount
Athos Formation of the Piedmont Evington Group. Darite deposits and sedimentary iron ore are
associates of the manganoan strata. The Slippery Creek oserlies the 51ount Athos and the rift-
related Rome Fom1ation overlies the Shady. Bland (1978) gave trace element abundance data to
support a rift origin for the Slippery Creek. We believe the association supports a model of Early
Cambrian rifting, deposition of manganoan calcite, iron and barite from submarine hydrothermal
springs and local eruption of basalt. These Early Cambrian rifting effects appear to be a separate
episode later than the late Precambrian to Farliest Cambrian rifting that generated the North
American passive margin. They were superimposed on that margin as a result of rifting centered
in states to the west of Virginia. 'Ihus the Cambrian to Early Ordovician passive margin of eastern
North America does not comprise a typical drift sequence but probably was modified by a rift event
during the Early Cambrian.

The Cambro Ordovician quartzite-carbonate shelf and siliciclastic slope sequences in the Blue
Ridge Frederick Valley area of Staryland prograded upward and eastward through time (Reinhardt,
1974). The Early Ordovician Grove Iimestone forms the youngest unit involved in this
progression. Thus the Cambro OrdoviciarC) Evington Group and western Wissahickon,like the
underlying late Precambrian or Eocambrian Lynchburg and Catoctin, give evidence of a major
shelf to basin / slope transition across the axis of the Blue Ridge anticlinorium in northem Virginia
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and Staryland. This slope was formed during Late Precambrian rifting and dominated sedimentary
facies development until the Sliddle Ordovician Taconic orogeny when it was destroyed by colli-
slon.

We conclude that in northem and central Virginia, the Blue Ridge appears to represent a structure
of the continental margin analogous to the hinge rone (Watts,1981) of modern continental passive
margins. A hinge zone occurs at the break betveen shelf deposits, formed on a no: mal thickness
of crust, and slope basin or slope-rise deposits, forrte.d on transitione.1 crust which has been thinned -

;

by ductile and brittle mechanisms during riftiw ;hus a hinge zone is a tectonic clement that dis-
plays structural, volcanic / intrusive, and sedimen' Magical characteristics that can be recogrdzed in
ancient orogenic terrancs (Glover and others,1983, Wehr and Glover,1985). -

Hardware Metagraywacke

Along the James River travene (Figure 1) the Evington Group is bounded on the southeast by the,

Buck Island fault contact with the liardware hietagraywacke (Evans,1984). The Atount Athos
Formation and Slippery Creek greenstone of the Upper Evington Group are absent by facies
change or possibly by faulting.

4

The westernmost unit of the liardware metagraywacke consists of fine grained, thin beds or laminae
of metagraywaue which are lacally graded (Evans,1984). An appropriate er virvnment might be

- on the outer fan of a deep water turbidite sequence. Eastward these are abruptly transitionalinto
j mid fan (?), medium to coarse grained and tlucker bedded graywacke with local pebbly graywacke.

Evans reports scattered, apparently allochthonous blocks of mafic igneous rocks in the
metagraywacke. Detrital minerals in the eastern metagraywacke include quartz, plagioclase,
tourmaline, epidote, magnetite, titanite, and muscovite after K feldspar (7). Lithic fragments include
dacitic tuff, gabbro, and granitoid fragments. The mineral fragments, lithic clasts and eastward "

coarsening all suggest a source from the east (Evans,1984), perhaps the Shores, Chopawamsic and
'

a Goochland like terrane (Figure 1) which lie to the east in the James River traverse.
,

t The liardware graywacke sequence is similar to the Peters Creek Schist of Drake and h! organ
(1981) in northem Virg:nia, as well as to the Wissahickon metagraywacke of the central and westem

i hlaryland Piedmont (Fisher and others,1979). Stratigraphic and structural relations in these areas'

are unresolved but all authors found evidence for a source of sediment to the southeast. Evans
! (1984) preferred a model involving deposition of the metagraywacke directly upon the Evington
i Group, followed by multiple thrusting episodes at the contact. This seems to us to be consistent

wkh the regional tectonics as presented nere.

The age of the metagraywacke is younger than clasts of Chopawamsic volcanics (ca. 550 hla late
Early Cambrian) included in it f Fisher and others,1979) and younger than the Late Early Cambrian :
upper Evington Group that it was apparently deposited upon. Because the 500 hla Occoquan i

,

Granite (hlose and Nagel,1982) intrudes probab!c correlattves of the metagraywacke in northern
Virginia (Drake and h! organ,1981) the liardware metagraywacke is probably of hiiddle or late i
Cambrian age. *

Shores Complex |,

.

The Shores Complex (Evans,1984) was first recognized as a melange like assemblage by Brown i
(1972). hiajor faults bound both sides of the complex (Figure 1). Evans ,'escribed it as a <

polydeformed amalgam of epidote-chlorite gneiss, epidote chlorite migmatitic gnehs, and '

homblende epidote albite schist. Greenstone occurs in blocks as large as several meters in mmeter -

;
4
'
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in a matrix of epidote-chlorite gneiss or migmatitic gneiss. Some gneissic samples appear to have
relict graywacke texture, with detrital grains of quartz and plagioclase. 51igmatitic gneisses appear ,

to have tonalitic lenses from a centimeter to several meters in thickness. Thus some of the gneissic
textures imply metamorphic grades higher than the greenschist. facies mineral assemblages that now
characterize the complex. Bland (1978) and Bland and Blackbum (1980) inferred an ocean floor |
basalt origin for Shores greenstones using trace element discrimination factors.

Taken as a whole the Shores Complex appears to represent slivers and blocks of oceanic crust -
-

scraped off and incorporated in metagraywacke during subduction (Brown,1976, Glover et al., ,

1983, Evans,1984). The melting relations described by Evans seem anomalous for the usual high
P, low T conditions (Bird and others,1975) of subduction zories; however, as Evans pointed out,-

melting could be reached in these compositions under conditions of Pn{ approacbing Poi attemperatures of around 630*C and pressures on the order of 6 to 8 kb (19 26 km).

Eastern Piedmont-Goochland and Volcanogenic Terranes

Two terranes comprise the eastem Piedmont along the James Fiver traverse (Figure 1): a l_ ate
Precambrian (?) to Cambrian (?) volcanogenic terrane and the older (1 Ga) Goochland granulite
terrane (Glover and others, 1978, 1983; Farrar and others,1983). The Goochland terrane, which
includes the State Farm Gneiss, (pCsf), Sabot Amphibolites (pCs) and hiaidens Gneiss (pCm), has
been seen only in fault contact with the younger terrane. Along its westem margin it is thrust over
the Cambrian Chopawamsic volcanic rocks of the younger terrane, and in the cast, approximately
30 km southwest of Richmond, it is structurally overlain, in fault contact, by later Precambrian or
Cambrian (7) Eastem slate belt volcanic rocks. South of the surface extension of the Goochland
terrane into North Carolina, the volcanogenic sequence comprises the entire eastem Piedmont, al-
though it is possible that the Goochland terrane occurs at depth. A- discussed below, the
Chopawamsic, Eastern slate belt, and Carolina slate belt are probably the same terrant:.

Within the Goochland terrane the structurally lowest and oldest (?) unit is the State Farm Gneiss. !

It is a coisse to medium grained granodioritic to tonalitir .tanitoid with abundant titanite and
ilmenite, indicating a high titanium content. It has a whok rock Rb Sr isochron age of 1031 *

'

94 Sta (2a)(Glover and others,1982). A tabular metabasalt, the Sabot Amphibolite, overlies the
j State Farm. It,in tum,is overlain by the hiaidens Gneiss which is dominantly a biotite-quanz- ,

plagioclase gneiss with minor intercalations of gamet plagioclase quartz-K feldspar leucogneiss,
pyroxene hornblende plagioclase amphibolite, K feldspar + sillimanite bearing pelitic gneiss par-
tially to completely recrystallized to muscovite quanz schist, and minor calc silicate and marble .

layers. The hiaidens is probably a feldspathic metagraywacke sequence. In addition to the above, i

the hiontpelier m:tanorthosite (Clement and Bice,1982; ake and Clement,1982) appears to be
intrusive into the State Farm, Sabot, ed hiaidens at the natnem end of the State Fann antiform

i

1 (Farrar,1984)(Figure 1). j

Farrar (19S4) showed that the Goocr.iu4 mrane underwent granulite facies metamorphism at
,

Mut 1 Ga and during Paleozoic events n retrograded to amphibolite and upper greenschist- |
-

t, ' .s assemblages. This confirms the concluum of Glover and others (1978) that the State Farm, |
Saoot and hiaidens could all be of Grenville age.

|

Only the Sabot and hiaidens lithologies of the Goochland terrane seem to difTer from rock !
.

assemblages cornmonly seen in the Grenville basement of the Virginia Blue Ridge. The structurally i
4

1 underlying and possibly older State Farm Geniss is petrologically identical to Blue Ridge basement. i

; Anorthosite occurs in both terranes and the age of granulite metamorphisrn is similar. Thus it !

| seems probable that the Goochland md the Blue Ridge basement were once part of the same

l
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geologic terrane. Pratt and others (in press) have shown that the Goochland is a nappe of North
American basement thrust over the Chopawamsic volcanics.

He younger, volcanic terrane in the eastem Piedmont is composed of 90 percent or oore
volcanogenic rocks. The eastenunost volcanogenic rocks in Figure I consist of felsic metavolcanic
rocks and phyllites of probable volcanic source (Bobyarchick,1978). These rocks are similar to,
along strike from, and probably correlative with t'ic Eastern slate belt of North Carolina. Volcanics
of the westem part of tne eastern Piedmont (Figure 1) are known as the Chopawamsic Formation
and consist of predominantly rhyodacitic, dacitic and basaltic rocks that originated as lavas, and
shallow intrusive and pyroclastic rocks. According to Bland (1978), the Chopawamsic rocks are
calc alkaline volcanics, a conclusion based primaiily on trace element analysis. Bland (1978) con-
cluded that eastward subduction of oceanic crust in a collapsing back are basin generated the calc.
alkaline volcanics of the Chopawamsic Formation. Although we do not agree with a back arc
interpretation of the Evington basin, melange (Shores Complex) found in association with ocean
floor basalt seems consistent with the eastward polarity of subduction. This is also consistent with
the present cast-dipping structure of the Shores.

The age of the Chqawamsic volcanics is probably about $50 51a or Early Cambrian (Pavlides,
1931, and references therein). Thus the Chopawamsic appears to correlate with the post
Virgilina deformation sequence (Glover,1974; Briggs and others,1978; liarris and Gloser,1983)
of the Carolina slate belt in the Albemarle area of central North Carolina. He Chopawamsic
volcanics are laterally continuous with Charlotte belt volcanics (Iliggins and others,1971, Glover,
1974, and Conley,1978). Thus, the Chopawamsic and Carolina slate belt (including the Charlotte
belt) are probably all part of the same geologic terrane.

Synthesis of Late Precambrian to Late Ordovician Tectonic
Events

The following points are offered to justify our tectonic model. Previous discussion shows that
Crossnore intrusives in the Blue Ridge, and overlying strata indicate that rifting of the North
American continent began about 700.\ta (Crossnore) and continued through the Eocambrian to
about 570 hla. Rifting produced the Evington basin along the North American continental margin.
Rift facies are overlain by Cambrian to Early Ordovician drift facies which change across the hinge
zone from a 5 4 'f sequence of shallow water quartz arenite and carbonate on the west to deeper
water siliclastic iocks and minor carbonates in the Evington on the east. By Early Cambrian time
(ca. 540 hia) the basin may have prograded nearly to sea level in centsal Virginia if the correlation *

of Shady Dolomite (Valley and Ridge) and Stount Athos (Piedmont) is correct.

Several faci;s of the Early Cambrian sequences indicate that the passive margin and Evington basin.

were undergoing rifting and basaltic volcanism during this time. Ammennan and Keller (1979)
have discussed the Early Cambrian development of the Rome nonmarine and shallow marine
siliclastics and dolomite into the Valley anil Ridge from Alabama to Penmylvania. His event is
commonly thought to be largely centered in states 50 m 100 km west of the Valley and Ridge;
however, proprietary data from industry indicates that rifting also affected the Rome in the Valley
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and Ridge of Alabama. Somewhat earlier, basalt had crupted on the Chilhowee shelf in south-
westem Virginia and probably signaled end of ble Precambrian Early Cambrian rifting that
generated lapetue. As discussed previo,usly, eruption of the Slippery Creek and Sams Creek basalts,
both probably of Early Cambrian sge, m the Evington basin are additional evidence of rifting along
the eastem margin of North America at this time. Ilow the Rome rifting comports with the model
of a passive continental margin just prior to and perhaps during contincntal collision is an inter-
esting problem for the future. At the moment the evidence is substantial that it was a tectonic event
that operated to modify the Cambro Ordovician drift sequence along the edge of the North
American continental margin.

To retum to hiiddle and Late (?) Cambrian events, while the carbonate bank (Elbrook, Knox) was*

accumulating west of the hinge zone on the platform, turbidites of the eastem Wissahickon were
succeeded by diamictite (Sykesville) and metagraywacke. In Staryland most authors have con-
cluded that the diamictite grades westward into metagraywacke (Fisher and others,1979); however,
in northem Virginia Drake and 51 organ (1951) found that the metagraywacke and Piney Branch
ophiolite were transported westward as hard, metamorphic slices over younger, unconsolidated
Sykesville diamictite during their emplacement. Subsequently the tuffaccous Popes llead
metasiltstone and phyllite (foreare basin?) were deposited unconfonnably upon the melange, and
at about 500 Nia (51ose and Nagel,1982) the Occoquan Granite intruded the whole sequence.
Thus we are left with a fundamental problem that can only be solved by future field work; the
coeval soft sediment deposition of the diamictite graywacke suite in 51aryland appears to be in-
compatible with the hard rock state of transport claimed for the metagraywacke and Piney Branch
in northem Virginia. Additionally, emplacement of the Occoquan Granite (500 hia), Ellisville
graniteid (440 51a; Pavlides and others,19S2), hiclrose Granite (ca. 470; Gates,1981) and
Leatherwood Granite (460; Odom and Russell,1975) into the melange metagraywacke sequences
abng strike in northem, central and southern Virginia collectively seem to show that most of these
metamorphosed and unmetamorphosed strata were tectonically stacked before Early Ordovician
time.

Evans (1984) and Fisher and others (1979) showed that the composition of the metagraywacke,
Shores Complex and Sykesville diamictite required sources that included the eastem continent
(Chopawamsic, Shores), and probably rift and drift facies of the North American continental mar.
gin apron. Except for the bte Cambrian Popes llead Formation (Drake and 51 organ,1981) which
unconformably overlies thrust stacks of metagraywacke and melange, primary pyroclastic debris
appears to be absent in the metagrayracke melange-diamictite association. Because of the
buoyancy of the subducting North American continent the dip of the subduction zone may have
decreased after initial collision. Under similar conditions in the llimalayan orogene volcanism di. !

minished in solume and moved toward the interior of the overriding continent. A similar response
in the Appalachian orogene might explain the apparent bte Cambrian diminution of volcanism I

in the Chopawamsic terrane; however, the Popes llead volcanics and bentonites from the Niiddle
Ordovician of the Valley and Ridge attest to sporadic and perl.cos distant volcanism continuing
from the eastem continent.

He Cambrian age of teh Shon.s and its melange of ocean floor basalt suggest accumulation or an
accretionary wedge on th.: ocean floor prior to collision with the North Arnerican continent during
the N1iddle and Late Ordovician Taconic orogeny.

Post-Taconic Paleozoic Events |

Re Taconic collision was accompanied by igneous intrusion, metamorphism, and deformation
with uplift and formation of an crcsonal unconformity (Brown,1969) over the region of the suture

ne bte Ordovician to Early Silurian (?) Arvonia Formation was deposited above thezone,
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| Taconic unconformity as subsidence produced a basin in the Piedmont. Younger Pa%czoic - |
stratigraphic units appear to be absent in the Piedmont.

Structural, metamorphic and igneous events that have been isotopically dated provide the r:st of !
the Paleozoic history for the region of Figure 1. Synthesis of the ages of regional metamorphism ;

and ductile defonnation (Glover and others,1983) indicates that both the Piedmont and Blue Ridge . ,

in the region of Figure I were metamorphosed and ductilely deformed during the Taconic. ;
Acadian ductile deformation recrystallized rocks along the Taconic suture. At about 330 hia the '

r

Petersburg and associated granites were emplaced in the eastem Piedmont (Wright and others, |
1975); this may have been at about the begmning of the Alleghanian orogeny. Alle3 anianh
metamorphism and ductile deformation produced amphibolite facies assemblages in the eastern - r

Piedmont with resultant retrogression of the granulite assemblages of the Goochland terrane.
Alleghanian orogeny produced crustal shortening m the eastem Piedmont by reactivation of older
faults but also by ductile shortening in the eastem Piedmont. The westem Piedmont experienced ;

reactivation of old fault zones as well as translation westward as an essentially rigid blo:k during i
this time. As mentioned above, each of these orogenies produced clastic facies in the Valley and

|
Ridge.

t
.

Triassic-Jurassic events

|
The Permian to Triassic transition from compressional to extensional tectonics has bem discussed j
for the region of Figure 1 (Bobyarchick and Glowr,1979). During the Triassic Jurassk, Paleozoic
mylonitic thrust faults were reactivated in an extensional regime (Glover and others,1930) Because !
thrust faults generally flatten with depth, the form of early Stesozoic reactivation fat.lts bounding |

the initial Triassic basins can be predicted to be listric normal. Vibroseis data discussed below tend
,

to confirm this conclusion. 51anspeizer (1981) summarized evidence north of Virginia for a j
southeast trending !cft lateral strike slip framework for the origin of these basins; in the south, '

subhorizontal slickensides occur in late Triassic sediments along the westem border fault of the |

Richmond basing in Virginia (Glover, field notes). It will be important in the future to detennine '

the role of strike slip movement in the formation of these southern basins. Triassic border faults
in Virginia follow old Paleozoic mylonite zones parallel to Appalachian structural trends (Glover i

and others,1980) and these southern Appalachian h!csozoic basins do not contain Triassic basalt
or diabase in the exposed Piedmont. Diabase and basalt appear during the latest Triassic Early
Jurassic as volcanics in the basins north of Culpeper, Virgim,a and as dikes cutting all central and
southem Appalachian basins at high angles (hfanspei/.er,1981; Ragland and others,1983).
Therefore the timing of initial rifts, their control by older faults and lack of initial igneous activity
is consistent with, but doas not prove, simple extensional deformation in the upper crust without
direct structural connection to the mantle source of basalt. As hlay (1971), blanspeizer (1981) and
Ragland and others (1983) have summarized, diabase dikes in the Carolinas ar41 Virginia appear
during the Early Jurassic and are concentrated in the Tiedmont (especially c,ver the Piedmont
gravity high) and Atlantic Coastal Plain basement (i.e., generally over thinner crust). 'lhe angular
relation of these dikes to the basins can be generally explain in the southeastem U.S. by a left lateral
shear model, but on a hemispheric pre-drift basis (htay,1971) may require mantle movements
producing a radial dike pattern centering on the Blake Plateau, Bahama Platform and western *

Senegal Basin. The timing of deformation that tapped mantle basalt tources suggests to us that
transcurrent movement postdates simple extensional opening of the Triassic basins. Alternatively
both Triassic and Jurassic tectonics may be related to dextral (Triassic) and sinistra! (Jurassic)
transform shear that preceded opening of the Atlantic (Swanson,1982).

'the relative importance and timing of transcurrent versus dip slip faulting in the early hiesozoic is
an important problem in understanding the tetonic history of the castern U.S. OITshore data sheds
some light on the subject. Grow (1981), sununarizing unpublished data from D. Ilutchinson,
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places the early blesozoic to Recent hinge zone along the west flank of the Carolina and Baltimore
Canyon troughs. This position corresponds to the New Jersey Coast in the north and to the off-
shore Brunswick anomaly in the south. Sediments in the troughs extend onto ocer N crust, which |;

is believed to be as old as Early Jurassic. Thinned intermediate continental crust .. believed to i

underlie all of the Carolina Trough and the westem part of the Baltimore Canyon Trough. From
the existing data base we believe that in both regions simple orthogonal or simple oblique (northem
part of Baltimore Canyon Trough) separation formed oceanic crust. No evidence of northerly di-
rected transform motion is reported in these Party Juras'ic and younger records in contrast to the ,

evidence on land summarized by Stanspeizer (1981) and Swanson (1982). Thus,it seems possible
.

that the transcurrent movement described by hianspeizer and Swanson is confmed to the continent
and is older than the opening of the Atlantic. The dikes and rifting along the Piedmont gravity high
may represent a <hort lived and aborted rift that experienced some l2 test Triassic and Early Jurassic

,

*
i

lateral translation between Africa and North America as d'scussed by Swanson (1962).
1

Cretaceous to Recent Tectonics

Following the Triassic to Early Jurassic rift and wrench stage of development of the Atlantic mar-
gin, a drift stage of sedimentation began. Jurassic and younger sedimentary units progressively
onlap the continental margin; the western edge of this seaward thickening wedge appears in
Figure 1 as the Atlantic Coastal Plain. Cooling and sedimentary loading of the lithospheric plate
at it receded from the midoccan spreading center explain much of the subsidence required to allow
deposition of a dominantly shallow water sequence of drift stage sediments (Watts,1981). The
progressive onlap is apparently caused by seaward loading of a lithospheric plate that flexes farther ,

toward the contmental interior as its flexural strength increases by cooling and thickening through ;
4

time.
J

An additional tectonic event affecting the drift sequence is Idgh angle reverse faulting of small
magnitude (htixon and Newell,1977). These faults appear to be compressional Paleozoic faults '

and mylonites (Bobyarchick and Glover,1979; Glover and others,19S0) that were reactivated as
listric normal and wrench faults in the early hiesozoic. They were again reactivated during the drift

>

stage of passive margin development, but this time as high angle reverse faults cutting Creta:cous
to hilocene and perhaps more recent strata (hfixon and Newell,1977). Some of the faults described
by hiixon and Newell strike into or are coextensive with the fmh along the western edy of the ,

4 '

Goochland terrane and the Ilylas zone of Figure 1.'

i

!

4 r

-

>

! Interpretation of Vibroseis Profiles JRT-1 and JRT-2
|

-

t
in this section, Virginia Tech Vibroseis profiles across the Piedmont and Blue Ridge are presented
and integrated with the preceding data and interpretation. JRT 1 begins on the Blue Ridge
(Figure 1) and continues to the eastem Piedmont near Sabot, Virginia. The westemmost segment

.

of JRT 2 is also discussed below. For estimates of depth a velocity of 6 km/sec can be assumed

|
over most of the profile. Small data gaps exist in the eastern and westctn parts of the profide. |

' Geologic units plotted along the top of the profile can be compared to the geologic map in |

5
42

; i
1

1

;
d

.-- - - . , , . - - - - -.v-. - - ,y,, . -



Figure 1. Faults and geologic contacts are extrapolated into the subsurface where seismic re-
flections provide control. At large distances from surface control, seismic signatures and inferences
from the regior.al data and tectonic model presented above have been used in interpretation.

Blue Ridge

Grenville basement underlies the westem end of profde JRT-1 ( Figure 1 and Figure 14) and, ex-
cept for an amphibolite intrusion just below the Lynchburg, and reflections interpreted as faults
bounding the Mechums River Formation (pCmr, Figure 1), the Grenville is acoustically transpar-
ent. Below about 1.1 sec. there are a number of east. dipping reflectors; between 2.2 and 3 sec. there
are sub-horizontal reflectors. The rocks between 1.1 and 3.2 sec. are interpreted to be Cambrian-,

| Ordovician clastic and carbonate rocks of the Valley and Ridge sequence. There are two reasons
| for this interpretation: 1) below the outcrop of Catoctin and Lynchburg at about 1.1 1/2 sec. there
| is a strong reflector that truncates the Lynchburg. The magnitude of this reflection indicates good
I acoustic contrast as expected between crystalline and sedimentary recks. The intersection of this

reflector with that from the base of the Catoctin strongly indicates that the subhorizontal reflection
is from a fault contact. To the west at about 1.1 sec. below sta. 250 a similar subhorizontal reflector

; suggest continuation of this fault. 2) Evidence that the Blue Ridge is a thin sheet of crystalline rock
thrust over the unmetamorphosed Valley and Ridge sequence is available to the south along strike
near Roanoke. There, several erosional embayments into the Blue Ridge reveal Rome Formation
and other unmetamorphosed Valley Ridge strata below a thin, subhorizontal thrust plate of crys-
talline rocks on the west flank of the Blue Ridge (Calver,1963). Therefore the model preferred here
is that the Blue Ridge crystalline plate is only about I sec. (3 km) thick and that it overlies
Cambrian to possibly Early Ordovician carbonate and clastic rocks of the shelf sequence. A section
of Shady dolomite and Chilhowee quartz arenite is inferred (Figure 14) below the deepest reflector
at 3 sec. (ca. 9 km) because of the likelihood that the reflections at 3 sec. originate in
stratigraphically higher Rome Formation.

Discordant reflections just below the outcrop of the Lynchburg are correlated with mafic intrusives
in the section. These are shown on the geologic map of Albennarle County (Nelson,1962) and the
reflection just west of the Lynchburg corresponds to a mapped mafie intrusive in the Grenville
basement. In the interpretation shown in Figure 14, the Lynchburg wedges out by thrust trun-
cation about 30 km east ofits outcrop. As discussed below, Lynchburg may also be present in a
wedge above basement under the eastem end of segment NSF-3 (Figure 14). Goruh and others
(previous section) characterized the seismic signature of the Catoctin and presented geophysical
evidence for faulting associated with it. Segmer.t NSF 2 of profde JRT-1 shows that the resolving
power of 24. fold data versus the 12. fold segments that flank it (Goruh and others, previous section).
Numerous small ramp and fold (snake head) structures are particularly well recorded within and
below the Catoctin (Figure 14). As Geruh and others (previous section) have shown, a subbori-
zontal fault just below the Catoctin at about 1.8 sec. under the west edge of the Scottsville basin
gives evidence of possible backsliding and truncation of the top of the Cambro.Ordovician section.
The pattem of ramp faults within the Catoctin in NSF 2 is consistent with compressional thrusting
directed westward. The subhorizontal thrusts may have developed in response to bending of the
more rigid Catoctin lower units as they were flexed in a concave upward direction. Eastward ex-
trapolation of the subsurface Catoctin is based on the oversimplified assumption that it retains ap-
proximatel/ the same thickness and that it may be continue.1 down dip concordantly with the
reflectors as shown.
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Piedmont !

Above the Catoctin, the Candler Formation of the Evington Group is characterized in segments
NSF 2 by a localized distribution of reflectors. Those near the west end at the outcrop of the group

,

i

i are probably from volcanic breccias. Discordance of some of these Evington reflectors at the west
end of segment SSF 2 suggests thrusting along the Evington Catoctin contact, but there is no evi- |

dence in the field or in the seismic record that this involves major translation. ;

} The fault at the top of the Candler may have major displacement. 51afic lavas crop out along the ;

southwestem edge of the Scottsville basin and, in NSF 2, appear to dip northwestward to where !

j
they are truncated by a fault. Southwest of the Scottsville basin the upper Evington group includes-

the Arch hlarble, Pelier Schist, hiount Athos Quartzite, and Slippery Creek Greenstone. This'

layered sequence contributes to the abundance of reflectors seen in the upper Evington group above
the Candler. The reflections from below the southeastern margin of the Scottsville basin form and

anticlinal synclinal flexure. Palinspastic closure of the Scottsville basin by moving the upper
i

i
Evington group of the southeastem wall updip would result in restoration of a broken anticline.- |

Goruh and others (previous section) discuss reflections and seismic response of the Scottsville basin.
,

The geometry of the Scottsville triassic basin suggests that early Afesozoic extension produced
'

backsliding on the low angle Paleozoic thrust fault that bounds the bottom of the basin. Perhaps
;

because of the low overburden pressure at the west edge of the basins, a nonnal fault developed
.

;

there and broke through the crest of a preexisting antifonnal flexure rather than following the basal |
thrust westward to the surface. Erosion modified the resulting fault scarps as the basin filled.

'

Surface outcrops do not show Paleozoic mylonite along the border of the Scottsville basin as is
common in early hiesozoic basins elsewhere in Virginia which are more obvious cases of reacti-

) vation of Paleozoic faults. Nevertheless, the influence of older fabric on the localization of the
Scottsville basin is well demonstrated by the seismic reflection data over this area.

'

.

The upper EvinFton group, which flanks the Scottsville basin, has been projected downdip on the
basis of conformable reflectors judged to be interfaces between basalt and sedimentary rock. A <

thrust fault shown at the top of the sequence emerges at the north end of the Scottsville basin where
it separates metagraywacke on the east from metamudstone of the Evington Grcup on the west.

' Apparently the anticlinal fold in the basalt / quartzite / marble / schist sequence plunges northward and;

these rocks do not crop out north of the southem end of the basin (Figure 1).
; I

l,

i ;

|
Subduction Complex '

1 Rocks of the subduction complex of schist /metagraywacke/ melange unit, which comprises the
1

] Evington Group (?) of Smith and others (1964), are acoustically transparent or dip too steeply to
provide reflections in the profde. Stapping by Smith and others shows tight folding, overturning
of beds and moderate to steep dip. The surface structure is therefore sharply discordant with the
gently dipping and subplanar reflections in the underlying upper Evington Group. 'Ihis discordance
provides additional justification for interpreting a low angle thrust fault between them. The wedge -1

shape of the subduction complex in cross section is constrained by projection of the gentic dip ofd -

the underlying upper Evington Group and the steeper dips of the Shores Complex anda
; Chopawamsic volcanic rocks as measured at the surface. Obviously the constraints are not strong

and more of the subduction wedge could be present in the subsurface to the east.;

j Ocean floor basalts (Bland,1978) are present at the eastem edge of the subduction Shores complex

i (Figure 1), in contact with calc alkaline volcanic arc rocks of the Chopawamsic Formation
i (Pavlides,1981). Both groups of volcanic rocks show intense faulting. South of the James River,

{
Brown (1969) mapped basalt and ultramafic rock in the eastem part of the Shores. The hombiende

,!
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diorite and associated homb!cnde metadiorites (Figure 1) are also thought to be allochthonous
mafic units (Brown,1973).

Eastern Piedmont Volcanogenic Terrane

Goruh and others (previous section) discuss the seismic signature of the Chopawamsic volcanics
and specific structural features found in the seismic section in this area. The quality of the re-
flecticns in the 24 fold eastem part of segment NSF 3 is particularly good and these Chopawamsic
rocks can be discriminated to some extent by the seismic signature from Catoctin reflections pre-
viously discussed.

.

The eastern half of JRT 1 ( Figure 1) shows an allochthonous terrane of Cambrian Chopawamsic
volcanic rocks, intruded by the Ordovician Columbia Granite. He Arsonia Slate is shown above
a synclinally folded unconfomlity developed on the older Chopawamsic and Columbia. The base
of the Arvonia is suggested by a single concave upward reflector. This is the Taconic unconformity
of the Virginia Piedmont which resulted from the uplift and erosion that accompanied the Taconic
deformat:an.

The Columbia Granite is acoustically transpata..; its boundaries are drawn where reflections orig-
inating at Chopawamsic mafic felsic interfaces start. He lower boundary of the Columbia is placed
at the top of the gently dipping reflections from either the Chopawamsic or upper Evington Group.
The abundance of subhorizontal redections (Coruh ard others, p. vious section) below the
Columbia suggests that the granite did not intrude through these layen 3 rocks, and thus that the
Chopawamsic and Columbia are both allochthonous with respect to the underlying rocks. The
thrust boundary is projected in JRT 1 to the western edge of the outcropping Chopawamsic and
is interpreted as the eastern edge of the Taconic suture.

East dipping reflectors indicate a large mass of Chopawamsic volcanic rocks in the subsurface in
the central part of the Columbia Granite. Discordance between the dip of the higher and lower
reflectors in this enclave suggest the possibility of a preintrusive fault. Other east dippir.g reflectors
near the surface at the eastern margin of the Columbia are interpreted as thin, slab shaped enclaves
of mafie Chopawamsic. Similar slab shaped enclaves occur at the surface along strike and just
south of those shown in JRT 1 (Brown,1969).

Gently dipping to subhorizontal reflectors display the subsurface continuation of the easternmost
outcrops of Chopawamsie volcanic rocks. The abundance of reflectors probably records mafic and
felsic interlayenng in the Chopawamsic. A number of small thrust faults could be interpreted from
the data, but only one is shown in the profile. At the eastern end of the profile, Chopawamsic re-
flectors and the boundary of the overlying Goochland terrane dip more steeply to the east.

The Goochland terrane, comprising State Farm granitoid gneiss, Sabot amphibolite and Maidens
gneiss, structurally overlies the Chopawamsic at the castem end of profile JRT-1 (Figure 1). A
major contribution of Pratt and others (in press) was the interpretation of the Goochland Terrane
as a nappe of North American basement that overrode the Chopav/amsic metavolcanic rocks.

Along the westerr (segment NSF 3) outcrops of the Maidens, moderate eastward dips are seen at
the surface. At the crest of the antiform in the underlying Chopawamsic, near the data gap, an
antiformal structure has also been mapped at the surface. This structure, the relatively gentle re-
gional dips in the Maidens, and the underlying gently dipping reflections in the Chopawamsic sug-
gest a low angle thrust contact between the two. He Sabot Amphibolite produces reflectons, but
the Maidens and State Farm are generally acoustically transparent or have dips that are too steep
to yield reflections. An exception are sorne reflections in the State Farm that dip westward,
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concordant with the antiformal structure of this truncated dome. A possible small backthrust oc- j

cuts near the surface outcrops of the Sabot. This can only be seen in the reflection data, but ex- >

4

plains a poorly exposed but obsiously thickened outcrop of Sabot shown on Figure 1.
,

Segment NRC 4 is the westernmost part of JRT 2 (Figure 1). Subduction wedge units (Shores
Complex) crop out at the surface but identification of the deeper reficctions is uncertain because
of the short length the segment precludes tracing the reflectors to the surface.11y companson with
the adjacent segment of JRT 1, however, it seems probable that the reflectors between I and 2.2-

sec. are upper Evington Group. Those between 2.2 and above 3 sec. are Catoctin. Although
NRC 4 is only 12 fold data, folding and ramp faulting is clearly shown below station 91 at about

|2.4 sec. Goruh and others (previous section) show evidence for other faults in this segment. The: '.

position of the sole fault is not weu constrained but is essentiaUy consistent with its position in'

JRT1. :
1

I
.

USGS I-64 Vibroseis profile

An 8 sec reflection prorde (llarris and others,1982) along highway I 64 passes subparallel to JRT 1
at distances of 5 to 30 km to the north (Figure 1). The published profde was unmigrated and dif-
ficult to interpret in its original state. The interpretation of flarris and others shows many simi-
latities with that of our profde, but there are also important differences. Correlation of the 1 Ga

,

Sabot amphibolite with the ca. 550 Ma Chopawamsic volcanic rocks is an error that significantly
differs from the geologic interpretation shown by us in JRT 1. This profde was reprocessed to ex-J

tend its depth to include Moho depths at Virgima Tech (Pratt and others,1987) and is the basis for
our conclusion that the Gremille Goochland terrane is an upthmst plate of North American
basement.

.

Structural Synthesis of Profile JRT-1 and JRT-2

As in previous seismic reflection studies of the central and southern Appalachian (Clark and others,
1978: Cook and others,1979; llarris and others,1981 and llatris and others,1982) the JRT 1 and

i,

j JRT 2 profdes demonstrate thin skinned tectonics involving the Valley and Ridge, Illue Ridge and
; Piedmont sequences. A sole fault, probably stratigraphically controlled within the Rome Fonna- ;

| tion, dips gently eastward to a point in the eastem Piedmont were it appears to tum more sharply
downward, cutting into N Greenville 13asement. This steeper, eastwardly dipping zone is analo.
gous to a similar feature in the COCORP traverse beneath the Elberton Grarute in Georgia (Cook
and others,1979). Iverson and Smithson (1982) have interpreted the steeply dipping zone on the
COCORP traverse as a root zone and in a general way we concur with this conclusion..

We suggest that in the JRT 1 prorde, the point on the sole fault where the dip increases sharply is.

not far west of the pre collisional position of the western part of the Illue Ridge hinge zone. That'

is, the western subsurface edge of Greenville Basement in the Illue Ridge can be restored'

palinspastically to a point not far east of the JRT 1 section line and juest east of Richmond based
on our interpretation of the U.S.G.S.164 profde. In this res' oration the Illue Ridge hinge zone<

marks the edge of Cambro Ordovician shallow shelf sedimentation and a contour along the ancient
continental margin, west of which the crust was of normal thickness. East of this contour the;
continental crust was attenuated during late Precambrian rifting. This attenuated crust was the

! locus of deposition of late Precambrian Early Ordovician dominantly deep water clastic facies. |

{ With additional seismic profding toward the southeast it may be possible to determine the extent
' of the remaining Late Precambrian continental edge beneath the Atlantic Coastal Plain.
1 Palinspastic reconstruction of the limited profde in JRT 1 places the pre Taconic continental edge

well cast of Richmond, Virginia.

i .

i
'
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It it noteworthy that the ht. discontinuity (James and others,196S; Pratt and others,1987) rises
from nearly 40 km below the westem end of traverse JRT 1 to about 34 km at the eastem end.
Yet identification of the pre Taconic hinge zone near the eastern end of the profde and the dem-

|onstrated shallow shelf sedimentation west of the hinge seem to suggest a nearly constant depth to ;
hi over the profde prior to the Taconic. Therefore the present shape of the 51 discontinuity may
be a relatively young feature. We suggest that the N1 discontinuity attained its present shape during
the early hfesozoic rifting of the North America continent. The early hiesozoic dikes occur within -

the attenuated part of the present North America margin; they, along with the Triassic Jurassic
basins, are possible manifestations of the crustal attenuation.

'

Above the sole fault under the Blue Ridge, as much as 6 km of unmetamorphosed(7) Cambrian to
.

Early Ordovician(?) sheh sequences are stacked in a duplex structure. The Blue Ridge itselfis a
relatively thin (3 km) sheet of metamorphic rock. Above the Blue Ridge sequence to the southeast
occur North American shelf and slope sequence rocks that have been overthrust by a subduction
wedge and the volcanogenic and microcontinent that collided with North America during the
Ordovician.

Subsequently the Acadian (htiddle Devonian through Early hfississippian in this region) orogeny
deformed these rocks (Glover and others,1983) and the Allegharuan Orogeny produced an
amphibolite grade ductik deformed metamorphic belt in the eastem part of the region (Glover4

and others,1983). Eac! sf these deformational events involved many kilometers of westward
transport and probably reactivated older thrust faults.

At first glance, a wide discrepancy seems to exist between the structures seen in the field that result
from multiple, intense deformations and the extensive, gently dipping strata and thrust faults re-
vealed by the seismic work. An analysis of the relation of cleavage and folding to the development
of crustal structure as revealed in profde JRT 1 is in progress. h!csoscopic isoclinal and tight folds
are known from surface studies (Bobyarchick and Glover,1979), but such structures do not have
many counterparts on the scale of JRT 1. Regional, blanket shaped units became highly contorted
and multiply deformed on a small scale, yet regiona'ly have acted as competent units that deform
by thrust faulting in a manner similar to the unmetamorphosed Valley and Ridge sequence. This
is a major new conclusion only revealed by the recent application of seismic reflection techniques
to crustal structure m the crystalline Appalachians.

;.

A few clues to the rheology during thrusting are available. Glover and others (19S3) not.d that the
westem and central Georgia Piedmont, which was at high temperature during the Alleghanian,
contain littl -deformed granites that were emplaced in the eastem Piedmont. At this time the cen-
tral and westem Piedmont was passing through a declining temperature gradient from 500'-300*C,
yet it behaved as an essentially rigid body, being translated westward and deforming the Valley and
Ridge sequence by buckle folding and thrusting. Although the central and westem Georgia
Piedmont was quite hot,it had declined from its thermal peak and could no longer easily recrys-
tallize. The rigidity of this terrane may have resulted from the effects of uplift, erosion and cooling
that attended initiation of thrusting. The effect would be to reduce water pressure and temperaturei

j in the uplifting terrane and thus inhibit the ability to recrystallize in adjusting to the new conditions. '

Because ductile behavior requires recrystallization, a hot terrane just receding from the threshold
of prograde metamorphism might become relatively brittle.

I

h1%onite zones in the metamorphic Appalachians are commonly best developed just after the
thermal peak of prograde metamorphism (Bobyarchick and Glover,1979; Sinha and Glover,1978).i '

Although they display ductile behavior and case of recrystallization within the zone, they can be
viewed on a regional scale as semibrittle, isolated planar defonnation zones (usually thrust faults)
within a terrane that had just ceased ductile development of foliation, ne ductile behavior
(recrystallization) within the zone probably results from the energy added to the system by localized

.

'
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compression and shearing. In summary: once cmstal thickening and thrusting are initiated, the
upper levels can behave as rather rigid plates even though they remain relatively hot. This may,in
part, explain the regionally planar structural features revealed by the vibroseis studies.

Localization of seismicity through structural heredity
.

In a companion paper Bollinger and Sibol (1985) have analyzed the characteristics of the Central
Virginia seismic zone. Characteristics pertinent to this discussion include: 1) a horizontally and
vertically diffuse pattem that implies recurrent movement on faults scattered over a wide area. 2)in
the central and western Piedmont most of the activity is concentrated in the upper 11 km of the

.

crust; in the eastem Piedmont activity occurs to depths of about 15 km. 3) The epicentral pattem
dermes an arcuate, almost circular area bound by a convex curve on the southeast and by a nearly
straight NE trending line on the northwest.

Seven hypocenters that have vertical errors of less than * 5 km and lie within or near reflectors
on profdes JRT 1 and JRT-2. llorizontal errors are averages of the two ellipse axes given by
Bollinger and Sibol. liypocenters 23R and 22R lie within 7 km of JRT-1; the others lie on or
within about I km of JRT 1 or JRT 2 (Bollinger and Sibol 19S5, Fig. 9). Ilypocenters that lie off
the plane of the profdes were projected into the planes of the prorde along structural axes deter-
mined from surface geology, optimizing the chance that they fall on the profde in the same fault
structure in which they originated. Accuracy of the hypocentrallocation is given by Bollinger and
Sibol. These are among the most accurately determined locations within the Central Virginia scis-
mic zone and are representative of the general increase in maximum depth from about 10 km on
the west to about 15 km at the east end of the Central Virginia seistrde zone. Because the zone is
still active, much greater accuracy of hypocentrallocation will be attained in the future by relocating
the recording stations directly over the currently active stmetures. Thus future work has the pos-
sibility of greatly improving the correlation between structure and scismicity, by changing the ge-
ometry of the recording network and by improving structural resolution with higher fold seisnde
reflection data over an already identified active structure. Focal mechanism solutions could then
provide an additional confinnation of the probably faults involved.

Hypocenter 63B in profde J RT 1 has a vertical error of * 5 km and falls between two faults whose
existence seem well founded but whose actual positions are poorly constrained (see previous dis-
cussion). liypocenter MB, however, has a venical error of only 2 km and is closely associated
with the sole fault of the allochthon. The western segment (NRC 4) of profde JRT 2 contains two
hypocenters, both of which lie in the plane of the profile. The vertical error of 64C is * 4 km and
that on MA is * 2 km (Bollinger and Sibol, Table 3,1985). Although the errors are relatively
large, the hypocentral locations (statistically the most probable locations) fall directly on two well
defined faults in the vibroseis profile. If MB (on JRT-1)is plotted on NRC 4 prorde JRT 2,it also
falls on the sole fault at 3.3 sec. Therefore, both the sole and ramp faults in JRT-1 and JRT 2
appear to be currently active, and the activity appears to be confmed to the allochthonous plate.

To the east, llypocenter 77 has its epicentral location in the plane of segment NSF 3. This
hypocenter has a remarkably small vertical error of 1 km and a correspondingly small horizontal' i

error. It plots in JRT 1 along the continuation of the sole fault just east of the point ofirdlectior. )
where the sole fault dips more steeply east. This tends to confinn the estimated depth of the sole i

fault at this location as well as the previous conclusion that the sole is currently active. Near the I
west end of the profde, hypocenters 23R and 22R have been projected northward about seven km |

I

along the surface structural axis into the plane of JRT 1. They lie at a depth of abut 15 km and
along the dip of the sole fault shown in the profile. Although the dip of the sole fault is not strongly i

'

supported by the seismic reflection data, its location and dip seem supported by the gravity mod-
elling of Keller and others (in review). Therefore, the increase in depth of earthquake activity in th-

|
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castem Piedmont seems consistent with the structural evidence for eastward rooting of the
allochthonous plate.

From the above we tentatively conclude that much of the current seismicity in the Central Virginia
seismic zone is localized as a result of movement along old Paleozoic sole and ramp faults within
the allochthonous Appalachian plate. Seismicity may result from new rock breakage in the hanging
wall and ascismic slip on old thrust faults. This model is suggested by the high angle nodal planes
in first motion studies by 13ollinger's group (hfunsey,1984). Such a model is being tested m our
current program.

The region was doubtless seismically active during the early Niesozoic when extension and trans- |
current faulting reactivated some of the old thrust faults and developed the early htesozoic basins. I

During the Tertiary these faults as well as others that may have been annealed since the Paleozoic
were again reactivated in a compressional regime when high angle reverse faulting occurred. He
diffuse nature of the Central Virginia seismic zone, and the apparent association with ancient thrust
and ramp faults, many of which seem unrelated to early hiesozoic basins, suggest that any fault
properly oriented with respect to the current stress field is a candidate for localization of certhquake
activity.

The above conclusion leads to a more important question about the nature of seismicity in the
eastem U.S. If the structure shown in profile JRT-1 is similar to that elsewhere in the central and
southern Appalachian Piedmont, as it is known to be, why is the current activity in the Piedmont
(see Bollinger,1973) concentrated in the Central Virginia and South Carolina Georgia seismic
zones?

A number of recent papers, including Barosh (1981), Engelder (1982), llamilton (1981), NicKeown
(1978), Seeber and Armbruster (1981), and Sykes (1978), summarized hypotheses to account for
eastern seismicity. A complete discussion of the various hypotheses is beyond the scope of this
paper; for brevity we present hypotheses that best seem to fit the central Virginia scismic zone data.

Zoback and Zoback (19S0) summarized the contemporary stress fields in the United States, in the
eastem U.S. two provinces are recognized: 1) the mid continent province with greatest horizontal
compression oriented northeasterly and 2) the Atlantic Coast province with compression oriented
northwesterly. The boundary between the two provinces was thought to be in an ill defined zone
corresponding to the western margin of the Appalachian orogenic system. Subsequent unpublished
work has cast doubt on the Atlantic Coast province orientations which now seem to be aligned
parallel with the mid contment province. According to the Zobacks, drag resistance to absolute
plate velocity is compatible with the mid continent stress field.

Seeber and Armbruster (1981),in a discussion of the 1886 Charleston, S.C. earthquake suggested
slip on the Appalachian detachment by backsliding toward the coast. Isostatically, the Appalachian
mountains on the west must continue to rise while lithospheric plate cooling and sediment loading

,

depress the eastem margin. Thus the long term motions continue to increase the seaward slope
on the detachment and may promote episodic slip in variou parts of the plate. Curremly the
aseismic Piedmont in North Carolina may be locked or undergoing aseismic creep. Conversely the
Central Virginia seisade zone and the South Carolina Georgia zone are probably undergoing
aseismic or scismic slip along or above the decollement and in ramp faults within the allochthonous
block. It is noteworthy that the epi:entral zone outline of the Central Virginia seismic zone
(Ilollinger and Sibol,1985) has the general shape of a localized slump induced in an otherwise
locked plate. This suggests a partial test of the backsliding model proposed herein. 'lhat is,if the
localized slump model is correct, contraction faulting in the scismic area might be matched by low
level scismicity of an extensional nature in the upslope direction. This might be tested by seismic
monitoring leading to focal mechanism solutions.
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Conclusions
: -

1. The Blue Ridge in Virginia was a hinge zone of the North American continent during.

Eocambrian through Early Ordovician time. east of the hinge zone sedunentation occurred
on attenuated continental crust that incorporated the rift generated Evington basin. Rift stage
sedimentation was dominantly Eocambnan; however, some rifting occurred into the Early

,
"

Cambrian. Passive margin drift stage sedimentation spans the Early Cambrian through Early
Ordovician. During this time an ocean basin existed between the eastern Piedmont volcanic
terrane and the western Piedmont and Blue Ridge rift and drift sequences.

During the Late Ordovician Taconic orogeny) closure of the ocean basin, collisional tectonics
decapitated the continental h(inge zone (ancestral Blue Ridge), and during successive Paleozoic

2.

orogenies transported it more than 100 km westward to its present position.

3. The Goochland Terrane is a westward thrust nappe of underlying North America basement
that overrode the Chopawamsic metavolcanic rocks.

4. A sole fault at about 910 km depth probably rides in the Early Cambrian Rome Formation
-

<

above an autochthonous Cambrian shelf sequence and late Precambrian Gremille Basement.
In the eastem Piedmont the sole fault is rooted in the Gremille Basement at the original site'

of the Blue Ridge continental hinge zone sequence.

5. Numerous sole and ramp faults occur within the allochthonous plate. Some were reactivated
in extensional and strike slip regimes just prior to and during early Mesozoic opening of the i

Atlantic. The present westward dip of the M discontinuity may have taken its shape at that :

), time. If so, the Piedmont gravity high was formed in Early Mesozoic time. !
'

l
6. During the Cretaceous to Recent, reactivation of selected faults continued as re'erse fault |-

] motions in some areas of the Piedmont and Coastal Plain. ;

7. Fair to excellent correspondence of Central Virginia seismic zone hypocenters with faults
'

identified in the subsurface from combined geologic and vibroseis data strongly imply that the !

Paleozoic sole and ramp faults in the allochthonous plate are moving although the high angle ;

first motion planes suggest that the scismic breakage is in new faults that form in the hanging :; '

; wall of the old thrust plates.
.

8. Localized backsliding in the larger Appalachian alloch' hon may explain the Central Virginia t

: setsnuc zone.
J
I
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