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SEISMICITY, SEISMIC REFLECTION, GRAVITY AND GEOLOGY OF THE
CENTRAL VIRGINIA SEISMIC ZONE: PART 1, REFLECTION SEISMOLOGY

Cahit Coruh, John K. Costain, Lynn Glover, II1, Thomas 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 potentia! 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 Cambnan) 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 8) at the western end of the traverse where Grenville 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 reflections originate from the Catoctin rift volcanics and
the Chopawamsic island arc volcenics. Eastward-dipping reflections from the Catoctin Formaticn
dominate the seismic section below the Trassic Scottsville basin. A window of poor reflection
quality associated with the small impedance contrasts of the Trassic 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-epidotiz+d, 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
samples of the Catoctin epidozites, greenstones, phyllites, and volcanic breccia. Velocities parallel
to foliation are higher than those perpendicular to foliation. The 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.



Introduction

In recent years seismic reflection profiling has been increasingly successful in helping to understand
the dynamic evolution of the Earth’s crust. Multifold reflection profiles over major tectonic features
provide the data base for interpreting the geometry and in structure of the crust. This is es-
ially true in tne crvstalline Appalachians whose allochthonous architecture requires seismic re-
ion data 10 relate surface geology to deep crustal structure. A combined geophysical and
Eologicd study of the tectonic framework of the central Appalachians has been underway at the
egional Geophysics Laboratory (RGL) and the Orogenic Studies Laboratory (OSL) of the De-
fnnment of Geological Sciences at Virginia Polytschnic Institute and State University since 1974.
n Virginia, 180 km of vibroseis reflection data have been obtained by RGL along the James River

(Figure 1).

Profile ~egments funded by dif :rent sponsors have been combined to give relatively continuous
regional traverses. The first “.averse (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).
The 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 profiling over crystalline
terrane.

Previous work

Seismic reflection profiles 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. Therefore, a discussion of the crustal reflectivity to be ex-
pected is helpful to understand features of the firal 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; Udsall, 1974; Wells, 1975; Clark and others, 1978).
Sample locations are given by Kolich (1974), Edsall (1974), and Weils (1975). Acoustic impedance
(pv) was determined from density determinations on l?nuuutive fresh samples and from velocity
determinations on the same samples in a pressure cell (Kolich, 1974). These were used to determine
reflection coefficients that might be expected from the sedimentary strata and crystalline terranes in
the southeastern US.. From these results, a range of impedance values for igneous, metamorphic
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Figure 1. Locations of seismic lines and general surface geology: Geology from Glover and others
(second part of this report).




and sedimentary rocks similar to those that might be expected along the James River traverses was
determined.

The signal-to-noise (S/N) ratio is the most important single parameter that affects the ultimate
quality of seismic record sections. This depends to a certain extent on the magnitudes of the re-
Jlection coefficients as well as the two-way transmission coeflicient (Waters, 1981, p. 26). Although
a reflection coeflicient greater than % 0.3 is extremely high and reflects a significant portion of the
energy, the two-way transmission coefficient 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 coefficients, (p;v; + p,v))/(pev; + p,v,) computed from the values of
velocity and density given in Table 1 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 coefficient
< 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; Harmis and
others, 1981; Harris 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 (acovstic impedance = 0.88 x 10° - 1.09 x 10* cgs units) overlie dolomites
of the Shady Formation (acoustic impedance = 1.71 x 10* - 2.15 x 10® cgs 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 seismic 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 m=tamorphic terrane, we have found that the best reflections originate

from volcanic lLithofacies such as the Catoctin nift volcanics and the Chopawamsic island arc
volcanics,

Along the james River traverse, reflection seismic profiles 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
1o depths of more than several kilometers in the crust (Reilly, 1980; Keller and others, 1985, 1986).
Centain lithofacies such as the Chopawamsic and Catoctin metavolcanics were expected to have
excellent seismmuc response.



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
control. All 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 all lines 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.
The number of pad positions per source array was varied from 8 to 64; an array of 16 pad positions
was found to be Adeqhu;te. A downsweep varying in length from 16 to 24 s was used for all lines
except Line NSF-1 which was obtained with an upsweep. Bandwidth of the sweep was normally
10-60 Hz, although in some cases 10-80 Hz was used (Line NSF-2). The 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
m depending on the receiver group interval and the multiplicity desired. Most segments of the two
traverses ars 12-fold. Three kf:cnts 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. The typical data processing sequence included demulti-
plexing, vibroseis whitening (Coruh and Costain, 1983), trace editing, common-mid-point sorting,
elevation statics corrections, velocity analysis (constant velocity panels and velocity spectra), de-
convolution (if appropnate), automatic residual statics, stacking, time migration, and bandpass fil-
tcngg Most of these steps are described in detaill 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
ard 10 recover weak refloctions that have a higher frequency content. This processing step was
applied to all data. Static corrections were especially cntical on line NSF-1 (Traverse JRT-1), and
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.

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.



2w
D
Yo

O

Figure

N
-~

NSF = LINE 2 STACK

EVINGTON \EG"i SCOTTSVILLE TRIASSIC BASIN

.

Al -
e i L

Line NSF-2, stacked: Stacked section; 24-fold and 385 m receiver interval

sec
00

-




NSF-=LINE 2 MIGRATION

e et e e e

cH
s

3. Line NSF-2, migrated: Time-migrated stacked section; 24-fold and 35 m receiver interval



Seismic Signatures of Major Structural Elements and
Tectonic Lithofacies in Central Virginia

Seismic traverse JRT-| (Fi’\m 1) is located north of the James River and is a composite of line
s¢ ts NRC-S§ (12-fold, 70 m group sFacing). 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.

The seismic signatures of tectonic lithofacies are discussed on enlargements of the data taken from
the seistnic sections. In all cases, structural interpretations 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 nft-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 return, and tnake an interpretation possible.

Blue Ridge Master Decollement. A portion of the stacked section of iine NRC-$ (unnﬁmh
shown in Fj 5. This is the westernmost extent of our traverse JRT-1. The Grenville t
of the Rlue m 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
Grenville 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 1o be at a depth of approximately 3 km (1 ) at the west end of the
traverse, in agreement with proprietary seismic data projected ia 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 (Coruh and others, 1985).

Important evidence for the allochthonous nature of the Blue Ridge is shown in Figure § and
Figure 6. The large-amplitude reflection between 2.8 and 3.0 s is characteristic of the t 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 S and at 22 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
$ is not obvious on our data. Divergence of these reflections between stations 330 and 370 on
Figure § 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. This line crosses, from
west 10 east, the Lynchburg Formation, Catoctin Formation, Evington Group, and the Scottsville
Triassic basin. The eastern 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 thrust



Lme se

RE Ny

NRC-8

Figure 4

NSF-2
o S0 e »
< A ~ ANDLER SCOTTSY
L aas
by -
2
5

Line drawing of JRT-1 and NRC4

64C



[N

| NSF |
| | [S1a
fo 238l
PATE M - -
o owaens o Ny £ - MADE NS IR Ny ’

- SAapO?Y -

Ay - *
2

. -
| 23R

22R

T :
APERTL RE
CARD

Also Availakle On
Aperture Card

2%0506096~0/




NRC LINE S STACK

e —
TIO - - -
PraL i ¢ ¢ &t & § § &
- GRENVILLE sec
00 00
10 |0
1
I
l
2C¢ 20
1
-
"3\, 30
| - ol
- : e, .
| A {.";\'\J“fi"\
: ) ’ ?r:“\r}‘
i
r— 40/

Figure S. A portion of Line NRC-S, stacked: 12-fold; 70-m group interval

10



‘easayu
DA W (L PUER PIOJ-T| ‘PINS pue paesBin un | payeiBim ‘- )N wur] jo wonod y 9 JanBiy

-l ™ ;) - % 4 ~ P e

PEE . . N e o e i £ N

NISYE JISSYIEL ITHASLLI0DS | (93) NOLONIAS (AD) NILDOLYD , AT) OMNBHINAT

o
@
@
¢

“w
@
0

"

f
2
e
N

* % B ® § 8 ¥® § ®

NOILLVHOIN S 3NIT - D8N



faults. Shallow westward-dipping reflections beneath stations 90 - 120 are consistent with dips of
rocks of the Evington Group exposed at the surface.

Catoctin volcanic sequence. The seismic signature of the Catoctin volcanic sequence is well-defined
in Fi 6; however, the signature is better with higher multiplicity and spatial density (Compare
with Figure 2 and Figure 3. Divide station numbers by 2 because of a 35 m receiver interval). The
reflections correlate well with mapped surface contacts of the Catoctin.  The seismic signature of
the Catoctin is characterized by approximately parallel reflections of large amplitude (Figure 6 and
Figure 2). Relatively poor jons 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. The good reflection quality de-
fined by large amplitudes and a well-formed Klauder wavelet at the Catoctin-Lynchburg transition
is an aid tc the interpretation of reflections. The reflection at 1.4 s at station 130
(Figure 6) is one of the largest amplitude reflections on the section and, because of its 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 horizontal reflectors near
station 90 between 2.0 - 2.2 sisin ted as an indication of a eastward dipping iault. 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. The 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, ume 0.2 5) 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 tpﬁ::'to ;:anm‘ in the data, velocity analyses indicate that the events are
primary reflections. excellent reflections correlate with the mapped surface geology, and
clearly represent the acoustic response of the Catoctin Fonnation (Figure 1). Deeper events be-
tween | .8 - 2.4 s at the left hand side of Figure 6 also show a similar Catoctin character. Divergence
of reflected events sts repetition by thrust faulting (see also Figure 3). Aiternatively, these

reflections may be from a Paleozoic sedimentary section (see Glover and others, in the sec-

part of this report).

The time-migrated section of Figure 2 is shown in Figure 3 Because of the large dips of reflections
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 inigration. Dipping events are clearly truncated by
other dipping or honzontal events. The reflections whicg truncate other reflections (A on

1 3) are interpreted as being due 1o thrust faults. The deepest reflection arrives at approxi-
2.8 s (8.7 km) and is probably from Grenville basernent.  If the reflections below 1.8 s are
m the Catoctin, then an interpretation of back-shding along a thrust fault might be made below
tion 170 on Figure 3 at about 18 s (54 km). This mught have important implications for
understanding the seismucity of the Central Virginia Seismic Zone.

1

Reflections from Triassic-Jurassic strata in onshore Mesozoic bauns are often not of large ampli-
tude (Costain aud others, 1982). High amplitude reflections from below the Scottsville basin are

12



mwwﬁomthcvsbmoruwell-ooupkdatthewﬂ‘momchmmkt,md
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 diffraction patterns associated with the basin were removed by
essing ww. 4one 0 enhance the data from the Scottsville Trassic basin. mute,
ment of stacking - -ioctues,mduseofnlowetmwrpcubmdnwhodmmdmaho_
Figure 7, after ime-m.gration, which shows the lower boundary fthcbum Ti
castward-dipping reflections on the right hand side of the figure is taken as
basin boundary. g“b-honzonul reflections onginat. from within the Triassic basin.
bottom of the basin is approximately 1.6 km (0.7 5) with a better defined boundary on the east side.
The continuity of the seismic data beiow the basin precludes downward pro, I 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 reoo:dm; 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 Tnassic
basin do not have as high a frequency content as desired. Severe mutm?omceuuy to eliminate the
effect of stretching resulted in low fold and a poor signal-to-noise ratio for the shallow data (< 0.4
$).

5

Chopawamsic volcanic sequence. The results obtained suggest 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-1 as onginally recorded, i.¢., as 24-fold, 70 m data, is shown in Figure 8. The 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 4eta

;n‘ obvious choice; however, for economic reasons the remainder of the line was recorded as 12-fr Id
ta.

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 appea to trun-

cate one another are charactenstics of the seismic response. These charactenistics may be 1 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 (castern 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-}
(24-fold, 70 m data, time-migrated).

A portion of stacked section of line NSF-1 is shown in Figure 11. The signature of Chopawamsic
volcanic rucks is apparent on the right hand side of the section. Evidence of faulting is present m
this section where eastward-dipping reflections are truncated by a set of sub-horizontal
amplitude reflections. Fastward-dipping reflections between stations 290 and 390 at ).0t0 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 10 the interpretation shown (see Glover and
others, in the second part of this report). Below the reflections interpreted as Chopawamsic
voleanic rocks, segments of sub-paraliel reflections suggest layering. These events might originate
from a metamorphosed volcanic sequence other than Chopawamsic; the reflections are interpreted
to be from Catoctin metabasalts and sandstones.  Although the reflected energy retumn from
Chopawamsic volcanic rocks is excellent we do not believe as mentioned earlier that a ibitively
large decrease in reflected energy from below the Chopawamsic volcanics would 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 Grenville 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. The re-
flection quality on this line is excellent with reflections down to 3.5 s (10.5 k). Figure 12 is a
&m-wwwm‘mr me:s;em NRC-4, whapog:px;mph of whynimicdl;lhould

igrated before ical in jon is made. X structures appear to be promi-
%mm‘mﬁ&nl.)MWwwumnh ‘ 1o refract up-
ward at steep angles when entering packages of more ngid metabasalts (A on Figure 12).

Line NRC-4 offers significant information about seismic profiling of the crust as well as the po-
tential of using a single vibrator:

1. a) Although the multiplicity of this line is only 12-fold, reflections are excellent.

b) Reflections down to 3.5 5 (10.5 km) show good resolution which allows correlation of events
across faults.

¢) There is no visible decay in reflection amplitude with depth.

w e

2%

mythuefoncondudclhnmwithamkvimfmrctmofnﬂecudwi!w'
if a suitable subsurface reflector geometry ' contrasts are present. Because of the
y high Q of erystalline rocks the attenuation of energy is much less than in non-crystalline

H

Acoustic properties of the Catoctin volcanics

The Catoctin Formation of central Virginia is composed of metamorphosed basalts and sandstones
that represent pant of the Eocambrien nift volcanics of the eastern continental in of North
America (Wehr and Glover, 1985). On the v=st side of the Blue Ridge near ire NSF-2, granulite
facies rocks of 1 Ga Grenville Blue Ridge basement are overlain nonconformably by a thin unit of
Focambrian (?) Swift Run shallow-water clastics and nonmarine Catoctin  volcanics
metamorphosed to greenschist facies (Figure 1). Nonconformably overlying the Catoctin Forma-
tion in adjacent Valley and Ridge are shallow marine and alluvial clastics of the Cambrian
Chilhower Group (Wehr and Glover, 1985).

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

nosed, epidotized basalts and sandstones interlayered with non fohated
me s and metasediments. The epidotized zones are flow breccias or highly altered zones of
epidote and quartz. Gathright (1976) refers to these zones as epidote-amy idal breccia. Basalt
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 ki of Catoctin
greenschust-facies metamorphosed basalts interbedded with metasediments.  Coarse epidote
amygdules are present in outcrop (Wehr and Glover, 1985). The E%’wm sequence,
a possible equivalent of the Cambro-Ordovician Valley and Ridge Chi shelf sequence,
m&yov«ﬁuthc(‘munonnnmi&dmmm Ridge (Wehr and Glover, 1985).
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The reflections from within the Catoctin Formation on line NSF-2 originate from within a rift se-
quence believed to have been deposited in a submarine environment.

[he excellent reflectivity of the volcanics prompted additional field and laboratory studies of the
Catoctin. Stratigraphic sections and sample collection locations 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 castern side of the Blue Ridge because of the poorer
sample quality of the more foliated section.

Compressional velocities parallel and perpendicular to the dominant foliation (when present) ia 12
Catoctin Formation samples and one Chilhowee Formation sample were determined in the Re-
gional Geophysics using the method descrited by Kolich (1974). Samples were collected at lo-
cations given in Brennan (1985) and at Luck Stone Quarry ia 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 b~ :ia (Table
2).

Velocities determined parallel to foliation are higher than those perpendicular to foliat' on 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. NMeasurements 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 coefficients. Velocities and densities of the Catoctin samples are
<ven in Table 2. Velocity versus density for samples with no apparent foliation (epidosites; samples
IJB4.3C, JBS-5D, JBS-12A, JBS-11A, and JB4-4A) shows that velocity, v(km/s), is approximately
a linear function of density, p(gm/cm?®), (eg. Birch, 1961) with a least-squares fit of
v = (1.04£0225)p + (283£0.696), R = 09367. A least-squares fit between velocities de-
termined perpendicular to S, ( S,) and densities of Catoctin greenstones (samples JB5-10C,
JB4-3D, JB4-4G, JB4-4D, and JBS-10D) showed an inverse relationship between velocity and
density of the form v 5, = - (1.53£0.513)p + (10.5£1.53), R + - 0.86553. A similar but
less well-defined inverse relationship between velocities parallel to S, and density (samples JBS-10C,
JB4-4G, JB4-4D, JB4-3D, and JB5-10D) was of the form
vy = - (1.39£0985)p + (10.5£30), R = - 0.6295.

Normal iucic nee reflection coeflicients were calculates for various juxtapositions of Catoctin
Formation lhthologies. The juxtaposition of Catoctin metabasalts (samples JB4-4A, JBS-11A,
JBS-12A, JBS-3C, and JBS-5D) with epidotized metasandstones (JB4-3C) can result in reflection
coefficients of magnitudes 2 0.1.

Pressure versus acoustic impeda: ~ 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-11A, and JBS-12A and acoustic impedance per-
pendicular to foliation of the greenstone samples; the reflection coefficient between sample JB4-4A
and sample JBS5-10C S, is -0.08. Acoustic impedance contrasts within the epidosites between
sample JB4-3C, a metasandstone, and samples JB4-4A, JBS-11A, and JBS-12A, the amygdaloidal
metabzasalts, are the largest observed; the reflection coefficient between samples JB4-3C and JB4-4A
is 0.12.
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Tuning

A thin bed is defined as cne whose two-way traveltime thickness is less than the tuning thickness,
T/2, of the source wavelet, where T 1s the dominant period of the wavelet (Sengbush and others,
1961). For a dominant frequency of 38 Hz and a compressional velocity of 6 km/s, the dorninant
wavelength, 4, is approximately 157 m. The Catoctin beds are commonly less than 30 m thick or
less than 4/4, and are thus acoustically thir. 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 12flection from a thin
bed of tuning thickness is approximately twice the amplitude of the same source wavelet 1eflected
from a single interface. These thin-be !, first-denvative, reflections ma, themselves constructively
interfere to form “tuned” first derivati.e reflections which are larger in amplitude than would be
expected from a single interface, or frem a single bed of turung thickness. The result is a reflected
waveform similar in shape to that leaving the source. As iaore 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 eiven by Brennan
(1985).

Models based on measured Catoctin sections illustrate that corsructive interference of reflections
frora multiple thin bed. can result in large-ampliiude composite reflections that are characterized
by first-denvative waveforms, Klauder-type waveforms, or ringing seismic signatures. Reflections
from the synthetic seismogram model of geologic section B arc of large amplitude with a slightly
reverberating appearance (Brennan, 1985).

Conclusions

Metamorphosed basalts and sandstones (Catoctin) and mietamorphosed felsic and mafic volcanic
rocks (Chopawamsic) in the upper crust along the Jame: River traverse have excellent reflectivity.
Without tiiese reflectors, reflection quality might normally be expected to vary from poor to good
in metamorphic and igneous terrane. Qur results indicate J:f in general, the best crustal
reflectivity in the Piedmont is associated with eit!. r metamorphosed basalts and felsic volcanics,
or with metamorphosed baalts and sandstones. Keflections 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 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 gec’ogic framework of seismicity in the
crystalline rocks of the Piedmont depends to a large extent on ihe placement of reflection seismic
traverses where thick soquences of such metamorphosad 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 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-
tatiop from a single vibrator provided enovgh elergy is injected into the ground by using long
sweeps. Comparison of our data (NRC-$) with multivibrator data obtained about 10 km to the
northeast along strike of Catoctin outcrops on I-64 (Harris and others, 1982) indicates that the
single vibrator data has a higher S/N ratio. A simili.r conclusion holds where we were able to make
a comparison between proprietary multivibratos 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 he re-
cogrized. The Grenville terrane is acoustically transparent. Metamorphosed volcanic Lithoracies
have excellent reflectivity. The Chopawamsic volcanics (Figure 113 and Catoctin (Figure 6) have
different, recognizable, signatures. The former shows good quality retiections with well-formed
Klauder wavelets that truncate one another. They suggest 'enticular geometry and repetition by
thrust faults. The Catoctin has a signature of large-amplitude, more parallel reflections. Boundaries
between granite and basalts or amphibolite scem to result in poor quality reflections. Using the
quality and geometr, 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
clanified (Figure 7). Good reflected events were recorded on Line NRC-5 beneath the Blue Ridge
(Figure S 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 1o 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
or_ogcnl. and play a key role in evaluating tectonic models, can be casily detected by reflection
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
Age Sample Number 400 600 (g/em?)
Mississippian 1-19A 5.06 5.17
1-19B 5.03 5.09
Price 1-6A 548 5.58 267003
sandsione 1-6B 553 553
3-6C 5.50 5.55
post-Cloyd 31-7A 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 543 5.49
Parrott 1-16A 5.63 5.64 2.62+0.00
sandstone 1-15A 5.44 5.51
Devonian 1-14A 4.53 464
Chemung 1-148 4.58 4.70 261£0.05
sandstone 1-15A 4.63 4.79
1-15B 4.73 49|
Millboro 1-13A 472 472 2.74£0.01
shale 1-13B 4.64 4.70
Silurian Keefer 1-:21A 5.68 5.76 2.64+001
sandstone 1-21B 5.68 5.72
Silurian 1-12A 5.30 5.31
Rose Hill 1-12B 5.32 533 307+0.03
sandstone 1-20A 5.29 5.32
1-20B 5.68 5.69
1-11A 5.79 5.80
Tuscarora 1-11B 5.76 5.76 264001
sandstone 2-4A 5.55 563
2-4B 5.60 5.66
Ordovician 1-10A S.18 5.2
Juniata 1-10B 5.26 5.31
sandstone 2-6A 451 4.58 262+0.03

I Velocity and density determinations from Kolich (1974) except where noted.
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Cambnan

Cambnan

Cambrian

Samples measured by Edsall (1974).

dolomite

Kingsport
dolomite

Longview
limestone

Chepultepec
limestone

Chepultepec
dolomite

Copper Ridge
sandstone

Copper Ridge
dolomite

Elbrook
dolomite

Honaker

Honaker?
dolomite

Rome?
shale

Rome?
dolomite

Shady?
dolomite

Shady?
limestone

Erwin?

1-2B

4-11A
4-11B

4-10A

4-5A
4.5B

4-6A
4-6B

4-7A
4-7B

4-8A
4-8B

3-9A
398
4-9A
4-9B

1-1A

6A1
6A2
6B1
632

SA1
SA2
SA3
5A4

SBI
5B2

4Al
4A2
4A3

4B
4B2

JIA
JA2

29

6.26

6.02
6.44

6.61

6.31

6.20
6.49

6.62

2.7940.00

2.71+0.00

2.72£0.00

2.83+0.00

2.71£0.00

281£0.01

2.80£0.03

2.85%£0.01

283+ 0.01

2.67+£0.02

2.83£0.00

2.84£0.01

2.73£0.01

2.59+£0.04



Precambrian

Precambrian

sandstone

Hampton?
shale

Unicor?
sandstone

Augen?
gneiss
Amphibolite?

Lynchburg?
amphibolite

Lynchburg?
gneiss

1.1 billion
year old

gneiss,
Grenville (7)

B
B2

2(1)
22)

1(15
1(2)

(1)
9%2)

(1)
n2)

8C1
8C2

8AL
8A2
SBI
8B2

V105-200
V105-410
V105-550
V106-803
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2.71£0.00

2674001

2.70£0.00

3.00£0.00

2.97£0.03

2.64+0.08
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Sample
number

Table 2
Compressional Velocity and Density of
Catoctin Samples

Description’ Velocity* Propagation®
(km/s) direction

Densi
(z/m?;

IB4-1

J1B4.3B

JB4-3C

JB4-3D

JB4-3D

JB4-4A

JB4-4D

JB4-4D

IB4-4G

JB4-4G

Chilhowee phyllite: 5.29; 5.29 5
38%Chl, 38°%Q + F,
15%0p, 9%Ep

Phyllite: 38%Op, 5.14; 5.13
26%Chl, 22%0Q, 9%Ep,
4%Sph, 2%Cec

Metasandstone: 5.73; 5.71 no S,
45%Ep, 45°%Q + F,
10%O0p; (Epidosite)

Schust: 47%Ep,28%Chl, 6.25; 6.28 IS,
14%Q, 6%Cc, 5%0p
(Greenstone)

Schist: 47%Ep, 28°%Chl,  5.98; 597 -
14%Q, 6%Cc, 5%0p
(Greenstone)

Metabasalt: 6.23; 6.24 no S,
50%Ep, 17%Chl,

17%Q + F, 8%Cc, 8%0p

(Epidosite)

Schist: 38%Chl, 6.18; 6.39 IS,
19%0p, 18%Ep, 5%Cc,

14%Q + F, 6%Sph

(Greenstone)

Schist: 38%Chl, 5.80; 5.80 N
19%0p, 18%0p, 5%Cc,

14%Q + F, 6%Sph

(Greenstone)

Schist: 45%Chl, 26%Sph, 5.90; 5.92 5
21%Ep, 4°%Q + F, 4%Act
(Greenstone)

Schist: 45%Chl, 26%Sph, 6.48; 6.47 IS,

21%Ep, 4%Q + F, 4% Act
(Greenstone)

3

279

315

2.80

299

295

319

3.02

3.01

3.01

3.01
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The reflections from within the Catoctin Formation on line NSF-2 originate from within a nift 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 locations are in Brennan (1985). The
Catoctin Formation on the cast 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 eastern side of the Blue Ridge because of th. 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 determined in the Re-
gional Geophysics using the method described by Kolich (1974). Samples were collected at lo-
cations given in Brennan (i985) 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 lic 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 coefficients. 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 of
v = (1.04£0225)p + (283+£0.696), R = 09367. A least-squares fit between velocities de-
termined perpendicular to S, ( S,) and densities of Catoctin greenstones (samples JBS-10C,
JB4-1D, JB4-4G, JB4-4D, and JBS5-10D) showed an inverse relationship between velocity and
density of the formv 5, = - (1.53£0.513)p + (10.5%1.53), R = . 0.86553. A similar but
less well-defined inverse relationship between velocities paralle! to S, and density (samples JBS-10C,
JB4-4G, J1B4-4D, JB4-3D, and JB5-10D) was of the form
Vin = - (1.39£0985)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-11A,
JBS-12A, JBS-3C, and JBS-5D) 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-11A, and JBS-12A and acoustic impedance per-
pendicular to foliation of the greenstone samples, the reflection coeflicient between sample JB4-4A
and sample JBS-10C S, is -0.08. Acoustic impedance contrasts within the epidosites between
sample JB4-3C, a metasandstone, and samples JB4-4A, JBS-11A, and JBS-12A, the amygdaloidal
metabasalts, are the largest observed; the reflection coefficient between samples JB4-3C and JB4-4A
is 0.12.
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Tuning

A thin bed is defined as one whose two-way traveltime chickness 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 Iiz and a compressional velocity of 6 km/s, the dominant
wavelength, 4, is approximately 157 m. The Catoctin beds are commonly less than 30 m thick or
less than 4/4, 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 thun
bed of tuning thickness is approximately twice the amplitude of the same source wavelet reflected
from a single interface. These thin-bed, first-denvative, 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 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 coefficients determined in this study, synthetic
seismogram modeling of thin bed sequences was done to obtain seismograms that might simulate
the r;ﬂection character observed on a segment of Line NSF-2. Typical results are given by Brennan
(1985),

Models 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-denvative waveforms, Klauder-type waveforms, or ringing seismic signatures. Reflections
from the synthetic seismogram model of geologic section B are of large amplitude with a slightly
reverberating appearance (Brennan, 1985).

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.
Without these reflectors, reflection quality might normally be expected to vary from poor to good
in metamorphic and igneous terrane. Qur results indicate that, in general, the best crustal
reflectivity in the Piedmont is associated with either metamorphosed basalts and [ isic 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 constiuctive 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 scismic
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-$) with multivibrator data obtained about 10 km to the
northeast along strike of Catoctin outcrops on [-64 (Harris 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 Grenville 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 ‘runcate one another. They suggest lenticular geometry and repetition by
thrust faults. The Catoctin has a signature of large-amplitude, more parallel reflections. Boundaries
between granite and basalts or amphibolite seem to resuli in poor quality reflections. Using the
quality and geometry of the reflections in interpretation we obtained 2 good correlation with
mhar[?ed 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 S 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 extrapo-
lation of ruflectors 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
orpgenl, and play a key role in evaluating tectonic models, can be casily detected by reflection
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
Age Sample Number 400 600 (g'em?)
Mississippian 1-19A 5.06 517
1-19B 5.03 5.09
Price 3-6A 548 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=06.01
claystone 3.7B 4.72 4.79
Cloyd 1-17A 5.50 5.53 2.58+0.00
conglomerate 1-17B 543 549
Parrott | 16A 5.63 5.64 2.62+0.00
sandstone 1-15A 5.44 5.51
Devonian 1-14A 4.5} 464
Chemung 1-14B 458 4.70 261%0.05
sandstone 1-15A 463 4.79
1-15B 4.73 491
Millboro 1-13A 4.72 4.72 2.74£0.01
shale 1-13B 4.64 4.70
Silunan Keefer 1-21A 5.68 5.76 264001
sandstone 1-21B 5.68 572
Silunan 1-12A 5.30 5.31
Rose Hill 1-12B 5.32 533 307+0.03
sandstone 1-20A 5.29 132
1-20B 5.68 5.69
1-11A 5.79 5.80
Tuscarora 1-11B 5.76 5.76 2.64+0.01
sandstone 2-4A 355 563
2-4B 5.60 5.66
Ordovician 1-10A 5.18 3.27
Juniata 1-10B 5.26 5.31
sandstone 2-6A 4.51 4.58 2.62+003

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

27



Ordovician

Ordovician

Martinsburg
shale

Eggleston
conglomerate

Moccasin
shale

Bays
sandstone

Witten
limestone

Liberty Hall
shale

Lincolnshire
limestone

Five Oaks
limestone

New Market
limestone

Elway
limestone

Upper Knox
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O O
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el

>
>

ez
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2-8B
2-10A
2-10B
2-10C
4-1A
4-1B
4.1C
4-2A
4-2B
4.2C
2-1A
2-1B

1-7B
1-8A
1-8B
4-13A
4-13B

i-SA
1-5B

4-12A
4-12B

1-3A
1-3B

1-2A

28

5.31

AP WAL
O dn VLA
80\—-0 \005-———8

6.27
6.21
6.39
6.27
6.24

6.38
6.37

645
6.34

6.00
6.29

6.32

ot ool i g
¢ X

oo
wn

3.53
5.48
5.55
5.30
4.09
4.09

5.59
5.71
499
5.05

599
6.07

451
44|
481
461
463
549
5.56
5.82
451
4.60
4.70
6.22
6.01

6.28
6.22
6.40
6.32
6.29

6.38
6.38

6.46
6.29

6.07
6.30

6.40

4.66
542

2.70£0.00

265+0.00

2.71£0.03

2.68+0.0)

268001

269+ 0.02

2.70£0.01

2.70£0.00

2.72+£0.00

2.68+0.01

2.82%0.00



Cambrnian

Cambrian

Cambnan

1

Samples measured by Ldsall (1974).

dolomite

Kingsport
dolomite

Longview
limestone

Chepultepec
limestone

Chepultepec
dolomite

Copper Ridge
sandstone

Copper Ridge
dolomute

Elbrook
doloniite

Honaker

Honaker?
dolomite

Rome?
shale

Rome?
dolomite

Shady?
dolomite

Shady?
limestone

Erwin?

1-2B

4-11A
4-11B

4-10A

4-5A
4-5B

4-6A
4-6B

4.7A
4-7B

4-8A
4-8B

3-9A
398
4'9[‘\
4-9B

I-1A

6A1
6A2
6B1
6B2

SA1
SA2
SA3
SA4

SBI
sB2

4Al
4A2
4A3

4Bl
482

JIA
JA2

29

6.26

6.02
644

6.61

6.55

6.31

6.20
6.49

6.62

6.56
6.45
6.57
6.65

5.79
6.01

6.32
6.33

6.24
6.27
6.58
6.68

6.93

3
O A — D

s
“J O 00 »—

73
74

69
6.9

6.9
6.8

6.0
6.1

2.7940.00

2.71£0.00

2.7240.00

2.83£0.00

2.71£0.00

2.81£0.01

280£0.03

285001

283£0.01

267002

2.83+0.00

284001

2.73£001

2594004



Precambrnian

Precambrian

sandstone

Hampton?
shale

Unicoi?
sandstone
Augen?
gneiss
Amphibolite?

Lynchburg?
amphibolite

Lynchburg?
gneiss

1.1 billion
year old
gneiss,
Grenville (7)

Bl
B2

2(1)
22)

1(1)
1(2)

9(1)
9(2)

(1)
n2)

8C1
8C2

8AL
8A2
SB1
§B2

V105-200
V105-410
V105-550
V106-803

30

KA B A A LS AL
E S SN & o— [ R Q0 w=a oo w b 2

-
OO

6.05

>
EXF

LA ORISR RN R A
N o oV BE e

6.05

2.71£0.00
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Sample
number

Table 2

Compressional Velocity and Density of

Catoctin Samples

Description’ Velocity*
(km/s)

Propagation’
direction

Densi
(zla-t’y)

IB4-1

JB4-3B

JB4-3C

JB4-3D

JB4-3D

JB4-4A

JB4-4D

JB4-4D

I1B4-4G

JB4-4G

Chilhowee phyllite: $.29; 5.29
38%Chl, 38°%Q+F,
15%0p, 9%Ep

Phyllite: 38%0Op, 5.14; 5.13
26%Chl, 22%Q, 9%Ep,
4%Sph, 2%Cc

Metasandstone: 5.73;, 5.7
45%Ep, 45%Q +F,
10%0p; (Epidosite)

Schist: 47%Ep,28%Chl, 6.25, 6.28
14%Q, 6%Cc, 5%0p
(Greenstone)

Schist: 47%Ep, 28°%Chl, 5.98; 5.97
14%Q, 6%Cc, 5%0p
(Greenstone)

Metabasalt: 6.23, 6.24
S0%Ep, 17%Chl,

17°%Q + F, 8%Cc, §8%0p

(Epidosite)

Schist: 38%Chl 6.38; 6.39
19%0p, 18%Ep, $%Cs,

14%Q + F, 6%Sph

(Greenstone)

Schist: 38%Chl, $.80; 5.80
19%0p, 18%0p, 5%Ce,

14°%Q + F, 6%Sph

(Greenstone)

Schist: 45%Chl, 26%Sph, 5.90; 5.92
21%Ep, 4°Q + F, 4%Act
(Greenstone)

Schist: 45%Chl, 26%Sph, 6.48; 6.47

21%Ep, 4°%Q+F, 4%Act
{Greenstone)

3l

no S,

S,

IS,

IS,

2.79

315

2.80

299

295

319

3.02

301

3.01

301



JBS-5D Metabasalt: 5.97; 598 no §, 3.03
38%Ep, 29%Q +F,
23%0p, 10%Cc
(Volcanic Breccia)

JBS-SF Schist: 43%Chl, 5.52; 5.68 e 2.89
17%Q + F, 15%Sph,
14%0p, 6%Ep, 5%Cc
(Greenstone)

JB5-10C Schist: 40%Chl, 641; 645 IIS, 2.93
22%0p, 21%Q,
2%Ep, 4%Cc
(Greenstone)

JBS-10C Schist: 40%Chl, 22%0p,  5.99; 6.01 i85 291
21%Q, 13%Ip, 4%Cc
(Greenstone)

JBS-10D Phyllite: 45%Fp,34%0p,  5.65; 5.68 . 311
15%Q+ F, 6%Cc
(Epidotised
volcanic breccia)

JBS-10D Phyllite: 45%D'p, 34%0p, 6.26; 6.21 IS, 3.07
15%Q+ F, 6%Cc

(Epidotised
voﬂa.nic braccia)

JBS-11A Amygdaloidal metabasalt:  6.14; 6.16 no S, 330
42%Ep, 32%0p, 26%Q + F
(Epidosite)

JBS-12A Amygdaloidal metabasalt:  6.16; 6.15 no S, 31s
45%0p, 35%Q, 20%ILp
(Epidosite)

Q=quartz; F=albite; Ep=epidote; Op=opaques; Cc=carbonates; Chl=chlorite; Act= actinolite;
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 samplus had minor amounts. The small 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 descriptions.

Compressional velocities measured under hydrostatic pressure at 400 and 600 atm, respectively. The dif-
ference is indicative of the accuracy of the velocity determinations.
$ u.sj refers to primary foliation,

= velocity measured parallel to §y.
&1 = velocity measured perpmdicu,u to §}.
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SEISMICITY, SEISMIC REFLECTION, GRAVITY AND GEOLOGY OF THE
CENTRAL VIRGINIA SEISMIC ZONE: PART 11, GEOLOGIC FRAMEWORK

Lynn Glover, 111, John K. Costain, Cahit Coruh, Nicholas H. Evans,
G. A. Bollinger, Stewait S. Farrar, and Mathew §. 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 seismic ;one 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
rift-generated lapetus Ocean. Eocambrian and Cambnan rift and dnift-stage sediment accumulated
in the North Amencan margin. An eastern continent with an Eocambrian and Cambnan magmatic
arc, collived with the North American continental margin in the Middle and Late Ordovician. The
zone of suture locally still contains a subduction wedge complex of metagraywacke and ocean floor
basalt. Subsequent Devono-Mississippian and Mississippian- "ermian orogenesis from collisions(?)
outboard of the early Palenzoic suture continued to dnve thin thrust nappes onto North America.
Early Mesozoic nift and pull apari(?) basins record the beginning of the Atlantic basin and during
Middle 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 formed 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.



Introduction

Geologic and geophysical studies by Virginia Tech along the James River traverse (Figurz 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)

vide information about the geologic framework of current seismicity in the Central Virginia
Seismic Zone. At the broadest level of inquiry we are attempting to clarify the accretionary history
and growth of this part of the eastern North American continental margin during the last billion
years. This paper 1s 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. Here
we develop a tectonic model from surface geologic studies (based in part on detailed geologic
m?ping 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 Coruh and others in the first part
of this report. Finally we relate current seismicity to the tectonic model.

Geologic Framework

A complex history of nift, drift. and collision is recorded in the development of the Blue Ridge and
Piedmont rocks along the traverse. In the model presented the Taconic orogeuy spans middle and
Late Ordovician tune. Acadian orogenesis is weakly documnented here; however, it was relatively
intense in the southern Appalachians (Glover and others, 1983). The Alleghanian was an intense
event in the eastern Piedmont along this traverse. Bnef descriptions and analyses of lithotectonic
units along the traverse are given below.

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
are overlain nonconformably by a thin unit of Eocambnan(?) Swift Run clastic rocks and nonma-
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nne Catoctin basalt. These formations and the overlying Unicoi of Cambrian Chilhowee Group
belong to the nift facies formed dunng the Eocambrian in eastern North Amenca. Conformably
overlying the Unicoi in the adjacent Valley and Ridge Province are shallow marine clastic and
marine carbonate rocks (Gathnght and others, 1977). ithese Cambnan and early Ordovician rocks
comprise a dominantly passive margin drift sequence. Basalt erupted on the early Cambrian Unicoi
shelf in southwestern Virginia (Rankin, 1975). This marks the end of the rift stage begun in latest
Precambrian time. Dunng late Early Cambnan deposition of the Rome Formation, the North
American shelfl was again bnefly disrupted by rifting centered 50-100 km west of the Valley and
Ridge in West Virginia, Maryland, and states to the southwest. This modificd passive margin se-
quence is overlain in turn by the Middle and Late Ordovician (Taconic) orogenic clastic wedge, of
which the Martinsburg Formation is the principal unit. Younger clastic wedges oconrring to the
west were formed during Middle Devonian through Early Mississippian orogeny ("Acadian™?)
(Glover and others, 1983) and during the Middle Missippian to Permian (Alleghanian orogeny).
All of these clastic wedges (interpretation slightly modified from Colton, 1970) were derived from
castern 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
Crosstiore intrusives are overlain nonconformably by east-dipping Eocambrian shallow to deep
marine clastic rocks (Wehr, 1952, 1983) of the Lynchburg Group (eCly). The intrusives are
bimodal, peralkaline and have been related 1o rifting by Rankin (1975). The Lynchburg sents
an alluvial fan to deltaic system with transportation directly into 2 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 Eocambnian nfting (Brown, 1973; Wehr, 1982).

A metamorphosed ultramafic sill within the Lynchburg Group near Schuyler, Virginia was proba-
bly emplaced dunng rifting. Origin as a sill is suggested by well-preserved thin beds of I ynchburg
sedimentary rock that lic undeformed just below the basal contact of the ultramafic body and by

the generally concordant outcrop pattern of the body. Thus, an ophiolite origin can safely be ruled
out for the Schuyler.

Approvimately 2 km of Catoctin metabasalt (¢Cc) 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 southeastern sequence appears to be of manne origin
(Wehr, 1983). The mixed lenses of conglomerate, sandstone, graphitic mudstone, mudstone and
volcanics probably resulted from gravitational sliding, turbidites and volcanic disruption of the
Lynchburg surface duning initial eruption of Catoctin lavas.

The Catoctin contains interlayers of mafic pyroclastic rocks and arkosic sandstone, and coarse
amygdules are common in the Charlottesville area. Pillow lava and hyaloclastite breccias occur near
the 1op of the Catoctin along the Hardware River in Albermarle 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 depositional 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

35

j




and graywacke (Evans, 1984). The upper part of the Candler along the JRT-1 profile is dominantly
thin-%:dded. metamorphosed mudstone and black claystone with minor carbonate rocks (Evans,
1984). Along strike to the southwest near Lynchburg, the £ vington Group comprises the sequence,
from base to top: deep water turbidites and carbonate (Candler and Archer Creek respectively),
massive and planar bedded pelite (Pelier schist), shallow water quartz arenite and carbonate (Mount
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). Large scale crossbeds in the quartzite and locally
large amygdules in the basait also suggest a shallowing upward sequence; facies changes along strike
in northern Virginia seem 1o suppont 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 northern Virginia and Maryland. This sequence is
shown as Chilhowee on the Geologic Map of Virginia (Calver, 1963).

Characterization of the Evington Group as an off-shelf passive continental margin-basin sequence
1s an important part of our tectonic model; however, because the stratigraphic sequence and struc-
ture of the Evington and the origin of intercalated basalt are controversial, we lierein digress into a
more regional discussion of these problems.

In the western Maryland Piedmont, the western Wissahickon Formation (Reinhardt, 1974; Fisher
and others, 1979), which includes Marburg and Ijamsville schists and phyllites, Silver Run
Limestone and Sams Creek Basalt, comprises a package of rocks along strike from, similar to, and
probably correlative with the Evington Group (Bland, 1978 and references therein). Both the Sams
Creek Basalt and the Slippery Creck Basalt are gencrally believed to be near the top of these eastern
Piedmont Cambnan-FEarly Ordovician(?) sequences (Brown, 1970; Bland, 1978, Ec'mhudt. 1974).
Redden (1963), however, proposed that the sequence south of Lynch: g near Altavista, Virginia
was originally deposited in the reverse order of that mapped at [ynchburg by Brown. Although
the problem of stratigraphic order ncar 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
Hardware 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 Cambnan) of the Valley and Ridge and manganoan marble in the Mount
Athos Formation of the Piedmont Evington Group. Bante deposits and sedimentary iron ore are
associates of the mangancan strata.  The Slippery Creek overlies the Mount Athos and the nift-
related Rome Formation overlies the Shady. Bland (1978) gave trace element abundance data to
support a nft ongin for the Slirpcry Creek. We believe the association supports a model of Early
Cambnan nfting, deposition of manganoan calcite, iron and barite from sugtomn'ne hydrothermal
springs and local eruption of basalt. These Farly Cambrian nifting effects appear to be a separate
episode later than the Late Precambrian to Farliest Cambrian nfting that generated the North
Amencan passive margin. They were superimposed on that margin as a result of rifting centered
in states to the west of Virginia. Thus the Cambrian to Eariy Ordovician passive margin of eastern
North America does not comprise a typical dnift sequence but probably was modified by a rift event
duning the Early Cambnan.

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

We conclude that in northern and central Virginia, the Blue Ridge appears to represent a structure
of the continental margin analogous to the hinge rone (Watts, 1981) of modem continental passive
margins. A hinge zone occurs at the break be’ vect; shelf deposits, formed on a nosmal thickness
of crust, and slope-basin or slope-rise deposits ‘>ero o on transitional crust which has been thinned
by ductile and brittle mechanisms during rifta ¢, hus & hinge zone is a tectonic clement that dis-
plays structural, volcanic/intrusive, und sedimentoiogical characteristics that can be recogrized in
ancient orogenic terranes (Glover and others, 1983, Wehr and Glover, 1985).

Hardware Metagraywacke

Along the James River traverse (Figure 1) the Evington Group is bounded on the southeast by the
Buck Island fault contact with the Hardware Metagraywacke (Evans, 1984). The Mount Athos
Formation and Shippery Creek greenstone of the Upper Evington Gronp are absent by facies
change or possibly by faulting.

The westernmost unit of the Hardware raetagraywacke consists of fine grained, thin beds or laminae
of metagraywacke which are Incally graded (Evans, 1984). An appropriate envirunment might be
on the outer fan of a deep water turbidite sequence. Eastward these are abruptly transitional into
mid fan(?), medium- to coarse-grained and thicker-bedded graywacke with local pebbly graywacke.
Evans reports scattered, apparently allochthonous blocks of mafic igneous rocks in the
metagraywacke.  Detrital munerals in the eastern metagraywacke include quartz, plagioclase,
tourmaline, epidote, magnetite, titanite, and muscovite after K-feldspar(?). Lithic fragments include
dacitic tuff, gabbro, and granitoid fragments. The mineral fragments, lithic clasts and castward
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.

The Hardware graywacke sequence is similar to the Peters Creek Schist of Drake and Morgan
(1981) in northern Virginia, as well as to the Wissahickon metagraywacke of the central and western
Maryland Piedmont (Fisher and others, 1979). Stratigraphic «nd structural relations in these arcas
are uaresolved but all authors found evidence for a source of sediment 10 the southeast. Evans
(1984) preferred a model involving deposition of the metagraywacke directly upon the Evington
Group, followed by multiple thrusting episodes at the contuct. This seems to us 1o be consistent
with the regional tectonics as presented nere.

The age of the metagraywacke is younger than clasts of Chopawamsic volcanics (ca. 550 Ma Late
Early Cambrian) included in it (Fisher and others, 1979) and younger than the Late Early Cambrian
upper Evington Group that it was apparently deposited upon. Because the 500 Ma Occoquan
Granite (Mose and Nagel, 1982) intrudes probable correlatives of the mcla.{aywackc in northern
\'ugugia (Drake and Morgan, 1981) the Hardware metagraywacke is probably of Middle or Late
Cambnan age.

Shores Complex

The Shores Complex (Evans, 1984) was first recognized as a melange-like assemblage by Brown
(1972). Major faults bound both sides of the complex (Figure 1). Evans .'escribed it as a
Eolydcfom\cd amalgam of epidote-chlorite gneiss, epidote-chlorite migmatitic gneiss, and
omblende-epidote-albite schist. Greenstone occurs in blocks as large as several meters ir - @ameter
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in a matrix of epidote-chlorite gneiss or migmatitic gne'ss. Some gneissic samples appear to have
relict graywacke texture, with detrital grains of quartz and plagioclase. Migmatitic 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 onigin for Shores greenstones using trace element discnmination 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 secra anomalous for the usual high
P, low T conditions (Bird and others, 1975) of subduction zoues; however, as Evans pointed out,
melting could be reached in these compositions under conditions of Py, approaching P, at
temperatures of around 630°C and pressures on the order of 6 10 8 kb (19 To 26 km).

Eastern Piedmont-Goochland and Volcanogenic Terranes

Two terranes comprise the eastern Piedmont along the James Riv-r traverse (Figure 1): a Late
Precambrian(?) to Cambnan(?) volcanogenic terrane and the older (1 Ga) Goochland granulite
terrane (Glover and others, 1978, 1983; Farrar and others, 1983). i'he Goochland terrane, which
includes the State Farm Gneiss, (pCsf), Sabot Amphibolites (pCs) and Maidens Gneiss (pCm), has
been seen only in fault contact with the younger terrane. Along its western margin it is thrust over
the Cambnan 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 Precambnan or
Cambrian(?) Eastern slate belt volcanic rocks. South of the surface extension of the Goochland
terrane into North Carolina, the volcanogenic sequence comprises the enti eastern 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 terrane.

Within the Goochland terrane the structurally lowest and oldest(?) unit is the State Farm Gneiss.
It is a coérse- to medium-grained granodiontic to tonalitic ranitoid with abundant titanite and
ilmenite, indicating a kigh titanium content. It has a whoi. rock Rb-Sr isochron age of 1031 %
94 Ma (20) (Glover and others, 1982). A tabular metabasalt, the Sabot Amphibolite, overlies the
State Farm. It, in tumn, is overlain by the Maidens Gneiss which is dominantly a biotite-quartz-
plagioclase gneiss with minor intercalations of garnet-plagioclase-quartz-K-feldspar leucogneiss,
pyroxene-homblende-plagioclase amphibolite, K-feldspar + silimanite-bearing pelitic gneiss par-
tially to completely recrystallized to muscovite-quartz schist, and minor calc-silicate and marble
layers. The Maidens is probably a feldspathic metagraywacke sequence. In addition to the above,
the Montpelier m:tanorthosite (Clement and Bice, 1782; Rice and Clement, 1982) appears to be
intrusive into the State Farm, Sabot, *~d Maidens at the nc tnemn end of the State Farm antiform
(Farrar, 1984)(Figure 1).

Farrar (1984) showed that the Goociaci« i erane underwent granulite facies metamorphism at
ak~yt | Ga and during Paleozoic events '« retrograded 10 amphibolite- and upper greenschist-
1. .s assemblages. This confirms the conciu:.on of Glover and others (1975) that the State Farm,
Savot and Maidens could all be of Grenville ap=

Only the Sabot and Maidens lithologies of the *ioochland terrane seem to differ from rock
assemblages commonly scen in the Grenville basement of the Virgimia Blue Ridge. The structurally
underlying and possibly older State Fanm Geniss is petrologically identical to Blue Ridge basement,
Ancrthosite occurs in both terranes and the age of granulite metamorphism is sumilar. Thus it
seems probable that the Goochland wnd the Blue Ridge basement were once part of the same
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geologic terrane. Pratt and others (in press) have shown that the Goochland is a nappe of North
Amencan basement thrust over the Chopawamsic volcanics.

The younger, volcanic terrane in the castern Piedmont is composed of 90 percent or raore
voleanogenic rocks. The easternmost volcanogenic rocks in Figure | consist of felsic metavolcanic
rocks and phyllites of probable volcanic source (Bobyarchick, 1978). These rocks are similar 10,
along stnke from, and probably correlative with tae Eastern slate belt of North Carolina. Volcanics
of the western part of \ne eastern Piedmont (Figure 1) are known as the Chopawamsic Formation
and consist of predominantly rhyodacitic, dacitic and basaltic rocks that onginated as lavas, and
shallow intrusive and pyroclastic rocks. According to Bland (1978), the Chopawamsic rocks are
calc-alkaline volcanucs, a conclusion based primaiily on trace element analysis. Bland (1978) con-
cluded that eastward subduction of oceanic crust in a collapsing back-arc basin generated the cale-
alkaline volcanics of the Chopawamsic Formation. Although we do not agree with a back arc
interpretation of the Fvington basin, melange (Shores Complex) found in association with ocean
floor basalt seems consistent with the eastward polanity of subduction. This is also consistent with
the present east-dipping structure of the Shores,

The age of the Chy *awamsic volcanics is probably about 550 Ma or Early Cambrian (Pavlides,
1631, and references therein). Thus the Chopawamsic appears to correlate with the post
Virgilina-deformation sequence (Glover, 1974, Bnggs and others, 1978; Hamis and Glover,1983)
of the Carolina slate belt in the Albemarle area of central North Carolina. The Chopawamsic
volcanics are laterally continuous with Charlotte belt volcanics (Higgins 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 nifting of the North
Amnerican continent began about 700 g‘la (Crossnore) and continued through the Focambrian to
about 570 Ma. Rifting produced the Evington basin along the North American continental margin.
Ruft facies are overlain by Cambnian to Early Ordovician drift facies which change across the hinge
zone from a s . 'f sequence of shallow water quartz arenite and carbonate on the west to deeper
water siliclastic 1ocks and minor carbonates in the Evington on the cast. By Farly Cambrian time
(ca. 540 Ma) the basin may have prograded nearly to sea level in cent- 1l Virginia if the correlation
of Shady Dolomite (Valley and Ridge) and Mount Athos (Piedmont) is correct.

Several facics of the Farly Cambnian sequences indicate that the passive margin and Fvington basin
were undergoing riftine and basaltic volcanism during this time. Ammerman and Keller (1979)
have discussed the Farly Cambrian development of the Rome nonmarine and shallow marine
siliclastics and dolomite into the Valley and Ridge from Alabama to Pennrylvania. This event is
commonly thought to be largely centered in states 50 ‘5 100 km west of the Valley and Ridge;
however, proprietary data from wdustry indicates that rifting also affected the Rome n the Valley
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and Ridv of Alabama. Scmewhat earlier, basalt had erupted on the Chilhowee shelf in scuth-
western Virginia and probably signaled enc. of Late Precambrian - Farly Cambrian rifting that
nerated lapetuc. As discussed previously, eruption of the Skippery Creck and Sams Creek basalts,
th probably of Early Cambrian «ge, in the Evington basin are additional evidence of rifting alon
the eastern margin of North America at this time. How the Rome rifting comports with the
of a passive continental margin just prior to and periaps during contin tal 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 return to Middle and Late(?) Cambrian eveats, while the carbonate bank (Elbrook, Knox) was
accumulating west of the hinge zone on the platform, turbidites of the eastern Wissahickon were
succeeded by diamictite (Sykesvillc) and metagraywacke. In Maryland most authors have con-
cluded that the diamictite grades westward into metagraywacke (Fisher and others, 1979); however,
in northern Virginia Drake and Morgan (1981) 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 Head
metasiltstone and phyllite (forearc basin?) were deposited unconfonmwn the melange, and
at about 500 Ma (Mose and Nagel, 1982) the Occoquan Granite int 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-greywacke suite in Maryland appears to be in-
compatible with the hard rock state of transport claimed for the metagraywacke Piney Branch
in northern Vi.rg‘n.ia. Additionally, emplacoment of the Occoquan Granite (500 Ma), Ellisville

iteid (440 Ma; Pavlides and others,1982), M:lrose Granite (ca. 470; Gates, 1981) and

therwood Granite (450, Odom and Russell, 1975) into the melange-metagraywacke sequences
aiong strike in northern, 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 castern continent
(Chopawamsic, Shores), and probably rift and dnft facies of the North Amencan continental mar-
gin apron. Except for the Late Cambrian Popes Head Formation (Drake and Morgan, 1981) which
urconformably overlies thrust stacks of metagraywacke and melange, prunary pyroclastic debris
appears to be absent in the metagraywacke-melange-diamictite association.  Because of the
buoyancy of the subducting North American continent the dip of the subduction zone may have
decreasea after initial collison. Under similar conditions in the Himalayan orogene volcanism di-
minished in volume and moved toward the interior of the overriding continent. A similar response
in the Appalachian orogene might cxplain the apparent Late Cambrian diminution of volcanism
in the Chopawamsic terrane; however, the Popes Head volcanics and bentonites from the Middle
Ordovician of the Valley and Ridge attest to sporadic and perl.-os distant volcanism continuing
from the eastern continent.

The Cambrian age of teh Shorus and its melange of ocean floor basalt suggest accumulation or an
accretionary wedge on th: osean floor prior to collision with the North American continent during
the Middle and Late Ordovician Taconic Grogeny.

Post-Taconic Paleozoic Events

The Taconic collision was accompanied by igneous intrusion, metamorphism, and deformation
with uplift and formation of an erc+,onal unconformity (Brown, 1969) over the region of the suture
zone. The Late Ordovician to Farly Silurian(?) Arvonia Formation was deposited above the
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Taconic unconformity as subsidence produced a basin in the Piedmont. Younger Pa'sczoic
stratigraphic units appear to be absent 1a the Piedmont.

Structural, metamorphic and igneous events that have been ‘sotopically dated provide the rast of
the Paleozoic history for the region of Figure 1. Synthesis of the ages of regional metamorhism
and ductile deformation (Glover and others, 1983) indicates that both the P nt and Blue Ridge
in the region of Figure | were metamorphosed and ductilely deformed during the Ticonic.
Acadian ductile deformation recrystallized rocks along the Taconic suture. At about 530 Ma the
Petersburg and associated granites were emplaced in the eastern Piedmont (Wnght and others,
1975); this may have been at about the beginning of the Alleghanian orogeny. Alle ghanian
metamorphism and ductile deformation rfoduced amphibolitc-facies assemblages in the castern
Piedmont with resultant retrogression of the granulite assemblages of the Goochland terrane.
Alleghanian orogeny produced crustal shortening in the eastern Piedmont by reactivation of older
faults but also by ductile shortening in the eastern Piedmont. The western ;‘Nmom experienced
reactivation of old fault zones as well as translation westward as an essentially ngd blo:k dunng
this time. As mentioned above, each of these orogenies produced clastic facies in the Valley an

Ridge.
Triassic-Jurassic events

The Permian to Triassic transition from compressional to extensional tectonics has be:n discussed
for the region of Figure | (Bobyarchick and Glover, 1979). During the Triassic-Ju ass ¢, Paleozoic
mylonitic thrust faults were reactivated in an extensional regime (Glover and others, 19%0). Because
thrust faults generally flatten with depth, the form of early Mesozoic reactivation faults boundin
the initial Tnassic basins can be predicted to be listric-normal. Vibroseis data discusscd below ten
to confirm this conclusion. Manspeizer (1981) summarized evidence north of Yirginia for a
southeast trending left lateral stnke slip framework for the ongin of these basins; in the south,
subhorizontal slickensides occur in Late Tnassic sediments along the western border fault of the
Richmond basing in Virginia (Glover, fieid notes). 1t will be important in the futuse to determine
the role of strike slip movement in the formation of these southern basins. Triassc border faults
in Virginia follow old Paleozoic mylonite zones paralicl to Appalachian structural trends (Glover
and others, 1980) and these southern Appalachian Mesozoic basins do not contain Trassic basalt
or diabase in the exposed Picdmont. Diabase and basalt appear during the latest Triassic-Early
Jurassic as volcanics in the basins nonh of Culpeper, Virgirua and as dikes cutting all central and
southern Appalachian basins at high angles (Manspeizer, 1981; Ragland and others, 1983).
Therefore the timing of initial nifts, their control by older faults and lack of initial igneous activity
is consistent with, but do~s not prove, simple extensional deformation in the upper crust without
direct structural connection to the mantle source cf basalt. As May (1971), Manipeizer (1981) and
Ragland and others (1983) have summarized, diabase dikes in the Carolinas ard Virginia appear
dunng the Early Jurassic and are concentrated in the iedmont (especially ¢ver the Piedmont
gravity high) and Atlantic Coastal Plain bascment (i.e., generally over thinner crust). The angular
relation of these dikes to the basins can be gencrally explain in the southeastern 1S by a left lateral
shear model, but on a hemisphenc pre-dnft basis (May, 1971) may require mantle movements
producing a radial dike pattern centering on the Blake Plateau, Bahama Platform and western
Sencgal Basin. The timing of deformation that tapped mantle basalt <ources suggests to us that
transcurrent movement postdates simple extensional opening of the Tnassic tasins. Alternatively
both Triassic and Jurassic tectonics may be related 1o dextral (Triassic) and sinistral (Jurassic)
transform shear that preceded opening of the Atlantic (Swanson, 1982).

The relative imporntance and timing of transcurrent versus dip slip faulting in the early Mesozoic is

an imponant problem in understanding the t¢ tonic history of the castern U.S. Offshore data sheds
some light on the subject. Grow (1981), summanzing unpublished data from D. Hutchinson,
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places the early Mesozoic to Recent hinge zone along the west flank of the Carolina and Baltimore
Canyon troughs. This position corresponds 10 the New Jersey Coast in the north and to the off-
shore Brunswick anomaly in the south. Sediments in the troughs extend onto ocea < crust, which
is believed 10 be as old as Early Jurassic. Thinned inte iate continental crust .. believed to
underlie all of the Carolina Trough and the western part of the Baltimore Canyon Trough. From
the existing data base we belicve that in both regions simple orthogonal or simple oblique (northern
part of Baltimore Canyon Trough) separation formed ocranic crust. No evidence of northerly di-
rected transform motion is reported in these Farly Juras.ic and younger records in contrast o the
evidence or land summarized by Manspeizer (1981) and Swanson (1982). Thus, it seems possible
that the transcurrent movement described by Manspeizer and Swanson is confined to the continent
and is older than the opening of the Atlantic. The dikes and nfting along the Piedmont gravity high
may represent a short lived and aborted rift that expenenced some Latest Trassic and Early Jurassic
lateral translation be'ween Africa and North America as discussed by Swanson (1952).

Cretaceous to Recent Tectonics

Following the Triassic to Early Jurassic rift and wrench stage of development of the Atlantic mar-
gn, a drft 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 lithosphenc plate
as 1t receded from the midocean 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 continental interior as its flexural strength increases by cooling and thickening through
tume.

An additional tectonic event affecting the drift sequence is high angle reverse faulting of small
magnitude (Mixon and Newell, 1977). These faults appear 10 be compressional Paleozoic faults
and mylonites (Bobyarchick and Glover, 1979; Glover and others, 1980) that were reactivated as
listric vormal and wrench faults in the early Mesozoic. They werc again reactivated during the drift
n‘ﬁ of passive margin development, but this time as high angle reverse faults cutting Cretaceous
t5 Miocene and perhaps more recent strata (Mixon and Newell, 1577). Some of the faults desci ibed
by Mixon and Newell strike into or are coextensive with the fiLli along the western edze of the
Goochland terrane and the Hylas zone of Figure 1.

Interpretation of Vibroseis Profiles JRT-1 and JRT-2

In this section, Virginia Tech Vibroseis profiles across the Piedimont and Blue Ridge are presented
and integrated with the preceding data and interpretation. JR'1-1 begins on the Blue Ridge
(Figure 1) and continues to the eastern Piedmont near Sabot, Virgina. The westernmost 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 westum parts of the profile.
Geologic units plotted along the top OF the profile can be compared to the geologic map in
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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 regional data and tectonic model presented above have been used in interpretation.,

Blue Ridge

Grenville basement underlies the western end of profile JRT-1 ( Figure | and Figure 14) and, ex-
cept for an amphibolite intrusion just below the Lynchburg, and reflections interpreted as faults
bounding the Mechums River Formation (pCmye, Figure 1), the Grenville is acoustically transpar-
ent. Below about 1.1 sec. there are a number of cast-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
acoustic contrast as expected between crystalline and sedimentary rocks. 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. 280 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 1 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 } sec. (ca. 9 km) because of the likelthood that the reflections at 3 sec. onginate 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 Albermarle Count y (Nelson, 1962) and the
reflection just west of the Lynchburg corresponds to a mapped mafic intrusive in the Grenville
basement. In the interpretation shown in Vigure 14, the Lynchburg wedges out by thrust trun-
cation about 30 km east of its outcrop. As discussed below, Lynchburg may also be present in a
wedge above basement under the castern end of segment NSF-3 (Figure 14). Coruh and others
(previous section) characterized the seismic signature of the Catoctin and presented geophysical
evidence for faulting associated with it. Segmert NSF-2 of profile 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 Coruh and others (previous section) have shown, a subhori-
zontal fault just below the Catoctin at about 1.8 sec. under the west edge of the Scottsvilie basin
gives evidence of possible backsliding and truncation of the top of the Cambro-Ordovician section.
The pattern 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. Fastward 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! 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
are probably from volcanic breccias. Discordance of some of these Ivington reflectors at the west
end of scgment NSF-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. Mafic lavas crop out along the
southwestern edge of the Scottsville basin and, in NSF-2, appear 1o dip northwestward to where
they are truncated by a fault. Southwest of the Scottsville basin the upper Evington group includes
the Arch Marble, Pelier Schist, Mount Athos Quartzite, and Slippery Creek Greenstone. This
layered sequence contributes 1o the abundance of reflectors seen in the upper {vington group above
the Candler. The reflections from below the southeastern margin of the Scottsville basin form an
anticlinal-synclinal flexure. Palinspastic closure of the Scottsville basin by moving the upper
Evington group of the southeastern wall updip would result in restoration of a broken anticline.
Coruh and others (previous section) discuss reflections and seismic response of the Scottsville basin.

The fmeu'y of the Scousville triassic basin suggests that carly Mesozoic 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 normal fault developed
there and broke through the crest of a preexisting antiformal flexure rawner than following the basal
thrust westward to the surface. Frosion 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 Mesozoic 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 \he
Scottsville basin is well demonstrated by the seismic reflection data over this area.

The v, Evington 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 Group 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 southern end of the basin (Figure 1).

Subduction Complex

Rocks of the subduction complex of schist/metagraywacke melange unit, which comprises the
Evington Group(?) of Smith and others (1964), are acoustically transparent or dip too steeply to
provide reflections in the profile. Mapping 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 Lvington Group. This discordance
provides additional justification for interpreting a low angle thrust fault between them. The wedge
shape of the subduction complex in cross section is constrained by projection of the gentle dip of
the underlying upper Fvington Group and the steeper dips of the Shores Complex and
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 1o the east.

Ocean floor basalts (Bland, 1978) are present at the eastern edge of the subduction Shores complex
(Figure 1), in contact with calc-alkaline volcanic arc rocks of the Chopawamsic F'ormation
(Pavlides, 1981). Both groups of volcanic rocks show intense faulting. South of the James Kiver,
Brown (1969) mapped basalt and ultramafic rock in the castern pant of the Shores. The homblende
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diorite and associated homnblende 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-
fleciions in the 24-fold eastern part of segmeni NSF-3 is particularly ‘pod and these Chopawamsic
rocks can be discriminated to some extent by the seismuc 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. The Arvonia Slate is shown above
a synclinally folded unconformity 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 on.

The Columbia Granite is acoustically transpatci..; its boundanes are drawn where reflections ong-
inatinig at Chopawamsic mafic-felsic interfaces start. The lower boundary of the Columbia is cg;l:md
at the top of the gently dipping reflections from either the Chopawamsic or upper Evington Group.
The abundance of subhorizontal reilections (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 an® Columbia are both allochthonous with respect to the underlying rocks. The
thrust boundary is projected in JRT-1 1o the western edge of the outcropping Chopawamsic and
18 interpreted as the eastern edge of the Taconic suture.

Easi-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 1 preintrusive fault. Other east-dipping reflectors
near the surface at the eastern margin of the Columbia are interpreted as thin, slab-shaped enclaves
of mafic Chopawamsic. Similar slab-shaped enclaves occur at the surface along stnke 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 Chopawamsic volcanic rocks. The abundance of reflectors probably records mafic and
felsic interlayening 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 Sta’e Farm granitoid gneiss, Sabot amphibolite and Maidens
gneiss, structurally overlies the Chopawamsic at the eastern end of profile JRT-1 (Figure 1). A
major contnbution 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 wester (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 mapoed at the surface. This structure, the relatively gentle re-
@onal dips in the Maidens, and the underlying gently dipping reflections in the Chopawamsic sug-
gest a low angle thrust contact between the two. The Sabot Amphibolite produces reflectons, but
the Maidens and State Farm are generally acoustically transparent or have dips that are too st

to yield reflections. An exception are some reflections in the State Farm that dip wcstw::c{

46



concordant with the antiformal structure of this truncated dome. A possible small backthrust oc-
curs near the surface outcrops of the Sabot. This can only be seen in the reflection data, but ex-
plains a poorly exposed but obviously 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 reflections is uncertain because
of the short length the segment precludes tracing the reflectors to the surface. By companson with
the adjacent segment of jRT-l. however, it secms probable that the reflectors between | 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. Coruh and others (previous section) show evidence for other faults in this segment. The

sition of the sole fault is not well constrained but is essentially consistent with its position in
RT-1.

USGS 1-64 Vibroseis profile

An 8 sec reflection profile (Harris and others, 1982) along highway 1-64 passes subparallel to JRT-1
at distances of § to 30 km to the north (Figure 1). The published profile was unmigrated and dif-
ficult to interpret in its original state. The interpretation of Harris and others shows many sirmi-
larities with that of our profile, but there are also important differences. Correlation of the 1 Ga
Sabot amphibolite with the ca. $50 Ma Chopawamsic volcanic rocks is an error that significantly
differs from the geologic interpretation shown by us in JRT-1. This profile was reprocessed to ex-
tend its depth to include Moho depths at Virginia Tech (Pratt and others, 1987) and is the basis for
g\;f conclusion that the Grenville Goochland terrane is an upthrust plate of North Amencan
sement.

Structural Synthesis of Profile JRT-1 and JRT-2

As in previous scismic reflection studies of the central and southemn Appalachian (Clark and others,
1978; Cook and others, 1979; Harris and others, 1981 and Harris and others, 1982) the JRT-1 and
IRT-2 profiles demonstrate thin-skinned tectonics involving the Valley and Ridge, Blue Ridge and
Piedmont sequences. A sole fault, probably stratigraphically controlled within the Rome Forma-
tion, dips gently eastward to a point in the castern Piedmont were it appears to turn more sharply
downward, cutting into \''2 Greenville Basement. This steeper, castwardly dipping zone is analo-
gous 10 a similar feature in the COCORP traverse bencath the Elberton Granite 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 profile, 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 Blue Rijgc hinge zone. That
is, the western subsurface edge of Greenville Basement in the Blue 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 US.G.S. 1-64 profile. In this restoration the Blue 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. FEast of this contour the
continental crust was attenuated dunng Late Precambrian nfting. This attenuated crust was the
locus of deposition of Late Precambnan-Early Ordovician dominantly deep water clastic facies.
With additional seismic profiling toward the southeast it may be possible to determine the extent
of the remaining late Precambrian continental edge beneath the Atlantic Coastal Plain.
Palinspastic reconstruction of the limited profile in JRT-1 places the pre-Taconic continental edge
well east of Richmond, Virginia.
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It iz noteworthy that the M-discontinuity (James and others, 1968; Pratt and others, 1987) rises
from nearly 40 km below the western end of traverse JRT-1 to about 34 km at the eastern end.
Yet identification of the pre-Taconic hinge zone near the eastern end of the profile and the dem-
onstrated shallow shelf sedimentation west of the hinge seem to suggest a nearly constant depth to
M over the profile prior 1 the Taconic. Therefore the present shape of the M-discontinuity may
be a relatively young feature. We suggest that the M-discontinuity attained its present shape during
the early Mesozoic nfting of the North America continent. The early Mesozoic 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(?) Cambrian to
Early Ordovician(?) sheli sequences are stacked in a duplex structure. The Blue Ridge itself is a
relatively thin (3 km) sheet of metainorphic rock. Above the Blue Ridge sequence to the southeast
occur North American shelf and slope sequence rocks that have been overthrust by a subduction
wergge and the volcanogenic and microcontinent that collided with North America during the
Ordovician.

Subsequently the Acadian (Middle Devonian through Farly Mississippian in this region) :;:fny
deformed these rocks (Glover and others, 1983) and the Alleghanian Orogeny prod an
amphibolite-grade ductile  deformed metamorphic belt in the eastern part of the region (Glover
mdP others, 1983). Eac! f 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 profile JRT-1 is in progress. Mesoscopic 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 regionally 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 in the crystalline Appalachians.

A few clues to the rheology during thrusting are available. Glover and others (1983) notad that the
western and central Georgia Piedmont, which was at high temperature duning the Alleghanian,
contain littl:-deform