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Abstract

A new tectonic model of the Appalachian orogen indicates that one, not two or
morg, terrane boundaries is present in the Piedmont and Blue Ridge of the central and
southern Appalachiuns, This terrane boundary is the Taconic suture, it has been trans-
ported in the allochthonous Blue Ridge/Piedmont crystalline thrust nappe, and it is
repeated at the surface by fauliing and folding associated with later Paleozoic orogenies.
The suture passes through the lower crust and lithosphere somewhere eust of Richmond.
Itis spatially associated with seismicity i the central Virginia seismic zone, but is not
conformable with earthquake focal planes and appears 10 have little causal relation to
their localization.

A velocity and Q study in central Virginia implies that the gross mineralogy ai
depth in the upper crust is free of hydrous phases.

Subsurface structure in the central Virginia seismic zone differs in several ways
from that along strike in the aseismic Roanoke River traverse, The metamorphic Blue
Ridge/Piedmont plate probably overlies carbonates and clastics in both areas, but the
metamorphic plate is 9 km thick in the central Virginia seismic zone but only 3 km thick
in the Roanoke River traverse. As estimated by the amount of rollover (westward slunp-
ing during the Mesozoic), the central Virginia seismic zone may be more pervasively
treken by distributed high angle normal faults than is the Roanoke River area. This
implies greater access to deep upper crustal crystalline rocks by groundwater. Deeper
penetration by groundwater may reduce the yield point of rock under stress and shorten
the period of seismuicity. This implies that the central Virginia scisnne zone is localized
by groundwater access, A corollary may be that the aseismic areas have very long period
(>500 to S000 ? years) seismicity and earthquakes of greater magnitude.

Focal mechanism planes of Munsey and Bollinger (1985) have attitudes of, 1)
NW 1o NNW strike and steep NE or 8'v dips, or 2) ENE to NE strike and steep NW or
SE dips, These planes are all at rather high angles to Paleozoic structure and would seem
unrelated 1o it. The NNW set is somewhat concordant with the strike of Mesozoic dikes
in the area but not with their dip.

Focal plane solutions in the Appalachians commonly give borh northwesterly and
northeasterly swriking p-axes. Because 1t is unlikely that the same rock volume could
transmit two distinct p-axes, one or both of them may be wrong.

Single seizmic event p-axes are dependent only on the orientations of the focal
planes which may be strongly influenced by crustal anisotropies (McKenzie, 190 ). The
focal planes ana slip axes are the more likely 10 be real. Preliminary anempts to fit a
single regional p-axis 1o all of the planes of Munsey and Bollinger (1985) gives an appar-
ently good fit for a NS5°E wrending p-axis. This is approximately parallel with the domi-
nant NE regional p-axis west of the Appalachians.

The best fit focal planes are oriented generally ENE, dip NW and SE steeply and
are not concordant with any geologic structure in the area.
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Figure 1. Geologic belts of the central and southern Appalachians. From Giover, 1989,
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chians.

g Regional Tectonics

Blue Ridge Grenville Basement. Felsic and intermediate gneisses of the Grenville
province comprise the oldest rocks found in the central and southern Appalachians.
These billion-year-old rocks, the basement upon which the Laurentian part of the Appala-
i Chian orogenic system was assembled, crop out along the axis of the Blue Ridge in
| Virginia (Sinha and Bartholomew, 1984) and reappear in the eastern Predmont where
! they are known as the Goochland “terrane” (Glover and others, 1978; Farrar, 1984),

i Although it is well established that the Grenville lies with profound unconformity

| {Nelson, 1932 below Late Precambrian conglomeratic sandstones (rift facies of Wehr
and Glover, 1985) that comprise the oldest strata of the Appalachian system, these base-
ment rocks remain the least understood of all geologic units exposed within the Appala-

| chians. The recent state of Appalachian Grenville knowledge was summanzed in a

: symposium volume (Bartholomew, editor, 1984).

| In the central Virginia Blue Ridge the Rockfish Valley fault divides the Grenville

! basement into two massifs of contrasting lithology (Bartholomew, 1977; Bartholomew

, and others, 1981): the Pedlar massif west of the fault and the Lovingston massif east of

tne fauit. The Pedlar contains granulite facies, massive pyroxene granofels and layered

gneisses with a slight overprint of low grade metamorphic minerals. The Lovingston

appears te represent a similar suite of rocks with a more intense greenschist metamorphic

and deformational overprint of Paleozoic age. Bartholomew and others (1981), and

Sinha and Bartholomew (1984) consider the Lovingston and Pedlar to represent massifs

metamorphosed during the Precambrian at shallower, ana deeper P-T conditions respec-

tively, and to have been juxtaposed at their present structural levels during Paleozoic

orogenesis. Evans (1984) made the imerpretation that both massifs were originally at

granulite facies duning the Precambrian, and that the Lovingston massif was retrograded,

largely to greenschist facies, during the Paleozoic.

Pettingill and others (1984) report Rb/Sr whole rock ages of orthogneisses ranging
from about 1009 10 i021 Ma. Sinha and Bartholomew (1984) give zircon U/Pb ages for
the Grenville orthogneisses in central Virginia ranging from 1130 10 1070 Ma. Detrnital
zircons suggest an older sediment source of 1870 Ma. The final metamorphism may
have culminated at about 920 Ma.

Goochland Nagppes of the Eastern Piedmont. These Grenville massifs (Figures |
Plate 1), internal to the Appalachian orogen, comprise a sequence of units including from
lower {older?) to higher (younger?) respectively the State Farm Gneiss, Sabot Amphibo-
lite and Maideis Gneiss, The State Farm and possibly the Sabot were intruded by the
Montpelier Anorthosite, which is similar to the Roseland Anorthosite that intruded the
Blue Ridge Grenville basement just south of the latitude of this traverse (Plate 1),

The Goochland has been determined to be fault bounded along all of 1ts contacts
: exce pt where covered by early Mesozoic and younger sediments
E State Farm Greiss (Brown, 1937; Goodwin, 1970, Poland, 1976; Reilly, 1980;
|

: ;
|
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Farrar, 1984). The dominant rock type is a mediumn- to coarse-griined biotite-allanite
monzogranite locally containing horblende. At the type locality, a quarry on the State
Farm, less deformed phases show relict plutonic textures and enclaves of more mafic
rocks. Less deformed parts of the formation are massive, more deformed parts are
layered. The monzogranite appears to locally grade into gamet-hornblende granodionitic
10 tonalitic gneiss, A relatively high titanium content in the State Farm is suggested by
abundart clusters oi titanite grains (Poland, 1976, Farrar, 1984). A.E. Gutes, S.8. Farrar
and J.G. Patterson (personal communication, 1985) report @ mappabie, tabular unit of
pelitic garnet-biotite gneiss within the State Farm in the Hanover Academy and Montpe-
lier quadrangles north of the James River, The State Farm appears to contain both
metaigneous and metasedimentary protoliths.

Saboi Amphibolite,; ( Goodwin, 1970; Poland, 1976; Reilly, 1980 Farrar, 1984). The
Sabot is dominantly a medium- to coarse- grained hornblende (lacally with diopside
cores) - plagiociase - quantz amphibolite with volumetrically minor, but abundant, thin
interlayers of quartz - biotite - plagioclase and quarntz - plagioclase. The amphibolite is 4
widely distributed tabular body that conspicuously outlines several domes in the
Goochland massif along the eastern Piedmont in this pant o Virginia (Plate 1).

A E. Gates, §.5. Farrar and J.G. Patterson (personal communication, 1985) mapped a
low-angle regional discordance between the base of the Sabot and the compositional

layering in the underlying State Farm Gneiss. The origin of this discordance is unknown,

however, it may be a fault or an angular unconformity. The upper contact of the Sabot
seems to be everywhere conformable with overlying tabular units of gneiss and schist in
the Maidens Gneiss. Most authors have suggested that its protolith may have been mafic
volcanics of lava or pyroclastic origin,

Maidens Gneiss: (Poland, 1976; Farrar, 1984). This is an heterogeneous formation
that structurally conformably overlies the Sabot (Plate 1). Its upper contact is unknown
due to structural truncation or erosior.. The dominant layered lithologies include gamet-

biotite-quartz-plagioclase gneiss, biotite - quartz - plagioclase - K - feldspar augen gneiss,

garnet - biotte - kyanite - K - feldspar - muscovite - plagioclase - quartz gneiss, biotite
granitic gneiss, and lesser amounts of hornblende - diopside - plagioclase gneiss, scapo-

lite - diopside - homblende - K - feldspar - quanz - garnet gneiss and numerous thin cale -

sihicate layers. Poland (1976) concluded from a study of modal mineralogy, and the
charactenistics of zircon populations in the Maidens that it appeared to be a stratified
volcanic and sedimentary formation. The Maiders is more feldspathic than either the
Wissahickon or Lynchburg formations with whic! it has been compared (Poland, 1976,
Reilly, 1980), and does not, compositionally or in facies succession, resemble other post-
Grenville formations in the region (Glover and others, 1978). It does, however, bear
some resemblance 1o the veined gneiss phase of the Grenville Balumore gneiss.
Mantpelier Anorthosite: (Clement and Bice, 1982, Bice and Clement, 1982). The
Montpelier Anorthosite occurs along the northern edge of the State Fanm dome about 16
km north of the James River where it intrudes the State Farm and may intrude the Sabot
(Plate 1). The inner core of the anorthosite 1s coarse-grained rock composed of
antiperthitic plagioclase, quartz, apatite, ilmenite, titanite, rutile and clinopyroxene
partially altered to biotite and amphibole (A E. Gates, 8.5. Farrar and 1.G. Patterson,
personal communication, 1986). The outer zone is a foliated and hneated medium



coarse-grained, recrystallized anorthosite consisting of plagioclase-microcline - quanz -
ilmenite - titanite - ruttie and clinopyroxene partially altered to biotite and amphibole
(A.E. Gates, §.8. Farrar and J.G. Panterson, personal communication, 1986).
Metamorphism. The Goochland massif was metamorphosed to granulite facies
(Farrar, 1984) at about 1 Ga (Glover and others, 1978) and then retrograded during
Paleozoic metamorphic events to amphibolite facies. Relict core volumes of all forma-
tions in the massif still contain granulite assemblages in less than 10% of outcrops ob-
served. Granulite facivs assemblages include: 1) orthopyroxene + clinopyroxene +

plagioclase, 2) orthopyroxene + garnet + plagioclase, 3) clinopyroxene + garnet + plagio-
clase. All include rudle and/or ilmenite, and all are + quartz, K-feldspar, hornblende, and

biotite. Pelitic assemblages may have K-feldspar + sillimanite + quartz + garnet £ pla-
gioclase. K-feldspar 1s perthitic orthoclase and may be the most common mineral.

According to Farrar (1984), the granulite assemblages in the Goochland are typical of

assemblages forming in the range of 7.5 - 9 kb and 7507 - 800° C.

Dunng Paleozoic metamorphic events K-feldspar + sillimanite were hydrated to
muscovite + quartz + kyanite or staurolite,

The granodiorite gneiss at the State Farm quarry is composed of quartz (33%) +
plagioclase (36%) + mesoperthite/microcline (13%)+ biotite (13%) + garnet (4%) +
hornblende (3%) + clinopyroxene (1%) + traces of chlorite, titanite, magnetite, and
zircon. The pyroxene has been replaced almost completely by coronas of hornblende
around clusters of hormblende + quartz * biotite £ gamet (Farrar, 1984).

Progressive dehydration of clinopyroxene + gamet granulite formed the present
hornblende + plagioclase (Sabot) amphibolite with minor relict clinopyroxene (Farrar,
1984).

The Maidens appears to have typically formed from dehydration of K-feidspar-
bearing granulites to produce gneiss with relict K-feldspar augen in a groundmass of
plagioclase + biotite + quartz * gamnet  hornblende. A more complete list of mineral
assemblages in the Goochland massif may be found in Farrar (1984),

An Alleghanian amphibolite facies metamorphic event 1s indicated by *UAr/*%Ar on
hornblende and biotite in the State Farin Gneiss in which cooling ages of 280-260 m.y.
were obtained (Durant, and others, 1980; Farrar, 1984). Giover and others (19%83) noted
from regional considerations of metamorphic ages that the entire Piedmont experienced
Ordovician (Taconic) metamorphisin and probably much of it underwent “Acadian”, ca.
360 Ma , metamorphism aiso. Thus the Alleghanian age of metamorphism may be only
the last of several metamorphisms that affected the Goochland massit,

The age of the State Farm Gneiss at the State Farm quarry is 1031 £ 94 Ma by Rb/Sr
whole rock analysis (Glover and others 1978, 1982), and “about 1 Ga” by zircon U/Pb
(A K. Sinha, personal communication, 1988).

The Goochland is considered to be part of the 1| Ga pre-Laurentian Grenville se-
quence because:

1) the entire Goochland has a similar metamorphic history including an early granu-
lite facies event not recognized in adjacent terranes (Farrar, 1984);

2) the Goochland rocks bear a close similarity to the Grenville of the Biue Ridge,




especially in the apparently high titanium content of the State Farm, in the presence of
anorthosite in both massifs, and in the granulite facies of metamorphism;

3) the racks of th Goochland do not bear a resembiance, in lithofacies or facies
succession, 1o other sequences in the region such as the Lynchburg or Wissahickon
formations with which they have been compared;

4) Ordovician, Taconic, granulite facies rwks of the Wilmington Complex of Dela-
ware and Pennsylvania, about 200 km to the north, are metamorphosed Cambrian
volcanics unlike the Goochland ro ks (Farrar, 1984). Cambrian voleanics above and
below the Goochland nappes ( Plate 1) are at low metamorphic grade, and

5) surface geology and crustal structure along the 1-64 vibroseis line through the
Goochland terrane is consistent with the Goochland being a nappe complex of the
Laurentian Grenville basement emplaced dur',. g a dextral transpressional event in tie late
Paleozoic Alleghanian orogeny.

Late Precambrian/Cambrian Rifting and the Cambrian Rift-to-Drift Transition

Crossnore Volcanic - Plutonic Suite. Following the peak of Grenville metamor-
phism, at about 920 Ma, uplift and erosion deeply dissected the orogen over a period of
about 230 m.y. During this time the Grenville was denuded 10 a depth of about 25 km
(Herz, 1984), exposing granulite facies rocks.

At about 690 1 10 m.y. ago (Odom and Fullagar, 1984, Rb/Sr ages from samples in
the Mourt Rogers - Grandfath=r Mountain area of North Carolina and southem Virginia)
continental rifting began coevally with emplacement of the fluonte and sodic amphibole -
bearing, peralkaline Crossnore plutonic-volcanic suite (Rankin, 1976). Non-marine and
marine volcanic rocks and arkosic sandstones accumulated in rift graben., The youngest
age (Rb/Sr whole-rock) of Crossnore plutonism in that area is 646 £ 9 m.y. for the
Crossnore Granite itself. Odom and Fullagar found that earlier zircon U/Pb ages (Rankin
and others, 1969) gave falsely older ages (820 Ma) because of contamination from oid
Grenville gneisses which they assimilated.

Several members of the Crossnore suite occur in the Blue Ridge of central and narth-
ern Virginia (Plate 1);

1} One of these, the fluorite - bearing Mobley Mouatain Granite near Roseland,
about 40 km south of Charlottasville, gives a Rb/Sr whale-rock age of 652 £22 m.y.
(Herz and Force, 1984)

2) Another, the Rockfish River pluton, located about 30 km south of Charloueswviile,
has yielded ages of 646 + 55 m.y.(Mose and Nagel, 1984), and 630 Ma, (Mose and Kline,
1986)

3) A third, questionably the Robertson River granite, gave an age of ca. 650 Ma on
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zircon 207PL2%Pb analysis by T. Stern (reported in, Rankin, 1976). According to Lukent
and Banks (1984), Stern’s analysis was done on a riebeckite granite that intrudes the
main body of the Robertson River pluton, which lies about 100 km north of
Charlottesville. Lukert and Banks determined an age of 732 £ 5 m.y from a zircon U/Pb
concordia intercept for the main body of the Robertson River. The zircon samples of
Lukert and Banks did not appear to contain inherited older cores. Mose and Nagel (1984
determined a Rb/Sr whole-rock age of 636 + 55 m.y. from samples spread over most of
the length of the Robertson River, excluding the area of the Stern riebeckite granite,
Subsequently they reported a refined Rb/Sr whole-rock age of about 650 Ma (Mose and
Kline, 1986). Ther=fore, U/Pb and Rb/Sr ages are in disagreement by about 80 m.y.
Until a more detailed zircon analysis of the Robertson River suite is undertaken to look
more specifically for older inherited cotaponents, the Rb/Sr data seems more attractive.
It is also worth remembering that Rb/Sr ages of deeply emplaced and slowly cooled
plutons are commonly as much as 25 m.y. younger than the emplacement age because of
late closure of the isotopic system. Thus, the youngest Crossnore granitoid plutons in the
region of our traverse are thought 10 be about 650 Ma.

Although the Catoctin and all post 650 Ma igneous rocks were originally included in
the Crossnore volcanic-plutonic suite by Rankin (1976), it now seems that an older
granite and rhyolite - bearing suite of rocks lies unconformably below the Lynchburg and
its southern equivalent the Ashe Formation. This granite-beanng suite is about 690-650
Ma and it may be best to confine usage of the ierm Crossnore 1o these older rocks. A
similar argument has also been made by Badger and Sinha (1988).

Erosion has removed volcanic rocks associated with the Crossnore volcanic-plutonic
suite over much of the Virginia Blue Ridge, and now cobbles of the Robertson River may
be found in the basal conglomeratcs of the overlying Mechums River and Fauguier
(Lynchburg) Formations (Lukert and Banks, 1984). This provides an older age limit of
about 650 Ma for the Lynchburg Group..

Lynchburg Group. The Lynchburg Formation was named by Jonas (1927) for
exposures along the James River ncar Lynchburg, Virginia. This sequence of rift-relited;
clastic rocks, basalic volcanic rocks and shallowly emplaced ultramafic dikes and sills,
crops out along the casi flank of the Blue Ridge anticlinorium in Virginia (Figures 2,
Plate 1). It non conformably overlies Grenville basement or, locally, rocks of the
Crossnore Volcanic - Plutonic suite. The Lynchburg has been recently subdivided into
five formations by Wehr (1985) in the Culpeper-Charlottesville region (Figure 3). In the
Culpeper area the Group comprises a terrestrial, alluvial outwash deposit {(Bunker Hill
Fm ) atits base. The overlying formations, Monumental Mills, Thorofare Mountain, Bull
Mountain, and Charlottesville include a deep water retrogradational fan sequence (Wehr,
1983). Details of the Bunker Hill, Monumental Mills and Thorofare Mountain Forma-
tions are briefly characterized here.

Bunker Hill Formation This formation consists of (- 1000 m of poorly sorted, me-
dium-grained to granule feldspathic arenite with minor siltstone and mudstone. It is
absent in the Rockfish River area south of Charlottesville. Facies analysis indicates
deposition as a braided outwash plain adjacent to glaciated highlands composed lare :ly
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of Grenville basement.

Monumental Mills Formation. Wehr (1985) divided this formation into a lower
sandstone member of thin bedded fine- 10 medium-grained, well-sorted sandstone and
siltstone, and an upper member of thin bedded to laminated siltstone and mudstone. The
outcrop beit of the Monumental Mills is 0-1500 m wide and thins toward the south. The
Monumental Mills is absent or represented only by the Rockfish Conglomerate in the
Rockfish River area south of Charlottesville. Facies analysis suggests 4 slope environ-
ment.

Rockfish Conglomerate. This Formation is a pebbly, feldspathic sandstone with
conglomerate lenses that makes up the hasal unit of the Lynchburg Group in the Rockfish
River area south of Charlottesville (Plate 1). The Formation is about 500 m thick and
consists of cobble conglomerate in the lower pant grading upward into coarse-grained
pebbly sandstone. The upper 20 m is graded thin-bedded sandstone with local occur-
rences of outsized clasts interpreted 10 be 1ce-rafted dropstones. The lower contact is with
a mylonitic zone separating basement from the Rockfish. The upper contact is grada-
tional into the lower Thorofare Mountain Formation.

According to Wehr (1985) most of the larger clasts are very coarse-grained light
colored basement gneiss. The Kack!ish also contains clasts of granite, biotite gneiss,
fine-grained aplite (7), and dark siltstone. In thin section Rockfish sandstones contain
detrital quartz and feldspar in a schistose matrix of quartz, plagioclase, mica and magne-
tite. Facies analysis (Wehr, 1985) of outcrops along the Rockfish River has shown that
the outsized clasts are ice-rafted dropstones and indicates that the conglomerate was
deposited as subagueous glacial outwash.

Thorofare Mouniain Formation. The Thorofare Mountain Formation is recognized
from the Culpeper area to the Rockfish River (Figure 3, Plate 1). This formation consists
of medium-grained to pebbly, poorly sorted feldspathic sandstone with minor conglomer-
ate, siltstone and graphitic mudstone. Sandstones are massive to faintly stratified in beds
a few em to more thar 8 m thick. Interbeds of coarsely laminated siltsione and graphitic
mudstone are common, and these lithologies aiso occur locally as rip-up clasts in
ntraformational conglomerate. Facies analysis indicates that this sequence was formed
in & deep water submarine fan.

Ball Mountain Formation. This sequence extends throughout the area of study by
Wehr (1985) and occupies a belt 1-4 km in width, It consists of coarse-greined 1o pebbly
quartz wackes and quantzites interbedded with laminated silistone and graphitic mud-
stone. The uppet "00 m is locally a graphitic schist named the Johrson Mill Member
(Nelson, 1962). Over much of the area between Culpeper and the Rockfish River the
Ball Mountain truncates underlying units and is either in unconformable or fault contact
with them. In some places it is in conformable, and gradational, contact with the
Thorofar= Mountain. Facies analysis of the Ball Mountain shows that it has sedimentary
charactenistics similar to the underlying Ball Mountain Formation and was deposited by
sediment gravity flows (Wehr, 1983,1985). The Johnson Mil! Member at the top of the
formation is euxinic which suggests abrupt cessation of influx of clastic material and
hasin-wide starvation {vllowing Ball Mountain sandstone depasttion (Wehr, 19%5),

Charlotesville Formation. The Charlottesville formation extends throughous the
Culpeper-Rockfish River area. According o Wehr (1985) it comprises schistose siltstene
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and mudstonc with isolated outcrops of medium- to coarse-grained, commonly amalgam-
ated sandstone beds. Sandstone beds range from a few mm to about a meter in thickness,
They tend to be massive, although grading, horizontal stratification, and complete Bouma
T(a-¢) sequences occur. The lower 1000 m of the formation in the Rockfish area is
charactenized by coarsely laminated 10 very thin bedded. fine grained sandstone and
siltstone with prominent biotite porphyroblasts. Similar rocks occur more locally near
Culpeper. Primary textures and sedimentary structures indicate deposition by turbidity
currents in deep water,

Swift Run Formation. This formation occurs throughout most of the Culpeper
Rockfish River area, ranging from 0 - S km in width of outcrop belt (Plate 1.

On the west side of the Blue Ridge anticlinoriur: (Stose and Stose. 1946, Bloomer,
1950; Wemer, 1966; Brown 1970) the Swift Run oc urs in lenses as tiach as 400 m thick
unconformable upon basement and grading upward by imerleaving with the overlying
Catoctin Besalt (Plate 1). Here it consists of cross-bedded arkose, conglomerate, mud-
stone and intercalaiions of mafic tuffs and lavas and is interpreted as alluvial in deposi-
tional environment (Gathright, 1976).

In the Culpepez-Rockfish River area, on the east side of the Blue Ridge, the Swift
Run is conformable with the underlying Charlottesville Formation and 1s grac - lonal over
a short distance by interleaving with the base of the Catoctin Formation. Inth area it
contains, at the base, coarse-grained feldspathic sandstone; in the middle, greenstone, rare
felsic volcanic rock, fine-grained sandstone. and graphitic mudstone: and at the top,
coarse-grained blue-quanz sandstone and arkose interbedded with pale green mudstone
and a few thin greenstone beds. In the Culpeper arca many Swift Run sandstones are
calcareous, and along the Hazel River tabular marble clasts as much as 45 cm in length
oceur in a coarse-grained sandstone matrix (Wehr, 1985). To the north of the Culpeper
area thin lenses of marble are present below the Catoctin Fu: mation ( Furcron, 1939;
Parker 1968), and these may be correlative with the limestone conglomerate in the
Culpeper area.

Turbidites suggest that the Swift Run on the east side of the Blue Ridge is probably «
deep water sedimentary gravity-flow deposit, in contrast (o its non-marine nature to the
Wwest.

Catoctin Formation This formanon was named by Keith, 1894, Metabasalts and
minor intercalated siliciclastic rocks of the Catoctin Formation are abundant across the
aorthward plunging tose of the Blue Ridge antichinorium in seuthern Pennsylvania
(Figure 2). From there to the south the Catoctin forms two belts of outcrop along the east
and west flanks of the »nuclinorium into central ( Plate 1) and southern Virginia where it
occurs intermittently. Thus the Catoctin 1s a key v in relating the stratigraphy of the
Valley and Ridge Province with that of the Piedmont.

The Catoctin comprises a sequence of greenschist-facies tholeiitic basalt lavas and
minot breccias and tuffs intercalated with quartzose f. dspathic sandstone and mudstone.
The Catoctin is gradational over a short interval by interleaving with both overlying and
underlying formations. In Pennsylvania minor rhyolite is intercalatc J with the basalt
lavas. The total thickness of the formation may reach 1000 m (Gathright and others,
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1977). Along the west flank of the Blue Ridge the Catoctin overlies the Swift Run
Formation and is overlain by the Lower Chilhowee Group Unicoi/Weverton Formation.
Rocks of the Unicoi and Swift Run are similar, and it is probable that in southern Vir-
ginia where the Catoctin is absent the Unicoi and Swift Run have been mapped together
as Unicoi.

On the west flank of the Blue Ridge the Catoctin (including the enveloping Switt Run
and Unicoi formations) i1s non-marnine (Reed, 1955), and on the east flank the Catoctin
and overlying Candler and underlying Swift Run formations are marine (Wehr and
Glaver, 1985). The transition from non-marine 10 marine takes place north of Culpeper
along the east side of the Blue Ridge anticlinarium.

TEZ Catoctin is @ member of the Albemarl2-Nelson suite as defined below.
Blackburn and Brown (1976), Bland (1978) have shown by trace element geochenistry
and petrochemistry that the Catoctin is a tholeiite related to . *fting during the formation
of lapetus. Badger and Sinha (1988) dated the Catoctin by Rb/Sr whale rock and min-
eral isochron methods at 570 :236 Ma. This age is consistont with the Early Cambrian
and Early Cambrian (?) age deduced by Werner (1966) in central Virginia and by
Simpson and Eriksson (in press) in southern and south-central Virginia from stud® ~ of
the sedimentology and fauna (Simpson and Sundberg, 1987) of the rift related, basait-
bearing Unicor Formation of the basal Chithowee Group.

Evington Group. Rocks of the Evington Group overlie the Catoctin Formation
(Plate 1), or where that is absent, the Lynchburg Group. The Evinglon sequence com-
prises the youngest Laurentian sequence known in the Piedmont of Virginia. Some of the
most important earher work may be found in Espenshade (1954), Brown (1958, 19703,
and Redden (1963). These authors were uncertain about the order of stratigraphic succes
sion in this complexly detormed and metamorphosed group of rocks. Patterson (19874,
I987h, in press) revised the stratigraphic ordering based on mapping and structural
studies in the Lyrchburg areu (Plate 1). Three facies sequences, proximal, distal and an
eastern allochthon, v.ere recognized. Detailed relations among these sequences are
shown in Figure 4. The Slippery Creck and Mount Athos Quartzite pinch out eastward
woward the distal facies where Joshua Schist was deposited directly on Candler. The
Slippery Creek Greenstone and Mount Athos Quartzite pinch out to the northeast. Along
strike 101 southwest , the Slippery Creek pinches out. and the Mount A thos quanazite is
underlain by the “Moon Mountain Greenstone™ (informal name by Putterson, 1987, Sull
farther east, in the eastern allochthon, only Candler lithologies with interbedded green-
stone and quartzite are present (Brown, 193%; Patterson, 19874, 1987b. in press)

Candler Formation, This unit may be as much as 1.7 km thick and is dominantly
sthiciclastic in composition. The basal contact of the Candler is gradational over a short
distance by interleaving with the underlying Catoctin Formation, or, where that is absent,
is gradational with the Lynchburg Group, In the proximal facies sequence, the upper
contact is gradationa: with the Mount Athos Quartzite. In the distal facies sequence
pelites of the Joshua Schist overlie the Candler. The top of the Candler Farmation in the
eastern allochthon is not known.

The western, proximal, facies 1s composed of;
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1) Sandy laminated schist: These contain sand laminae 1-2 mm thick, composed ot

quartz and minor feldspar. Pelite laminae are as much as § mm thick..

Local quartz-rich beds vary from 2.5 to 10 ¢m in thickness and rareiy reach S0 cm.
Quartz wacke: These beds may contain coarse to lower very coarse, blue quartz grains in
a pelitic matrix. At one location, graded beds were found with sandstones averaging S
mm thick, grading into pelites 5-10 mm thick. Compositionally this rock type varies
from 30-50% quanz, 0-15% plagioclase, 20-30% biotite/chlonte, with local calcite.

Green chloritic phyllites and schists: These vary with increasing quanz coiieint to a
green sandy laminated lithology, which tay contain as much as 50% chlorite. Thin (8
¢m) layers of white marhle are rare.

2) Blue weathering phyllite: This rock i1s composed of 10-45% chlorite, 25-50%
muscovite, 5-35% quanz, and as much as 5% albite. Very rare mullimeter thick sand
laminations occur, and 1-2 mm diameter nodes of guartz sand are found locally

3) Quartz arenite and subarkosic quartz arenite: This ithology may occur as lenses
(75 x 330 m to 150 x 3700 m) and pods tas much as ¥ m thick). Lam ‘nated lower- 1o
middle-fine-grained quanz arenite occurs with micaceous quanziie and quarz muscovite
schist, Fine grained arkosic quartz arenite occurs in mediem to thin beds. Massive
arkosic and subarkosic quartz arenites and matrix supported wackes contain feldspars
(generally potassic) as much as 3 mm and blue quanz clasts as much as 4 mm in diam-
eter.

4) Impurs marbles and calc-silicate schists occur in lenses (75 x 115 m ~« i90 x 650
m), commonly slong fault zones. The marble 15 dark grey to bluish, has a phyliitic sheen,
and contains nodes and laminae of white caleite. Mica-quanz-feldspar, calcite, and
mixed mica-quanz-feldspar-caleite layers, 1.5 1o 5 m. thick, are gradationally
interlaminated.

Still farther east, in rocks equivalent to the eastern allochthon of Patterson (1987),
Brown (1958) mapped dominantly Candler facies lying above a domal structure cored by
Lynchourg Group. Greenstones, commonly associated with quartz arenite, are scattered
throughout this sequence which is truncated at it’s top by & fault,

Patterson suggested that the allernating compositional laminations in the sandy
laminated schist resulted from variable flow conditions. Phyllites imudstonges) may have
been deposited from dilute turbidity currents or fair weather suspenston fallout.

Map scale lenses of massive quartzose sandstones may have been deposited from
sediment gravity flow. Some smaller lenses could be channel fill cut into the underlying
muds.

Mount Athos Quartzite. This quartz arenite is the most resistant formation in the
Evington Group and forms ridges which flank the James River Valley (Plate 1), The
formation decreases in thickness and grain size toward the east. The Mount Athos is
about 0.3 km thick and occurs only in the proximal facies of the Evington Group. The
lower contact of the Mount Athos is gradational over a short distance by interleaving wath

e R N W e ———— -



AL NGNS NN RS S S Y

the Candler, the upper contact is also gradational over a shon distance into greenstone,
Two lithelogies are predominant in the western most proximal facies fault block:

1) coarse granuie conglomerate with clasts of blue quanz and subordinate potassiom
feldspar, and

2) clast w matrix supported quartz wacke.

Primary sedimentary stractures occur throughout the length of the Evington belt in
central and northern Virginia, Bedding is planar to irregular, very thin to very thick.
Cross stratification o curs in ripples 3 to 5 cm high. Small-scale, tabular-tangential cross
stratification occurs. Trough cross strata 3 em thick and 12 ¢m wide are developed in
pebbly quartz arenite, with stratification by mica-rich layers. Graded bedding occurs in
thicknesses varying from less than 5 10 30 em thick.

According 1o Paterson (1987a) the graded bedding points to turbidity tlow deposi-
tion. Massive coarse granule sandsione 1s structureless and may have been depocited
from high density sediment gravity flow. Parallel-laminated sandstones with internal
discordances relative to bedding planes, and planar bedded o leaticular sand bodies, are
structures which typify hummaocky cross stratification. Such structures are formed above
storm wave base and below fairweather wave base by combined or oscillatory and unidi-
rectional flow, under storm wave conditions. Tabular, tangential, trough cross stratifica-
tion is produced by migration of dunes or ripples. Flowing cutrents which geaerate cross
stratification are not restricted to any environment. Therefore, the Mount Athos is in-
ferred 10 have been deposited by sediment gravity flows, with possibly minor sediment
transport and reworking by storm generated cuirents.

Slippery Creek Greenstone. This metabasalt, approximately 2 km thick, contains the
upper greenschist, epidote-amphiboiite faces, mineral assemblage albite (15-35%) +
quartz (0-14% ) + hornblende (8-45%) + clinozoisite and/or zoisite (1-20%) + epidote (1-
20%) + minor, titanite, magnetite and biotite. Relict plagioclase phenocrysts and
amygdales are locally present. Volcaniclastic layers and quartz muscovite schist ocour
locally interlayered with the metabasalts, The lava sequence is depositionally conform-
able with the underlying Mount Athos. The upper contact was not observed in
Patterson’s area.

Bland (1978) gave trace element abundance data to support 4 rift origin and extrusion
through continental crust for the Slippery Creek. The formation is therefore interpreted
as a submaring lava related 10 rifting.

Just south of Patterson’s area, near Oxford Furnace, the writer has seen enclaves that
appear to be xenoliths of coarse-grained granite in the Slippery Creek. These are prob-
ably fragments of Grenville basement, suggesting that this part of the Evington Group
was deposited on the ¢ontinent of Laurenrtia, and not on oceanic crust.

Jashua Schist. This formation contains several siliciclastic lithologies and shows
muny well developed sedimentary structures. The lower contact with the Slippery Creek
was not seen in Patterson’s area. In places where the Slippery Creek is absent, the Joshua
overlies the Candler gradationally. The upper contact is gradational into the overlying
Arch Marble, The formation may be as much as 0.7 km thick in the area. The following
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rock types ocour:

1) Quartz mica schist and phyllite with graded bedding. This facies is comnmonly
graphitic. Graded bedding occurs with quartz sandstone laminae 1 mm thick capped by
mica schist 0.2-0.3 mm thick. The mineralogy is; quantz (30-65% ), muscovite {30-60% ),
graphite (0-25%), biotite (1-25%) with trace amounts of pyrite, apatite, zircon, plagio-
clase, tourmaline and titanite.

Soft sediment slump stractures are preserved in the coarser graded beds.

2) Dark phyllite is very schistose and shows no primary sedimentary structures aside
from bedding. Mineralogy is similar to that of the quartz-mica schist except that there is
a lower quartz content. In thin section quartz rich laminae can be seen in the phyllite

3) Green schist was found at two locations in the Joshua. This lithology contains:
hornblende (39%), epidote (15%), biotite (15%), quanz (10%), plagioclase (15%), and
minor amounts of clinozoisite and magnetite.

4) Conglomerate occurs locally in the Joshua. Angular to rounded clasts range from
i mmto § em x 1.5 em. The clasts consist of quartz, plagioclase and potassium feldspar,
micaceous quartz wacke, arkosic wacke, phyilite and dolvmite. The conglomerate bodies
are matrix to clast supported, with a matrix of fine grained quartz and mica,

5) Quartz wacke, quartz arenite, and calcareous quartz wacke occur in areally re-
stricted lenses throughout the formation. Quartz arenite 1s rare, and occurs as small
isolated outcrops of very fine grained quartzite.

Arch Marble. The Arch is generaliy laminated to thin bedded and locally massive.
Color banding is dark and light depending on the emount of siliciclastic matenal 1n the
layer. Layering commonly ranges from 0.2 mm to § mu in thickness. Locally graded
bedding is preserved. The formation is about 0.2 Km thick in Patterson’s area. The Arch
is considered a deep water carbonate facies deposited by turbidity currents from sources
nearer the shore face (Patterson, 1987b; Read, 1989).

Albemarie - Nelson Suite: Ultramafic Intrusive Rocks, and Mafic Dikes, Sills,
Lavas and Tuffs; Late Precambrian to Early Cambrian (Post 650 pre 570 Ma)

A suite of mafic and ultramafic sills and dikes, including mafic lavas with minor
ielsic derivatives occur in the Lynchburg, Swift Run, Catoctin, Unicol (Cambrian of
western Blue Ridge), and upper Evington Group (Slippery Creek Greenstone). Ultra-
mafic rocks are confined to the sequence below the Catoctin, and a set of hornblende
gabbros may also be confined to the pre-Catoctin sequence. Most of these rocks were
originally included in the Crossnore Plutonic - Volcanic suite of Rankin and considerxd
to be about 820 Ma (Rankin and others, 1969; Rankin and others, 1973). Since then
additional isotopic dating indicates that the felsic peralkaline plutonic and volcanic rocks
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of the type Crossnore are older than about 650 Ma. and unconformably underlie the
Lynchburg/Ashe formations (See section on Crossnore Plutonic Volcanic suite. ). This
suggests that the Crossnore is distinct from the younger ultramafic and basaltic rocks and
can be considered a sub-suite of the Late Precambrian  Early Cambrian rift-related
igneous rocks in the Blue Ridge and western Piedmont. In this report the younger mafic-
ultramafic suite will be referred to the Albemarle-Nelson suite as herein modified from
Burfoot (1930).

Within the region between Culpeper and Charlottesville (Figures 3, 5, 7) mapped by
Wehr (1985) amphibolite dikes and sills are abundant in the basement and lower part of
the Lynchburg and Swift Run sequence, but are found as well, though less commonly, in
the upper part of the clastic sequence to a level just below the Catoctin greenstone.
Mineralogy (Evans, 1984 of the dikes along the Rockfish River is:

plagioclase (An 25.35 1+ epidote + hornblende + magnetite + quartz

All minerals are considered to be metamorphic. This would appear 1o be a medium
grade amphibolite facies rock consistent with temperatures above 500°C. However,
according * Evans (1984} the metamorphic facies of the surrounding Grenville hiotite
gneiss is greenschist, with garnet-biotite pairs implying a temperature of about 400° C,
Evans noted that the grade of Paleozoic metamorphism decreased up section into the
Lynchburg, Catoctin and Evington, none of which are reported to contain game.

Davis (1974), working near the same area, described a coarse-grained “hormblende
metagabbro” with nearly equidimensional aggregates of metamorphic hornblend  in a
matrix of highly saussuritized plagiociase. Relict pyroxenes are altered partially or
totally to hornblende, zoisite, magnetite and chlorite. Other metamorphic minerals are
epidote, titanite, calcite, garet, and rarely biotite. Davis did not discuss the conditions of
regi v 1 metarnorphism,

Reed and Morgan (1971) analyzed dikes of metabasalt in the Blue Ridge, northwest
of the Rockfish area, and concluded that the compositions of the dikes were similar to
those of the overlying Catoctin Formation. In Reed and Morgan's area as in the Rockfish
area the Catoctin is a greenschist facies basalt derived from a dry pyroxene-bearing
protolith with no evidence of hornblende in either mineral assemblage. Since Reed and
Morgan’s study all subsequent workers seem to have accepted that the amphibolite dikes
on the southeast side of the Blue Ridge are also feeders to the Catoctin. Several geologic
maps (Wehr, 1983; Brown, 1958) of segments of the belt over a distance of 120 km along
strike, from Culpeper to Lynchburg, Virginia, consistently show amphibolite dikes and
sills throughout the Lynchburg to within a few tens of meters of the Catoctin, vet the
Catoctin is chlorite- and actinolite-bearing, and is without hornblende in these outcrops
Hornblende amphibolite occurs within 500 meters, stratigraphically below the Catoctin
near Lynchburg, and the Catoctin is a biotite-bearing albite - actinolite schist of probable
middle greenschist facies (Ping Wang, personal communication, 1988). If the amphibo-
lite dikes are feeders of the Catoctin why don’t they have a similar mineralogy where
they are at levels of emplacement just below the Catoctin?

The Schuyler ultramafic body, in the Rockfish River area (Figure 6) is one of a
number of thin, tabular ultramaZic units emplaced dominantly in the upper part of the
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Lynchburg and Swift Run formations along the east side of the Blue Ridge in Virginia.
They comprise the Albemarle - Nelson soapstone belt (Burfoot, 1930). The ultramafic
association includes, in decreasing order of abundance, amphibolite-chlorite schist,
serpentinite, soapsione, and altered peridotite (Burfoot, 1930; Hess, 1933, Brown, 195X,
Nelson, 1962; Misra and Keller, 1978). Hess (1933) concluded that the pareat material
was peridotite and feldspathic peridatite (picrite). An intrusive contact is visible between
thin-bedded Chariottesville Formation and the Schuyler ultramafic sill at Schuyler. Hess
(1933) found the following sequence of rock types in the Schuyler body: 1) at the base,
ultramafic rock, talc-chlorite-actinolite-calcite; 2) in the middle, gabbroic rock with
hornblende and actinolite assemblages; and 3) silicic rocks with quartz-albite-micro

¢line-chlorite-hornblende assemblages. This suggested, 1o Hess, that the sill had differen-

tiated in place. Brown (195R) thought that the ultramafics might be extrusive rocks, as
this would explain the localization parallel to bedding, and association with the Catoctin
lavas. So far we have not seen evidence of this.

1a the Culpeper 10 Schuyler region (Figure 7) the ultramafic rocks are confined 1o the
upper part of the Lynchburg Group and Swift Run Formation. None are found above the
base of the overlying Catoctin Formation or within the still younger Evington Group. In
the Lynchburg area, 100 km south of Charlottesville (Plate 1), cltramafic rocks occur
throughout all but the lowest pant of the Lynchburg (Brown, 1958) where the contact
relations reveal them 10 be intrusive sills ( Ping Wang 1988, personal communication).

Difterentiation relations between hornblende gabbro and ultramafic rocks suggested
for the Schuyler sill (Hess, 1933) and confinement of homblendite dikes and sills as well
as the ultramafics to stratigraphic levels no higher than the Caroctin Formation, suggest
that the hornblende - actinolite gabbro and ultramafics may fferentiates of a common
subcrustal magma (see also Bloomer and Wemer, 1955) of . ~ynchburg and/or Swift
Run age, that is, Late Precambrian-Early Cambrian, 650 - 570

Whatever the future riay provide about the details of the ultrumafic - mafic assem-
blages described abeve, they appear to be part of the late lapetan rift sequence which
extends upward and includes the Slippery Creek basalt of the Evington Group (see
below) as well as basalts in the Unicoi Formation in the western Bluc Ridge. They are
not part of an ophiolitic melange as implied by Hatcher (1987), Hatcher and oth-
ers( 1989}, Rarkin and others (1989), Horton and others (1989), and Keppie and
Dalimeyer( 1989).

Correlations with the Valley and Ridge. The Catoctin and Swift Run formations
form a common stratigraphic datum on both sides of the Blue Ridge in central and ¢ ath-
ern Virginia (Plate 1). This has long been recognized as an important starting paint for
correlation of the strata across the Blue Ridge (Bloomer and Werner, 1955, Brown, 1970,
Patterson, 1987).

Glover and Costain (1984) and Wehr and Glover (1985) have shown that the Blue
Ridge province is the thrust-decapitated crest of the early Paleozoic ninge zone of
Laurentia Late-Early Cambrian through Early Ordovician strata west of the Blue Ridge
crest belong to the shallow water drift sequence, and correlative rocks east of the Blue
Ridge are deep water distal shelf and slope deposits (Brown, 1970, Wehr and Glover,
1985; I'atterson, 1987, Glover, 1989).
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Depositional model for Late Precambrian to Early Cambrian Laurentian Conti-
nental Margin

690-650 Ma - Late Precambrian Early Rilt Stage: nfting of Grenville basement
e vlacement of Crossnore Volcanic Plutomic suite; uplift and erosion, local grabens
preserved Crossnore voleanic rocks and associated non-marine sediments, Crossnore
plutons exposed in basement

680-570 Ma - Late Precambrian to Early Cambrian Late Rift Stage:  glacianon
at about 650 Ma; continued nfung; development of hinge zone west of Lynchburg near
center of Blue Ridge basement; depositon of Lynchburg periglacial braided alluvial fan
overlain by Lynchburg retrogradational slope and deep basinal marine fan sequence:;
sediment source dominantly from Grenville bascment to the west; emplacement of:
mafic dikes, sills, and lavas(?), und ultramafic dikes and sills (by injection of olivine-rich
crystal mush derived from fractional erystallization in a previous chaumber, or other
dynainic crystal accumulation process?) in the Lynchburg and Swift Run: emplacement
of mafic dikes and lavas in Catocting deposition of Unicoi non-marine sediments and
basalt lavas west of hinge zone on west flank of Blue Ridge; deposition of marine slope
and basinal Candler and Mount Athos Formations of Evington Group east of hinge zone
(east flank of Blue Ridge); marine eruption and deposition of Slippery Creek basalt on
Mount Athos quartz arenite: formation of oceunic crust east of Shippery Creek; end of rift
stage

£70 - ca. 850, Early Cambrian Drift Stage: deposition of Hompton/Harpers shale
and quartz arenite west of hinge zone on west flank of present Blue Ridge; coeval deposi-
tion of Joshua turbidites east of hinge on east flank of present Blue Ridge; followed by
buildup of Shady rimmed reef margin (Read, 1989) on hinge and cocval deposition of
deep water limestone (Arch marble) east of hinge zone

ca. 850 - ca. 540, Late Early Cambrian Overlapping Rift of Laurentian Eastern
interior and Continued Laurentian Drift: rifting of Laurentia in eastern intenor,
regression of sea and deposition of Rome shile behind Shady reef rin,

ca. 840 - 490, Late Early Cambrian « Early Ordovician Drift: buildup of largely l
carbonate bank west of hinge zone into Early Ordovician time ‘
|
|

Alternate tectonic models that have been proposed

Hatcher (1987, Figures 2, 3; Hatcher and others, 1989) proposed an extension of the
Hayesville - Fries tault, which he considers to ' the Penobscot-Taconic suture, into the
Virginia Blue Ricge and Piedmont. By this reconstruction the Lynchbuarg Group is
shown as allechthonous upon the Grenville basement and Catoctin Formation (personal
communication May, 1988), and the suriace of thrusiing is the Penobscot-Taconic suture.
Hatcher's interpretation is contrary to the geologic relations uescribed herein, The basal
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conglomerate of the Lynchburg Group in northemn Virginia (Figure 8) contains cobbles of
granite derived from immediately underlying Crossnore granites in the Grenville base
ment, therefore no large distance thrusting is indicated. The Catoctun overlies the
Lynchburg and is continuous with the Valley and Ridge sequence on the west side of the
Blue Ridge; here also no large scale thrust fault is indicated. As noted previously the
Lyunchburg on the east side of the Blue Ridge is in depositional contact, not fault contact,
with the overlying Catoctin.

An interpretation similar to that of Hatcher (1987, Hawcher and others, 1989) has also
been made by Horton and others (1987) and by Horton and others (19%9) who have
named the Lynchburg-Ashe-Tallulah Falls-Wedowee strata along the east flank of the
central and southern Appalichian Blue Ridge the Jefferson terrane. A similar interpr. (-
tion is also shown by Keppie and Dallmeyer (1989), The same objections apply to ull of
these reconstructions.

Late Precambrian/Early Grdovician History of the Exotic Carolina Terrane

Chopawamsic Formation Type Area. Volcanic rocks known as the Chopawamsic
Formation crop out in a NNE-striking belt in the central Piedmont of Virginia (Plate 1),
The formaticn was naiaed by Southwick and others (1971) for =ck s cropping out in
Stafford and Prince William counties in northern Virginia. The type <zction occurs alon g
Chopawamsic Creek on the Quantico Marine Base in the Joplin, Virginia 7.5 minute
Quadrangle. The formation in that area consists of, .. (1) metamorphosed medium- to
thick-bedded maiic to intermediate volcanic rocks derived from andesitic 10 basaltic
Moves, coarse breccias, and finer tuffaceous clastic rocks; (2) metamorshosed medium- 1o
thick-bedded felsic volcanic rocks derived from flows and associated volcaniclastic
accumulations; and (3) metamorphosed thin- 1o medium-bedded volcaniclastic rocks of
felsic 1o mafic composition, locally containing beds of non volcanic quanzose
metagraywacke, green o gray phyllite, and felsic to mafic flows. Units | and 2 grade
vertically and laterally into unit 3 and uppear 1 be tongues or lenses within 4 comples
volcanic-sedimentary pile” according to Southwick and others (1971). The thickness of
the Chopawamsic in the type area is 2-3 km. The lower contact was not seen, but its
position was inferred within a meter-wide covered interval and the contact was judged by
them 1o be sharp in one area and interleaved in another. Relations between correlative
rocks in Maryland (Crowley, 1976) suggests to me that if the diamictite at Chopawamsic
is the Maryland diamictite, the contact may be a fau't in northern Virginia, or, that
metavoleanic rocks of northern Virginia were misidentified as “Wissahickon™ diamictite.
The upper contact was found by Southwick and others (1971) 1o be gradational by inter
leaving with the overlying Quantico Slate. In contrast, Pavlides (1976) working 1o the
south, near Fredericksburg, found an unconformable relation between the Quantico
(Arvonia equivalent) and the underlying Chopawamsic; this relation is in accord with the
relations seen along our traverse (Brown, 1969).

Isotopic ages (zircon) indicate that the Chopawamsic is about 350 Ma, or Early
Cambrian (Pavlides, 1981, p, A6).
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arcs along the axis of the arc so that the basin evolves with a dead arc behind it and an

active arc adjacent 1o the subducting margin. Closure of the backarc basin would require

# jump in subduction position and a reversal of polarity according to the Pavlides maodel
| In this case the resulting structinal sequence from west 1o east would be: 1) an early, pre
| rift, half arc of calcalkaline rocks that interfingered westward with Late Precambrian and
Early Cambrian upper Lynchburg, Swift Run, Catoctin, Evington Group, Unicoi, Hamp-
ton, Erwin, and Shady strata. 2) an accretionary melange (Shores and Hardware) of the
backarc basin sequence with calcalkaline pyroclastic and epiclastic rocks from the mar-
gins of the basin floor, and basin floor basalts. and 3) calcalkaline volcanic rocks of the
outer proposed active arc (Chopawamsic) thrust over the accretionary melange. The
foregoing is not in accord with the geologic framework developed in this paper. Further:
more if the Chopawamsic arc developed adjacent to the Laurentian continent in the Early
Cambrian some evidence of carbonate reefs might be expected from the vicinity of
volcanic islands in a subequatorial sea, but carbonate detritus does not seem 1o occur in
these rocks. 1f on the other hand as proposed below, the Chopawamsic voicanics are punt
of Carolinia (Figure 2), they would have been at high latitudes during this time and
carbonate would be rare or absent.

In 1976 W.R. Brown recognized the tectonic melange nature of the rocks lying
between the Chopawamsic volcanics and “Evington Group™ rocks to the west. Thus the
Chopawamsic volcanics and the melange could no longer be considered pant of the
Evington Group and a collision zone or suture was implied. Bland ard Blackburn (1980)
characterized the Chopawamsic volcanics as part of the yovuger Carolina slate belt of
Glover (1974), and determined on the basis of trace element studies that they were domi
uated by low-K tholeiites. In this sense they differed from the older Car~lina slate belt
(Glover, 1974), which they characterized as a calc-alkaline sequence of volcanics. Buiid
ing on the models of Rodgers (1972) and Glover and Sinha (1973), Bland and Blackburn
(1980) suggested two possible models, each identifying the melange as as an ocean-floor
off-scraping, and the locus of eastward subduction of oceanic crust below the
Chopawamsic volcanics, which bordered a marginal basin off of Laurentia. In one
variant of the models the Chopawamsic is & separate island arc that subsequently col-
lided, by eastward subduction, vith the Carolina slate belt (glder slate belt). A problem
with this model is that the younger slate belt (including the Chosawamsic Formation)
was deposited unconformably upon the older slate belt (Glover, 1974; Hormis and Glover
1985, 1988; see also below) and not thrust upon it as this model requires. In the second
variant of the model the Chopawamsic represents a later episode of subduction and
volcanism superimposed on the older slate belt. This model is similar 1 the one devel

oped in this paper.

Pre- and Post - Virgilina Deformation, Carolina Slate Belt Sequences. In 1973
Glover and Sinha discovered an orogenic event, the Virgilina deformation, in the Caro-
lina slate belt sequence at Roxboro, northern North Carolina. At that location an older
sequence of volcanics and epiclastic rocks was folded and faulted at about 600 Ma., and
was subsequently intruded by the Roxboro Metagranite at 575 £ 20 Ma. Gloves (1974)
speculated that the deformation would have produced an unconformity and that the
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et o wly Flded sequense near Asheboro i central North Carolina had probably

» = geposited abevoe this vaconformity. The concept of pre- and post-Virgilina se-

| Jnees in the siate belt was reinforced by Brggs and others (1978) with the determing
«on that the Roxboro Metagranite was a very shallowly emplaced pluton that was prob-
ably an cruptive scarce for part of the younger voleanic sequence. This concept was
cha'ienged by “Wright and Seiders (1980), in a study of the central North Carolina se-
Juence, who proposed three possitalities: 1) The stratigraphic sequences of the two arcas
{(Roxboro and Albemarle NC') ure panly correlative. The Virgilina deformation was
synchronous with depositior of the upper part of the central North Carolina sequence, but
the deformation did rot <xtend into the central North Caroling area. 2) The stratigraphic
sequences of the *wo areas are correlative, and the Virgilina deformation was younger
than the centrai Norih Carolina sequence but was weak or abseat in that area. 3) The
central North Carolina sequence is entirely younger than the Virgilina deformation, and
the volcaric rocks may represent an extrusive phase of plutonism of the Roxboro-
Durhzin area (the Glover speculation). Wright and Seiders favored possibility # 1 as the
mst likely relationship, this was largely based on their belief that the well bedded Tillery
Formation of the Albemarle area was the same as the well bedded Aaron Formaton of
the Roxboro crea. In 1988 Harris and Glover presented evidence for the Virgilina
unconformity in the Albemarle area and showed that the Aaron was part of the older
sequence unconformably below the younger Tillery-bearing sequence of the slate belt
(Figure 8). They alse cuggested that the intra arc basin sequence (largely epiclastic deep
water turbidites of the Aares Formation), and the strongly bimodal nature of most of the
younger volcanism, may be analogous to the proto-Guif of California or 1 transcurrent
pull-apart basins. Perhaps then the Virgilina deformation represents an oblique colli-
sional deformation (transpressiona! and transtensional) that occurred on Carolinia prior 1o
its collision with Laurentia.

Chopawamsic, James Run, Carolina Slate Belt, Kings Mountain, Charlotte Belt,
Raleigh Belt, and Eastern Slate Belt: All Parts of the Carolina Terrane i the
Southeastern U.S, Piedmont. In 1972 Higgins proposed the existence of a long belt of
metavolcar.  rocks, the "Atlantic seaboard volcanic province”, that extended in the
Piedmont from Georgia to New York during the Late Precambrian to Early Ordovician.
Subsequent literature largely ignored this in favor of multiple arcs and complex collision
scenarios. The crustal profile and field data presented here indicates that Higgins was
essentially correct in relating all of the volcanics to a single terrane.

The James Run/Chopawamsic voleanic rocks occur in the eastern Piedmont of Dela-
ware and Maryland and extend into the north central Piedmont of Virginia (Figures 2,
Plate 1). They were overthrust from the east by the Laurentian Goochland basement
nappe (Figures 2, Plate 1) during a late Paleozoic Alieghanian dextral transpression event
(Glover and Gates, 1987). By reconnaissance and local detailed mapping they have been
traced into southern Virginia where they comprise part of the Charlotte belt. Volcanic
rocks of the Eastern slate belt and Raleigh belt are also clearly part of the Carolina slate
belt sequence (Farrar, 1985). Detailed mapping across the Charlotte belt in southern
Virginia (Figure 1, Plate 1 ) has not revealed any suture within the sequence, a sequence
which has been recognized for more than & decade as higher grade volcanic rocks equiva-
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Figure 8, Correlation of Carolina slate belt stratigraphy in North Carolina. From Haris
and Glover, 1988 The Chopawamsic Formation 1 northern Virginia is correla
tive with the post Virgilina sequence of North carolina.






Migmatitic grieisses are gradational from non-migmatitic gneisses and contain quartz:
plagioclase-muscovite lenses which appear to have crystallized from a melt,

Greenstones are infolded with the surrounding gneisses and are locally intruded by
tonalite veins. Some greenstones we.e coarse-grained gabbros mhers were fine- graised
and may have becn extrusive rocks.

Both the quartzo-feldspathic gneisses and the migmatitic gneisses may have been
largely of graywacke protolith.

Petrologic and igneous fabric anaiysis by Evans (1984) indicates that the Shores
reached medium.- to high-pressure epidote amphibolite conditions. Temperatures on the
order of 630°C and pressures of at least 6-7 kb were inferred under wh ch metamorphizm
of the non-migmatitic gneisses and incipient melting of the migmatiuc gneisses oceurred.

Lower greenschist overprinting ( quartz + albite + epidote + chlorite + muscovite
magnetite) involved hydrothermal alteration and oxidation of the earlier metamorphic
assemblages.

Brown (1986) described the Shores complex at Shores in detall and gave its regional
setting as a major zone of thrusting and obduction.

The metamorphic and deformational history of tne inelange is distinctly more com-
plex in temperatute, pressure and structural development than that of the Hardware
terrane, 10 the west upon which the Shores is thrust and this has importance in determin-
ing s early history.

Origin of the Shores Melange. Previous studies (Bland, 1978; Bland and Blackburn,
1980) have shown that the greenstone blocks in the Shores melange have the geochemi-
cal signature of ocean floor basalts. The work of Evans indicates that the Shores was
metamorphosed under conditions differer - an the rocks upon which it was oventhrust to
the west. Higher grade metamorphismt  ved by lower grade metamorphism is 4
common sequence in melanges of accretionary prisms. Recent work by Cloos (1982,
1984) and Cloos and Shreve (1986) suggests how this sequence of metamorphism and
deformation may come to be. Cloos and Shreve discuss five possible types of flow
patterns in melanges. Their types D ( composed of slope cover, offscraped sediment,
offscraped melange, and underplated me'ange) and E (composed of slope cover,
offscruped melange, and underplated melange) seem to it the sequence in the Shores
best, becuuse these are the only ones in which once more deeply buried matenal may
return towird (he surface during accretion. In these models @ metamorphic aureole in
melange is furtned at the base of the hot overriding plate, Return circulation may develop
in the underlying cooler and fluid-rich subducting sediments which plucks blocks of the
metamorphic aureole and carries them back toward the surface. While this 1s an attrac-
tive hypothesis it should be kept in mind that the second (and later?) overprints on the
melange may have occurred during regional meamorphisms related to tectonic burial,

Hardware Metagraywacke. This unit was named by Evans (1984) for a graded
metagraywacke sequence that lies between a fault bounding the Shores Melange and the
Mountain Run fault (a name which has priority over the Buck Island fault zone of Evans)
bounding the Evington Group (Plate 1). Within the Mountain Run fault zone Evans
found very thin bedded, fine gruined graywackes thought to be distal wrbidites related 10
the Hardware Metagraywacke. These cover 4 narrow area and are not shown on Plate 1.
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mentioned, to constitute three terranes amalgamated by suturing into one and overlain by
the Popes Head Formation. Subsequently, during the Taconic, he suggests that they
collided with Laurentia. The pre-Popes Head, and the post-Popes Head/pre-Occoquan
deformations Drake considered to be records of the Cadumian (western Europe) and
Penobscot (New England Appalachians) orogenies respectively.

Studies along the James River suggest rather, that the three motifs of Drake are
scgments of an accretionary melange brought ashore during the Taconic orogeny. Where
it has been possible to identify source in these deposits it seems 10 be from the east. The
Pepes Head may be a forearc basin deposit containing some pyroclustics from the mag-
matic arc. If this hypothesis is true, the deformations Drake correlated with widespread
orogenies around the Atlautic may be incorrect. Rather, it is suggested that the pre- and
post-Popes Head deformations represent different stages in the deformation of a complex
accretionary wedge that developed over a long interval of time, beginning offshore from
Laurentia.

Plutons in the Melange Units. Several gabbroic and granitic plutons occur in the
melange (Plate 1), and some of the gramitic plutons have ages of ca. 500 Ma. This dates
them as possibly having been generated over oceanic crust before the Taconic collision
with Laurentia . Much work needs 1o be done on petrogenesis of these intrusives. There
are simular occurrences in Kodiak Island, Alaska, where granitoid and gabbroic plutons
were apparently generated in the accretionary wedge above oreanic crust. Perhaps they
can be explained as a result of the subduction of an active spreading ridge which could
emplace basaltic magmas into the melange and also create secondary granitic melts from
the melange itself,

Taconic Orogeny.,

The Taconic orogeny was the carliest 1o affect the Laurentian margin, it musl there-
fore be related 1o the first suture found cuthoard of Laurentia. The previous discussion
supports the Shores Melange as marking the suture and the Cuopawamsic volcanic rocks
of the exotic Carolina terrane as remnants of the colliding continent. Colhsion between
Carolinia and Laurentia occurred during Late Cambrian through Late Ordovician time.
The initial collision decapitated a slice from the Laurentian hinge zone, and this slice was
the ancestral Blue Ridge (Glover and others, 1983; Glover and Costain, 1984; Wehr and
Glover, 1985). Erasion breached the ancestral Blue Ridge down to Grenville basement
and fragments of the western platformal rift and drift stratigraphy down to the basement
are preserved in the Late Ordovician Fincastie Conglomeraie of the Taconic foreland
hasin near Roanoke Virginia (Karpa, 1974). Fragments of gneissic lower Chilhowee
(Unicoi?) in the Fincasue indicate that Taconic metamorphism in the hinge and continen-
tal slope sequence was ulready well advanced by Late Ordovician, Caradocian, or about
450 Ma. Glover and others (19%3) summarized the evidence for Taconic metamorphism
which ceased by cooling during thrusi-driven uplift over most of the Piedmont and Blue
Ridge at about 480 Ma. or Early Ordovician. Further deformation and filling of the
foreland basin continued until about 440 Ma or Late Ordovician time in the central and
southern Appalachians.









Early De onian - Early Mississippian Acadian Orogeny: A Munifestation of
Obligue Collision

Time constraints on Acadian deformation along the James River traverse are poor and
most of our knowledge of Acadian events comes from outside the area (Glover and
others, 1983). Post Late Ordovician - Silunan (?) Paleozoi¢ sedimentation is unknown in
the Piedmont of Virginia, No.ath Carolina and South Caroling.

In northern Virginia Paviides (1982) has shown thut metamorphism and deformation
in the Falls Run Granite Gneiss occurred after 410 Ma and before intrusion of the oldest
Falmouth rocks at about 322 Ma. Glover and others (1983) reviewed the evidence for the
Acadian orogeny throughout the central and southemn Appalachians (Figure 9) and con-
¢luded, from stratigraphic ages of the clastic wedge in the Valley and Ridge of Virginig,
that the orogeny extended {rom the Middle Devonian (385 Ma) 10 Early Mississippian
(360 Ma). Numbers in parentheses result from the new time scale (Palmer, 1983) which
became available after Glover and others (1983). Isotopic data in the Piedmont suggest
that the orogeny culminated at about 360 Ma (Early Mississippian). Acadian metamor-
phism and ductile deformation are mostly confined to an overprint on the more wide-
spread Taconic metamorphism (Figure, 9). Acadian activity is manifest in the west
central pan of the ¢rystalline terrain in the southern Appalachians and along the central
and eastern part of the exposed Piedmont in Virginia (Figure 9).

Rodgers (1967) noted the differences in age of Acadian clastic wedges between New
England and the Central Ap; alachians. Glover and others (1953) questioned whether the
difference in timing of orogeny from north to south was diachroneity in the same orogeny
or two separate events, In New England Acadian clastic wedges are Early and Middle
Devonian, in New York 1o northern Virginia they are Middle and Late Devonian and in
southern Virginia and Tennessee the clastic wedges are Latest Devonian to Early Missis-
sippian (Ettensohn, 1987, and reerences therein). Evensohn (1987) proposed abligue
dextral collision of Avalon terranes with promontories on the North American continent
to explain the southwestward migration of clastic wedges (Figure 10). Ferrill and Tho-
mas (1988) recently proposed, on the basis of evidence for an Early Devonian wrench
basin in the Talladega belt of Alabama and Georgia, that oblique faulting also extended
into the Alabama segment at that time. According 10 their modification of Enensohn’s
maodel, wrench and transpressional stress varied along the orogenic system with time as
shown in Figure 9.

The obligue collision mode! of Etiensohn (1987) and modifications by Ferrill and
Thomas (1988) seems plausible. For the central and southern Appalachians, however, it
could not have been the initial collision with Carolima (“Avalonia”) because, as previ

ously shown, Carolinia collided with Laurenda during the Ordovician Taconic orogeny,
A mors likely hypothesis 1s that the amalgamated terranes of Laurentia and Carolinia
collided with southern Europe and west Africa. Middle Devonian metamorphism and
deformation are recorded in France and Morocco (Robinson and others, in press).

Along the James River traverse, during the Acadian, dextral transpression probably
reactivated many of the Taconic faults and undoubtedly moved the ancestral Blue Ridge
closer 10 its present position.
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Other Tectonic Models. Hatzher (1987) considers the suturing of Avalonia
(Carolinia) ‘0 North America to be an Acadian event and 10 have occurred along the
western ooundary of the Kings Mouritain belt in the southern Appalachians. In Virginia
this boundary on his map (Hatcher, 1987, Figure 2) passes east of the Chopawamsic
Formation and is overthrust by the Goochland basement nappes. The ultimate basis for
Hatcher's ages of collision-boundaries seems 1o be the need to match  sequence of three
orogenic events with a succession of terranes eastward (outward) from the North Ameri-
can craton. In this paper it has been shown that the western (Taconic) suture is mostly
misplaced by Hatcher in Virginia, and that the collision with Carolinia occurred during
the Taconic (see also Glover and others, 1983),

Early Mississippian Permian Alleghanian (Hercynian) Orogeny

In the Valley and Ridge of Virginia and West Virginia tne Greenbrier Linestone,
Merrimacian/Visean in age, was deposited upon the Acadian clastic wedge in a brief
interval about 340 m. y. ugo. The Greenbrier is immediately overlain by the Alleghanian
clastic wedge which ranges into the Permian, or to about 250 Ma. This brief pause in
clastic deposition probably represents a change in style of deformation, perhaps the
passage of a non-compressional transform junction with southern Earape and Africa. In
any event it hardly seems reasonable o consider it more than a brief lull, or change in
style, in an otherwise continuous orogeny,

Glover and others (1983) found that the metamaorphic thermal peak in the eastern
Virginia Piedmont was reached about 250 Ma (Early Permiian), and that ductile deforma-
tion over most of the eastern Piedmont ceased about 250 Ma (Late Permian). Thus
deformation in the Piedmont was synchronous with deposition of the clastic wedge in the
foreland basin,

The Petersburg Granite of the eastern Piedmont, near Richmond (Plate 1), is Late
Mississippian, 330 £ & Ma according 10 Wright and others (1975) and was deformed
intensely along its western margin by the dextrally ranspressive Hylas mylonite zone
(Bobyarchick and Glover, 1979; Gates and Glover, 1989).

Gates and others (1986) have shown that late Paleozoic dextral transpressional (duc-
tile) faulung, paroliel to the orogenic axis, occurred in the crystalline terrain throughout
the length of the Appalachians. They inferred from isotopic dates that this occurred from
324 Ma 10 285 Ma (Early Mississippian to Early Permian). The 324 Ma older bound is 4
cooling age on hornblende (Glover and others, 1983) and the actual age of initial defor-
mation is undoubtedly older. Similarly, the 285 Ma age is now superceded by more
recent findings, mentioned above, that suggest dextral transpression continued until about
250 Ma.

The 1-64 seismic profile (Plate 1) shows the structural relation of North American
Grenville basement to the overthrust Carolinia rocks in the eastern Piedmont of Virginia.
In the Goochland nappe, foliation, lithologic layening, and mylonite zones are a1l paraliel
=8 a result of the final deformation during the Alleghanian orogeny. Surface studies
indicate that these three parallel features of the layering are recorded in the reflections on
the seismic record as shown below the surface in the Goochland nappes on the profile,
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Therefore the dextral transpression t* 1t formed these structures occurred along moder:
atcly eastward dipping zones that, as shown by the profile, reached into the middle and
lower crust, The emplacement of the Goochland nappes and the doming of the Carolinia
cover therefore is a consequence of Alleghanian dextral transpression. Alleghanian
amphibolite facies metamerphism that retrograded the Grenville granulite mineral assem-
blages occurred at about $-7 kbars (Farrar, 1984) equivalent 1w uplift of 15-20 km during
the deformation, Subsequent erosion has breached the Carolinia cover in Virginia and
parts of North Carolina (Figure 2). Now the Grenville basement rocks in the nappes
pluages gently southward forming the Raleigh belt of North Carolina (Figures 1, 2). I
seems likely that the entire southern Piedmont is underlain by North American Greuville
basement.

Alleghanian regional metamorphism and ductile deformation is largely confined 1o
the castern Piedmont of the central and southern Appalachians (Figure 9). Localized
zonies of Alleghanian deformation are imposed on Alleghanian granites along the Brevard
zone in Georgia (Glover and uthers, 1983, and references therein) and on the High Shoals
Granite at the northern end of the Kings Mountain belt (Figures 1. 2) in North Catolina
(Horton and others, 1987). These occurrences represent areas of ductile deformation
along or near fault zones that were reactivated and locall; intruded by granites during the
Alieghanian; undoubtedly more will be found. Ductile deformation of Alleghanian age
also occurs in central Virginia where reactivation of the Taconic suture in Alleghanian
time produced mylonites of this age (Gates, 1981, Gates and others, 1986). Although
Alleghanian ductile deformation is found along major reactivated faults in the central and
western Piedmont (Figure 9) the eastern Piedmont contains the only large areas of re-
gional ductile deformation and metamorphism known at this time. Therefore, the pattern
of regional metamorphism and ductile deformation in the Piedmont and Blue Ridge
(Figure 9) supports our conclusion (Glover and others, 1983) of a general southeastward
migration of thermal metamorphic events with time. This seems in accord with the
conclusion that collision zones also become younger eastward as a natural consequence
of the succession in collision described herein.

The timing of the development of the principal areas of Acadian and Alleghani, +
metamorphism and ductile deformation in the central and southern Appalachian Pied-
mont was contemporaneous with the formation of their respective clastic wedges i th 2
Valley and Ridge. During deposition of the Acadian clastic wedge parts of the Blue
Ridge province (those parts not overprinted by Acadian ductile deformation, Figure 9)
were transported westward as largely rigid blocks deforming the shelf and Taconic claste
wedge strata and edge of the Acadian foreland basin in front of them. During the deposi-
tion of the Alleghaniun clastic wedge the Blue Ridge, central and western Piedmont
blocks moved in a dominantly rigid state deforming the shelf, Taconic and Acadian
foreland basin st ahead of them. Foreland basin strata deformed by pre Alleghanian
orogenies were overridden during the Alleghanian so that most of the deformation now
seen in the Valley and Ridge 1s of Alleghanian age. Because of this sequu.ce of events
the Blue Ridge and associnted faults that carry metamorphosed terras over
unmetamorphosed Valley and Ridge strata in the southern Appalachians is commonly
thought to be Alleghanian. The sequence of events outlined above suggests that these
faults had their inception much earlier during the Taconi¢ colhision.
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kilohertz frequency range) of many igncous rovks increased from values of a few hun-
dred 10 values of about 2000 at depths of about 10 km. Exposure to even laboratory air
drastically reduces the value of Q from values greater than 2000 to around 100 (Tittman
1981).

Theoretical background

Ecevitoglu (1987) and Ecevitoglu and Costain (1987) formulated an exact expres-
sion 1o describe the effects of absorption and body wave dispersion on the shape of a
seismic wavelet for which the attenuation coefficient, a(n), is an arbitrary function of the
frequency, n. They showed that absorption-dispersion pairs can be computed using the
discrete numerical Hilbert transform, and that approximate analytical expressions requ
ing the selection of arbitrary constants and cutoff frequencies are no louger necessary.
For constant Q, the dispersive body wave velocity, p(n), is

piv,)
i e _;__NH(—\-) '
2Q
where H denotes numerical Hilbert transformation, p(n) is the phase velocity at the
frequency n, and p(nN) is the phase velocity at Nyquist. From the above equation, it is
possible to estimate Q in the time domain by measuring the amount of increase. DW, of

the wavelet breadth after a traveltime, Dt, by

= 20T
C = XAW (2)

Aki and Richards (1980, pp. 172-177) summarized difficulties with analytic expressions
for phase velocity that involve frequency limits of integration that extend t infinity, In
order to calculate the “real, physical” phase velocity at some specific fiequency, then
application of the Hilbert integral for frequency limits frum zero to infinity will result in
an unbounded phase function that implicitly includes a linear phase (due to traveltime), a
dispersive phase, B(n), (due to body wave dispersion), und a “hidden” phase (due to
approximations that must be made for frequency Lmits of infinity). A graphic summary
of the phase definitions of Futterman (1962), Strick (1970), and Kjz *ansson {1979) are
given in Ecevitoglu and Costain (1988). The purely dispersive phase spectrum, B(n), 1s
shown in Ecevitoglu and Costain (1988), i.e., with the linear phase due to traveltume
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subtracted.

Aki and Richards (1980, Eq. 5.74) noted that

0 x
2c

Alx) = Aoe [
implies
-gl- + Hlaiw ] = 20 a(w)

where H denotes numerical Hilbert transformation; there is no Hilbert transform pair for
which this relation is satisfied with constant Q. Such problems can be overcome by using
a discrete Hilbert transformation with a finite upper frequency limit instead of integration
with: an upper frequency limit of infinity, and by recognizing that the total phase speg-
trum cin be split into a linear-with-frequency nondispersive phase defined by the
traveltitme of a reflected event, plus a purely dispersive phase spectrum that is associated
with body wave dispersion brought about by causal absorption. Aperiodic dispersive
phase terms are unbounded; therefore, they always implicitly subtract, as in Futterman
(1962}, or add, as in Strick (1967), or both add and subtract (i.e., “bend” a(n) versus n as
in Kjartansson, 1979) some amount of pure, undesirable, time delay. The expressions for
the absorption coefficients of Azimi et al. (1968) are convex upward because they have to
satisfy the Paley-Wiener condition. This condition restricts the permissible choices of
a(n) versus n to those that increa.e slower than the first power of the frequency as the
frequency goes to infinity. This restriction is removed for the case of real data and the
realities of a Nyquist frequency by invoking periodic theory in which Kolmogorov's
condition is instead satisfied.

The Hilber: transform as given in Lee (1960, Equation 65) is used to formulate
the relation between the amplitude and phase spectra of an absorptive hilter:

o0 o
Biv) = =4 sin(2uveide] In[A(v')]cos(2rV't)dv’ (3)

where A(n) and B(n) are the amplitude and phase spectra, respectively, of the absorptive
filter. According to the first assumption:

= Va4 U
AV = e s C and

in[Afu)} = ln[e'”‘] = =kry {4)



-

Substituting (4) in (3) we obtain:

Bivj = af sin(2av't)di | bv'cos (Zry't)av! (5)

N

For an upper limit of integration of « in (5), the rightmost integral becomes infinite. This
1 the difficulty encountered by earlier workers who used “aperiodic theory™ (i.e., n *= e)
when u(n)a = bng with g = 1. To overcome this difficulty, they chose g close 1o 1 (say, g
= (1.9}, This approach has been called (Strick, 1967) “power-law attenuation,” and a(n) 1s
chosen such that Q is almost constant over the frequericy range of interest. Instead of
relaxing Q and allowing it to become “slightly™ frequency dependent, Ecevitoglu and
Costain (1988) proceeded directly with the integration and selected some arbitrary
Nyquist cutoff frequency.

Letq(n) be the total (dispersive phase spectrum plus the linear-with-frequency
phase conesponding to nondispersive travelnme ) phase spectrum:

B(vi = B(v) + 2aV1 (€)
where B(n) is defined here as the pure body wave “dispersive phase” and 2pnt is the
phase that corresponds to some pure traveltime, t. Thus,

B(V) = ZRVT = IRV ~————

where t is now total time (the sum of the traveltime plus a frequency-dependent time
delay due to body wave dispersion), a is the travel distance, and p(n) is the dispersive
phase velocity. lLet

1 2__5 and b =-r—n-.-s—— {8)
piv.) Op (v,

where t is the traveltime, p(nN) is the phase velocity at the Nyquist frequency and is also
the p-wave velocity of the medium without absorpuon, and a is the travel distance

Although a lincar-with-frequency attenuation is used here as an example, the
numerical approach pr.sented is appropriate for any behavior of a{n) versus n. This
means that the inverse problem, that ol determining a(n) versus n from Hilbert transfor-
mation of the phase spectrum as derived from real data, will reveal the nonlinear depen-
dence of a(n) versus n if it is present ir: the data.
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The phase spectrum, B(n), for linear-with-frequency absorption as obtained by the
exact numerical procedure is:

B(v) = H{InA(v)] = H(ln ") = bH(-v) (9)
Here, H stands for numerical Hilbert transtormation. From (6), (7), (8), and (Y) the phase
velogity is:

ﬁ(VN)
1 H{~v)

1 D el ————

20 v

and thus every value of dispersive velocity can be computed Fom (10) fromn=uUton =
nN, inclusive. There are no arbitrary constants to choose. The effects of different ab-
sorption levels on the dispersive phase and impulse response are shown in Figure 11 for
distances of 2, 4, 6, and 8 km from the vibrator source. (Note that the absorption coeffi-
cient is multiplied by the travel distance, a.j Observe the scaling and broadening effects
on the causal absorption impulse responses (lower). As a(nja versus n becomes steeper,
then the dispersive phase B(n: secomes larger so that the peak of the pulse in the time
domain is gradually delayed.

~

(10)

pivi =

The percent, D, of body wave dispersion fromn =0ton=nNis

PV} = (0
D = T ®x 100 (113
PivN

and it is thus possible to determine a value tor D over any frequency bandwidth.

From Equation (10), the ph&sc velocity at n = 0 (see Ecevitoglu, 1987) is:

pivy)

pld) =
. 2

1 - v——

o
and body wave dispersion, D, over the entire bandwidth from n =0 and n = nN for a
linear-with-frequency absorption coefficient is

. p(vN) = (0} A
| = (12)

p(VN) 1 4 ,.g.Q

From Equation (12), the value of D is independent of any frequency cutoff, and depends
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Hilbert transformation; p(nN) is just a scale factor.
Procedure

The input data for the velocity-Q studies are raw, unstacked traces from the field
tapes that have not been pre-whitenad or filtered. Application of Equation (13) requires

1. A reflected event wich a good signal-to-noise ratio,

2. Nointerference between adjacent reflections. This constraint is not as
serious as it might seem, because it is only the central part of the Klauder
wavelet (the part with the two side lobes on each side of the central peak)
that is used in the analysis (see Figure 1).

Correlated shot records used for subsequent conventional stacks are inspected for
isolated reflections that can be followed across the record. The uncorrelated data is then
recorrelated, without vibroseis whitening (Coruh and Costain, 1983), from the original
field tapes.

Three methods of analysis were “sed:
i.  Follow a reflection on a common-source record,
2.  Follow (the same) reflection in a CDP gather,

3. Measure DW between two different reflections on the same record, but at
different times.

Although all methods were examined, the last was preferred because of the common
source-coupling and relatively short offset (70 m) for high-speed rocks (6 km/sec). For
high-Q rocks, DW in Equation (13) will be less than the original sampling interval (4 ms)
when the data were acquired. The data, f(t), must therefore be resampled at a smaller
sampling interval (say 0.25 ms) by application of the Fourier transform pair:

Flw) = | £it)e " ®tae
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record. Reflection condinuity with a high S/N ratio across the entire record was rare. For
i high-Q rocks this means relatively little spreading associated with normal move-out;
however, this is not a problem if a deeper reflection on the same record can be compared
with a shallow one. Comparisons of wavelet spreading between a shallow and a deep
reflection on a portion of the same shot recora provided the most convincing results,

™ S T e

A representative interval (tape D0215, Shot 23) recorrelated without vibroseis
whitening, is shown in Figure 13 and Figure 14 from 0-1.7 sec and from 2.2-3.1 sec,
respectively. This illustrates an example of the desirable signal-to-noise ratio for this
type of analysis. The idea is to examine enlarged portions (circled in the Higures) of the
data and track the waveform spreading, DW, from trace to trace. From this spreading,
can be determined, and a rock type inferred.

B e W e

A representative example of resampling a Klauder wavelet to a considerably
smaller interval is shown in Figure 15. The idea is to find the maxima of the peaks of the
Klauder wavelet so that DW can be measured.

Signal-to-noise ratios on field records of the other lines were judged to be o low
for reliable determinations of Q, or else the values of Q terned out 1o be negative, prob-
ably due to interbed multiples. The geclogy is complex. The S/N ratio improves after
stack; however, the basic waveform shape for application of Equation (13 is fost.

The data from Line NRC2A1-4 was judged 1o be satisfactory for the analysis.
Cvur short distances, the data were at least as good as that in the only other location in
crystalline terrain where this method has been successfully applied. Values of Q deter-
mined from Equation (13) side-lobe to side-iobe times at 1.5 sec were in the range 29-34
ms (average=32 msj; at 2.5 sec, this period was 32-34 ms (average=33 ms) From Equa-
tion (13), Q = 650.

BT N 3 el e g e e SR e e | (I e S

Conclusions

The generally observed lack of spreading of Klauder source wavelets observed on
the unprocessed reflection seismic data from Line NRC2A1-4 in Virginia 1s interpreted 1o
be due to a high Q tvery little intrinsic damping), iraplying a relatively dry crust (at least
as sensed by seismic waves of wavelength 100-400 meters) in this part of cantral Vir-
ginta. Because exposure even to laboratory air drastically reduces the value of Q from
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values greater than 2000 to around 100 (Tittman, 1981}, the results obtained in central
Virginia imply that the gross mineralogy at depth is free of hydrous phases. This inter-
pretation does not preclude a dry fractured crust with water silled fractures, however,

b cause setsmic wave lengths in the bandwidth 14-56 Hz do not see individual fractures.
The results summarized above ate not incoasistent with the hydroseismicity process. At
this time, there 15 not enough data 10 prove that fluid-wall reactions associated with
hydrolytic weakening of fault aspenities eventually result in rock weakening, which leads
to an earthquake, although that is the hydroseismicity hypothesis. If the crust is dry (high
Q) to begin with, such a process might be more efficiently accommodated in a dry frac-
wired crust, stressed close to failure, and in contact with meteoric water. This result of
high Q estimated for the npper crust at the location of Line NRC2A1-4 in central Virginia
mught also offer some clue as to rock type at this location,
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Goochland Group just west of Richmond. It crosses, in dip section, the southernmost of
three en echelon domes that are each cored by the State Farm Greiss

Geological interpretation: Surface geology shows the 1 Ga Mawicas Uneiss,
Sabot amphibotite and State Farm Gueiss of the Goochland nappes thrust over the Cam-
brian Chopawamsic voicanics by dextral transpression (Spottsylvania zone) paraliel to
the orogenic axis. These nappes include the Petersburg Granite and its Goochland host in
the eastern part of the profile. Structure of the Maidens in the western part of the profile
is moderate to steeply dipping, and very discordant to the subhorizontal attitude of the
Chopawamsic volcanics as shown in the profile. Thus the Spousylvania is a fault of
major vertical and horizontal displacement located at the contact of the Goochland and
Chopawamsics. The fault is recognized in the subsurface by the discordances it created
between other reflectors, and locally by reflecting surfaces parallel 10 11.

The Hylas mylonite zone is another of these ductile dextral transpression zones
shown in the profile that car be extended well into mid-crustal levels. Together these
subparallel ductile fault zones form a family of faults that dip moderutely into the subsur-
face and merge somewhat discordantly into the “lower laminated crust” below about 6
seconds two-way tme.

Dashed lines are used to emphasize antiformal intervals of reflectors that are
wruncated by eastward dipping transpressional faults. A dome cored by the State Farm
has been mapped at the surface and exhibits structure similar to that shown by the
antiformal reflector intervals. The geometry of the antiforms and their relation to the
transpressional faults indicates that they were formed in the transpressional process that
created the faults.

Between 6.5 and 7 seconds horizontal reflectors predominate in the western half
of the profile. At the western end of the profile a very reflective interval at 12 - 13.5
srconds ascends eastward to less than 10.5 seconds. The base of this interval corresponds
¢ » Moho (Pratt and others, 1988),. Between the inid crustal and lower crustal reflecuve
zones less well developed subhorizontal and gently to moderately east dipping reflectors
occur (first generation reflectors), The gently east dipping reflectors merge asymptoti-
cally with the mid crusta! horizontal zone and probably also with the Jower crustal reflec-
tive zone. The more moderately east and west dipping reflectors (second generation
re flectors) are superimposed on the mid 10 lower crustal reflectors just described and are
clearly younger.

The geometry of the lower crustal first generation reflectors has no parallel in
stratigraphic geologic frameworks, nor does it resemble a simple sill/dike relationship. It
does however have similarities to C (shear band) and S (schistosity) structures in ductly
detormed massive rmeks, In this analogy the mid and lower crustal reflectors are the
shear bands and compositional layering, and the gently dipping reflectors in between are
schistosity and compositional layering. Whe produciion of schistosity and shear bands
also vends to transpose the compositional layering into parallelism with the schistosity or
shear bands. The.: observations are true for thie metamorphic rocks now exposed at the
surfac=, 2na wiey present a logical framework for interpreting the deeper structure as
wei .
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Geological interpretation: At the surfuce nearly horizontal Muitens Gneiss of
the Goochland Group occupies the western /3 of the profile. On the east the Maidens is
truncated by the ¢ast dipping Hylas zone. Moderately dipping reflectors of the fault zone
are well displayed along the subsurface projection of the Hylas. During Early Mesozoic
extension the Hylas was reactivated as a normal fault (Bobyarchick and Glover, 1979)
and gently dipping Triassic sandstones now occur east of the Hylas border fa ‘It Several
west dipping reflectors (stratigraphy) and east dipping faults can be seen in the profile,

At about 7 seconds the mid crustal reflecting zone is quite prominent. Below it are some
maoderately east dipping trends that merge upward into the mid crustal zone and down-
ward into the lower crustal zone and M discontinuity without disrupting them. The lower
laminated crust shows structure between 11 and 13 sec. One interpretation is that the M
discontinuity slopes westward between 11 and 12 seconds. However, additional 1ami-
nated structure occurs between $ 1.5 and 13 sec in the east central part of the profile. An
aliernative interpretation would be that this is not the M discontinuity between 11 and 13
sec. but is a ductile extensional fault as shown on the profile.

Earthquake foci: Earthquake foct project into the profile between 3 and 3.3
sec.. There is little obvious structure in the profile at the {ocal positions but they would be
very close to the fav't in 1-64 as shown projected into this profile. The west dipping
reflector between 2 and 3 sec, .3 a'so probably the same reflector at that position in 1-64,

NRC 2A-1-1 profile (Figurc 20)

This is a dip section located about 4 km NE of NRC 2A-1-2 (Plate 1), NRC 2A-
1-1 crosses the southern end of the northernmost dome on the ma

Geological interpretation: This profile is very simii o NG 200020 The
profile crosses the Maidens, Sabot and State Farm gnetsses forriag a o which as
truncated by the Hylas mylonite and fault zone on the cast.. West: “aping reflectors that
end at the east dipping Hylas zone in this profile may be Triassic sedimoentary layers or
basement gneiss. The “brightness™ of these reflectors suggests that they are part of the
meamorphic basement. Weakly expressed discordances near 4 10 5 sec. suggest east
dipping faults offsciting a west dipping refiector. The west dipping reflector just below 2
se¢ is probably the same as that in 1-64 and 2A-1-2 at a simular ume/depth. The mud
crustal, 6 10 8 sec, reflective zone is well developed. Between 8 and 10 sec. & few east
dipping discordances appear in a field of otherwise faint horizontal reflectors(?). The
lower crustal reflective zone dips west from 1110 12.5 sec along a possible fauit. This
truncates slightly east dipping reflectors which extend down to over 13 seconds in the
profile.  Compare with comments on deep structure in NRC 2A-1-2 above.

Earthquake foci: Three foci projected into *+ ¢ profile at about 3 1o 4 sec. plot in
the zone of east dipping faults,
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NRC 2A-1-3 profile (“igure 21)

This is an obligue dip section located in the west central Piedmont along the
James River (Plate 1).

Geological interpretation: Surface data shows thut this profile crosses the
Shores tecionic melange, Hardware olistrostrome (sedimentary melange), und ends on (he
west edge of the Arvonia Fm (Plate 1). An east "pping fault mapped between the Shores
and Hardware has some expression in the seismic profile as a discordance at about | sec
East dipping mafic rocks mapped at the surface glso are expressed as reflectors down dip
in the profile From about 1 10 4 sec a number of subhorizontal to gently arched reflec-
tors are broken by east dipping discordant surfaces that appear to be faults. Probuble
formations/lithologies are shown on the profile by comparison with the 1-64 profiie
(Glover, 1989).

in this profile reflectors continue down into the middle crust to about 7 or X sec,
There is no sharp break where one would expect to pass from layered supracrustal rocks
into Girenville basement circa 3 sec. as occurs just west of here under the Blue Ridge (und
throughout its length in the central and southern Appalachians). Comparison with the |-
64 profile of Pratt | nd others (1988) and Glover (1989) indicates thut NRC 2ZA-1-3 s
located in the zone of transition between more highly reflective middle and lower cris
east of the Blue Ridge and poorly reflective crust under the Blue Ridge. In progressing
westward from the eastern Piedmont, reflectivity of the crust diminishes downward and
westward as shown in che 1-64 profile. This probably represents diminishing etfects of
Paleozoic and Mesozoic deformation on reletively homogencous Grenville crust

Although the lower crust is poorly reflective, reflections at 1510 16 se¢, suggest
the depth of the M discontinuity in this profile.

Earthquake foci: Three foct projected from near the profile plot between ahout
2 and 3.5 sec in association with the Catoctin metabasalts and within the zone of faulting.

NRC 2A-1-4 profiie (Figure 22)

This profile has the north half crossing structurs in dip section aad the south half
nearly north-south and oblique to the dip.

Geological interpretation: From north 10 south the profile crosses the Hardware,
Shores and Diana Mills Gabbro. A fauit is possibly indicated 10 the profile between the
Hardware and Shores as shown. The exact position of this fault at the surface is poorly
controlled, but on the basis of regional information it must be nearby, The Diana Mills
appears to be a thin tabular body because reflections in the range of (1.2 10 1 sec. or more
pass unbroken below its surface contacts. Correlations with the Evington Group and
Catoctin are made with the 1-64 profile as in NRC 2A-1-3 above.

As in 2A-1-3 above, the upper crust is reflective down to about X sec.. Below
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that it is poorly reflective and the M discontinuity is not apparent in this profile.
Earthquake foci:  The three foci projected into this profile plot within or adia-
cent 10 the Catoctin metabasalt,
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Part D. - Sesmic reflection data acquisition and interpretation in the Roanoke River
traverse in aselsmic seuth-central Vieginia (Task 2, Subtask 2A-0: Comparisen
with the seismically active Jaumes River geclogic framework.

By Lyan Glover, 111, Cahit Coruh, Alexander E. Gates, Wang, Ping, Judith Panerson,
1. K. Costain and Gilbert A. Bollinger.

Introduction

The automatic line drawing process was used 10 process these profiles, and the
introductory remarks to part C also appiy 1o this pan.

Data Acquisition and Processing

Roanoke River traverse 2A-3 (Figure 23, b)

The Roanoke River traverse (Plate 1) is a dip section through the Blue Ridge and
Piedmont in south central Virginia. The purpose of the traverse is to compure an
aseismic corridor (the Roanoke River) with a seismically active cornidor (the James
River) 1o see whether any differences that exist could be related to the localization of
seismicity. Only the cential segment of the Roanoke River traverse is controlled by
seismic reflection data (Plate 1, Figure 23a). Seventy percent of the geology of the
Roanoke River Traverse shown in Figure 23a was mapped for this project. The seismic
data was also acquired for this project.

The western boundary of the Evington Group (Plate 1: Figure 22a) separates the
Blue Ridge Province on the west from the Piedmont Province on the east. The traverse
thus crosses the Blue Ridge in its entirety and about 60% of the Piedmont (Plate 1).
Fgures 234 and 23b show the surface geology and rock type along the corridor.

Geological interpretation: In the northwestern part of the corridor (Figure 23a)
meamorphosed Precambeian Grenville basement has been thrusi over the
unmetamorphosed Cambrian Rome and Shady formations of the Valiey and Ridge. The
latter formations are exposed in the Goose Creek window. 1t is obvious from the sinuous
trace of the Blue Ridye thrust framing the window that the fault surface dips very gently
toward the southeast,

Volcanics and sandstone of 1 ¢ Lynchburg Group (Wang, in progress) overlie the
basement on the east and dip monoclinally steeply to the southeast (Figure 23a). The
seismiic profile (Figures 24 and 25) show subhorizontal to gently east-dipping reflections
between stations 900* and about 650 at about 0,3 sec. two-way time below the
Lyuchburg. These are strongly discordant to the steeply dipping Lynchburg strata and
imply a subhorizontal thrust fault separating the two units as shown in Figures 24, 25,
The rocks from .5 10 2.5 sec. below the Blue Ridge show strong impedance contrasts and
appear to be ar. imbricare stack of the carbonates and clastics that crop outin the Valley
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Figure 23 a . Geology of the Rocnoke River traverse
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Figure 23b. - Explanation of geology of the Roanoke River traverse
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amphibolite facies felsic and mafic metavolcanics of magmane are affinity. Most of the
sequence is late Precambrian, and a minor amount may be Cambrian. Structurally the
sequence is folded into & large recumbent fold rappe that formed mostly at the tme of
collision with the Laurentian margin during the Late Cambrian (Part A above). Theretore
the Taconic suture occurs between these magmatic arc rocks and the rift stage continental
margin rocks of Laurentia to the west (Figures 23, 24). The Melrose granite intruded the
suture during Late Cambrian time, but the suture was reactivated as @ mylonite zone that
cut the Melrose during the late Paleozoic (Gates and others, 1986)

Comparison of Roanoke River and James River traverses

James River: Several interpretations of the 1-64 profile along the James River
e now in existenee (Figures 26, 27, 28, 29). All recognize an arch-like structure in the
Piedmont culminsting under the Goochland nappe, but give it differing interpretations,
Glover and others (1987, 1988) favored Mesozoic crustal extension as an explanation for
the arch-like geometry of the Piedmont crust and subjacent M discontinuity. Pratt and
others (1988) considered the arch 10 be related to Alleghanian dextral transpression. This
theme was elaborated on by Gates and others (19¥8;. Corub and others (1988) and
Costain and others (in Press) describe the arch-like structure as an antiform with a roof
(limbs B and E in Figure28) and a floor (C in Figure 28), and attribute it 1o a combination
of compressional and extensional tectonics. Their compressional stage was envisioned as
dextral transpression producing a strike slip megaduplex between the Brevard zone on the
west and the eastern Piedmont fault zone on the east. The eastern fault boundary was
thought 10 be vertical. Mesozoic extension then allowed the western fiank to slump and
dip westward. Mesozoic dike swarmas were thought 1o have invaded these vertical fault
0088,

The Glover (1989 imterpretation of 1-64 shows extension, relatively minor dip
slip offset on the east dipping fault, below the Hardware melange (Figure 29). This
version is based on a manually p.oduced line drawing of the seismic profile and this line
drawing 1s reproduced with the geologic interpretation in Figure 29, The Coruh and
others’ (1988) automatic line drawing version of [-64 produces a more detailed and
objective drawing of the reflectors and using this in conjunction with the surface geology
a new interpretation is given in Figure 30.

The interpretation in Figure 30 shows backslipping on Paleozoic thrusts during
Mesozoic extension. Many miylonites in the ared are known (o have been reactivated in
extension (Glover and others, 1980, Gates and Glover, 1989), not only those bordering
Mesozoic basins, but muny others as well.  Reflectors within the backslipped block
below the Goochland nappe and Chopawamsic voleanics appear to be rotated counter-
clockwise to lower dip angles than one finds on either side.  This counterclockwise
rotation is also expressed in the westward dip of the melange (suture) below the
Chopawamsics. Similar structure is known off the NE coast of Scotland where SE
dipping Paleozoic thrusts in metamorphic terrane were reactivated during the Devonian
forming inversion structures, graben filled with sandstone (Coward, M.P. and others,
1989),

In Figure 30 the suture as well as the reflectors within the block appear to have
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Figure 30. Glover (this voiume) altemate interpretation of 164 profile based on automatic line drawing version of Goruh and others,
1988). All faults shown in the profile moved as thrust and/or transpressional faults during the Paleozoic. Mesoczoic
extensional movement is shown by arrows in cases where oid contractional fauits were reactivated.
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Part E. - Cause and localization of seismicity

by Lynn Glover, 111, with addenda by Cahit Coruh, 1. K. Costain, and G A. Bollinger,
and by John Costain and G.A Bollinger.

Cuuse

The stress-inducing regional cause of seismicity in the eastern U.S, is broadly
conceived to be in the plate tectonic mechanism of ridge push, perhaps influenced by
topographic and geologic loading (summarized in: White and Long 1989, p. 112 - 129).
There may also be a dre * or push exerted at the base of the lithosphere by mantle convec-
uon (Zoback and Zoback, 1980). Av:zrage stress orientation in the eastern U.S, is north-
easterly (White and Long, 1989) with some vaniation in the Appalachian orogenic sys-
tem. Causal mechanisms at this level were not addressed in the work reponted on here.

Luocalization of earthquakes in the central Virginia region: Previous work

Grunted that the lithosphere is constantly in a state of stress, this project addressed
the problem of identifying any elements of the geoiogic framework that might be respon-
sible for localizing seismicity.

Firs' order structural features: Wheeler and Bollinger (1984) proposed that
seismicity ol the southeastern U.S. might tentatively be attributed to “characteristics and
differences between various suspect terranes and the lapetan passive margin”. Quoting
the Williams and Hatcher (1982) terrane map which shows a marked narrowing of the
Avalon terrane where it overlaps much of the central Virginia seismic zone, Wheeler and
Bullinger suggested that this part of the terrane is “most likely to have been broken by
faclts and other fractures, and to have had fractures reactivated.. during the growth,
transport, and Lccretion of the terrane. Thus, the narrow parts of the terrane might have
remained comparatively weak, with their fractures unhealed, so that they could be pre-
ferred areas for seismic release of strain energy.""

Glover (1989, and Part A of this report) has shown that The Piedmont terrane
does not exist, breause there is no suture in the Blue Ridge and “Piedmont terrane™ rocks
are uctually deformed Laurentian margin rocks. Similarly Sheridan and others (1991),
Sugee-s¥at the cosiem boundary of the Avalon terrane may be far east of its position, as
Lo * oy Wiliiamms and Hatcher (1982), in Virginia.. Similar arguments (Glover, Pan

‘e -port) conflict with terrane boundaries as presented in more recent papers
..o« nd others, 1989; Hatcher and others, 1989; Rankin and others, 1989).

Additionally, the idea presented by Wheeler and Bollinger (19.4) that the narrow
parts of the terrane might have remained comparatively weak, with their fractures
untealed, does not cornport with a history of metamorphism that recrystallized (“healed”)
these rocks three times during the Paleozoic (Glover,1989). Open fractures in this pait of
the Piedmont =* * be younger than Paleozoic. The mechanical differences and anisot-
ropy that & ¢+ 1t the boundary between terranes even after metamorphism would

[
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VIRGINIA EARTHQUAKES (1978 - 1986)

Figure 31. Earthquake epicenters along 1-64 seismic reflection profile. Trisssis basing:
RTI “ichmond; STB, Scousville; CTB, Culpeper. For correlation with
B 02, ypocenters were projected imo vertical plane of 1464, Shaded
epicenters have a £ 5 km emor ellipse. Note high density of epicenters be-
tween Scottsville and Richmond Triassic basins. Contours with dash=d hines
are distinct Bouguer gravity anomalies in the ares. Matching aeromagnetic :
anomaly coincides with gravity anomaly of 20 mgal east of Richmond.
Geologic boundaries from Williams, 1978; gravity anomalies from Haworth

et al., 1980, From Coruh and others, 1988,
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and westward-dipping (B) events correspond  the eastern .nd wesiern
flank of the antiform, respectively.

4. The sntiform is bounded on the east by the east-dipping reflectors E. The
change in gross reflectivity in the west is interpreted as a ramp (R)
extending from th - mid-crustal level 1o the upper crustal reflectors. West
of Charlottesville (station T00), the crustal reflections disappear, except
for those frovn lower Paleozoic shelf strata at about 2w 3 5.

It is suggested that imbrication by westward thrusting, crustal thin-
ning, and 4 possibie westward tiltir g (Mesozoic) are all responsible for the
gross geometry of the antiform, a composite compressional-extensional
feature. The imbricate stro~wres, as well as thinning, are evident from the
geometry of the reflectors ur the upper crust and Moho, respectively. The
westward-dipping west flank of the anuform may, in part, be related to the
.. posed Mesozoic basins in Virginia and might therefore be the result of
westward tilting of a block of crust the slumped during Mesozoic
extension along & reactivated decollement(s).

5. Between stations 2030 and 2250 the mof of the annform is ropresented by
a high-amplitude and narrow zone of weflections (F), belo « which a zone
(D) shows considerably less reflectivity relative to the surrounding
region. This change to less reflectivity is also apparent in the taid-crustal
and Moho reflections and is interpreted to be the seismic signature of a
dike ~varmi. Furthermore, mast of the high amplitude reflections in the
deep crust are attributed to injected sills (Hubbard et al., 1990). The dike
swarm (D) can be correlated with the positive Bouguer gravity anomaly
{(Haworth et al., 1980) that extends about 80 km 1o the northeast (Figure
31). There is nodistinct acromagnetic anonialy (Zietz e1al,, 1980) reluted
v this dike swarm.

Even with extreme processing parameters of the ALD it was not possible to
decrease the difference in the apparent reflectivity of the imerpreted dike -warm and
other parts of the reflective crust in the central Virginia seismic zone. A similar
pattern of a poorly reflestive zong is interpreted below station 2800 an the east, where
both Bouguer gravity and acromagnetic anomalies are present. Those anomilies
extend about 100 km to the northeast and about 50 km to the south. The fact that no
distinct acromagnetic anomaly oceours for the imerpreted dike swarm below station
<100 may be auributed 1o its relatively great depth (6-8 km), defined by the T
reflector; however, magnetic modeling suggests that the poorly reflective zongs
below station 2100 and 2800 do not represent the same mafic material. The lack of
apparent earthquake activity related to the poorly reflective zone below station 2800
supports our interpretation that the origin and nature of these poorly reflective zones
are different. Costain et al. (1987b) proposed a tectonic setting for the latest
Alleghanian at which time a large strike-slip duplex was hypothesized 1 form in the
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southeast United States. Dominantly vertical structures were thus formed by a
transpressional Alleghanian orogenic event, and these later became zones of weakness
tiuat voere reactivated and opened during Mesozoic extension (Costuin and Corul,
1990). We interpret the zone below station 2100 1o be related 1o a dike swarm that
way passively intruded in the weakened, reactivated crustduring Mesozoic extension.
The zone below station 280 may be related to mafic material (slate belt voleanics)
that was vertically aligned by transpression during formation of the Alieghanian
strike-slipduplex. Late Proterozoic extensional features imaged in reflection seistaic
data from South Carolina by Hubbard etal. (1991) suggest that the extensional feature
‘D" might be an older feature to correlate - th the similar features imaged in South
Carolina.

Reflections that can be followed downward from exposed surface units
between stations 900 and 1700 1n Figure 32 are truncated by the reflections that
outline the roof of the antiform on the wes:. The layered Catoctin metavolcanics are
recognizable because of their high reflectivity (Pratt etal., 1988}, The Evington and
Chopawamsic are also highly reflective and appear 1o lie above the roof of the
antiform and beneath their surface outcrops. The reflections that define the root of
the antiformon the west probably represem reactivated decollements along which the
overlying rocks were transported (Pratt et al., 1988). The relatively thick zone of roof
reflectors (B) and complex structures above may be due, in part, to reactivation. The
geometry of the reflections from wathin the antiform suggests imbrication where the
cast-dipping events within the antiform between 3 and 7 s were interpreted by Pratt
etal. (1987) to be deformation zones (mylonites}, indicative either of nappe structures
or major Alleghanian strike-slip deformation. To the west and east of central
Virginia, the reflection data do not image the Moho on the 1-64 profile. We interpr ¢
these changes in gross reflect. vity to be real and due to lithologic-structural causes.
Costain et al. (1987b) suggested that the no-reflection area east of station 3000 is due
to the ons~t of a large strike-slip duplex that extends in a strike direction from central
Virginia w Geargia and in a dip direction from the Brevard fault zone to the eastern
Piedmont faulr “ve*=m  [n this interpretation the most stretched crust in Virginia is
between the ¢ .2t jon 3000) and the offset (station 1100) of the hypothesized
strike-slip duples ¢ Licatic 3 that maximum strewching took place here because of the
wider zone of crust weakened by transpression and the development of vertical shear
zones.

In spite of the relative sparseness of the epicenters, the ALD display of the
reprocessed 1-64 reflection data suagests a spatial correlation between seismic
reflectors andd nypocenters. Toexamine the correlation, only hypocenters (shaded in
Figure 31) with a £5 km vertical error were considered. A velocity of 6 km/s was used
for the conversion of vertical reflection traveltime to depth. Focal mechanisms from
11 of these earthquakes exhibit northeast-trending P (maximum compressive stress)
axes for shallow sources (<8 km) and northwest-trending axes fordeeper foci (>8 kmy;
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Figury 32), and a mixture of reverse and strike slip faulting on planes that exhibit un
average dip of 62 £ 16°. There are, however, two deeper foct with northeast-trending
P axes that are exceptions 1o the above grouping: however, the vertical errors ¢cin
easily locate these hypocenters below the given depths. Nelson ard Talwani (1985)
concluded that ail the central Virginia focal mecuanisms exhibit a stress field onented
northeast by using only P-wave polarities and a graphical analytical procedure. The
results from Bollingeretal. (1986) are favored herein because they used a quantitative
computer algorithm search routine that evaluates P/S wave amplitude ratios as well
as P-wave polarities to obtain the required focal inechamsms.

The correlation between the hypocenters, the reflectors, and the poorly
reflective zone may indicate that different seismogenic structures are associated with
two different groups of hypocenters. The hypocenters in group 1 are related to the
structures at the roof (B) of the antiform and abeve. They have shallower depths (3-
7 km) and northeast-trending P axes that coincide with the general tectonic strike in
the area. The events in group 2 are related to the structures within the antiform. They
are deeper (8-13 km) and have northwest-trending P axes. The patterns of reflection
truncations by the dike swarm suggest that the dike swarm posidates what we interpret
as an older thrust zone coincident with the brittle-ductile transition zone at level C.
Itis suggested, therefore, that the earthquake activity in the central Virginia seismic
zone may be detachment-related only on the west flank of the roof of the antiform (TS
in Figure 32, the transported Taconic suture zone, probubly reactivated duning the
Alleghanian) The hypocenters do not penetrate below the mid-crustal reflectors (C)
and show no direct relation to the lower crustal reflectivity bounded by the top of the
lower crust (C) and the Moho zone (M). There is no earthquake activity cast of the
Fall line (Figure 32), although the imaged lower crustal reflectors continue eastward
along with the east-dipping reflectors. Indirect correlations between the reflectivity
and the distribution of the hypacenter: also suggest that the earthquake activity is
limited to the parts of intensely sheared and stretched crust.

This is supported by seismic interval ve'ocities of 4.5 kim's determiuned from the
stacking velocities beneath station 900 for the interval interpreted as Paleozoic shelf
strata (Li et al., 1990). This relauvely low interval ~elocity suggesis
unmetamorphaosed rocks and constrains the thickness of the metamorphic plate.

Comments, by Lynn Glover, 1, on the above Coruh and others interpretation,

Coruh and others note an arch-like “antiform” in the upper crust with a crest at

about station 2000 (Figure 32). They further propose that the structure was formed by
bath compressional and extensional means. Although they offer little justification for
this speculation. the suggested origin has merit and the rationaie is here discussed more
fully in a later section.

Goruh and others also call upon the Costain and others (1987, 1990) strike slip

duplex model for the development of the central and southern Appalachian Piedmont to
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explain the vertical panels of low reflectivity in a 12 km-wide pane! below station 2100
and a much wider panel below station 2800. Reference 10 models by Woodcock and
Fischer (1986) shows that the geometry of the Piedmont structure in the 1-641 traverse and
Plate 1 (Geologic map of the VA Piedmont and Blue Ridge) does not resemble a strike-
slip duplex. This is because there are no vertical faults bounding vertical horses that are
known in the region (Glover. Part A of this report). Late Paleozoic dextral transpression
occurred along moderately eastward dipping ductile faults (Glover, Pant A) suci as those
mapped at the surface in the Goochland nappes and traced into the lower crust on the 1-64
profile between stations 2000 to 2400. Therefore there were no vertical faults to be
injected by Mesozoi¢ diabase dikes which Coruh and others (1988) call upon to produce
the vertical panels of low to no reflectance in the 1-64 profile. Lateral exiension of the
crust 1o create a 12 km wide panel of low reflectivity implies a composite width of
vertical dikes measured in kilometers. Yet if present, it seems likely that these dikes
would reach the surface of this the most concentrated accumulation of Mesozoic dikes
ever postulated in the Piedmont. If, as Coruh and others believe, the dikes rose ne higher
than the bright reflector “F” (Coruh and others, 1988, Figure 2) at about two seconds
two-way time below station 2100, then the extensive lateral separation below that level
would place the crust above it in tension so that rifts would occur there. However, the
surtace area in guestion has been well studied (Bobyarchick and Glover, 1979; Paland,
1976; Reilly, 1980; Glover, unpublished) and does not contain vertical strike slip faults of
ductile or brittle nature. The Triassic graben located over the western side of the low
reflectance panel under stations 2000 - 2250 formed as a result of brittle reactivation of
the ductile Hylas fault zone which dips moderately eastward. Movement on this fault
during the Mesozoic would obviously not relieve the extension below it during a postu-
lated dike injection episode.

Coruh and others suggest that the postulated Mesozoic dike swarm under station
2100 is, ..."correlated with the positive Bouguer gravity acomaly that extends about 80
km 1o the norcheast ( Figure 31)". Th'= is not supported by the N20°-30°W trend of the
field of narrow, elongate anomalies shown on the Aeromagnetic Map of Virginia (Zietz
and others, 1977) which correlate well with the Mesozoic dikes shown on the Geologic
Map of Virginia (Calver and others (1963), published before the magneuc data was
available,

One cun also see dipping reflectors passing through these low reflectance panels.
Whatever wne cause of the low reflectance panels, and assuming that they are real, they
are superimposed on the Palcozoic structure of the 1-64 profile without deforming it
They ¢.. also onlv seen in records using the unpublished Automatic Line Drawing dis-
play prog:. m of Cahit Coruh.

Coruh and others suggest that, .".. the earthquake activity in the central Virginia
seismic zone may be detachment-related only on ¢ west flank of the roof of the
antiform (TS in Figure 32), the transported Taconic suture zone, probably reactivated
during the Alleghanian).” The spatial cor-lation is there but the focal mechanisms
indicate reverse and strike slip faulting on planes oriented at high angles 1o the gentle
west-dipping structure of Coruh and others. The attitude of nearly all of the preferred
focal mechanism planes is northwesterly and the average attitude of five of the six pre-
ferred planes below 9 km in the eastern and western pants of the central Virginia seismic
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zone (CVSZ) is N20 (-20°,+10°)W 50°(+19°-15°) NE,

Comparison of the Roanoke River (RRT) and James River (JRT) traverses
with respect to seismicity: The Roanoke River profile shows somewhat less westward
slumping of the structure during Mesozoic extension. Clearly, under station 800,
backslipoing has occured, but the amount of rollover is less as measured by the more
gentle westward dip of the crystalline plate between stations 800 and 1600. The west-
ward extensional fault along which the rollover took place is at the same stratigraphic and
structural position in both profiles. The thickness of the crystalline plate is as much as 9
km thick in the 1-64 profile. while it is only about 3 ki thick under the Roanoke River
traver.2. In both cases the crystalline Piedmont is believed to be underlain by relatively
unmetamorphosed Caacbrian - Ordovician carbonates, sandstont and shale. Greater
ductility of carbonates and clastics may allow aseismic deformation in these rock vol-
umes in both profiles, as most of the seismicity of the 1-64 profile plots within the upper
plate crystallives, The magnetic map (Zietz, 1977) indicates that three or four large
Mesozoic dikes cross the Roazioke River traverse but they trend more northerly and are
not as abundant as along the Janes River.

It may be significant that the earthquake hypocenters of the central Virginia
seismic zone cluster around and in the inversion structure (westward slump of the central
Piedmont block during the Mesozoic, shown in Figure 30) in 1-64. The epicenter map
shows a very diffuse zone, a shape compatible with the volume expected to be atfected
by slump-generated normal faults. This would facilitate deep penetration of groundwa-
ter, which in turn could reduce the yield point of the rock volume under stress and in-
crease the frequency of seismic events. In this case the central Virginia seismic zone is
conspicuow - because of the frequency of small events. A corollary might be that the
aseismic regions have fewer but larger seismic events with peniodicities longer than the
historical record (ie. > 500 years), and probably longer than about S000 years, the length
of the record in the eastern United States examined by Amick and Gelinas (1991).

Correlations of hypocenters and focal plane orientations with structures on
seismic reflection profiles in the central Virginia seismic zone: On profiles [-64,
NRC-10, and 2A-1-1 through 4, hypocenters have been projected along NE-SW struc-
tural strs » between 1 - 5 km. into the planes of section. This introduces some error into
the position shown ¢n the profiles, an error that is in addition to the 1-3 km vertical error
in position of the hypacenters related 1o uncertainties in location. Therefore, the appar-
ently very good correlation between hypocenters and postulated faults as shown on these
profiles needs to be addressed with caution.

In Figure 33 it can be seen thiat the preferred focal planes generally have attitudes
at high angles to the gently west-dipping suture between 1.5 and 3.5 sec. two-way time
below stations 1200 to 1700. (Figure 29, 30). Above this west-dipping structure are
inoderately east dipping (30 - 40°) fault plares whose strike, from surface mapping, is
about N20°E (thus an average attitude would be about N20°E 35°SE). This contrasts
with the preferred focal plane attituces of about N20- «./ ‘W, 42 - 79°F and N20-30° E 40-
60°W. Choosing the alternate focal plane does not remedy the lack of concordance with
known structure. It seems probable that the structures seen by seismic reflection have
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little relation to the seismogenic structures imnlied by the focal plane orientations,  The
same conclusion applics to all of the seismic reflection profiles taken in the James River
corridor. The only geologic structure known in the CVSZ with an onentation close o
that of the focal plane orientation are dikes of Mesozoic age (Munsey and Bollinger
1985).

Mesozoic dike contacts emerge as a possible seismicity-localizing anisotropy.
Although there is littie data from field measurements, Mesozoic dikes are usually oo-
served to dip near 90° whereas the NW striking focal planes dip 40° 1o ¥,

Seismic reflection and surface geologic mapping therefore provide evidence that
simple models of fault reactivation from Paleozoic fault structures are inadequate to
explain seismicity in central Virginia, but Mesozoic dikes may be asso. iated with the
seismicity.

Relationship of regional and local p-axes to the orientation and slip on focal
planes: A sterco plot (Figure 33) of p-axes for the central Virginia seismic zone, bore-
hole }.-axes within and owmside of the zone, and the dominant east central U.S, p- axis are
shown with relation to the orientations of possible focal planes for 11 events. Single-
event p-axes trend NE and NW, with no well defined partitioning between shallower and
wueper crust, A 300 meter borehole p-axis measurement in the CVSZ of N74°W # 13°
(Rundle and others, 1987) is consistent with the group of NW-trending single-event p-
axes. They also recorded a N74°E £ 10° p-axis approximately 40 miles SW of the first
hole and outside of the ceniral Virginia seismic zone. This p-axis from an ascismic
region in the Atlantic Seaboard is conformable with the p-axes in the east central U.S
west of the Appalachians. Near the Ramapc, N.Y fault zone they measured p-axes near
the seismic zone boundary aad within it and both axes were N69°E and N72°E,

The borehole p-axis variation inside and outside of the CVSZ is repeated in the
Moodus zone of New England where Rundle and others (1987) measured trends. nearly
identical to those in Virginia. Therefore, it appears that the p-axes as measured in bore-
hioles within some of these seismic zones are different from those outside of the zone.

As measured by focal plane mechanism studies within the CVSZ, both NE and
NW trending p-axes can be inferred. This s puzzling because it seems physically impos-
sible for two different stress vectors to exist simultaneously in the same volume of rock.
It is well known that p-axes determined from focal mechanism solutions do not represent
unique solutions because of the effect that anisotropies in the crust can have on the
orientation of the plane of failure (McKenzie, 1969). Therefore, the focal planes and ship
vectors can be considered much closer to reality than the stress veciors derived from them
(Gephart and Forsyth, 1985).

From the above, it would seem that if a single regional p-axis can be found that
will satisfy the focal plane and slip vector data then that should be the real stress vector
we are looking for. A NSS°E p-axis generally concordant with the east central U.S. field
west of the Appalachians appears to satisfy t'  data. In most cases the alternate focal
plane of Munsey and Bollinger (1985) is the one that is concordant with the required
orientation and slip, exceptions are events # 78 and 64a which are the preferred orienta-
tions of Munsey and Bollinger. The northeast set of focal planes strikes about 30° east of
common Appalachian structural strike in the area and the dip is mostly NW, opposite to
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9. Single seismic event p-axes are dependent only on the orientations of the focal planes
which may be strongly influenced by crustal anisotropics (McKenzie, 1969). The
focal planes and slip axes are the moic likely to be real. Prelimirary attempts to fit o
single regional p-axis to all of the planes of Munsey and Bollinger (1985) gives an
apparently good fit for a NSS°E wrending p-axis. This is appreximately parallel with
the dominant NE regional p-axis west of the Appalachians.

10. The best fit focal planes are onented gensrally ENE, dip NW and SE steeply and are
not concordant with any geologic siructure in the area.
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Seismogenic structures in the central Virginia seismic zone

Cahit Goruh, G. A Bollinger, J. K. Costain
Department of Geslogical Sciences

Virginia Polytechnic Inslitute ana State University, Biacksburg. Virginia 24061-0798

ABSTRACT

A correlation between earthquake hypocenters and seismic reflection data in central
thahcmmmmu“mdchednwug”mw)ﬁphydw
reflection data. With the reprocessed Virginia 1-64 reflection.Vibroseis data extended to 14 s,
Mmhdhhm“um“huthumcmsmy.m
improved resolution and data yuality of ALDs heve produced ac image of an antiformal
structure bounded by mid-crustal reflections on the botlom and by major thrusts at i top.
The reflections that define the roof of the antiform are most prominent from about 6 s (18 km)
on the east near Richmond ander the Coustal Plain sediments, t0 1-1.3 s (3-4 km) between
www.mnu-uummmwmmmuw
ummunmmmmmwummmmu
truncated st the rool of the antiform. The dominant reflections that define the rool correlate
with the seismic signature of the transported Taconic suture on the west fank and mylonites on
the east flank,

The distribution of hypoceisers in the area shows an excellent correlation with the
westward-aipping reflections that form the rool of the antiform on its western flank. Earth-
mcmmuwmumumrmmdmmw‘mw
and/or faults above the anuforual structure; however, distribution of ihe easternmost and
deepest set of hypocenters appears to be related (o an extensive near-vertical diabsse dike
swarm of Mesozok age.

INTRODUCTION

We suggest a correlaton between earthquake
hypocenters and subsurface structures inter-
preted from sesmic reflection data in the central
Virginia seismic zone, an area of persistent,
generally low level seismicity in the Virginia
Predmont {Fig. 1). The results of instrumental
moniloring by the Virginia Regional Sesmic

Network showed a spatial distribution of hypo-
centers that was both verticaily and horzoatally
diffuse. Such a pattern was attributed by Bollip
ger etal. (1986) o multiple, rather than single,
sesmogenic structures. Herein we suggest a spe-
afic correlation between the distribution of the
hy docenters and sewsmuc reflector patterns as im-
aged on the Virginia [-64 sesmic profile (Fig 1)
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The 1-64 Vibroseis profile begins in the Vir-
gunia Valiey and Ridge and crosses the adjacent
Blue Ridge anuclinonium (Wehr and Giover,
1985), as shown n Figure 2. Grenville base-

ment, interpreted 10 underhie the deepest de-
tachment, has a relatively low reflectvity
Grenville basement in other areas of the south-
cast (Costain et al, 1986, Corub et al, 198
alsc has a relatively low reflectivity due, in pan,
10 lack of laterally continuous and relatively un-
deformed reflestors. On the surface east of the
Blue Ridge are exposures that include Lynch-
burg metasedimentary rocks, Catocun metavol
canic rocks, Evingron Group metasedimentary
rocks, and Chopawamsic metavolcanic rocks
(Conley, 1978 Wehr and Glover, 1985, u-d
references therein). All those umits have under-
gone metamorphism and deformation in either
the Taconic, Aadian, or Alleghanian events
(Giover et al., 1983}

SEISMIC REFLECTORS

The ceatral Virgunia seismic zone provides an
exceptional opportunily to correlate earthquake
studies and sewmic reflection data. The onginal
§-64 seismic line (Harris et al, 1982) aloag lo-

Figure 1. Index map of
Virginia with earthquake
epicente. s showing -84
seismic reflection profile,

posed Richmond (RTZ,,
Scottsviile (STB), and Cui-
peper Triassic basins
(CTB). For correlgtion
shown in Figure 2, hypo
cen\ore are projected inle
vertical plane defined by
MAGN! TUDE wm' M:‘::.l W.L
‘T . Shaded epica ars have
‘»,_l =5 km srror ellipse. Note
! high density of epicenters
between Scottsville and
Richmond Triassic busins,
Contours with dashed
lines are distinct Bouguer
@ravity anomalies in ares.
Matching aeromagnstic
i anomaly coincides with
Jrav'ty anomaly ot 20
@ mgal east of Richmond
(Geologic boundares from
Wiliiams, 1978; gravity
anomalies irom Maworth

et al, 1980,
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tersiate 64 (1-64) between Staunton, Virginm
and (he Atlantic coast (Fig, 1) was reprocessed
at Virginia Tech by Pratt (1986) wo produce 14 5
recards by using extended Vibrosess correlaton
with the applicstion of Vibroseis whitening
(Gorub and Costain, 1983). Pratt produced t «
kev seismuc refllection section in Virginia 10
image crustal reflectors, includir g the Mobo dis-
coanawty 10 the 9-12 5 range The [-64 daia
were subjected 1o the process of automatic line
drawing, an objective techmigue, (o produce an
unconvenuonal displey in which the onging/
waveformy are preserved. The processing &
based on the idea that the reflecuons from &
subsarface reflection pount are on several traces
in & ume-space window, The ALD processung
converts the traces o cobherency esUmations
from 2 moving window in the ume-space do-
main. The resulting form of the seismic data
considered 10 be a section of relative sewsmuc
reflectvity (Fig. 2a).

Cver much o its extent, especially between
statuons 1100 aud 2700, the sesmic reflection
response in the ALD display of the 1-54 data set
in the central Virgina sezmic zone exhibits ex-
cellent detail from the upper crust 1o <he Moko
disconunwity and suggests coastrants for the
geologic unterpretauon of the dstnbution of
sarthquuke hypocenwers (Fig. 2b). On the tous
of reflection data ieading into the Blue Rudge
from the aorthwest, and results of reflectior pro-
filing in other areas (Coruh et al, 1987, and
references therein), a zone of subhonzontal re-
flecuons (A) at about 3 s two-way Laveltime
near station 700 (Fig. 2a) on the western part of
the line ( west of Charlotiesville) s interprerad ©
ongunate from parautochthonous lower Paleo-
o shelf strata. Poorly reflesive Grenville
basement & bhelow the aeepest datachmentis)
{DT in Fig. 2b) and vhelf strata. The Biue Ridge
masier decollement at | 5 (BRT in Fig. 2b) lies
at the base of the overiving allochthonous crvs.
talline thrust sheet(s), as imaged beneath the
Blue Ridge ou other southern Appalachian
sesmic reflecuon data. The thickness of this
metamorphic allochthon remains relauvely con-
stant over an on-strike distance of at least #00
km (Costam ot al, 1987a). The Moho (M) re-
fiecuons appear 10 be mussing west of Char-
lottesville and east of Richmond, suggestung that
the M discontinuity is more proqunent in areas
where the crust has heen stretched

In the muddlie part of the hne in central Virgin-
i, a distinctive difference a the reflectivity of
the crust s apparent with respect (o other parts
of the line (Fig. 2b). The refleciors in this pan
are as tollows (Fig. 2a and 2b),

1. Lower crustal reflectors, including the
west-dipping Moho discontinuity (M) at about
9-12s

2. Subhorzontal mud-crustal reflector zone
(C) at 6-8 5, interpreted w represent the present
brittle-ductile tryasitton zone. The east<dipping

7%

reflectors (E) abc ve the reflectons (C) project w0
surfz ‘e exposures of eastwi J-<ipping mylonites
(Gates et ui, 19861 At depth, these reflectors
asymptotically apoear 10 join with C on the cast.
possibly because of increased shearing near the
brittle-ductile transition (BDT in Fig. 2b). The
number of cast-dipping relactors above the mid-
crusial 6-8 s reflection zone C is considerably
higher than below, suggesting that zone C 1 rea!
and criticai 10 any inlerprelauon.

3. A dominant reflevuon package B (TS in
Fig. 2b) undusaces between 0.5 and 7 s and trun-
cates sesnic signatures that can be followed
from the surface. This package defines the cast
flank of 2 large antiform about 100 km wide
Detween statons 1100 and 2600 (Fig 2). The
mid-crustal reflections (C) are unerp.reted io de-
fine the floor of this antfarm. The antiform has
a maximum vertwal “elief of about 17 ¥ni. The
depth 1o the roof of the antiform vanes between
3 and I8 kn., where the eastward- (E) and
westward-dipping (B) events correspond 1o the
castern and western flank of the anuform,
respectively

4. The antiform s bourded on the east by the

it-dipping relectors E The change in gross
reflectivity 1o the west s interpreted 4s @ ramp
(R} extending from the mid=crustal level 1o the
uppe: crustal reflectors. West of Charioitesville
(stauon 700), the crusial reflections disappear,
except for those from lower Paleczorc sheif
strata at about 2 to 3 5.

We suggest that imbrication by westward
thrusting, crustal thunping, and 4 possible west-
ward ulung (Mesozoic) are all responsible for
thie gross geometry of the anuform. a composite
compressional-extensional feature. The imbn-
cats structures, as well as thinning, are evident
from the geometry of the reflectors of the upper
crust and Mobho, respecuveiy. The westward-
dipping west flank of the anuform may be in
part related 1o the sxposed Mesozow basins in
Virginia and mught therefore be the resull of
westward uiting of a block of crust that slumped
dunng Mesozowe extension along a reactivated
decoliementis)

5. Between statons 2050 and 2250 the rool
of the aauform s represented by a high-
ampiitude and narrow one of reflectons (F),
beluw which a zone (D) shows considerabiy less
reflecuvity relative to the surrounding region.
Thus change to less reflecuvity s also apparent in
the mud-crustal and Moho reflections and & in-
terpreted (0 be the sewmic signature of a dike
swarm. The dike swarm (D) can be correlated
with the positive Houguer gravity anomaly
(Haworth ¢: al., 1980) that extends about 80 km
to the northeaut (Fig. 1). There is no distunct
aeromagoetc anomaly (Zietz et al., 1980) re-
lated 1o this dike swarm.

Even with extreme processing parameters of
the ALD it was not possible to decrease the
difference n the reflectivity of the interpreted

e e

dike swarm and other parts of the reflective crust
in the central Virginua seismic zone. The appar-
ent sharpoess of boundaries of the dike swarm
{hat mark the change i reflectivity in Figure 2a
is partly due 1o the scale of the plot, and thus the
boundasies are interpreted 10 be real Zone D
spatially correlates with the Richmond Triassic
nft basta (Fig. 1) # similar pattern of & § sonly
refiactive zone &5 interpreted helow station 2800
on the east, where both Buuguer gravity and
seromagnetic apomalies are present.  Those
anomalies extend shout 100 kin (0 the northeast
and about 30 km to the south. Figure | includes
the Bouguer anomaly contours for this area
whore the gravity and magnetic anomalies
coincide. The fact that 0o distinct seromagnetic
anomaly occurs for the interpreted dike swarm
helow station 2100 may be attnbuted 1o its refa-
tively great depth {6-8 km), defined by the F
reflector; however, magnetic modeling suggests
that the poorly reflective zones below station
2100 and 28300 do not represent the same mafic
materal If they did, an appreciabie magneuc
anormaly should also be abserved arouad station
2100 The lack of apparent earthquake activity
related 1o the poorly reflective rone below sta-
tion 2800 supports our interpretation that the
ongin and nature of these poorly reflective zones
are different. Costain et al, {1987 proposed a
wotonic seting for the latest Alleghanian, at
which ame & large stnke-slip duplex was hy-
pothesized 10 form i the southeast United
States. Domuinantly vertical structures were
thus formed by a transpressional Alleghaniac
orogenic event, and these later became zones of
weakness that were reactivated and cpened
duning Mesozoic extension {Costain ard Corub,
1988). We iuterpret the zone below station
2100 to be related to a dike swarm that was
passively wntruded in the weakened, reactivated
crust dunng Mesozoe extension. The zone
below station 2800 may be related 10 mafic
material (slate helt volcanics) that was verucally
aligned by transpression duning formation of the
Alleghaman stnke-slip dupiex.

Reflections that can be followed downward
from exposed surface units between statons X0
and 1700 1 Figure 2 are truncated by the reflec-
tioas that outline the roof of the anuform on the
west. The layered Catoctin metavolcanics are
recognizable because of thewr high reflectuwity
(Pract et al, 1988). The Evington and Chopa-
wamsic are also highly reflective and appear to
lir above the roof of the antiform and beneath
their surface outcrops. The reflections that define
the roof of the ant/orm on the west probably
represent reactivated decollements along which
the overlying rocks were wransported (Pratt ot
al., 1988) The relatively thick zone of roof re-
flectors (B) and complex structures above may
be due, in part, o reactivation. The geometry of
the reflections from within the antiform suggests
imbricauon where the sast<lipping events with-
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in the antiform between 3 and 7 s were inter-
peeied by Prant et al (1%87) 10 be defe mation
oues (mylonites), indicative either of nappe
structures or major Alleghanan strike ship de-
formation. To the west and east of sentral Vir-
ginia, the reflection data do not image the Moho
on the 1-64 profile. We interpret these changes
in goss reflectivity to be real and due to
lithologw-structural causes. Costain ot al
{1987h) suggested that the no-reflection area
enst of station 3000 is due 1o the onset of a large
sinke-shp duplex that extends in a strike direc-
ton from central Virginia to Georgia and in a
dip direction from the Brevard fault zone to the
castern Pradmont fault sysiem. In this interpreta-
aon the most stretched crust in Virginia s be-
tween the onset {stavon 3000) and the offset
(station 1100) of the hypothesized strike-slip
duplex, indicating that maximum stretching
took place iers because of the wider zooe of
crust weakened by transpresion and the devel-
opment of verucal shear wones.

EARTHQUAKE HYPOCENTERS AND
DISCUSSION

In spite of the relative sparseness of the epi-
centers, the ALD display of the ieprocessed [-64
reflection data suggests a spatial correlation be-
tween seismic reflectors and hypocenters. To ex-
amine the gorrelation, only 26 hypocenters
(shaded i Fig. 1) with & =5 km verucal error
were considered. A veloxity of 6 km/s was used
for the conversion of verucal reflection travel-
tme 1o depth. Focal mechamsms from 11 of
these sarthquakes exhibit northeast4rending P
{maxunum compressive st.ess) axes for shallow
sources (<8 km) and northwest-trending axes
for deeper foct (> 8 km; Fig. 2¢), and & mixture
of reverse and stnke-slip faviung on planes that
exhibit an average dip of 62° = 16°. There are,
howgver, two deeper foct with northeast-
trending P axes that are exceptions o the above
grouping. Nelson and Talwani (1985) con-
cluded, by using only P-wave polanties and a
grapmical analyucal procequre, that all the cen-
tral Virginia focal mechansms exhibit a stes
fald onented northeast. ~ve favor the resuls
from Bollinger et al. (1986), because they used
4 Quantitauve computer algorithm that eval
ustes P/S wave amplitude ratios as well as
P-wave polanties (© obtamn the reguired focal
mechansms,

The correlation between the hypocenters, the
reflectors, and the poorly reflective zone may
indicate that differsnt sesmogenic structurss are
associated with two different groups of hypocen-
ters. The hypocenters in group | are related 0
the structures at the roof (B) of the antiform and
above, They have shallower depths (3-7 km)
and northeast-trending P axes that conade with
the general tectonic strike in the area. The events
in group 2 are related to the dike swarm (D)
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within the antiform. They are deeper (8-13 km)
and have aorthwest-trending P axes. The pat-
terns of reflection truncations by the dike swarm
suggest that the dike swarm postdates what we
interpret as the brittle-ductile transion rwooe at
level C. We suggest, therefore, that the earth-
quake sctivity in the central Virgina seismic
zon¢ may be detachment-related only on the
west flank of the roof of the antiform (TS v Fig.
2b, the *ransported Taconic suture zoae, proba-
bly reactivated dunng the Alieghanian). The
hypoceniers do not penetraie below the mid-
crustai reflectors (C) and show no direct relauon
10 the lower crustal reflectivity bounded by the
top of the lower crust (C) and the Moho 200
(M. There 1s no canthquake activity east of the

Fall Line (Fig. 2), although the imaged lower
crwstal reflectors contnue eastward along with
the east-dipping reflectons. lndirect correlations
berween the reflectivity and the distribution of

the hypocenters also suggest thit the sarthquake
actvity s himsed w0 the parss of intensely
sheared and stretched crust Similar ALD dis-
plays in ths zone and i other areas where seis-
miC AStivity 1§ also present, ¢ g, the Piedmont in
South Carolina, are necessary for more genersl
conclusions 10 be reached
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HYDROSEISMICITY; A HYPOTHESIS FOR THE ROLE OF WATER
IN THE GENERATION OF INTRAPLATE SEISMICITY

John K Costain, G. A Bollinger. and ] Alexander Speer

Denariment of (ieoiogical Sciences
Fregima Polytechme Insinare and State Univervity
ksburg, Viegimsa 206!

ABSTRACT

A new hypothesn termed Hydrosesmacity that has hyvdrologie (diffusion of pore
pressure transients (rom rec ege areas of groundwater hasingl, geologw (nited, frac-
tared crust’, and chenncal [solumbity of minerzls) ciements is proposed 1o explain the
role of water ifi the generation of mtrapiate seasmicsty. 1t basus is 2 spatial correlation
in the southeastern L. S hetween |) seiemogenic enistal volumes of high seisnucity. 2)
large gravitv.daven nver basing that can rovide an adequate supply of water 1o the
upper. and mid-crust, and Y1 a nermeahle crust that o tectonically stressed close o fail-
ure. It s suggested that in crusiai volumes with a corabination of connected (ractures
nd adequate groundwatsr. nstural transent increases in hvdrauhc heag in techarge
areas o groundwater banns can be transiited to deptht of 10:20 km. and therehy
ingger earthquakes, via a Now.path ganctry that resembles excepd for scale the model
familiar to groundwuaier hvdrologists far near-surface Naw  Powsible tngger mechanisms
for Hydroseisemeny inciude small incrensas in Nluid pressure at hypocentral depths
causd by such tranwent increases, and hvarolyic weakening of minerals that leads to
striictural woakening.  Implicit in the mode! ik 8 diffiuse distrilwitson af epicenters (as ix
abserved n the regyon) rather than oncemtraiions aiong discrete geologic (faults) or
geomorptu (rivers) glerments.  Open frzctures imply tracture roughness, e, asperities
under a hgher strese tnat keep [ractures open even f an ambient 1eciomic stress lield
Intrapiate earthquakes in A fractused ciust presiressed Lo near-failure are thus postulated
10 be tnggered by emall iranuent mereaves in uid prescurs tranimitted 3iong preexisting
fractutes 10 3 rock fabne weakened hy smirest corrosion of asperities. Abundant
petroiogic evidence 1 availabie 1o justifv an awumpion of fracture permeabiiity (o
depths of 20 km near paxnve nited margine Al four prr cipal sismogenic volumes in
the southeastern L. § are wation gravitv-driven groundwater hasing that can pro ade an
abundent supply of water to the crust. and that intersec s jown ot suspected
Eocamoran or Mesozaic nfted crust. The host hasing have the largest surface recharge
areas and contain rivers Wb the highest average siream grodizote as measured from
therr headwaters (o the Fall Line. Settmucity in the region 1« characterzed by steeply
dirping focal mechanism nodal planes and diffuse alignments and/or clocers of
epicenters. These charactensics are compatible with a steéep 1o vertical fracture fabnc
currzndly beng reactivated by pore pressure diffumon from surface recharge of

groundwater basing.

T A3 happens 1o et | sence. (A appedrance of 8 arw concent thal
1vathesizes @ vart soniume o experimenial maierial geit @ oo recaion
fram a comsiderabie fraeion af the scienaific commmumity ¥ el eventuaiiy,
despire il doubis [and [requently, voieni srilictim | the pew Concep
may win geneval recogmiiion if it proves (0 be aelpi and 1ime javing o
expiaeng doch oid and new experimental dety DUnder tiek crcumw
slancet the criticism giver way 10 peoclamations thal the idear underiv-
g tRe view cieR wwre el [arih years eariter and thal the concep
nroper i a0 more than o mere repetision of ths fargotien pasl. The e
menrt of okt ey sweviobly taeXint in oy sew concepd [or new idedt
de not appear 1 @ woed  Therefare, by sedecting adividual 11at ¥
made i previowt enocht and By jublecti @ thete coRentt 10 apprTpriete
iterpretation n ihe Aght o pwesenc.day knowiedge one nay prodice
the impression that the new concept comaiter compielel; with prro-

¥ [ Feldruem A quarter of @ century with the Awwal (vl
EOS, Trams Am Ganphys Umion v 87 Oct 7 1086 p 767
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Hydroseismicity

Tatetw and Cornel (1¥R7) monitarcd mucrasgismucity -
duced by flnd injection into a granit rock mass. They con-
ciuded that the mucrosetimucity ocgurred hecause of shear
fathire along preevisting fssures through which water
percolated from 3 main fracture and sot aleng the mamn fras.
Ture ssell

The incresses in pore pressufe fram Nud injection (@ lew
hundred bars) are much higher than those to he expected from
the filling of a reservowr or from increases in the hegght of a
waler (abie (about U 1 har meter nse in the reservor of water
tabley, however, the stress required Lo Gjgger an cvent must
depend on the ambnent siress fevel as woll as 4 compiex of
factors that include the onentation of peeexisting ope: frac-
tures, fracture permeadility, the relatne impostance of hy-
drauiic weakening, and the amount of water availabic

Increased rainfall and stresm discharge-induced seismicity

Deake (19121 and Savies (1911} published early empincal
correlations hetween earthquakes and ramfall Drake con
cluded for Chuna that "the rapd and strong atmotphenc van.
ations, assisted (o some exierit by ran, are the forces most
effecuve = "¢ [inal stage ol earthquake activity.”

Taber 1% 4) noted that, for the seouc acuwity m the
epicentieal tepi0i: of the hustonc Charlesion sarthquake of
886, “A close relationship berween rainfall and earthquake
frequency in this desteict v clearly (ndicated by every inethod
of comparson that has peoved posuble of appiication ™
Taber noted that the * period of high sersmuc sctivity be-
guning in 1886 followed two vears of unusually heavy precip-
iation which must have resulted i an important gievation of
the water table. While the rainfall for 1886 was much lower
than for the previous vears, §6 per cent of it occurred prior 1o
the earthquake 100 August, and dunng June 1078 mches ware
recorded The years of comparatvely low rainfall between
1486 and 1891 are marked by a penod of iower seismucity,
whije the year of heavy precipitation in 1891 comaides with a
vear of very high sarthquake frequency. The penod of great
seismuc activity ocournng i 189) began at 11:05 pm June
20th with 4 shock having an mtensity of about Vii R.F. and
dunng that month 1630 inches of ram fell 3t Chariestan, this
being next 10 the highest record for any single month since the
sxtabhishment of the Weather Bureau Stanon ”

“The vearly rainfall curve suggests ne explanation for the
relatively migh sersmucity of 1896, byt when the monthiy re-
cords are sxanuned 1t seen that the ramfall was above the
average during the first few monihr of the year, while in June
and ‘uly the pracipitation was T 57 and 1D S8 inches respec-
uvely. Most of the sarthyuakes ol that vear occurred during
August and September

“The heaviest precipitation for the past sighteen vears was
recorded in 1912 and there was & nouceabie increase i the
earthquake frequency for that year. Morgover, most of this
rain feil during the fiess hall of the year metesd of in the lawt
halfl as is customary. and on June [Jth there occurred the
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severesl earthquake experienced unce 189) and poswibly since
IRg" "

*During the period of high seiseucity extending from 1886
1o 1897, the average annual ranfall 8t Charleston was 52.17
inches, while during the penod of relatively luw sesnucity from
1898 10 date the average annual rainfall has been anly 19
inghes.”

Although the abeve quotatont from Taber (1914) docu:
ment only lecal correlations vear Chatieston between
servrucity and ranfall, they do suppor 3 relationsiup between
earthguake frequency and precipitavon

Wong and Simen (1981) suggested that the annual ten
fold increase in the discharge of the Colorado River m the
Paradon Bawin. L'tah and carresponding change in the nver
siage may mfluence the accurrence of mucrosessmucity siong
the niver. 95 per cent of that sesmucity was observed along a
A8.km long section of the Coloado River, whereas the re
maining 5% mucrosessmecity was diffesely distnbuted through-
out other portians of the Paradox Basin  liypocentral depths
in this region were generally less than 15 km

Nava (1947 suggested that naturally occurnng vanauans
in the water Joad of the Mussissipp Ruver, and Nuctuations in
barometnic pressure and ramlall may be linked to the unusual
frequency patterny observed in the New Madnd sewsnuc zone
She found correlatiens derween var@auons in Mississipp: River
stage and New Madnd seismucity. On the basis of a large and
accurate dats set, Nava concluded that a causal relatsonshp
does exist between New Madnd sensmucity and the level of the
Missi uppt River. MceGnnis (196)) also related earthquake
frequency 1o water inad 1n southeastern Missoun

McCleilan (1984) noted that the observed (requency of
earthquakes occurnng i the spring over a 2S.vear interval
hefore the San Francisco sarthquake of 1906 nigndicantly et
coeded seasonal frequencies expected (rom random vanatons
@ the earthquake rate. McClellan proposed mecnanisms for
the sprnglime seismicity observed there that include an -
crease in pore-Mud pressure by a dewnward praragaung pulse
of above average crustal pore presyure due to increased infil-
tration of water from surface and subsuriace reservomrs refilied
by winter rainfall

Thiss. ramiall- vuced seismucity has heen proposed as &
wriggenng mechanism for sarthquake swarms for several vears.
We acknowledge that statisics relaung major earthquake oc-
currences 1o streamflow and high-water stages are not well es-
tabhbshed and that the evidence for 3 connection berween
smnfall and seisricity s 1enuous. We feel, however, that the
conceptual groundwater hauin model proposcd herein as the
vehicle (or Hyvdrosasmicity has neither beess praposed nor in-
vestigated previousiv

Aftershocks

Mur and Sooker (1972} suggestad that large shallow
earshquakes can induce changes in the flud pore pressure thal
are comparable 10 stress drops on fauits, and that 4 redisnb-
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Hydroseismictty

seismucity associated with the filling of the Aswan Reservoir in

Egypt

There s extensive petrologic and cxperimental evidence
for sigmficant and widespread permeability and circulating
waner i crystalline rocks at greal depths  In the past, it was
often assumed that waier in most crvetalline rocke at depth
was present in small amounts and. because of the low
permeability of the rocks, did not move (ar or rapidis.  The
effects of Mud flow on metamorphic TEactIONS, MALE Lrafaport,
and deformation processes have been exriored recently
(Bruton and eigeson, 1983 Ethendge o o/, 198Y), bul the
imphications of the permeability of the rocks to change the n.
grlity properties of large volumes of the crust have received
much less attenuon. This section reviews the petfologic en-
dence for permeability in crystalhine rocks and the probabie
nature ol the crustal permeability in the southeastern L8

Isotope

Siudy of swabie oxvgen and hydrogen sotopes has indy
cated that the crust s permeabie to Nlow of Muid in cor ection
ceils xet up as 2 result of emplacement of hot plutons. This 1
true for the rather snailow Skaergaard Intrusion (Tavior and
Forester, 1979) and the ldaho hatholith (Tavior. 1977, 197§,
Crss e al, 1982, Cnss and Tavlor, 198Y)  The Skaergaard
produced flow through ltactures to depths of 610 km in the
country rocks with water volumes 0 3 to | § 1imes that of the
rock.  The inferred bulk intrinsie permeatulity s 10 7% em? (1
darcy ¥ 10-%om?) for the wriace basalt (0.7 km depth,
10" gm’ for the gaobro (48 am), and 10 '*om’ for the
gneissic country rocks (7-10 km)  Younger plutons emplaced
in the !daho bathelith produced convection cells within the
batholith over an area of 5,000 km' 10 depths comparabie 10
the Skaergaard. Depending on the locaiity, the volume of liid
was vanable with rock/fluid volume ratios of 0.01 5 28 On
the basis of g thermal gradients and the temperatures in hot
springs systems, Blackwell (1984) concluded that present
groundwater circulation within the ldahc Rathaiith must ex-
1end to depths of over 6 km.  For hoth the Skaergaard and
Idaho batholith, the water was meteons. While these two
plutons are rather shallow, sudies i the Coaw Range
batholith of Bniush Columina, emplaced at depths of about 10
km or grealer, show comparable fegiures (Marganz and
Tavior, 1976; Tavior, 1977, 1978)

In exarmuning the tendency of regional metamorphic rocks
to exhibit ozvgen sotopwc equiiibration, Rumbie and Spear
{1981) found that equiibration 3 more likeiv n fractured
rocks. Equidibrauon ook place by means of flow of an
aqueous [luid through intergranular pores. One such regional
metamorphic area which contained recquilibrated oxvges
isotopic compositions was the Francucan of Califorma where
blueschist metamorphism  occurred  under conditions of
200-300°C and & 8 kbar

Wickham and Tavior (1985) concluded fiom cxygen and
hydrogen 1sotopic data (rom (he regional metamorphic terrane
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of the Trois Seigneurs Massil, France that there had heen
massive infiltration ol externaliy-detived pore fluids, perhaps
sea water. 10 depths of 12 km during the ume of acuve
metamorphism. Wickham and Oxburgh (1985) suggested that
the most reasonabie tectonic setting for the area s 2 rifted
coninental crust. They 4o not have evidence for tl.e actual
Nuid pathways but noted thai many simular rifted sctung: have
extensive Nlow of Mluds at depth.

Kernich ef al. (1984} used oaygen SOLOME cOMPOLLONS 1o
wentify the source, lemperature. and amo nl of Nuds trans

ported through rocks in fault zones and ther deeper counter-
paris, bnttle-ductile shear zones. . ney found that some (sult
sysiems may be cloted svstems, but that many develop large.
scaje permeabiity ax they deveiop. The Nuwds evalve from
small quantities of high tempet. ture and pressure, localiv de-
rived Nuids to la.ge quantities of meteonc 5 cognate Nuidy at
depths of up to 1§ km. They concluded that flow of deep
(metamorptuc) and shaliow (meteonc) liuids can be toeval and
noted that such (low has been imphicated in contemporary
seismuc activity an the San Andreas fault (lrwin and Barnes,
1975, Sibson, [920)

Miners! assemblages

Abundant {wd flow can atso be documented by muneral
equilibria and changes (n rock  compositions in the
metamorphic ocks of south-central Maine, the acsurrence of
the pyrite ~ pyrrhotie transiounauon by desullidation (Fers
1981), appearance ol oiite by decarbonauon of calvareous
metapelites (Ferry, 1984}, and changes in %K composiions
(Ferry, 1982, 1983; suggested that volumes of Nuid, equal 1o
0.9 10 2.2 tumes the rock volumes, flust-ad through the rocks
during metamorphism.  Metamorphic condivons were 180
£20°C and 3.5 kbar A gran.towd pluton empiacad in the same
terrawn (Ferry, 1978 1979) produced a Now of Mud through
the pluton equal (o 0.1-1.0 rock volumes. The source ol these
fluids cann t be dentifizg by the techriques used. although
Ferry (1979] points out that the amount of fluid evolved from
the metamorphic rocks equais that necded fo change the
sotopic composiiion of the gramite

Stone and Kamunen: (1982, in studying the lractures of
the Eye.Dashwa Lakes pluton, concluded that the actunng
began before the pluton completely solidified (650.000°C) and
continued (¢ temperatures below 100°C. The fracture ftliings
are believed to have cvystailized from fluds passing through
the fracturex, Unfomunately, pressures could not be esumated
n this mstance hut it does iffustrate the almagt contingai for.
mation of Nud-filled fractures in a crystalline terrane from
plutonic depths 1o the near-surface,

Rock. Structures

Intrinsic permeaniliny of & rock mass can be inferred frum
the measuremen: ol tpacing and aperture of the {ractures
This techmique yelded permeadiliies of 10" 'cm* to 10 Yo}
in the Mayllower granitoid stock and greawer than 10 'fom?
n the Pike s Peak Granue (Brace, 1980}
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The wadespread occurrence of spaced cieaviage in Ow-
frade arenaceous rocks, uggesied 1o Ptnendge #r al (198),
19845 that an smount of Nuid equal to a Nudireck volume
raun of 107 was required 1o flow through greenschist faciet
meamarphic rocks.  Thie assumes (hat the tpaced cleavape
seginates hy loss of wilica tu 3 mugraung Muid which s able 1o
dissoive onlv & soall amount of shica.

Manar arrev. of Nud inclusient in minerals are presumaod
to form by the healing of Nuid-filled fractures. tranping some
of the fuid. This would suggest that the rocks fractured in the
presence of & Nlusd phawe duning some GMe in it matdm e
or ignecur o Based on the volume of Nwd srapped. @
minimum  fracture width of 007 gm m a2 vanety of
melarmorphic erraind wan suggested by Walther and Orvilie
{19821 While it is possibie that these tad inclusions represen.
what has neen gescrihed as exaoluton from the hott mineral
by Spear and Selvercione (1981}, the dow diffusion of O,
similar densiiies of ail (lwd inclusions i wueh arav. and sin-
ilar fracture widths calovlated for O filled incluvions suggest
etsalunion s Aot important (Walthér and Orville. 1983

Experimental

Inosuu measutements of permexbility are ahout 10° ymes
greater than lahoratory measurements on rock samples, prob-
abiy as a result of fractured rocks not heing sampled  Values
of permeabiiity of crveralline rocks determines fram both lab
otalory and in sty meaturemerts can vary by d 1o & arders ol
magritude with ne systomatic vanation with depth 1o several
km. Freeze and Cherry (1979, n 29) listed the range of values
of ntnnsic  permeability for  fractured igneous  and
metamorphic rocks as 10 ' (o 10 Tem'  Values of
permeability of crystalhine rocks Jetarmined from both lahs.
ratory and - wiy measureinenct have been summared by
Brace (1980, 1984) who concluded thet:

L. Values of permeahelity deternuned m deill hoies (3 2.3 km)
in crystaliine rocks range from about 16 ' o 10" "em?,

2. Over some mterval w near'y all of 1he borgholes,
permeabilits was 10 ' to 10 *onf,

). Fermeabilities inferred from emthquake m'gration and
other large-scale crustal phanomena range, for crvatalline
rocks, from 10 '? to 10" '%em?®, and are 1aur about the
same Az ihe more perswable miersit m barefn i

Brace concluded that, in arear wnere crvstalline rocks extend

10 the sutface, the pare presmurs wiil be equal (o the hydroviat

pressure 1o deping of ar legst 10 km

Lee direct, geophvuical mathods i ve also iead 1o postu-
latay of deep. Mud-filiect [racrimes in the Farth s crust. Nekwr
er @i (1977) suggested tha, m the wrystaliine rocks of the
Adirondacks a water-filled pore space 3 a depth of 20 km
required 10 explam the relatively high slectneal conductivity
of the crust.  Permeatilines mierred ‘rom sarthquake my.
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gration and other large-scale crustal phenomena ranges (Brace,
19K, 1982, for ervstalling rocks, from 100 'Y 19 10 'Yem’
which are aboul the same 3 the mare permeable intervals n
hareholes. Cructal fsermeability in the area of the wasiewaler
mgection- induced Denver sarthquakes s estrmated 10 be about
107 em? (Hisieh and Rredehoeft. 1981, Rrace, 1984)

Numerical mod: ling

In modeling of the hydrotherual- meteoric convection cells
that result from emplacement of igneous piutans m the crust,
Morton and Knight [1977) and Nartoa and Knapp (1977) used
permeabilities of boowesn 100 Ve and 107 % cm® These
suthore concluded that such fluid convection around a pluten
can poour #t depths up 10 20 km While the facior that causes
the fluid flow |3 the heat from the pluton, ther work weould
imply that the country rocks are aiveedy permeabls, hiving
connestes hydraulic channele pver large areas, requiring Oaly
a perturbation such as an igneous intrusion (o initiate Nlow.

Walther and Orwilie (19871 modeled the production and
tranaport of volatiles i (he metamorphism of an average peine
and found that g boundary diffusion is not an effective
method of fluid traveport.  Rather, they concluded that the
rogks must fracture because the permeahility of the uni,. -
tured rock i insulficent 10 accommodate the Moy «( volaules
produced during metamorphism.  The volatiles . ape along
fractures tetween 0. and [0 g in width, but a diserete Nud
phase will be present only during a devolatilzatipn reaclion.

Walder and Nur (1984) assumed veiuer of infringic
permeabiiity on the order of § X (0 "*em? (30 ndarcy) for
crystalline rocks with no megascopic fractures al upper to
mudgrustal depths Thie ix a lower himit; fractured crust can
have permeabilities orders of magnitude higher than this.
Walder and Nur { 1984) suggested that episodic fractuning and
crack healing may be common rocesses throughout much of
the crust, and (hal thu suggestion is supported by detaiied
studies of the morphology of cracks in exhumed crustai rocks
and of erack healing in tynthetic aboratory 1aterialy

HYDROSEISMICITY

We propose that in MHydroseismieity, [luids  trigger
seismicity at focal depths af 1028 km and that the
mechaniinys) share some common features with deeper, as
well as shallower. reservoir-induced seismicity DifTusion of
pore presaure 19 the primary factor that tnggers shallow
reservoir-induced seismicity by decreasing the shear strength
of the rocks by sither transient mechanical of longer term
chemical means,

Fluid diffusion and transient changes in pore pressure (o
depths of tens of km wili he most effectual in gravity-driven
river basins with adequate recharge volumes  Hydrolyie
weakenirng is 4 general name for varous forms of mineral
weakening by the addition of water Presumabiy. a supply of
water for hydrolviie weakening van aiso be most effectively
maintaned i the deep crum in the more efficient gravity.
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Maxima in selsmic activity accur & few km shaliower (han
these depths. In the lvdroseismucity model increased ramfali
results in an clevation of the water tabie and fuw pressure
transents that are propagated downward from hasin recharge
areas. The depth of penctration of flowlines depends, in pan,
upon the locatian of the reclarge with respect to the geometry
of the hasin. A high tpatial correlauion hetween sersmucity and
rivers is there(are not necessanly 1o he expected in our mode!
because the geomerry of flow trajectorics is from recharge
areas (highlands) to discharge areas {sivers), distances of tens
of km The geometry of Nund and pore pressure dilfusion in
our proposed mode! implics @ diffuse distribution of spcenters
rather than concentrations along named and mappabie, dis.
crere geologic (fauirs) or geomaorphic (rivers) elements. Frac.
ture permeshility may he consilerably enhanced, however,
along major structural clement: such as reacuvated ductile
deflormalion zones. Thus, the mayor rivers should not neces-
sarily he expecied to he the locus of hgher intrap'ate
SORMUCy.

Nur (1972), Scholz & ol (1973), and Whitcomb er of.
{18731 discussed the dilatancy model of earthquake prediction,
and described the role played by the interaction of the tectanc
steees Neld and the Nuil peessure ficld just prior 1o the actual
wriggering of movement on @ fault.  The Jilatancy modei uses
changes in the traveltime ratios of seisric waves 1o nfer
changes in the phyncal properties of the rock in focul regions
peiar 10 an sarthquake The changes in the physical proferues
of the rock are assumed 1o be caused by local progressive
fraciure of the rock associated with the opening of crack.pore
space (dilaton), a4 decrease of semsmuc velociies, and a dra.
matic increase in rock permeability (Rummel «7 ai, 1978). The
assumptions are based n part on dilatancy experiments
(Crouch, 1970, Friedman, 1974) Lockner and Bycriee (1978)
suggested that the veloaity anomalies might he based by the
difficudy in prcking arrval times of emergent events  In .ay
case. lack of changes in traveitimes does not mean that
dilatancy 15 non-existe it The permeability and porosty ol
fractured rocks 15 a function of fluwd pressure (Snow. |968a;
Reviews and practical asoects of flow in a [ractured medium
can be found i Snow (1963, 1968a.b; 196%), Bear and Braester
{1972), and Sureitsova-Adams (1978).

tHowelis (1974) using a simple unvoupled d&fuman
equation esumated that instantaneous pressure change: at the
surface would have a significant effest on NMud pressures at
depths of 2.5-7.5 km after 100 days, and at depins of 10 km
or mare ailer several hundreds of days. We have repeated and
extended the calcuiations of Howells (1974) to investigate the
magnitudes of pressure transients for an assumed permeabihty
range for different crustal depths (or, equivaiently, along
flowlines of different lengths (f the flowline is not vertical)
Use of the specific storage coefTicent m ths one-dimensional
calculations of Figure ) and Figure 4 accounts for the slastic
behavior of the framework surrounding the flund as weii as the
compressbility of the fluid without requinng detaiis of defor-
maton.  Details of individual fracture geometries and
permeabilities will always be rmperfectly known and may not
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pustily use of discrete fracture models (1luyakor and Pinder,
1983). Each curve on [ igures I and ¢ was penerated from the
sum of step funcuons of the form {Howells, 1974}

{%:-%-:--I -nf[—-‘!:-] i1
: Nt

where ¢ = kpg k8, erf v the error function, 2 is depth (or path
length along 2 Nowling), t 4 tme, X & mininse permeatlity,
P is density, g is the acceleration of gravity, ¢ & dvnamc
viscosity, and §, is specilic storage. [sothermal conditions and
& constant viscosity were assumed  The cflect of temperature
on viscosity 15 shown in Figure 4

In addition to one-dimensional calculation, we have in.
vestigated the behavior of fluid pressure transients using A
two-dimensional Galerkin finite element model that can simu-
late fluid transport in delormabie (ractured-porous wothermal
media where (he coupied governing squations ol deformation
and fluid Now for an urfeactured porour medium are (Biot,
1941, Huyakorn and Minder. (983)

":“w "1“1 &p 4‘0: )
Chpl"(l*c T, - *&T' w "'3;' H

The incremental displacement of the solid ekeleten 18 u and
the governing equetion for Nuwt Now s

é k‘I #‘ \ "P g e
H[T'I""*']"‘? i v

where 4 and C are Lame s constancs, T is the body (orce per
unit volume of thy medium. o 15 the mitia! eifective stress. and
other quantities are as defined for equarion (11 Ths forray.
lation assumes that the solxd matenal making up the aguile:
framework is incu:npresnible, but that the fMud s shightly
compressibie (Huvakorn and Pinder, 1981) We have not vet
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Pigure 4 Effect of 1omper ure-dependence of viscosity on

magntude of maxmum pressore ratios for vanous
walues of k'S, plotted agumst arnval time of the pres.
sure maximuem ar @ depth of 10 km Assumed 20duy
elevation of water table and o depth and Ature
such that visoosity, &, 15 loweied enc order of magn
tude  Reght-hond corve g = 98 X 1D “cps 1ieft.
hand curve po= 98 X 10 *cpe  Values of maxium
flind pressure ratios in Revem arg thown near plotied
points on cach curve  Note ingoeascs m o pressure
tatios for g o« 9K X J0 4 g Caicylations from
dilfusion cquation of Tlowes 11974)

apphed the diffusion solutions of Rice asd Cleary (1976) that
take into full sccount the compressibility of the nwd and solid
constituents

Several conclusions can be drawn from the one. and two-

dimensional analyses. In hindsight some of these are obyious,
but we feel that othery are not.

Intinmic  permeahiiities inferred from carthquake mi
gration and other large-scale crustal phenomena range, for
crysralline rocks, from 10 % o 10 'em? (Brace, 1984)
Usmng any of thuse values for the entire crust, it is clear
from the modeling results that such permeabilities are ad-
equate to allow dffusion of pressure transients from re-
charge areas 10 depths of 20 hn over time intervals
appropriate for our hypothesis. values of 10°'* to
16 %em?® are it the range of those reported by Brace for
nearly all permeahle fracture zoncs encountered by the
drill in crystaliine rocks.  We conclude that a crust wath
fracture permeabilny m the range of 10 "4 10 10 Yem?
can diffuze meteoric water and pore pressure Lransients 1o
the upper and muddle crust

Pressure ratios obtaned from 2-dimensional modeiing of

coupled flow and deformution compare favorably with
those obtained from the |-dimensional analyses. I a
feacuon of & bar s sullicient to trigger seismucity in some
regions as suggested by Nava and Johnson (1984), then
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suth magnitudes can be transostied along fracture rones
and, combinad with hydrolytic weakemng, result in rock
failure

For coupled flow and delurmation, as the value of

Young s modulus 1 increased above 10% mks, flwd pres.
SAFE TRtios dncrease markedl

Amsotropy in the mtnnae permeahility tensor signif-
wantly affects the dstribution and magraude of deep
crustal fluwd prescure transients  Major plate collisions i
the southeast U8 resulted in the development of
anporrope fracture permeabiity.  The most phvicus rea-
sons (o amsotropie crusial volumes in the Southeast are
the Tacomic plate colhsion and the Late Alloghanian ob.
lique colision, the latter recnlting tn major dextral strike
thp motion along inchined faulis that were laler reactivated
and that coptrolled the geometry of the Mesozow nft
hasins.  Major portions of the crust i the southeas: | §
have been aflected by extentuonal nfung  Intrimic
permeabilities would be evpected to be hugher i a venical
direction than i a horrontal direction

Ciravev-driven groundwater basmns vith highet sverage
surface stream gradients vupply more waler per unit tiume
per unit volume to & fractured crust

The spatial and temporal consvoiation of pressuve Iran
sients &l a given crastal depth can result in significant in
creases i Nlud precure above whal would result from
rise i the water table at a single recharge location  The
spatixl and temporal basin recharge function can thut
have an important eflect on the Nuid pressure at depth
because of the opportunites for kavar superpositior. of
pressure transients ha-ing dilferent ongm times at differ.
ent recharge arcas Tor example, 2t & given depth, 7,
LIANSION! (NCTEAes 11 pressure can armive al the same tune
via compiletely different Now paths (rom different rocharge
areas m the same hasin as a result ol recharge functions
with different locanons, intensities, durations, and orgm
times

The magnitude of a pressure transien! at crustal depths
depenas upon /S, the ratio of intrinsic permeability, &,
to specific storage, §, (Figure 1) An increase in the ratic
results in an inzrease in the magnitide of the pressure
transient

Pressure ratios increase with depth as the surface area of
transient eievatic of the water table increases

The duration of a rainy period s imporiant anly insolar
as it results in an increased elevation of the wate: tabie

The maximum fuid presture at depth increases with in-
creating duration of elevauan of the water table
(Figure 3)
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i OO the permeability decreaser with deopth, the magnnude
of & pressure tranuent cen be sustamed by simply in-
oreasing the durstion of the period of clevation of *he wa-
ter tatsie ( Figure 1)

17, The pressure nwrimum is delayed with respect 1o the on-
set of the clevation of the wgiez wbie as depth
ncreases ([igure 3

13 Intense rainy periods of short duration may be less im-
poriant as sesmucity tnggers than long rany perieds of
less intensity hecauwe of the opport mity far the tubsurface
convelution of pressure transients, and hecause the max).
mum fluid pressure increases with increasing duration of
the elevation of the water table

14 Sinee the dynamic viscosty of water decreases with in-
crenung temperature (1laar o al . 198 Wahl 1977), for
4 pven vaiue of intrmsic permeability, prevsure ratios are
markedly iicreased at depth by a decrease | viscosily
(Figure 21 Tor one data set in Figure 4 the viscomty is
heid conviant for all assumed valver of &/S, Tunes of
pressure masima are plotied versus /S, with the vahoes
of the marimum pressure ratios shown hetade the ploied
points. For a vecond data set the visgpaity 1 assumed 1o
be order of magnitude Jower The lower viscosity resuity
in higher matimum pressure ratios as shown hende (he
lefu-hand curve. Thigher grothermal gradients thus 1ead 1o
increase the magnitudes of Nud pressure tranvients in the
upper crust far a giver depth and mtnnuc permeability

15. For rauos of k/S, gremter than abowt 0.5 X {0
(Figure &) maxima in pressure transients are not deioved
nignificantly after the end of a rainy penad, for rauas lets
than about 107 ' maxima can be defaved sigailicantly with
respect 1o the end ol a rany period {wath respect (o the
end of a period of elevation of the wacer table), although
values of aumum pressure ratios are considerahly de-
creased.  Comparison of valuet of pressure ratios for the
two curves indicates that the temperature dependence
of viscomity has more effect on pressure ratios for smalier
values of k/S,.

SEISMICITY, FRACTURE PERMEABILITY, AND
MAJOR RIVER BASINS IN THE SOUTHEAS| (RN US.

Seismucity

The regional spatial distribution of sesmicity m the
southeastern U § 15 nonuniform and nonrandom  Hadiey
and Dewine (1974) contoured historical carthquake (requency
iar the southeastern L. §. Ther results are generally conmistent
spatiaily with the modern, instrumentally determined earth.
quake epicenters of Sibol and Boilinger (1984) shown in
Figure 5 Four active areas have heen identified: the South
Carolina-Geor, ' sesmic zone, the Central Virginia Sewmuc
Zone, the Giles County, Virginia, Seismic Zc.ae, and the East-
e Tennessee Seismuc Zone In cach of these areas, {ocal
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mechanisms indicate stecp to vertical (ault planes (Talwan,
1982; Rollinger anv Wheeler, 1987 Bollinger and Wheeler,
1985, Johnston i gl 19K3, Bollinger ¢ @/, 19854}, and, com-
monly, strike slp mouon.  The spatial dwtribution of both
histonca! and modern serstmicity in the seutheasiorn U S 15
charactenzed by dilfuse alignmerts and clusiers (Bollinger,
197); Tatwani, 1982, Sibol and Bollinger, 1984).  Locally,
carthquakes in the Predmont province tend (¢ be scarered. 1 e,
diffuse; these in the Coanal Plain end 1o clurer T picenters
i the Valley and Blue Aidge tend 1o be aligned

Ninety percent of all hypocenters (M > 0, depth error
estirnates < S kmiin the southeastern U S are st depths of
less than 20 km Focal seechaniums (or southeastern L §
earthquakes exhinit steep to vertical fault planes and, co .-
maonty, stnke-ditp mouon  Sewmuciy i the southeast L/ . 18
characterized spatally by sieeply-dipping nodal plane and
diffuse alignments and clusters of epicenters, Thes ,re all
characteristics that are consistent with a sleep 1o ver' gl frac
ture fpbric that is currently being reactivated "'y p préssure
diffusion from the surface recharge of groundwary. banins

Major rivers and rifted crust

Major rivers, average rniver gradieais, epicenters. 1 ad
buried and exposed rift hasins in the southeasiern U §
thown in Figure §. Cpicenters in the Sowh Caroling Gee +
Setamic Zome tend (o 