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FRONT COVER: Pillow structures in the Catoctin Formation. Smail pillows showing weli <iefined rims are exposed in this

outcrop located beside the Appalachian Trail about 300 meters north of State Road 636 (norttr of the Lynchburg Reservoir).

These lavas are thought to have been extruded into a lake or shallow body of marine water.
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Memorial of David R. Wones I

July 13, 1932-{ctober ZS,l9E4

David B. Stewart
National Center 959, U.S. Geological Survey

Resson, Virginia Z2A9Z

David R. Wones was born in San Francisco to
Colonel Edward M. and lvln. llannah pearson Wones, their
second son and third child. Colonel Wones was a hospital
administraor in ttre U.S. Army and had assignments in
Colorado, Hawaii, llinois, Kansas, Oklahoma, and Texas
during Dave's youth. The Wones family loved literature,
drama, and music. Dave's fatherwas especially fond of opera
and poe0ry, and Dave and his father spent their last moments
together reciting poetry. Dave was particularly interested in
the theater throughout his life; he also was shamelessly
addicted to composing limericks on short nodce, wherein
humor and zeal pseudomorphed meter.

Dave graduared in 1950 from Thomas Jefferson
High School in San Antonio, Texas. In 1954, he received an
S.B. from Massachusetts Institute of Technology, where he
studied with H. W. Fairbairn and acquired a life-long interest
in the plutonic rocks of northeastern ldassachusetts. Dave's
graduate work at MIT, at the suggestion of his advisor, G. J.
F. MacDonald, combined thermodynamics with experimen-
tal geochemistry and petrology. As recipientof the Vannevar
Bush Fellowship, he was able o do ttris work at the Geo_
physical Laboraory of the Carnegie Institution of Washing-
ton. It was there on his first visit that I met him in 1956, and
we berame close friends for the rest of his life. As a pre_
doctoral fellow at the Geophysical Laboratory in the extraor-
dinarily gmd timesof 1957-1959, Daveworkedclosely with
Han P. Eugster on the phase relations of biotites, on the join
phlogopite-annite, andon ferriannite. These studies led to his
Ph.D. in 1960 from MIT. He and his colleagues continued to
work on micas through the years. One of his last papers,
coauthored with his close friend and colleague, David A.
Hewitt, summarized 25 years of experimental data on mica
slability and noted how deceptive, complex, and difficult this
mineral group is. The Mica volume, No. 13 of this Society's
Reviews in Mineralogy, was dedicated to his memory by col_
Ieagues to acknowledge his contributions and the stimulus of
his interactions with them on mica problems. Wonesite, a
Na-rich nioctaheral mica like phlogopite, was named in his
honorin l98l byhis friendsFrankS. Spear,RobertM. Hazen,
and Douglas Rumble, III.

Dave joined the geological rhermometry project at
the U.S. Geological Survey in 1959 and performed experi-
mental work on micas and feldspan, while interacting with
a large group of experimentalists, crystallogmphers, and
field geologists. To better formulate the experiments that
would contribute most to an undersanding of geological
problem s, he spent summers with Robert L. Smittr and Roy A.
Bailey in long-established Survey field mapping projecrs in

theJemezMountains,New Mexico, andwithpaul C. Bateman
in the Sierra Nevada His interests in ttre stability of micas
in the pnesence of silicate melt and in the relative sability of
biotite ard hornblende in granitic magma st€m from these
field seasons. With field observations as his guide, he fo-
cussed his experimenal work to calibrate the physical prop-
efties ofphases so that they could be measured and be inter-
pretod to yield estimates of the intensive parameters prevail-
ing during their formation. He atso stimulated many col-
leagues, most notably H. R. Shaw, !o develop new methods
of connolling hydrogen fugacity for experiments on rock-
forming minerals.

In 1967 Frank Press enticed Dave back o MIT as
associate professor ofgeology o teach mineralogy, phase
equilibria, and physical geology. Dave enjoyed teaching
very much, and his enthusiasm and giving of himself anracted
students, several of whom completed advanced degrees in
geochemistry and petrology ofNew England granites. When
the Apollo 12 and 14 lunar landings took place in 1969-7I,
Dave was part of the preliminary examination team that
described and catalogued ttre lunar samples immediately
after their delivery to Houston.

In 1971 Dave returned to the U.S. Geological Sur-
vey as Chief of the Branch of Experimental Geochemistry
and Mineralogy. While managing and leading this diverse
research group, he also began field mapping of the Lucerne
pluton in ldaine to meet Paul Bateman's challenge that he
should obtain data for New England granitic plubns to com-
plement the data available for Sierra Nevada plutons. He also
began to compile data on the granitic plutons of the nofihern
Appalachians, seeking patterns from their chemistry that
might yield clues to magma soruce regions and be used to
constrain models forcontinental accretion. On completion of
his branch chief responsibilities, Dave returned to experi-
mental perology and intensified his mapping and petrro-
graphic andgeochemical work onplutonicrocks from Maine
and Massachusetts. By then he was becoming chronically
overcommitted and recognized that he had more ideas and
exciting things to do than there ever would be time for. He
realizod that he needed the interactions with many colleagues
!o bring some of his hopes to fruition. When the opportunity
to teach was offered again in 1977 as Professor of Geology at
Virginia Polytechnic Institute and State University, he ac-
cepted, knowing that the questions of thoughtful students
would prevent his ever becoming "old and stodgy."

The Virginia Tech environment was ideal, and six
master's degrees and one doctorate were completed under his
direction. Studies by seven other students are in progress.
Important new evidence for the juxtaposition of discrete
crustal blocks in the northern Appalachians has been devel-
oped with his guidance and inspiration.

Dave thought very deeply about what the distribu-
tion of granitic rocks in the northern Appalachians can tell us
about geologic processes. His own contributions had just
begun to be published. His presidential ad&ess to this

l. Reprinted from American Mineralogist,v.T0, p. L32l-1323, 1995.



Society in 1979 on the Lucerne batholith was but the begin-

ning. Another installment, the paper with Andrew and

ldselle in 1983, considered oxygen and srondum isotopes

for a Eansect across the orogen from northwestern [o eastem

IvIaine" In two absracts published posthumously, Wones

considered the tectonic environmentof magma generation in
New England; papers on the distribution of pluons and their
chemistry and field relations that were in preparation will be

completed by colleagues.
Dave contributed much to the Intemational Geo-

logical Conelation Project on the Caledonides, especially by

his leadership in the study of plutonic rocks, by lecturing at
IGCP conferences, by organ izing a conference at Blacksburg

and editing its proceedings volume, and by hosting and par-

ticipating in many field trips.
Although some of us remember him more as a

scientist than as an administrator, Wones served with dedica-

tion for four years as Chairman of ttre Department of Geo-

logical Sciences at Virginia Tech, ending his term in S eptem-

ber 1984. A month later he was tragically killed in an

automobile accident while fulfilling with typical dedication
the additional responsibility !o meet an old friend who came

to visit the Department.
A scientist with many skills, Dave Wones to a

$eater extent than anyone I have known brought ft*ry,
experiment, and field observations togefter o interpret the

origin of granitic rocks and their constituent minerals. Al-
though technically not a great lecturer (he usually omitted
Iabels on coordinates on graphs, for example), he was so

easily able to share his excitement and the joy of discovery
ftat all who listened understood, and old colleagues and
young students alike were stimulated !o greater effort, new
ideas, and more commitment. Charles Gilbert has aptly cited
Dave's capacity for developing and holding more relation-
ships than most of us do, and his great patience with others

and little with himself. David A. Hewitt tells of Dave's
ability to increase ttre feeling of self-worth of all his associ-

ates. Dave could convey to everyone a deep and transform-
ing sense of the joy in sharing scientific and social life. He
once told Douglas W. Rankin that one of the worst things he

could think of would be to eat lunch alone. One of my greatest

frustrations with his passing is the inability to share newfound
knowledge from seismology about the crust in Maine that we

both had sought for years to understand. I know that many
others have the same sorts of frustrations in other topics,
because Dave's interests and influence were very broad.

Dave Wones was interested in all aspecs of natural
history, especially birds. Dependent upon eye glasses and af-
flicted by the limited width of field of view through binocu-
lars, he characteristically made a challenge of adversity and

kept a seasonal list of species he had observed at a close

enough distance to identify without binoculars. This list was

lolg; and every field rip had the added excitement of possi-

bly adding a new bird to his life list.
Dave's numerc,us allergies denied him many of the

joys of life such as honey, string beans, beer' and clams. He

gamely balanced his diet, when appropriate, with fruis such

as pinot noir, cabernet sauvignon, chardonnay, riesling' and

oaky zinfandel. There simply were no challenges - intellec-

tual or physical - that he turned away from.
Dave was much involved with this Society. He

joined it in 1959, was elected a Fellow in 1965, and was

President of the Society in 1978-79. He was also a Fellow of
the American Geophysical Union and of the Geological

Society of America.
Dave married Constance Gilman in 1958, and she

and ttreir fourchildren Edward, Andres, Sarah, and Suzanne

survive him. He was devoted o his family and to his church"

He had many social concerns and took a leading role in

community responsibilities.
Dave Wones was a scholar, a naturalist, a generous

and sharing person, and an exceptionally intelligent and

broad scientist who happily contributed much to the lives of
evoryone he knew. His joyful spirit, zest for life, and

boundless energy were vital parts of many lives, and he is

sorely missed. Ata memorial service for him at Virginia Tech

on November I 6, I 984, his student, Diana N' Solie, expressed

all this in his favorite verse form:
"Twas biotites that first gave him fame

Perologists all know his name;

But to us Dave was more;
Teacher, friend, and mentor-

To learn from his life is our aim."
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TABLES

Ore mineralogy of the
Representative microprobe analyses of ore minerals from the Virgilina district

ABSTRACT

The Virgilina district of the Carolina slate belt of
Virginia and North Carolina yielded over 300,000 lons of
copper and significant arnounts of silver and gold between

I 852 and 1 9 I 6. A detailed examination of the ore and gangue

mineralization from the disnict reveals that the ores display
two stages of hypogene deposition and a significant phase of
supergene alteration.

Hypogene minerals, in decreasing order of abun-

dance, are bornite, chalcocite/djurleite, anilite, digenite,
hematite, chalcopyrite, pyrite, magnetite, ilmenite, rutile,
hessite, and gold (fineness approximately 850). Supergene
minerals, in decreasing order of abundance, are malachite,
covellite, cuprite, digenite, hematite, chalcopyrite, chalco-
cite/djurleite, azurite, spionkopite, and yarrowite. This rep-
resents the first reported occurrence of djurleite, anilite, hes-

site, spionkopite, and yarrowite in Virginia.
Lamellar intergrowths of anilite and djurleite on

their close-packed planes, myrmekitic intergrowths of bor-
nite and chalcocite/dj urleite, coexisting chalcocite and dj urle-
ite, and gradational transitions from anilite trr digenite were
determinedto have formed by secondary hypogene reactions.
Thesereactions removed iron and sulfurfrom thebornite and
increased the copper to sulfur ratio, which shifted the Cu-S

binary phases towards copper-enriched compositions prc-

ducing delicate textures and intergrow0rs.
The source of ore fluids and the timing of the

mineralization are not known precisely, but fragmens of wall
rock that are contained within *re veins and have schisosity
at an angle to the regional schistosity constrain the veins to be
post-metamorphic. Metals were probably derived in part
from the metamorphism of mafic volcanic rocks in t}te area.

10

11

t2
12

l3
T4

6
8

1.

2.

INTRODUCTION

The Virgilinadisrict, which extends from Keysville,
Virginia, to Roxboro, North Carolina @gure I ), a distance of
about 55 miles, was a major producer of copper in the late

Figure 1. Location of the Virgilina district in llalifax and

Charlotte counties, Virginia, and Person and Granville coun-

ties, North Carolina.

lgth and euly 20th centuries. There is evidence that some

prospecting and mining was accomplished between 1700 and
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1750 and mining began in eamesr in abour 1g52. The bulk of
production was from a few large mines and rook place be_
tween l890and 1916. Miningceasedin 1916. Morethan30
named mines and prospects can be located today (Sweet,
1976), and there are others thatare unnamed orare namedbut
whose locations are no longerknown. Copper mineralization
occurs either as sulfides in distinct quartz veins or as native
copper disseminated through epidotized hostrocks within the
Virgilina Formation. The Virgilina is a series of mixed
metavolcanic rocks and epiclastic sediments of precambrian
!o Cambrian age (Glover and Sinha, l9Z3; Kreisa, l9g0:
Ilarris, 1982).

Alttrough ttre geology of the area has been subjected
to increasing scrutiny in recent years (Tobisch and Glover,
1969, l97l: Glover and others, l97l; Glover and Sinha,
1973; Glover, 197 4; Black, 1978; Briggs and orhers, l97g;
Kreisa, 1980; Wrightand Seiders, l9g0; Ilarris, l9g2), there
have been no modem studies of the copper mineralization.
Watson QnD and Weed (1911) catalog tle known occur-
rences; Newberry and others ( 1948) summarize theeconomic
potential; and Laney (l9l7) provides the only detailed de_
scription of the deposits. Studies of the host rock Eace-
element chemistry (Stein and Kish, l97g), and the gold
mineralization in the district (Linden, 19gl) have been com_
pleted. The present study describes the mineralogic and
tex&ral relations of the ore minerals at the located mines in
light of modern mineralogy and ore petrology (see Johnson,
1983 for detailed localiry maps and descriptions).

REGIONAL GEOLOGY

The Virgilina district @gure 2) is parr of rhe Caro
lina slate belt of the southem Appalachians and is in rhe
Piedmont physiographic province. The district is underlain
by Precambrian !o Cambrian volcanic, volcaniclastic, and
epiclastic rocks thatare folded ino abroad synclinorium and
metamorphosed !o greenschisi facies. Scanered throughout
tle disfict are plutons and dikes that range compositionatty
from granite o gabbro. euartz veins also crosscut the rocks
and are host to copper, silver, and gold ore that was mined in
the late l9ttr and early 20th centuries.

The measedimentary sequence consists of, from
oldest o youngest, the Hyco, Aaron, and Virgilina Forma-
tions (Laney, 19 17). The Hyco consists primarilyofandesitic
to basaltic pyroclastic rocks; the Aaron, of arenites, siltstones,
and conglomerates derived in part from the Hyco; and the
Virgilina of interlayered rhyolitic o dacitic volcanic and
volcaniclastic rocks, mudstones, and graywackes (Harris,
1982). All of these rocks have been metamorphosed to the
greenschist facies. Kreisa (1980) proposed ttrat the Virgilina
Formation be considered the middle member of a redefined
Aaron Formation.

Intrusiverocks in the disrict include the Redoak and
Roxboro metagranites, gabbroic bodies including the Ab-

beyville gabbro, and otlrcr unnamed bodies of granodiorite,
quartz diorite, and quartz monzonite. Most of these are
poorly exposed (Glover and Sinha, 1973; Kreisa, l9g0) but
are believed to be pre-metamorphic. Some of the plutons
may be subvolcanic shallow intrusives related to the Hyco
Formation (Gloverand Sinha, 1973). Scattered throughout
the district are post-metamorphic dikes of diabase and gran-
ite that are compositionally similar to many of the plutons but
are generally considered to be younger (Glover and Sinha,
1973; Haris, 1982).

The ubiquitous qwrtz veins in the district are com_
monly subparallel to the regional schistosity (N75" to gfE),
are sharply bounded, and range in width from a few inches to
1 5 feet @gure 3). Although the veins occur in all formations,
only those found in the Virgilina Formation contain signifi-
cant copper mineralization.

The major structural feature in the district is the
Virgilina synclinorium @rown, 1953). The rocks have
undergone at least two episodes of deformation and possess
a penetrative slaty cleavage (Harris, 1982). There are steeply
dipping faults in the district, some of which predate and some
of which postdate ttre regional metamorphism.

ORE MINERALOGY

The ore minerals of the Virgilina district can be
subdivided into hypogene and supergene ores (Table I ). De_
scriptions of each of the minerals observed are given below,
and examples of the textures are shown in Figures 5 and 7
through I 3. The ore-bearing veins consist of coarse- grained,
white to clear quartz with local concentrations of man-
ganocalcite and orthoclase. Most of the ore mineralization
occurs as local concentrations in the veins, but minor amounts
are disseminated in the veins and in the adjacent metavol_
canic rocks. Fragments of the metavolcanic rocks, both
altered to epidosite and unaltered, are often included in the
veins, usually along the margins. Ore mineralization is
commonly associated with these fragments. Locally the ore
is disseminated within the individual fragments.

In general, ore mineralization occurs near or at tle
interface zone of the vein and the metavolcanic country rock
(Figure 4). This inrerface is almost always altered to epidote
or epidote plus chlorite. Veins that do nor display this altera_
tion halo tend not to be mineralized. This suggests that the
reactions of metalliferous hydrothermal fluids with the coun-
try rock were partially responsible for ore deposition. Grain
sizes of ore minerals range from less than 0.002 mm to as
much as 3 cm. Representative electron microprobe analyses
of minerals are listed in Table 2.

BORMTE

Bomite (CurFeSn ) is the most abundant ore mineral
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primarily of homogeneous. Bornite may also be found in
myrmekitic intergrowths with both chalcocite/_djurleite and
digenite, as well as kamacite-like intergowths with chalco_
cite. It is replaced by chalcocite and djurleite and replaces
anilite.

Peculiar orange-tinted bornire that displays high
relief and tends to trrnish more slowly than normal bornite
was found throughout the disfict in association with covel-
lite, spionkopite, yarrowite, cuprite, and malachite. High_
magnification petrographic examination and microprobe
analysis indicate that this "orange bomi[e" is, in fact, bornite
with microscopic to submicroscopic (50 to 250 micron) la_
mellae of chalcopyrite orienred parallel ro (1l l) and (100) in
the bornite.

Figure 4. Mineralization (chalcocire/djurleite with minor
bomite) along vein/wall-rock boundary, Littlejohn mine,
Halifax County, Virginia.

Figure 3. Typical cross-cutting quartz veins from the Vir_
gilina. districf (A) Durgy mine, person County, North
Carolina, (B) Holloway mine, Granville County, North Caro_
lina.

in the veins of the Virgilina district, constituting approxi_
mately 45 percent of the hypogene ore minerals. It occurs as
disseminated blebs less than 0.015 mm to masses more than
3 cm in size in both the veins and the country rock. Compo-
sitions range from virtually stoichiometric t 3 weight per_
centcopper-depleted (Table2). There is no apparentrelation_
ship between composition and location in ttri Oisrict.

Bomite is generally highly fractured and contains
abundant veins of digenite @gure 5). Tooth_shaped crystals
of chalcocite or djurleite and ftame-like structuris of zuper_
gene chalcopyrit€ are present locally. Bornite may also ion-
tain randomly distributed blebs of chalcocite, djurleite, and
chalcopyrite, and euhedral o subhedral crystals of hematite.
Bomite rarely displays a weak bireflectance, and examina_
tion under crossed nicols indicates that masses of bornite are

Figure 5. Supergene veinlers in bornite (Bn) displaying
reaction rim of digenite (Dg); sampte 80, High Hill mine,
100X, field oof view 1.05 mm.



Argentite AB'S
Chrysocolla (Cu,Al)rHrSipr(H0)nnHp)
Copper Cu
Klaprothite** CuBiS,
Silver Ag
Tenorite CuO

Table 1. Ore mineralog)' of the Virgilina district'
Ore minerals observed in this study.

Name Formula Name Formula

Bomite CurFeSn Malachite Cur(COr)(O$t
Chalcocite CurS Covelite CUS

Djurleite* Cr5,S,u CuPrite CqO
Anilitex Cu,So Digenite CurS,

Digenite C\S, Hematite F"P,
Chalcopyrite CuFeS, Spionkopite CurnO*

Hematite F"P, Yarrowite C\S,
Magnctite FerOo Chalcopyrite CuFeS,

Hessite* AgrTe Azurite Cur(COr)r(Oll)t
Gold (Au,Ag)
Ilmenite FeTiO,
Pvrite FeS^

Ore minerals previously reported.

Name Formula Reference

VIRGINIA DIVISION OF MINERAL RESOURCES

Laney (1917)
laney (1917)
Laney (1917)

I-aney (1917)

Laney (1917)
laney (1917)

special interest are trace amounts of silver, ranging from the

limits of detection (0.01 weight percent) to a maximum of

0.46 weight percent silver' Comparison of the amounts of

silver produced as by-products of the mining operations with

the amount of silver detected indicates that much of the

reported production could have been accounted for by trace

amounts of silver in chalcocite and djurleite. This implies

that the free silver and argentite described by Laney (1917)

may have been of minor and supergene origin.

Neither the chalcocite nor the djurleite display any

deformational featues, and both are generally free of the

fracnrring and veining that are common in the bornite' Some

supergene chalcociteidjurleite does occur, commonly as tooth-

shaped crystals lining the walls of cuprite veinlets in the

bornite and anilite. In places the minerals were observed with

malachite in reprecipitated masses filling fractures in the ore

and gangue.
Hypogene chalcocite and djurleite occur in myrme-

kitic intergrowths with bornite (Figure 7). Intergrowths are

more common when chalcocite is present. Both chalcocite

and djurleite replace bomite, and the djurleite replaces anilite

as well as forming lamellar intergrowths with it.

ANILITE

Anilite (CqSJ iscommon in thedistrict,butless so

than bornite, chalcocite, or djurleite. It constitutes approxi-

mately 15 percent of the hypogene mineralization and is

found in most of the mines. The presence of anilite was

determined by X-ray diffraction and microprobe analyses'

Anilite, a good indicator for presence of chalcocite or djurle-

ite, occurs within ore veins as isolated grains 0.05 to 0.1 mm

in size and as 1- !o 20-mm masses of interlocked grains.

As is the case with bornite, anilite is highly frac-

tured. Although some of the fractues have random orienta-

tion, most are parallel !o (001) cleavage. Anilite appears

optically homogeneous, but Morimoto and others (1969)

note that any anisotropic effects are probably masked by a

surface layer of an isotropic digenite-like phase created by

polishing. It is usually free of inclusions, except for occa-

sional subhedral !o euhedral crystals of hematite. Micro-

probe analyses (Johnson, 1983) indica[e that anilite may

contain trace amounts of iron and up to 0.42 weight percent

silver. Anilite occurs in lamellar intergrowths with, and is

replaced by, djurleite, bornite, and digenite.

DIGENITE

Digenite (Cu, S, ), which makes up approximately

1 0 percent of the hypogene and 5 percent of the supergene ore

minerals, occurs primarily as reaction rims between other ore

minerals. In the h1'pogene ores digenite is commonly found

between bomite and anilite in myrmekitic textures. Super-

Hemimorphite Znosipr(OlD#p Carpenter (1976)

Pynhotite Fe,-*S CarPenter (1916)

* First reported occurrence in Virginia or North Carolina.
x x According to Nuffield ( 1947b), all klaprothite available to

him for examination proved to be either wittichenite or

emplectite (Jytenbogaart and Burke, 1971).

CHALCOCITE AND DJIJRLEITE

Chalcocite and djurleite (CurS/Cq,S,) represent

approximately 30 percent of the hlpogene and 5 percent of
the supergene ores. Distinguishing between the two minerals

is virtually impossible by petrographic or microprobe analy-

sis; the only reliable method of identification is X-ray diffrac-
tion. Accordingly, positive determination can only be made

for large, inclusion-free areas. The X-ray powder analyses

undertaken (Johnson, 1983) indicate that chalcocite is only
present where tte ores do not contain anilite. This is consis-

tentwith thephaserelations determinedby Barton (1973) and

Potter (1977) (Figure 6). However, the absence of visible

anilite does not necessarily imply the presence ofchalcocite.

Unless the presence or absence of one or the other can be

conclusively proven by X-ray methods, it is deemed prudent

to describe the two minerals together.

Ctralcocite/djurleite occur as disseminated blebs

less than 0.015 mm to masses more than 3 cm in size. Both

minerals tend to be more restricted to the vein rocks than the

bornite. Microprobeanalyses of samples from several mines

show no obvious compositional trends across the district. Of
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Figure 6' Phase relations on the cu-s binary system from 0.60 to 0.70 atom percent copper, after Bar1on ( 1973) and pot ter (1977);dgss = high digenite solid solution; cu = coneUite; sp/yw = spionkopite/yarrowite; an = s1i1i6, hex cc = hexagonal chalcocite;mono cc = monoclinic chalcocite; dj = djurleite.
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gene digenite forms a border between quartz and cuprite
veinlec and hypogene bornite or chalcopyrite. In both cases,
the digenite is massive.

Alttrough the formula is usually given as C\S'
Morimoto and Koto (1970) determined thai digenite is un"_
stable below 7ff C unless there is approximately I percent
iron in the structure. Microprobe analyses of zones of anilite
reacting to digenite indicate that the transition is gradationat
from iron-poor (less than 0.05 weight percent) to iron_rich

.(n* tJr1n 
?.0 weight percent). In ttris study, an arbitrary

lilnit 9f 0.50 weight percent Fe is used for Oistinguishing
digenite from anilite.

CI{ALCOPYRITE

Chalcopyrite (CuFeSr) is the least common ore
mineral, constituting less than 1 percent of the total minerali_
zation. It constitutes up to 20 percent of the hypogene ore at
the Seaboard mineand theGlascock shaftof thepontiac mine
but elsewhere is limited !o minor supergene mineralization.

It occurs as 0.003- to 0.1-mm blebs and 0.001_ to 0.01_mm
lamellaein bornite,0.5- to 3-mm masses, andrarelyas 0.003_
to 0.015-mm supergene flame-like structures along fractures
in bornite.

Hypogene chalcopyrite is fractured in the same
manner as bornite; fractures are commonly filled with digen_
ite and less commonly follow grain boundaries. Examination
under crossed nicols indicates that, unlike bornite, chalcopy-
rite masses consist of interlocked grains in various orien[a_
tions. Some of tlre masses contain grains with 120 riple
junctions; this feature is peculiar to chalcopyrite and suggeis
annealing following ore deposition. The supergene chal_
copynte, as noted above, is exceedingly rare, occurring in
bornite fractures with cuprite and digenite. The compositions
ofboth hypogene and supergene chalcopyrite are stoichiom_
etric within the limits of analysis.

HEMATITE

Hematite (Fepr) is ubiquirous in the hypogene and

dgss + $

dgss + Qu

157.C

dgss + cv Cu + hex cc

hex cc

,hex cc * mono cc
lex cc +oc dj ..

dgss + sp/yw

mono cc A 
lo3"c

. uU + mOnO CC
dj r mono cc

on i 5p/yw
dj + on 

ontt *^o,j

0.67
ATOM FRACTION COPPER



Sulfide
Mineral

Cu FeAg Total Sample

VIRGIMA DIVISION OF MINERAL RESOURCES

Bornite 63.08 0.02
Bornite 6152 0.08

Bornite 61.17 0.04

Chalcocite/
Djurleite 78.44 0.18
Chalcocite/
Djurleite 79.24 0.07

Chalcocite/
Djurleite ?8.59 0.01

Anilite 77.59 0.U2

Anitte 76.40 0.ll
Digenite 77.12 0.04
Digenite 75.44 0.01
Covellite 65.90 0.18

Covellite 6.6 0.11

Chalcopyrite 34.ffi 0.4
Spionkopite/
Yarrowite 68.65 0.02
Spionkopite/
Yarrowite 66.A2 0.n

11.82 25.91 1m.83 167, Glasscock shaft' Pontiac mine.

11.49 25.79 98.88 208, Daniel's mine.

12.21 26.69 100.11 122, High Hill mine'

0.06 21.03 99.72 149, Seaboard mine.

0.06 20.84 100.21 65, Tuck shaft, Pontiac mine.

0.05 20.84

0.00 22.35

0.02 22.02
r.62 22.W
r.46 22.70
0.00 32.4r
0.00 32.81

30.50 34.28

0.12 30.80

0.10 3r.28

99.49 190, Littlejohn mine.

99.96 77, High Hill mine.

98.55 69, Anaconda mine.

100.78 161, ChaPPell mine.

99.61 206, Crenshaw mine.

98.49 159, ChaPpell mine.

m.58 80, High Hill mine.

99.40 193, Barnes mine.

99.59 80, High Hill mine.

98.07 70, Pandora mine.

Oxide
Mineral

FeP, FeO TiO2 MnO MgO Alp, Siq Total Sample

Hematite
Hematite
Hematite
Ilmenite
Magnetite

86.31 6.48
99.M 0.22

100.35 0.02
0.00 43:81

70.82 28.75

7.r3 0.00
0.19 0.00
0.03 0.m
52.69 3.54

0.02 0.08

0.00 0.02
0.07 0.00
0.00 0.00
0.00 0.02
0.00 0.05

0.00 99.94
0.00 99.45

0.00 100.40

0.03 100.09

0.m 99.72

197, Bames mine.
68, Anaconda mine.

157, Chappell mine.
202, Crenshaw mine.
2M, Crenshaw mine.

supergene ores but occurs in only minor (1 to 2 percent)

amounts. It is present as tabular single crystals 0.05 to 10 mm

in length and as polycrystalline masses or radiating sprays.

Crystals and masses are commonly folded or othenvise
deformed.

Hypogene hematite is associated with anilite, chal-
cocite, djurleite, bornite, and rarely, chalcopyrite. In addi'
tion, martitic hematite fs associated with magnetite. Super-

gene hematite is associated with covellite, malachite, and

cuprite. Hypogene hematite can be divided into two groups:

primary hematite that displays a distinctbireflectance (Figure

8), and secondary hematite that exhibits no bireflectance.
Microprobe analyses of the primary bireflectant hematite

indicate that it contains up to l7 weight percent FeTiQ,
whereas both secondary and supergene hematite are closer to

stoichiomeric Fepr.

Although titanohematite is often distinctly heteroge'

neous, systematic zonation within grains is not evident.

Some tianohematite from the Barnes mine has exsolved

small (1.5 m 3 micron) blebs of ilmenite along the edges of
grains. Ilmenite and hematite are completely miscible at high

temperatures (above 80OC), however, at lower temperatures

there is a miscibility gap (Lindsley,1973).

MAGNETITE

Magnetite @erO) is uncommon in the Vhgilina ore

veins. It occurs as subhedral to euhedral crystals,0.02 to 0.4

mm in size, generally disseminated through the countr'y rock

adjacent to the vein. The grains are usually fracnred but

otherwise show no evidence of deformation. Martitization
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replacement by hematite along edges and certain crystallo_
graphic planes is very common and ranges from slight m
nearly complete. Microprobe analyses of the magnetites
failed to reveal any minor constituents above a concentration
of 0.5 weight percent.

Figure 7. Chalcocite (Cc), djurleite (Dj), and Bornire (Bn) in
myrmekitic intergrowth; sample 208, Daniels mine,200X.
field of view 1.05 mm"

figure 8. Primary hypogene hematire (Hm) displaying bire_
flectance, associated wittr chalcopyrite (Cpy); sample 159,
Chappell mine, 100X, field of view 1.05 mm.

PYRITE

eyrite (FeSr) has been found only in samples from
the Morong (Mother l,ode) mine. The grains are subhedral to
euhedral, 0"2 to 2 mm in size and are disseminated through

boft the vein and the country rock. pyrite displays no
apparent pressure fringes or other evidence of deformation,
and most grains contain small inclusions of quartz.

ILMENITE

Ilmenite 6FeTiOr) occurs as disseminated blades
and blebs 0.03 to 0.4 mm in size disseminated through the
country rock at tie Crenshaw and Daniels mines and as 1.5-
to 3-micron blebs exsolved from titanohematite at the Bames
mine. Both the blades and blebs show embayments and
curved boundaries indicative of resorption. Disseminated
through the ilmenite grains are small (3 to l0 micron) blebs
of titanohematite and rutile.

I{ESSITE

Hessite (AgrTe) has been found only in polished
sections of samples from theDaniel's mine. It occurs as 0.002
to 0.066 mm blebs disseminated through the bornite, anilite,
and digenite and displays the spotty anisotropism character-
istic of inversion at 155'C from the cubic polymorph (Uyten-
bogaafi and Burke, 197 l). Microprobe analyses indicate that
hessite contains up !o 7 weight percent. copper and I weight
percent iron.

GOLD

Gold (Au) grains were observed in polished sections
of samples from only the Daniels mine. The gold ranges in
size from 0.002 to 0.05 mm, is disseminated along the ore-
gangue boundary, and is associated with covellite, cuprite,
malachite, and digenite. Gold also occurs with hessite in
disseminated blebs (Figure 9). Microprobe analyses of the
gold indicate that it has a fineness of approximately 850. This
is comparable with the average fineness of 840 determined
by Linden ( I 98 I ) for material from the abandoned gold mines
of the district.

Based on the similarities of the gold-bearing and the
copper-bearing veins, bottr l-aney (19t7) and Linden (l9Sl)
concluded that the gold and copper mineralization were re-
lated. The similarity of the gold from the Daniels mine to that
from the gold mines also supports a relationship.

RUTILE

Rutile (TiOr) occurs as finely disseminared blebs in
ilmenite associated with titanohematite at the Crenshaw and
Daniels mines.
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replacement by hematite along edges and certain crystallo-
graphic planes is very common and ranges from slight to
nearly complete. Microprobe analyses of the magnetites
failed to reveal any minor constituents above a concentration
of 0.5 weight percenr.

Figure 7. Chalcocite (Cc), djurleite (Dj), and Bomite (Bn) in
myrmekitic intergrowth; sample 208, Daniels mine,200X,
field of view 1.05 mm.

Figure 8. Primary hypogene hematire (Hm) displaying bire_
flectance, associated wittr chalcopyrite (Cpy); sample 159,
Chappell mine, 100X, field of view 1.05 mm.

PYRITE

Pyrite (FeSr) has been found only in samples from
the Morong (Motherlode) mine. The grains are subhedral to
euhedral, 0.2 to 2 mm in size and are disseminated ttrrough

boft the vein and the country rock. Pyrite displays no
apparent pressure fringes or other evidence of deformation,
and most grains contain small inclusions of quarz.

ILMENITE

Ilmenite 6FeTiOr) occurs as disseminated blades
and blebs 0.03 to 0.4 mm in size disseminated through the
country rock at the Crenshaw and Daniels mines and as 1.5-
to 3-micron blebs exsolved from titanohematite at the Barnes
mine. Both the blades and blebs show embaymen[s and
curved boundaries indicative of resorption. Disseminated
through the ilmenite grains are small (3 to l0 micron) blebs
of titanohematite and rutile.

IIESSITE

Hessite (AgrTe) has been found only in polished
sections of samples from the Daniel's mine. It occ un as 0.002
to 0.066 mm blebs disseminared through the bomite, anilite,
and digenite and displays the spotty anisotropism character-
istic of inversion at 155'C from the cubic polymoqph (Uyten-
bogaaft and Burke, 1971). Microprobe analyses indicate that
hessite contains up to 7 weight percent copper and I weight
percent iron.

GOLD

Gold (Au) grains were observed in polished sections
of samples from only ttre Daniels mine. The gold ranges in
size from 0.002 to 0.05 mm, is disseminated along rhe ore-
gangue boundary, and is associated with covellite, cuprite,
malachite, and digenite. Gold also occurs with hessite in
disseminated blebs (Figure 9). Microprobe analyses of the
gold indicate thatit has a fineness of approximately 850. This
is comparable with the average fineness of 840 determined
byLinden (1981) for material from theabandoned gold mines
of the district.

B ased on the sim ilarities of the gold-bearing and the
copper-bearing veins, both Ianey (1917) andLinden (l9Sl)
concluded that the gold and copper mineralization were re-
lated. The similarity of the gold from the Daniels mine to that
from the gold mines also supports a relationship.

RUTILE

Rutile (TiOr) @curs as finely disseminated blebs in
ilmenite associated with titanohematite at the Crenshaw and
Daniels mines.
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Figure 9. Gold (Au) associated with bornite @n)' digenite

(Dg), and hessite (Hs); sample 208 Daniels mine,200X, field

of view 0.52 mm.

MALACHITE

Malachite (Cur(COr)OlI)r) is the most common

supergene mineral of the district, constituting 55 percent of
the total supergene mineralization. It occurs on dump rocks

as small druses in cavities, botryoidal crusts and stains and in

the ore, as massive or disseminated grains, or as veinlets.

Crysral size may range from less than 0.02 to 3 mm. Mal-

achite is always associated with the other common supergene

minerals cuprite and covellite. In polished section, malachite

generally occurs as radiating sprays of crystals filling the

interstices betwe€npartially alrered relict grains of hypogene

ore minerals.

COVELLITE

Covellite (CuS) makes up approximately25 percent

of the supergene ores in the Virgilina district. It occurs as

alteration rims on bornite, chalcocite, djurleite, chalcopyrite,

and anilite, and as masses replacing the same hypogene min-

erals, usually in a matrix of malachite. Microprobe analyses

indicate that it usually is stoichiometric CuS; however, it may

contain up to 0.5 weight percent silver. It is rarely associated

with spionkopite and yarrowite.

CUPRITE

Cuprite (Cup) is ubiquitous in the Virgilina dis-

trict, despite the fact that it makes up only 15 percent of the

supergene ores. It is usually associated with malachite and

covellite, occurring in fine-grained masses. Cuprite also

occurs in anastomosing and/or dendritic veinlets in bomite

and chalcopyrite, with quartz, hematite, digenite, chalcocite,

and djurleite.

SPIONKOPITE AND YARROWITE

Spionkopite and yarrowite (Cu, S,lCurSr) make

up less than 2 percent of the supergene mineralization but are

distributed throughout the district. Both occur as small

(0.008 to 0.16 mm) grains associated with covellite, mal-

ach ite, and cuprite (Fi gure I 0). S pionkopi te and yarrow i te re-

semble covellite when viewed in air; however, when viewed

in oil-immersion, covellite displays a purplish-red bireflec-

tance, w hereas spionkopite and yarrowi te remain blue' Hence

silver was detected.
Spionkopite and yarrowite apparently are derived

from the supergene leaching and oxidation of coppcr from

anilite (Goble, 1981; Whiteside and Goble, 1986)' In the

Virgilina district they always occur as pseudomorphs after

anilite. Locally, e.dges of the pseudomorphs are further

leached io covellite.
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nealed. This assemblage is only rarely associated with
titanohematite, and never wirh secondary hematite. The fine
intergrowths of chalcopyrite and bomite, considering their
appearance and associations, are likely of supergene origin

These data are interpreted to indicate *nt tte pri_
mary ores underwent some sort of reaction subsequent to
their formation. This reaction, at a temperature high enough
to anneal theprimarychalcopyrite, created hematiteoldigen_
ite at the expense of bornite, and increased the copper_ro_
sulfur ratio of the remaining minerals. This increase resulted
in a shift in the bulkcompositions of thecopper-sulfides from
anilite and djurleite to chalcocite, often leaving a copper_de-
pleted bomite. The final and most common assernblage in
the Virgilina ores is therefore bornite plus chalcocite. A par-
agenetic diagram derived from these interpretations is given
in Figure 15.

ORIGIN AND METAMORPI{ISM OF THE
COPPER.BEARING YEINS

The copper-bearing veins of the yirgilina disrict
are similar in many rcspecB to thegold.bearing amd banen
veins of the district, as well as to other mineralized and non-
mineralized veins of ttp Piedmont pmovirre. These veins
have been attributed both to fluids derived fum inrusive
bodies and to metamorphic exputsions of, wats. Ianey
(1917) interpreted the veins as originating frcm an intmsive
source and cited as evidence his observations that a sigrrifi_
cant number of the veins crossut the regional schistmity,
following preexisting fractures u faults, and that the silica
and potassium feldspar content of the veins implies a more
silicic source than the mafrc rocks of tlre disnict Larey also
stated that insufficient copper occurs in the greensbn€s to

Cc-

to

3000c
to

25 " C
Figure14. Asectonof0reCu-Fe-Sternarydiagrarnat3OOCandat25t,afterCraigandVaughn(1981);Cc-Dg=chalcocite-
digenite solid solution; Bn = bornite; An = anilite; Dj = djurleite; cv = covellite.

An



14 VIRGINIA DIVISION OF MINERAL RESOURCES

account for the copper in the veins. Stein and Kish (1978)

argue instead for an in situ metamorphic origin, pointing out

that the veins are commonly subparallel to parallel to the

regional schistosity, con0ain few strained ore and gangue

minerals, and are associated with epidosite bodies that are

depleted in copper relative to nonmineralized areas.

The observations of the present study appear to

contradict parts of both of these hypotheses: I ) there appears

to be no direct association between any known plutons and

the belt of mineralized veins; 2) srain is apparent in both ore

and gangue minerals in the veins; 3) alteration zones consist-

ing ofepidotized country rock are less extensive than previ-

ously indicated; and 4) fragments of wall rock contained

within ttre veins are often rotated so that their schistosity is

no longer parallel o the regional schistosity. It has been noted

(F. IcSure, personal communication) that ttre copper miner-

alization (rcurs in relatively mafic rocks with higher than

normal nickel andchromium contents, and thegold minerali-

zation occurs in more felsic rocks with lower nickel andchro
mium cont€nts. Although the copper-mineralized veins are

confined to the Virgilina Formation, it is not possible o
establish a genetic relationship. Fluids traversing fractures

in the Virgilina Formation apparently reacted sufficiently

with the rocks o deposit large quantities of ore, whereas

fluids entering the Hyco and Aaron did nor
The low solubility of quartz (Rimstidt and Barnes,

1980) and the very large volume of quartz present in the veins

indicate that very large quantities of water must have flowed

through the vein systems, much more than can be reasonably

considered as originating solely from either an intrusive or a

metamorphic source or even the two sources combined. Such

quantities do not necessarily rule out contributions by intru-

siue ot.ett orphic fluids but strongly suggest the recircu-

lation of meteoric waters as part of a convective cell.

In summary, although the fluids that produced the

veins clearly came from outside the country rock in which the

veins now reside, the original source of the mineralizing

fluids cannot be definitively determined at this time. The

presence of disoriented schistose wall rock fragments within

the veins indicates that they formed after the peak of meta-

morphism, but the presence of deformation features such as

strained ore and gangue minerals indicates that they formed

before the end of deformation.

Hypogene Supergene
Primory Secondory

Bornile

Anilile

Cholcocite/ Diurleite
I

Spionkopiie / Yorrowile

Cho lcopy rite
Hemolile

Mognetif e

llmenite

Pyrif e

Rutile

Hess if e

Gold

D igenite

Molochite

Azurite

Cuprite

Cove llit e

Figure 15. paragenetic diagram showing the sequence of ore minerals in terms of hypogene (primary and secondary) and

supergene developmenL uiln cigenite, sf,o*n in the stippled pattern is no longer present, but its pre-existence is inferred ftom

textural evidence and the known Cu-S phase equilibra.
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EXPLORATION FOR MAGMATIC SULFIDE
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ABSTRACT

The mafic and ulramafic rocks in the Blue Ridge
province of Virginia are possible hosts of nickel and cobalt
mineralization that might become economic if the present
supplies to the United States werg cut off. Rugged tenain,
dense vegehtion, poorrock exposures, and unavaitabitity of
detailed maps demand that indirect exploration methods be
used to locate areas of mineralization. Coincident geophysi_
cal (aeromagnetic) and geochemical (high nickel concentra-
tions in soil) anomalies appear to be good indicators of sul-
fide-bearing mafic or ultramafic rocks. This concepr was
tested by performing magnetic and geochemical surveys at
the Vest and Lick Fork prospects in Ftoyd County.

INTRODUCTION

The United States is cunendy dependent upon for-
eign suppliers for certain strategic materials such as chro_
mium, platinum group metals, tungsten, cobalt, and nickel. If
a political or economic event were to disrupt the supply of
these materials, stockpiled reserves may be sumciini o
allow for business-as-usual for several months to a few years,
and emergency conservation and recycling of these maerials
might allow a buffer of several years in which to develop do-

mestic supplies. Because the developmentof a mine often re-
quires more than ten years and israrely accomplished in less
than five years, the successful transition from foreign to
domestic supplies ofa critical mineral requires the mobiliza-
tion of an expluation program that can assess fre mineral
potential of vast tracts of land very rapidly. This paper
suggests a strategy for such an exploration program based
upon screening aeromagnetic anomalies to find those associ-
ated with high nickel content in the overlying soils. This
strategy could be used to locate magmatic sulfide deposits,
which often contain nickel and cobalt minerals and are often
associated wittr deposits of platinum-group elemenc and
with chromium deposits.

There are numerous ultramafic-mafic inEusions in
the Blue Ridge province of Virginia (Scotford and Williams,
1983) that rnight contain strategic minerals. The Blue Ridge
terrain is rugged, the vegetation is dense, and the rocks are, in
general, poorly exposed. In addition, the geology is complex
and detailed maps of sufficient quality to guide mineral
exploration are not available for many areas. This means that
an exploration progam mustdepend upon indirect geophysi-
cal and geochemical clues to locate prospects.

Two nickel-bearingprospects, theLickFork andthe
Vest" in the vicinity of Check, Virginia are used here to
illuseab the proposed exploration concepl Ateach of these
prospects (Figure l), iron-nickel-cobalr sulfides and iron-

l. Conoco, Inc., Ponea City, Oklahoma7fi@l
2. Department of Geological Sciences, Virginia Polytechnic Instirute and State Universiry, Blacksburg, VA 24061
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titanium oxides occur in ulramafic or altered ulramafic
bodies. These bodies are contained in the deformed granitic

gneisses on the north side of the Fries fault zone in Floyd

County, Virginia. The rocks that contain this mineralization

were probably a part of a larger sulfide-bearing mafic body

tlrat was dissected by the fault so that they now appear as

small slices within the higtrly sheared rocks adjacent to the

Fries fault. Fluids moving through the sheared rocks pene-

rarcd and altered these mahc bodies. The sulfides at the Lick
Fork prospect have been partly oxidized, converting primary

pentlandite to secondary violarite. Craig and Higgins (1975)

examined the violaritic specimens from the Lick Fork pros-

pect and found ttrat they contain up to 43 weight percent iron

and up to 9.7 weightpercent cobalt. The sulfide assemblage

at Lick Fork now consists of: pynhotite (hexagonal and

monoclinic), pentlandite, violarite, chalcopyrite, pyrite' il-
menite, and magnetite. The mafic body is described by

Watson (1907a, b) as gabbro o pyroxene syenite enclosed in

a medium-grained leucocratic gneiss. The mafic body at the

Vest prospect has undergone complete retrograde metamor-

phism to a green-gray, chlorite-tremolite schist enclosed in a

quartz-biotite gneiss. Weathering has desroyed the sulfide

minerals in samples accessible at the surface; however,

Lutrell (1966) reports that the rocks in this altered mafic

body contain nickel,gold, arsenic, andtraces of cobalt which

suggests that the original sulfide assemblage was probably

quite similar [o that at the Lick Fork prospect.

Figure l. Location of theLickFork andVestprospects,Floyd

County, Virginia.

The Lick Fork prospect is located along Lick Fork

330 m southeast of the confluence of Lick Fork and Flat Run

creeks (Check 7.5-minute quadrangle). The prospect was

worked before the Civil War and subsequently changed

owners several times with some promotional work during

each period of ownership. The workings consist of an ex-

poseO face atout 20 feet long and test pits and dump piles in

the immediate area.

The Vest prospect is located approximately 1'45 km

west of State Road 653 on State Road657 '548 
m northwest

of the Willis Store (Check 7.5-minute quadrangle)' The

prospect was first worked n 1924 when a 5-m vertical shaft

and a 23-m adit were opened (Grosh' 1949). The property

was later leased to C. H. Thompson and in 1936 four churn-

drill drill holes were put down. In January 1944, the U' S'

Bureau of Mines sponsored tlre drilling of two holes, lotaling

97.5 m. Two test pits approximately 30 m east of the original

shaft location and a flowing lest well are all that remain of

tlese workings. There is no record of production from this

prospecL

N

MAGNETIC SURVEY

The minerals pentlandite, magnetite, and mono-

clinic pynhotite show significant magnetism. The common

associition of these minerals with mafic rocks that contain

magmatic sulfides suggests they should produce arecogniz-

able magnetic anomaly. Detailed, local, ground magnetic

surveys were carried out at thelick Fork and Vest sites to de-

termine the intensity and nature of their associated magnetic

fields. The Lick Fork survey (Figure 2) revealed three

anomalies lying along a trend of N2498, with approximate

total intensity amplitudes of 450 gammas,250 gammas, and

150 gammas. Comparison with stimulated fields calculated

foranomaly source models shows thatthese anomaliescould

be produced by pynhotite concentrations of 2.9 percent, 1.5

percent, and 0.7 percent, in tabular zones approximate 12 m

long by 12 m wide by 6 m thick. This analysis suggests a total

pynhotite mass of about 230 metric tons.

The magnetic map of the Vestprospect showed two

magnetic anomalies (Figure 3). The largest has an approxi-

mate diametor of 70 m and a total intensity amplitude of 150

gammas. It could be produced by a pyrrhotite concentration

of 3l percent in a zone 40 m long by 23 m wide by 15 m thick.

The smaller anomaly with a diameter of about I 2 m and a total

intensity amplitude of 200 gammas could be produced by a 3 I
percent concentration of pynhotite in a zone 9 m long by 3 m

wide by 3 m ttrick. This analysis suggests a total pynhotite

mass of 2150 metric tons forboth anomalies. The total nickel

plus cobalt sulfide mineralization in these bodies is unlikely

to exceed the total pyrrhotite content. It is impctant o note

that a measurable magnetic anomaly accompnies the rocks

of the highly altered Vest prospect. This shows that even

though this body has undergone ex8ensive reEograde meta-

e"$e ,r'"tf"!".':i29
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morphism, it can still be identified by a magnetic survey.

19

Figure 2. Magnetic map of the Lick Fork prospecr, contour
interval 100 gammas; data from p.oton-piecession magne_
lometer, measurements at locations indicated by dots; a
constanl value of 54,000 gammas was subtracted from the
total field intensity measurements to obtain the contoured
values. Soil samples for the geochemical analyses collected
at the grid points along A-A'.

Perusal of the l:62,500_scale aeromagnetic maps,
prepared by the Virginia Division of Mineral Resources,
shows many magnetic anomalies scattered throughout the
Blue Ridge province. Most of these are related to magnetite_
rich rocks that contain no significant sulfide mineralization
wfereas a few may represent economic magmatic sulfide
mineralization. Clearly it is not practical to investigate each
of these anomalies. Simulated magnetic fields calculated for
tabular so'rce models show ttrat mineralized bodies similar
in composition to *re Lick Fork and Vest prospects must be
larger than 9.1 metric tons in order to produce arecognizable
anomaly on 1:62,500-scale aeromagnetic maps. The mini-
mum tonnage of ore that would be economic can be used to
model the amplitude and size of the anomaly; smaller anoma_
lies do not warrant further investigation. Larger anomalies in
areas where detailed mapping shows no sulfide-bearing mafic
or altered mafic rocks can also be eliminated. The remaining
anomalies require on-site investigation beginning with thi
largest anUor most accessible.

GEOCHEMICAL SURVEY

Sulfrde minerals oxidize rapidly in the weathering
environment so that finding significant sulfide mineraliza-
tion in Blue Ridge rocks by a ground survey is very unlikely.

Figure 3. Magnetic map of the Vestprospect, contourinterval
50 gammas; data from proton-precession magnetometer,
measuremenls at locations indicated by dots; a constant value
of 54,000 gzrmmas was subtracted from the total field inten-
sity measurements to obtain the contoured values. Sample
sites for the geochemical survey indicated by Vs.

The mosteffective method to identify mineralizedareas is to
look forresidual elements from the weathered sulfide miner-
als in the soil. Nickel is an ideal candidate fo such a soil
geochemical survey because it is extremely immobile in the
weathering environment. It is easily incorporated by iron
oxy-hydroxides that are formed by the oxidation of the iron
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minerals in the mafic body @ose and others, 1979). The

nickel-bearing oxy-hydroxides that accumulate in the soil

horizon can be broken down in a molten potassium pyrosul-

fate flux to produce a water soluble complex that can be

detected colorimetrically (Ward and others, 1963).

Geochemical stweys were performed at the Lick
Fork and Vest prospects. Samples from the B-horizon soil

were collected at both sites; at the Lick Fork prospect the

samples (lLF through 7LF) were collected at the magnetic

survey grid points along section A-A' (Figure 2) and at the

Vest prospect the samples ( 1 V 0o l0V) were collected at 200-

foot intervals along State Road 657 (Figue 3). In addition'
at each sample location at the Vest prospect samples of
sediment and water werc collected from a small stream that

parallels StateRoad657. The soil and sedimentsamples from

this survey were digested in molten potassium pyrosulfate;

the cooled mixtures were dissolved in a 2 M HCI solution; and

the nickel was reacted with -furildoxime (Ward and others'

1963). The nickel complex was extracted into benzene layers

whose optical densities at 350 mm were determined using a

Bausch and Lomb Specronic 21 spectrophotometer.

The soil-sample analyses fromboth prospects show

distinct nickel anomalies with values ranging up lo 1000 ppm

at fte Lick Fork prospect (Figure 4) and values up to 425 ppm

at the Vest prospect (Figure 5). Samples located away from

the magnetic anomalies (1V,2V, 8V,9V, and l0V) show

relatively low nickel values; these are probably near back-

ground levels (around 25 ppm). Stream sediment samples

collected at the Vest prospect show nickel concentrations of
25 ppm or less and the associated water samples all contained

less than 0.25 ppm nickel. This indicates that the nickel

released by weathering at these sites is very immobile and

flowing water is unlikely to disperse it to create a false

anomaly at a distance from the mineralized rock. This
pattern, consistent with observations in other areas (Nriagu,

1980), suggests that this simple method of determining the

nickel content of grab samples of B-horizon soils from areas

that show magnetic anomalies can be used o identify quickly

areas that deserve amore thorough geologic investigation.

CONCLUSIONS

In the event that a political or economic situation

cuts off supplies ofcritical rnaterials such as nickel or cobalt,

the exploration approach described offers an effective and

rapid method to explore for magmatic sulfide deposits of
economic size. This approach involves four steps. 1) Search

l:62,500-scale aeromagnetic maps for prospective anoma'

lies that might be caused by a pynhotite-rich magmatic sul-

fide body largeenough obeeconomic. 2) Screen theselectsd

anomalies to eliminate those that are caused by lnown
nonmineralized lithologies. This will require a careful study

of existing geologic maps to identify units ttnt are rich in

magnetite but not in sulfide. 3) Visit, in the order of most

SAM PLE LOCATION
Figure 4. Nickel concentrations in soils surrounding the Lick

Fork prospecti see Figure 2 for the sample locations-
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Figure 5. Nickel concentrations in soils surroundingtheVest
prospecti seeFigure 3 for the sample locations.

accessible o least accessible and/or largest to smallest' each

of the,se anomalies and obtain a sample of the B-horizon soil

fsthedetermination of nickel values following the described

procedure. Samples from nsrmineralized areas must also be

uken todeterminebackgroundlevels. 4) Carefully scrutinize

areas showing both a large magrretic anomaly and high nickel

concentrations in the soil' Shallow drilling at these sites may

be required to locate enough unweathered rock to deterrnine

if significant mineralization exists.
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ABSTRACT

The Austinville-Ivanhoe mine is the most continu-

ously mined base-metal deposit in North America. The ore

bodies of the district are contained within a 400-meter strati-

graphic interval of thePatterson and Austinville members of
the Cambrian-age Shady Formation. Individual ore bodies

are crudely lens-shaped and are situated on the flanks of the

Austinville anticline. Sphalerite, pyrite, galena, marcasite,

and minor chalcopyrite were deposited during three periods

of mineralization separated by intervals of sulfide dissolution

and dolomite deposition. The minerals occur as disseminated

dolomite replacements and as crustiform coatings along frac-

tures in and around breccia fragments. The banded sphalerite

has a consistent pattem which may be correlated for over 2.1

km across the district. Iron contents of the delicately banded

sphalerite range from 0.3 to 3.3 weight percentand appear to

be inversely correlated with cadmium contents (0.0 to 0.3

weight percent). The color of the bands is probably not

related !o variations in iron content but may reflect the

presence of inclusion-rich zones. Geothermometry measure-

ments of fluid inclusions in sphalerite from the middle and

lateperiods of mineralization indicate that the ores formed in

the temperature range of 100'c to 160" c. Galena from the

three generaiions have progressively high ffiPbfsPb 
'?xtPbl

2sPb, and '?!6Pbfo4Pb values. In addition, the smaller ore

bodies have a wider range in lead values and seem to be more

radiogenic than larger bodies.

INTRODUCTION

The Austinville-Ivanhoe district (Figure 1) is lo-

catedzkm north of the Wythe-Canoll county line in south-

western Virginia and extends norttreastward for over 11 km,

roughly paralleling the New River figure 2). The elongated

lenses make up one of the few major base-metal sulfide

districts situated in sedimentary rocks of Cambrian age in the

eastern United States and constitute the only recently active

base-metal mine in the Appalachians between Tennessee and

Pennsylvania. The highly mineralized sphalerite-, galena-'

and pyrite-bearing bodies are crudely pencil-shaped with

lenticular cross sections and range from tens to hundreds of
meters in length.

MINING HISTORY

Mining operations began atAustinville in 1756 with

the application of surface and shallow underground tech-

niques. Over 21,000 lons of lead ore were extracted during

a period of mining which lasted until the 1860s. Iron was

mined near Austinville from surficial goethite and limonite

during the years ranging from 1 800 to the early 1900s and this

contributed to Virginia's moderately high position in the

Figure 1. Aerial view of the Austinville-Ivanhoe mine,

Wythe County, Virginia, from Weinberg (1971)'

19ttr century pig-iron production (Weinberg, 1971)' The

mining of zinc from oxidized ores (mainly hemimorphite)

was initiated during the posrCivil War years and lasted until

1902 when The New Jersey Zinc Company purchased the

mine for its zinc oxide potential. During the next quarter

century, the company developed reserves of sulfide ore and,

after the perfection of the flotation process in the early 1920s,

a separation plant was built and put into production' During

230 years, over 1,000,000 tons of zinc metal and 200,000 tons

of lead metal were extracted from more than 30,000,000 lons

of ore mined at Austinville. In the recent past, approximately

500,000 tons ofore averaging 3 percent zinc and 0'4 percent

lead were mined each year using modified open stope meth-

ods (Weinberg, 1980)' The residual dolomite gangue was

crushed and sold as agricultural dolomitic limestone' The

mine ceased operation in December 1981 and was allowed to

flood.

GEOLOGICAL SETTING AND
PREVIOUS STUDIES

The Austinville-Ivanhoe deposit is situated near the

soutleast margin of the folded and faulted Valley and Ridge

province @igure 3). The basal stratigraphic sequence con-

sists of Precambrian basement rocks nonconformably over-

lain by $re Chilhowie Group of Early Cambrian age' The

uppermost formation in the Chilhowie Group, theErwin For-

mition, is gradationally overlain by the Early to Middle Cam-

brian Shady Dolomite. TheEarly to Middle Cambrian Rome

Formation overlies ttre Shady and is overlain by the Early to

Middle Cambrian Elbrook Formation (Butts, 1940; Cooper

and others, 1961).
The Shady Formation, the ore host, is approxi-

matelv 640 meters thick in the Austinville area, where it has
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Fig5" 2' Sketch map of the ore bodies and major fauls of the Austinville-Ivanhoe district, vir-ginia, modified from Brown and weinberg QgaT; inset map shows the locarion of the disrrict ar
the southeast edge of the Valley and Ridge province, ma*d uy solid line.

fi8ute 3. Geologic map of the Austinville-Ivanhoe area after Pheil and Read (1980); numbers re-
fer to sections measured by pheil and Read.
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Figure 4. Stratigraphic cross section, Austinville area @heil and Read, 1980).

three conformable members (Figure 4). The Patterson mem-

ber is a 300 meter thick sequence of ribbon-laminated lime-

stones and dolomites. The Austinville member consists of a

300 meter thick section of stromatolitic and massive dolomite

that has minor quartzose grainstones and, in the subsurface,

archeocyathid mounds and black shaly carbonate tongues

(Frgure 4). The lvanhoe member consists of a thick-bedded

stromatolitic limestone with minordolomite and shale and is

up !o 43 meters in thickness (Pfeil and Read, 1980). South-

east of Austinville, the Patterson does not crop out and the

Austinville equivalent consists of black shaly carbonates,

breccias and skeletal and limeclast sands. The mineralized

zones lie within a40O-meter sratigraphic interval that sraddles

the contact between the Pattenon and Austinville members

of the Shady Formation. Pfeil and Read (1980) have sug-

gested that the Austinville region represents a Cambrian plat-

form to platform margin, foreslope and slope facies transi-

tion.
The ore bodies are situated on the northwest and

southeast flanks of the Austinville anticline (Weinberg, 197 1).

The mining district is cut by two high-angle faults, the

Logwasher and the Stamping Ground. These faults separate

but do not intersect the ore bodies @gure 2). The Van Mater

fault is subparallel to bedding and cuts the Stamping Ground

(Figure 3). Displacement on these faults is apparently on the

order of 200 to 400 meters. Numerous cross faults with minor

displacement are present throughout the area. These com-

monly display reverse sense of movement andlocally cut the

ore bodies.
The age of the mineralization in the Austinville-

Ivanhoe District is not known. The Cambrian carbonate

rocks that host the ore contain many breccias that are similar

to those seen in the Ordovician carbonate rocks in the East

Tennessee zinc district. Breccias of the East Tennessee

district are attributed to collapse following extensive karst

development in late Early Ordovician time. East Tennessee

zinc oies have generally been considered to be late Early

Ordovician to early Middle Ordovician in age because of

absence of mineralization in the overlying Middle Ordovi-

cian limestones. More recently, Kyle (1976), Gorody (1980)

and Grover (1981) suggested that the age of much Zn-Pb

mineralization in the Appalachians may be as late as Missis-

sippian, on the basis of the occurrence of minor zinc miner-

alization which cuts Mississippian beds in central Tennessee,

and studies of carbonate cements.

The earliest mineralogic work on the Austinville-

Ivanhoe deposit was published in 1907 by Thomas L' Watson

in his treatise on the mineral deposits of Virginia (Watson,

lg07). This was followed by a study of the ore zoning

(Brown, 1935). Subsequently, Brown and Weinberg (1967)

and Weinberg (1971,1980) described the general geologic

setting, the textures and mineralogy of the ores, and pre-

sented mine statistics.
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ORE TEXTURES

The ore minerals occur within a400_meter stratigra_
phic interval defined by marker beds in the Austinville and
Patterson memben of the Shady Formation. Samples were
collected only from the high-grade ore lenses. These ore
bodies are separated from each other by faults and areas of
sub-economic mineralization. In the vicinity of ttre ore
bodies, the dolomite is ribbon-laminated and stromatolitic.
The ores occur as ribbon and disseminated replacements and
as open-space fillings.

Ribbon and disseminated sphalerite replacements
occur within shaly carbonate layers in both ribbon_laminated
and stromatolitic dolomites. Selectivereplacementis thepri_
mary mode of ore mineralization. Ribbon and disseminated
replacements of dolomite by sphalerite, galena and pyrite are
usually accompanied by total recrystallization of the sur_
rounding dolomite. In many parts of the deposit two genera_
tions ofreplacement ore are present, in others only one gen_
eration exists. Typically, the first generation of sulhdes is
present as a thin horizon within the replaced dolomite. Evi_
dence in thin section suggests that early sulfide mineraliza-
tion was replacedextensively by dolomite associatedwith the
later sulfides. Rarely, small (<5 mm) vugs were left unfilled
in the centers of partially replaced ribbon-laminated layen.
Coarse-grained dolomite and euhedral quartz crystals line the
sides of these vugs.

The open-space-filling ore consists of symmetri_
cally and asymmetrically banded coatings and rosettes on
brecciated dolomite fragments figure 5). The fine_grained
dolomite blocks range in size from a few millimeters to tens
of meters, but most are less than l0 to 20 centimeters in their
long dimension. Polycrystalline aggregates of pyrite, ad_
mixed with minor marcasite and galena, encrust the dolomite
fragments. The pyrite and overlying sphalerite grew outward
radially from centers on the underlying material; succeeding
crystals coalesced to form continuous layers @igure 5).
Three generations ofcrustiform pyrite, sphalerite, and galena
exist in the open-space-filling ore. During the hiatuses that
separate the generations, the earlier galena and sphalerite
were replaced by dolomite. Low-grade metamorphism and
deformation have resulted in minor recrystallization and
microfaulting of all generations of ore minerals. Textural
evidence suggests ttrat replacement mineralization occured
prior to, or concurrently with, crustiform ore mineralization.

MINERALOGY AND PARAGENESIS

The mineralized zones of the Austinville_Ivanhoe
deposit contain sphalerite, galena, pyrite, and traces of mar_
casite and chalcopyrite intergrown with at least three genera-
tions of dolomite gangue; minor amounts of quartz, fluorite,
barite, gypsum, anhydrite, and calcite also are present. Al_
teration minerals occur in near-surface parts of the ore lenses

Figure 5. Sphalerite showing initial multiple hemispheroidal
centers on underlying pyrite (lower part of photograph); later
crystals coalesced to form continuous layen (upper part of
photograph); field of view 1.1 cm.

and, locally, at depth near faults; these include smithsonite,
cerussite, anglesite, iron-oxides, hydrozincite, plumbo-ar-
agonite and hemimorphite (Watson" 1907; Weinburg , I97l).

Sphalerite is the most abundant of the primary ore
minerals, followed by pyrite, galena, marcasite, and chal-
copyrite. Pyrite and marcasite comprise less than fivepercent
of the total sulfide content, alttrough they are very abundant
locally, as in the Pyrite ore body. The paragenetic sequence
of the primary hydro*rermal minerals is illustrated in Figure
6. The order of mineral deposition appears to be uniform
thoughout the district except for minor variations in ttre late
stages of sulfide mineralization and in the local appearance of
chalcopyrite as intergrowfhs in early sphalerite. Chalcopy-
rite has been identified as epitaxial intergrowths in early
sphalerite in the Ivanhoe, Brown, and A-6-25 ore lenses.
Figure 7 demonstrates the variations in paragenesis which
occur in three major fault-bounded areas: the Brown ore
body, the 40 ore body-Fi sher Field area, and the Ivanhoe lens.

The depositional sequence consists of two major
periods of mineralization, separated by a hiatus during which
sulfides were dissolved and dolomite was deposited locally.
During the first interval of sulfide deposition, pyrite contain-
ing minor marcasite and interstitial galena was deposited on
brecciated dolomite fragments. Crystallization of sphalerite
followed with minor chalcopyrite and galena. The second
interval of mineralization mimics the first, except that simul-
[aneous deposition of galena and sphalerite is more common
and chalcopyrite is absent. l^ate-stage mineralization con-
sisted of sphalerite, fluorite, qtJartz, barite, gypsum, and
anhydrite.

Srite, the first sulfide mineral to form, is ubiqui-
tous. It occurs as polycrystalline, crustiform overgrowths
100 microns to 3 mm in thickness on dolomite fragments, as



28 VIRGIMA DIVISION OF MINERAL R.ESOURCES

PARAGENETIC SEQUENCES
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Figure 6. General paragenetic sequence for the sulfides of the Austinville-Ivanhoe districq ores of replacement and crustiform

texftne$ have a similar hisory of mineralization.

intergrowttrs always appear in the same paragenetic position

andhavebeen observedin samples from lvanhoe, theBrou'n

ore body, and the Fisher Field area. The A and B zone

sphalerite sarnples have iron and cadmium contents ranging

from 0.09 to 3.16 and 0.00 to 0.21 weight percent respec-

tively.
Sphalerite in Zone C is commonly separated from

that of Zones A and B by pynte and dolomite. Tnne C

sphalerite ranges from light brown to pale yellow, and the

banding is less distinct than in zones A and B. Tnne C

sptnlerite is chemically distinct from the first" having lower

and more uniform iron and cadmium conlents. The ircn con-

tents range from 0.0 to 1.3 weight percent and the cadmium

from 0.0 to 0.12 weight Percent.
The last generation of sphalerite (Zone D) is domi-

nantly lemon yellow and has minor-element contents that

range from 0.08 !o 0.35 weight percent for cadmium and 0. 14

to02l weight percent for iron. Locally, along mircofaults

and ftactures, the sphalerite has been stained red with traces

tayers in banded sphalerile, and as cubes scattered in sphal-

erite,dolomiteandmostof the late-stage minerals. Ttn pyrite

ovagrcwths contain thin layers of dolomite and sphalerite,

interstitial galena and, rarely, laths of marcasite.

The second sulfide mineral to crystallize in signifi-
cant quantity was qphalerite. Four zones of sphalerire can be

distinguished in the paragenetic sequence based on optical

charrct€ristics. Zone A, the earliest, consisg of red-brown o
yellrw, delicately banded sphalerite that grew outward radi'
ally from multiple hemispheroidal centers on the underlying
pyrite @gure 8). Overlying layers of alternating light and

drk sphalerite coalesce o form continuous bands parallel to
tle surface of fragments or fracfi[res. Commonly, the cyclic
banding begns with a broad, diffuse, reddish-brown layer,

which gradus into fine, lighter bands. Sphalerite may contain

discontinuws, tlrin pyrite layers within zones A to C, local

dispminations of chalcopyrite in zone A, and galena in zones

A to C. Chalcopyrite occurs locally in sphalerite as oriented

rods which are interpreted to be epitaxial intergtowtlts. The
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PLAN

content and band color on a local scale. The travene is taken
acoss a 2.5 millimeter-wide sphalerite layer and indicates
that although a particular dark band may have a high iron
content, other bands of the same opacity contain little iron.
Roedder and Dwornik (1968) found a similar lack of cone-
lation of color and iron conlent in the sphalerites of pine
Point, Northwest Territories, Canada, whereas Mclimans
(1977) noted that srch a correlation does exist in the zinc
sulfideof rlp Upper Mssissippi Valley disrict. Someof rhe
color inherent in the bands may be due !o the presence of
minurc fluid and solid inclusions (Foley and ottrers, lggl).

Sphalerite has two occurrences in the replacernent-
t),pe ore. Millimeter- to centimeter-wide crystals of resinous-
brown to yellow sphalerite have selectively replaced the
c@rse carbonate layers in the ribbon-laminated dolomite.
Sphalerite also occurs as millimeler-wide rosetfes in black
shaly carbonate.

The last sulfide mineral to form in majorproportions
was galena. Itcrysallized as millimeter-wide grainsdissemi-
nated in sphalerite ard as millimeter- to centimeter-wide
crystals which appear to have replaced layers in ribbon-
laminated carbonates. Galena crystals have included frag-
ments ofpyrite, sphalerite, and dolomite. Exsolution features
areabsent. Thecleavage races within galenaarecurved,sug-
gestive of post-deposirional deformation. Ball and Thompsn
(19 16) reported galena analyses with silver contents ranging

29

a\

\.

'
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Figure 7' variations in paragenesis associated with the ttrree major fault blocks; M - marcasite, p - pyrite, G - galena, s - sphalerite,C-chalcopyrite, Gy-gypsum, A-anhydrite, F-flourite, q-q*, B-barite, CC-calcite.

of hematite resulting from oxidation of pyrire.
The zinc sulfides in Zones A, B, C, and som einZnne

D are anisoropic; minute domains have undulatory extinc_
tion reminiscent of deformed quartz. A single crystal preces_
sion photograph taken of the sphalerite indicates rhe presence
of deformation twins. The radially diffuse reflections do not
broaden along lattice rows with equivalent hexagonal indices 

'

(H - K = 3n). These results are in agreement with those of
Fleet(1977) who in asimilar study of an unlocatedoresample
from Austinville concluded rhar the origin of rhe win lamel_
lae was closely-spaced deformation faults. This interprera_
tion agrees well with the tectonic hisory of the ores (Wein_
berg, l97l). Slight recrystallizarion, microfaulting, and
minor amounts of element redisribution resulting iro, a
periodof post-ore deforrnation are evident in minerals-rhrough_
out the deposir

An electron microprobe study of delicately banded
sphalerite indicates that, in general, an inverse relationship
exists between tlp iron andcadmium contenrsof ttrc sphaler_
itebands. Iron contentsof the sphalerite hndsrange frbm 0.0
o 3.0 weightpercentand thecadmium contents range fromO.0
to 0.3 weighr percent (Figure 9). The color zonation of the
sphalerite bands is not srictly due to the variation in iron
content, altlnugh sphalerites ofzones A and B are generally
darker and have higher and more variable iron contenB.
Figure l0 demonstrates the lack of correlation between iron

r--
o-s-c-
a,
A
F
c
a
Cc
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ZONE D

ZONE C

ZONE B

ZONE A

Figure 8. Sphalerite zones identified in ttre mineralization
sequence; zones A and B correspond 0o early mineralization,
zone C to the middle period, and zone D m he final vug-

filling stage; qtz - quartr, fl - fluorite, dol - dolomite, gn -

galena, py - pynte,

from nil to 0.7 ounces of silver per ton of ore with an average

of slightly less than 0.13 ounces ( 4 ppm). Mineral produc-

tion figures for the yean 1955-1958 (Weinberg, 1980) indi-
cate that the silver contents of the galena fu those years

averaged about 0.5 ounces of silver per ton of lead concen-

trate ( 17 ppm) or about .003 ounces per ton for the entire ore

( 0.11 ppm).
During the later stages of mineralization, fluorite,

quartz, barite, gypsum, and anhydrite weredeposited locally
in vugs and veins. Fluorite crystals are commonly colorless
to pale purple and range up to 5 millimeters in widttt. Sprays

of euhedral quartz crystals, 2 to 3 millimeten in length, are

present in open spaces ttroughout the deposit. Gypsum and

anhydrite usually contain scattered cubas ofpyrite and feather-

like aggregates of marcasite. Barite contains pyrite cubes

aligned along growth planes.

SPHALERITE STRATIGRAPHY

The banding in sphalerite may reflect episodic

changes in the nature of the chemical and physical environ-

ment of ore deposition. Correlating sphalerite banding

throughout an ore body and across an entire disrict can yield

important information of the physical extent and chemical

regularity of the ore-depositing environment. At Austinville

incomplele stratigraphic sequences, nondeposition, and late

fracturing of the host rock are present at many localities, in

general, enough characteristics of a particular zone are re-

tained to enable tentative stratigraphic conelation of sphaler-

ite.
Oriented samples of sphalerite were collected from

the Brown, A-625,40, and 100 ore lenses and the Fisher

Field area and were examined for correlative feahres. Doubly

polished thin sections of the symmetrically and asymmeri-

callybanded sphalerites wereprepared for study as described

in Foley ( I 980) and Craig and Vaughan ( 1 98 1). The delicate'

colorless to resinous-brown banding is nearly invisible in

standard polished thin sections but 0re banding is readily

visible after the thin sections are doubly polished. As men-

tioned earlier, four general sphalerite zones (A, B, C, and D)

can be identified on the basis of color, texture, and associa-

tion. The zones have the following characteristics:
Tnne A: The bands in this zone range in color from

pale yellow !o resinous brown. The earliest bands contain

rarechalcopyrite rods andtend tobe darkerand mole diffuse

in color than the later bands. The terminal band of Zone A is

a ttrin (0.1 mm), colorless layer of sphalerite.

hneB: Thebands in this zonearethinnerand more

sharply defined than those rnZone A. They also range in

color from pale yellow to resinous brown. The boundary

between zones B and C usually shows evidence of dissolu-

tion.
TnneC: ZoneC is significantly lighter in colorthan

the earlier zones. The bands at the base of Tnne C typically

are yellow-brown, broad, and diffuse. Later bands in the

zone are thinner, fewer in number, and sharply defined.

Tnne D; The sphaleritp nZone D grew as light
yellow to red, euhedral crystals and is associated with the

latest-stage mineralization. This zone was not used in the

statigaphic correlation because it is not a continuous layer.

The sphalerite stratigraphy for the Fisher Field area

is represented in Figure 11 by sections taken from three

locations within the lens. Samples 419,334-8, and 334-A

demonsrate the sratigraphic continuity over a distance of
188 meters. The thickness in millimeters of Zones A, B, and

C ranges from 1.0 to 3.0, 0.5 o 2.0, and 1.0 !o 4.0, respec-

tively. Snatigraphic correlation of sphalerite bands across

the district is more tenuous than within a single ore body

because of widely spaced sampling. Samples taken from the

Fisher Field area, the Brown ore body, and the 100 ore body

possess the general characteristics attributable to the individ'

ual zones. As Figure 12 demonstrates, the sphalerite bands
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Figure 9. Plot of uon and cadmium content in banded sphalerite based on microprobe data along a I cm traverse, sample 419.
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can be tentatively correlated over a distance of 2.7 kilometers.
In some areas a distinction between Zones A and B is less
obvious than in otlers, but the boundary between Zones B
and C is usually easily recognized.

The sEatigraphy suggests thatdeposition was proba-
bly not uniform over the entire district. Within a single ore
body (for example, Fisher Field), the rate or total amount of
deposition may have varied by a factor of two. Samples 334
and 419, which are 188 meters apart, have total thicknesses
of approximately 3 mm and 7 mm, respectively. This
suggests that either different vugs started filling at different
times or that the depositional rate was higher in some loca-
tions than in others. Banding such as this is present in many
carbonate-hosted zinc ores of the Appalachians @oley and
Craig, 1980) and is similar to banding in sphalerite of the
Mississippi Valley+ype districts of the central Unitsd Sr,ates
(Mclimans and others, 1980).

ENVIRONMENT OF ORE DEPOSITION

The coexisting sulfide and gangue minerals reflect
changes in the physical and chemical characteristics of the
environment of ore deposition during the three episodes of
mineralization. The delicate growth banding and the coarse-
grained nature of ttre crystals that are present throughout ttre

deposit indicate tiat the minerals were deposited under
quiescent conditions and that ttre deposition rate was slow
(Mclimans, 1977).

Fluid inclusion geothermometry studies of 30 to 70
micron-wide fluid inclusions in sphalerite that crystallized
during the larer stages of mineralization were conducted on
samples from the Ivanhoe, A-6-25,100, 40, and Brown ore
lenses. The criteria used to distinguish between primary and
secondary inclusions are those described by Roedder (1979).
Measurements were conducted on a gas-flow heating stage
modelled after Werre and others (1979). The stage was
calibrated against the boiling point of water and reproducibil-
ity was estimated by repeating runs on each specimen tiree
times. The stage also was calibrated against a fluid inclusion
stage at the U.S. Geological Survey in Reston, Virginia.
Inclusion runs repeated on both stages yielded temperatures
within the probable range of error. The accumulated error on
the measured temperatues is estimated at less than + 3.0t.

Most of the 30- to 70-micron wide fluid inclusions
examined consisted of a gas and a liquid phase figure 13) at
room temperature. Two inclusions contained daughter min-
erals in addition to liquid plus vapor; these have been tenta-
tively identifiedas gypsum based on crystal shapeand optical
properties. The results of the thermal measurements indicate
that the sphalerite in the later part of mineralization (Zones

Cand D) crystallized in the temperaturemnge 100'C to 16ff

DISTANCE
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Figure 10. Microprobe traverse across banded sphalerite showing lack of correlation between iron content and sphalerite color.

C (Figure 14). The dark nature of the banding in early
sphalerite (Zones AandB) and the small sizeof the inclusions
within ttre bands inhibited estimates of the temperature of
mineralization during these periods. This temperature range
(100 C-160 C) isconsistent with the temperatures derived
from other Mississippi Valley-type deposits by fluid inclu-
sion geothermometry (Roedder, 1979; Mclimans, 1977).

Estimates were made of the activities of O, , CQ,
and S, for the mineralizing fluids based on the fluid inclusion
thermometry results and the coexisting mineral assemblages.

It was assumed for the calculations that Zones A
andBsphalerit€ was deposited at higher temperatures (175'
C) than sphalerite from Zones C and D. For a given tempera-

ture an areaon an activity of O, versus activity of CO, plot

is dehned by the absence ofgraphite and presence ofcarbon-
ates, the presence of pyrite instead of magnetite and the

absence of wollastonite and presence of calcite and quartz.

Alttrough calcite is not present in the early stages of ore

deposition, it does occur in equilibrium with late-stage dolo-
mite, quartz, and sphalerite. The ore presumably crystallized

within this range of aOrand aCOr. The activity of sulfur in
the stable assemblages is calculated on the basis of the FeS

content of sphalerite coexisting with pyrite (Vaughan and

Craig, 1978). The iron content of banded sphalerite varies

within each zone but, in general, resul8 of analyses of
samples from the deposit indicate ttrat early sphalerites have

a slightly higher iron content than middle and late zinc

sulflrdes (Table 1). Zones A and B sphalerites have iron con-

ffi;
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Figure 12. Sratigraphic correlation of sphalerite banding between ttre Fisher Field area (3348), the Brown ore body (304)' and

the 100 ore body (523); A, B, and C refer to sphalerite zones described in text.
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Figure 13. Two-phase inclusions in sphalerite crystal; inclu_
sions were rapped as the crystals grew in vugs; field of view
0.33 mm.

Carbonate-hosted lead-zinc deposits constitute the
principalsource of leadand zinc inboth theUnited States and
Europe. Examples include the Appalachian district, the Tri-
s[ate district, the southeast Missouri district, the upper Mis-
sissippi Valley district, and the pine point district in North
America and the Pennine district in Western Europe. The
deposits occurin dolomite and limestoneranging in agefrom
Early Cambrian to Triassic and many are related to reef or
platform structues. In most cases, mineralization appears to
have been structurally controlled. Some deposits are situated
near unconformities; others are on the flanks and axes of
anticlines and domes; most are associated with fault systems.
The volume of ore in this type of deposit ranges from a few
tons to hundreds of millions of tons; the average grade ranges
from 2to7 weightpercentzinc andfrom 0 to 3 weightpercent
lead.

The primary sulfide mineralogy of the deposits is
simple; most contain only sphalerite, galena, pyrite, and
minor chalcopyrite. Sphalerite is commonly banded and
con[ains a number of trace constituents including cadmium.
The deposits characteristically form at low temperature (100"
C to 200t) from high salinity brines (approximately 10 to
25 equivalent weight percent NaCl).

The isotopic composition of lead in galena from
carbonate-hosted lead-zinc deposits is distinctive. The ga-
lena has lead isotopic ratios that commonly plot above and to
the right of the zero million year isochron of single and two_
stage lead evolution models (Doe andZartman, 1979). Age
calculations based on these ratios yield negative or futue
ages of formation. An exception is the pine point disrict,
Northwest Territories, Canada, which has a lead isotopic
composition that conforms !o a two-stage model . The lead
ratios of the deposits in the drainage basin of ttre Mississippi
River are commonly greater than 19.0 in npbpspb, and
great€r than 39.0 in mPblspb (Doe and Zartrnan,1979).
The Austinville-Ivanhoe district has ratios that range from
18.95 to 19.16 in 2mPb/2gpb, from 15.66 to 15.25 inmpb/4Pb, and from 38.66 to 39.0 in 8pb/ Ppb (Foley, l9g0;
Foley and others, l98l). These ratios are isotopically similar
to only the leasr radiogenic of other Mississippi Valley+ype
deposits (Figure l7).

lrad isotopic studies from tle Austinville-Ivanhoe
district (Foley and others, 1981) also demonstratethatgalena
of different generations has distinct lead isotopic composi-
tions. Within a single ore body paragenetically early galena
has lower lead isotopic ratios than later galenas. In addition
smaller ore lenses characteristically show a more radiogenic
signature than larger ore lenses. This suggests that during the
paragenesis of the ores an increasing amount of more radio-
genic leadbecame involved in the formation of galena. The
smaller ore lenses may have been more easily contaminated
by more radiogenic crustal leads. The lead isotopic compG
sition of galena in the disrict may have been derived by
mixing of lead from the enclosing sedimentary sequence with
less radiogenic leads derived from underlying basement
rocks (Foley and ottrers, 1981).

r40 t50 t60
."c

Figure 14. Histogram of fluid inclusion t€mperatues; the
ruled area represents inclusions from sphalerite associated
with dolomite; the dotted area pertains to inclusions from
sphalerite associated wittr barite and/or calcite.

tents ranging from 0.0 to 3.2 weight percent, and Zone C
sphalerites have iron contents ranging from 0.0 to 0.4 weight
percent. If apoint in the centerof each tog a% uersus log
aCO, field (Figure 15) is taken as the average value for that
interval of mineralization, a log aO, versus log aS, plot can
be constructed (Figure 16). ActMty of both sulfur and
oxygen decreased throughout the sequence of ore deposition.

DISCUSSION: COMpARTSON OF THE
AUSTINVILLE.IVANHOE DISTRICT WITH
OTHER CARB ONATE.HOSTED LEAD.ZINC

DEPOSITS

tza 130 |

TEMPERATURE,
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Table l. Comparison of the Austinville-Ivanhoe district with other carbonate-hosted lead-zinc deposits in the United States,

Canada, and Great Briain. Reference numbers (3) listed at end of References Cited.

Location
Age of Host Genesis of Srructural Tonnage and Rep"n"d Sulfide Formatim Salinity (Equiv.

Host Rock Rock Host Rock Serting Grade Mineralogy* Temperarurc wt 7o NaCl)

Austinville, Shady Fm.
Va.

/?\

Timberville, Beelanantown
Va. Fm.

(6)

Friedensville Beekmantown
Pa. Fm.

(5)

East Kingsport
Tennessee and Mascot

Fms.
(5)

Central Mascot Fm.
Tennessee

(5)

Illinois- St- Louis and
Kenocky SL Genevieve

Fms.
(12)

Upp"r Galena,
Mississippi Decorah,and
Valley Platteville

Fms.
(e)

Soulheast Bonneterre
Mssouri Fm.

(8)

Tri-state Boone
Area Fm.

(t t)

Pine Point, Presquile
Canada Fm.

Lower Reefto
Cambrian platform

sequence

(3) A)

bwer
Ordovician

(6)

Lower Paleokarst
Ordovician unconformiry

(5) (s)

Lower Uncanformity
Ordovician in platform

sequence
(5) (5)

Lowerto Paleokant
Middle unconformity
Ordovician

(5) (15)

Mississippian Platform

(12) (5)

Middle Platform
Ordovician sequence

(e) (e)

Cambrian Reef
environment

(8) (12)

Mississippian Platform
carbqrates

(l l) (l r)

Middle Reef
Devanian environment

Flanks of >30 milliqr sph, gn, PY, 100 - 160c r8.5 -22.5

Austinville tons:
anticline 4lo7n.

marc, ccP

(l)

sph, gn, py,
ccP

(6)

(3)

Breccia pipe
on west limb
of syncline

(r7)

0.6VoPb
(4)

Small

(t)

r40 - 150C l7.l -24.5

(14) (14)

r6.t -26.7

(14)

Anticline >3 million sph, pY

and faults tons:

(5)
6lo7n

(12) (5)

Footwall 50 million sph, PY, ccP

block of tons:

100 - l50c r4.0 - 29.5

lhrust
(5)

47oZn
(r2) (5) (14)

noc

(14)

lloc

(14)

80 - 120C

(e)

94 -r20C

(14)

E0 - 120C

(l l)

5r -97"C

(r4)

(14)

22.6

(14)

t8.5 -22.5

(14)

22.6

(14)

9.9 -24.5

(14)

24.t -24.5

(l l)

25.s

(14)

Under thrust >20 millicn sph, gn

sheet.

Nashville 4.5 -57oZn
(5)

Hicks dome

(12)

(16) (5)

gn, sph, py,
marc, ccP

(12)

sph, gn, py,
marc, ccP,

enargirc

(e)

sph, gn, py,
marc, ccPr

siegenite,
bravoite

(E)

SW flank of 50 million
Wisconsin
arch

(e)

Flanks of
St. Francois
Mts.

(8)

lons:
47o7-n

(12)

NW flank 5(D millim sph, gn, PY,
of Ozark tons: marc, ccp

(l l)

dqne

(l 1)

2.3%ht,
9.6%Pb

(12)

Folds and 65 millicn sph, pY, gn

faults tons:
7To7:t,
3%Pb

(12)

Pennines Great
Grcat Limestqre
Britain

l,ower
Carboniferous

(13)

Folds and

faulu

o3)

sph, gn, py, marc, 130 - l6eC 22'4
ccp,bravoite,
tetrahedrire.
anenopyrite,
pynhotite

(13)(13) (14) (14)
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Figure 15' stability fields of ore deposition in terms of aQ and acor; sphalerire zones A, B, c, and D as described in rexr.
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Figure 16. Stability fields of mineralization for the three

periods of ore deposition in terms of aO, and aSr; sphalerite
Zones A, B, C, and D as described in text.

The form and structural setting of the ore lenses of
the Austinville-Ivanhoe district are similar to many other Ap-
palachian zinc deposits. The open space filling and minor
replacement textures are common to all deposis of this type

and the mineralogy of the district is characteristically simple
(Foley and Craig, 1980). Stratigraphic correlation of the

sphalerite is possible over an extensive area, though not as

great as was possible in the upper Mississippi Valley (McLi-
mans and otiers, 1980). The mineral chemistry, tlte Fe/Cd

zonation, and ttre banding of the sphalerite are similar to that

in other Appalachian deposits (Foley and others, 1981) and

to other deposits of the central United States and Pine Point,

Northwest Tenitories, Canada (Roedder and Dwornik, 1968;

Mclimans and others, 1980; Sangster,1976).
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ABSTRACT

New detailed gravity and magnetic profiles along
several State roads and highways which cross the Early
Mesozoic age Richmond basin augmentexisting data for the
analysis of the structure of the basin.

The gravity profiles display steep gradients across

fhe wes0ern border of the basin where the Triassic lithologies
are in fault contact with older metamorphic rocks. The
surface geology indicates that this gradient probably marks
the southern continuation of the Hylas fault zone. The dis-
placement of this fault may be as much as a few kilometers.
A gravity gradient is also apparcnt along the southern seg-
ment of the easiern border of the basin. The eastern edge of
the basin is generally bounded by the Petersburg granite of
Mississippian age. All available data indicate that the basin
is a half gpaben in which depth decreases toward the easl
Theoretical modeling shows that the gravity gradient due to
the Hylas fault may be interpreted in the vicinity of Hylas as

a thrust fault which dips oward the east from about 2O to 18"

to a depth of about 4 km and then becomes nearly horizontal.
The eastern block is the Petersburg granite which is thrust
over the Goochland complex on the western block. This fault
is the source of the dominant gravitational feature of the
Richmond basin as far south as the middle of the basin.

A lumped-sum mass model is used o simplify the
structure of thebasin. The Hylas faultzone and its relation to
the basin is modeled. The results indicate that the basin's
west€m border dips steeply loward the east and reaches a
depth ofover2km whereas is eastern borderhas a gentle dip
loward the wesl Several diabase dikes which intrude the
Triassic rocks arc apparent from the magnetic map. Magnetic
modeling of tle longest dike, over 12 km long, yields a range
of widths of fiom 15 to 30 meters and a range of depths of
from 5 to 35 meters. Thg dikes also crop out at the surface in
many areas.

INTRODUCTION

A number of petroleum-producing continental rift
basins have been found around the world. Many similar
basins in the eastern United States are being actively ex-
plored for petroleum and some of these could prove to be
productive. Although in the eastern United States several

continental basins of early Mesozoic age have been recog-

nized, the interest of oil companies has only recently emerged
(Gentz, 1982; Cochran, 1984). Exploration and drilling have

been hampered largely because subsurface data are insuffi-
cient to evaluate even those basins that are partly or com-
pletely exposed in the Piedmont province. Generation of
much needed data through random exploratory drilling and

seismic exploration is expensive and, therefore, has not been

widely attempted. In this study we have completed a detailed
gravity and magnetic survey of the Richmond basin in order

to generate the requisite data for subsequent detailed seismic

exploration. Our detailed work augments the existing data of
Johnson and others (1985) and facilitates the analysis of the

structure of the basin and the thickness of sedimentary rocks
(Figure l).

REGIONAL GEOLOGICAL SETTING

The Richmond Triassic basin is a north-northeast
trending faulted structure that contains Late Triassic clastic
rocks (Figure 2). This basin is one of many elongated faulted
basins of early Mesozoic age, which are exposed along the

e:lstern coast of North America from Nova Scotia to Georgia.

All of these exposed Mesozoic age basins are aligned with the

Appalachian structural trend. Otherbasins existunder Coastal

Plain sediments and offshore. Many workers (Van Houten,
1969; Grow, l98l; Bally, 1981; Waus, 1981; Johnson and

others, 1985) agree that these basins are dominantly clastic

sedimentary rocks in contrast to the generally metamorphic
rocks of the basement complex.

The Richmond basin is located about 12 miles west
of thecity of Richmond and has a length and width of about
33 and l0 miles respectively. Its exposed surface area is
about 260 square miles (Weems, 1980). Drill-hole results

indicate that approximately 7300 feet of Triassic-age rocks

are present in the central part of the basin (Johnson and others,

1985).
The Richmond basin is bounded mainly by igneous

and metamorphic rocks (Lutz, 1986). The central and north-

em segment of the eastern border of the basin is bounded by
the Petersburg granite and a veneer of Tertiary sedimentary

units. The southern segment of the eastern border and a
section of the southem and western border are bounded by
undifferentiated mica gneiss. The central and northwestern
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Figure l. Location of State roads and U. S. highways along
which gravity and magnetic profiles were measured. profiles
along Interstate Highway 64, U. S. highways 250, 60, and
360, and State Road 6 were measured by Johnson and others
(1 985). The other profiles were measured for ftris study. The
horizontal spacing for measurements of the gravity and
magnetic fields for these profiles is about 100 meters.

border is bounded by Goochland complex rocks which con-
sist of the S tate Farm gneiss, Sabot amphibolite, and Maidens
gneiss (Bobyarchick and Glover, 1979;Furar, 1984). The
State Farm gneiss has been deformed into a northeastward-
trending doubly plunging antiform and is overlain by the
Sabot amphibolite interbedded with mafic and felsic gneiss
(Glover and others; 1978). The Sabot is overlain by the
Maidens gneiss which consists of a lower massive biotite
gneiss with interbedded amphibolite and an upper micaceous
gneiss (Glover and otlers, 1978; Harris and others, 1982).
The Petersburg granite is of batholithic proportion and ex-
tends as far south as the Virginia-North Carolina border.
Zircon ages determined by Wright and others ( I 9?5) indicate
an age of 33Q18 million years (Mississippian) for rhe peters-

burg granite.

Figure 2. Geologic map of the Richmond Triassic basin and
vicinity (modified from Lutz, 1986 and Farar, 1984); Tu -
Tertiart sediment, Jd - diabase dikes, Tr - red-beds, HFZ -
Hylas fault zone, Mp - Petersburg granite, Oqc - Quantico
Creek Slate, Oe - Ellisville Granodiorite, Cs - Chopawamic
Formation, m - Madins gneiss, s - Sabot amphobolite, ys -
State Farm Gneiss, gn - granite gneiss, mgn - mica gneiss,
mp - mica phyllite, hgb - hornblende gabbro.

The Hylas fault, zone is located on the western side
of the basin. The fault has a complex history of movement
(Bobyarchick and Glover, 1919) md, is exposed from the
town of Hylas northward @gure 2) where it defines the
westem boundary of the Taylorsville Triassic basin. The
Hylas fault zone continues northward and may connect with
the Brandywine fault system near the Maryland-Virginia
border (Mixon and Newell, 1977). \\e Hylas zone is com-
posed of mylonitized granite gneiss, biotite gneiss, and am-
phibolite with a linear northea.st trend (Bobyarchick and
Glover, I 979; and Goodwin, 1970). The zone is importanr to
the interpretation of the gravity and magnetic anomalies as-
sociated with the Richmond basin. Previous gravity work
(Johnson and others, 1985) and aeromagnetic surveys (U. S.

Geological Survey, 1972; Yksinia Division of Mineral Re-
sources, 1971) indicate snong gradients across the fault zone
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which continue southward and are observed over most of the

weslemborder of the basin. These gradients are the dominant
geophysical features of the basin.

GEOLOGY OF THE RICHMOND BASIN

The Richmond basin is over 50 kilometers long and

has a maximum width of nearly 15 kilometers (Figure 3)' The

maximum depth of the basin is about 2200 meters. The

Figure 3. Geologic map of the Richmond Triassic basin, after Johnson and

ottrers (1985) witl some modifications; Jd - diabase dike, tho - Otterdale

Sandstone, Tcm - coal measures (shale, sandstone, and coal), Tcgl - boul-

der and conglomerate beds (gneiss, granite, and mylonite clasts), unlabeled -

pre- and post-Triassicfurassic units.
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sedimentary rocks consist of conglomerate or fanglomerate,
arkosic sandstone, and siltstone deposited in a fluvial envi_
ronment. Lenses of lacustrine limestone and shale, as well as
coal beds, are also locally present (Bobyarchick and Glover,
1979; Weems, 1980; Johnson and others, l9g5).

, The sratigraphy of the basin was first described by
Lyell (1847). He recognized a lower coal bearing zone and
an upper series of sandstones, tlese were described as
theTuckahoe group, and the Chesterfield group respectively.
The Tuckahoe group is comprised of three members:

l. Boulderconglomeratebed wittr gneiss, graniteand
mylonite clasts (0 to 50 feet in thickness),

2. Lower barren sandstone and shale beds (0 to 3m
feet in thickness), and

3. Interstratified beds of bituminous coal, coke,
shale, siltsnne, and sandstone (up to 500 feet in
thickness).

The Chesterfield group is comprised of two members:
1. Vinita bed composed of fissile shale, grading

upward to sandstone (this is the thickest se_
quence in the basin, in excess of 2000 feet) and

2. Otterdale sandstone (about 500 feet thick).

Northwest Eending diabase dikes cut the Tuckahoe
and Chesterfield Groups. The dikes are exposed mainly in
creeks. There is no evidence to suggest that the dikes are
offset by cross faults. Lutz (1986) studied these dikes using
ground magnetic surveys and found several elongated, thin
magnetic bodies within the basin. These bodies are found in
aeromagnetic surveys (Virginia Division of Mineral Re_
sources, 1971; Lutz, 1986).

Radiometric dating of similar dikes along the east-
ern c-ontinental margin of North America (DeBoer and Snyder,
1979; Ragland and others, 1983) suggests a Late Triassic to
Early Jurassic age. A veneer of Tertiary gravel and loosely
consolidated alluvium has been mapped by Goodwin (197d)
in the vicinity of the James River. This material is considered
Tertiary in age because, in part, it lies unconformably over
Cretaceous sedimens beyond thelimits of thebasin (Weems,
1974; Bobyarchick and Glover, 1979; Virginia Division of
Mineral Resources, 1963).

REVIEW OF GEOPHYSICAL DATA

Le Van and Phan (1963) collectedground magnetic
data with relatively large station spacing. A major northeast
trending magneric high, about 6.5 km to 20 km in width,
extending northeast from the vicinity of Sussex County into
Maryland, was determined from their study. They also re_
ported a magnetic high extending nortiwest from near
Whaleyville, Suffolk County, to the James River. These
hfhs were further confirmed on the Aeromagnetic Map of
Virginia (Zietz and others, 1977). Tlte toral intensity a-ro_
magnetic map of Southeastern Virginia (U. S. Geoiogical

Survey, 1972) shows the Richmond basin border fault and
diabase dikes. The interior of the basin is shown as nearly
featureless magnetically except for the diabase dikes. The
ground magnetic profiles and the detailed work of Lutz
(1986) show several elongated, natrow, and near-vertical
magnetic bodies.

A Bouguer gravity contour map of southeastern
Virginia (Johnson, 1975), using 1900 gravity stations overan
area of 17,6l2square kilometen, which includes the Richmond
basin, was the fustregional gravity survey completed in that
arca.

Published detailed gravity and magnetic data in the
area of study are not available. Johnson and others (1935)
conducted a detailed gravity profile along Intersrate High-
way 64 (I-64), using a station interval of 130 meters. This
profrle crosses the most northern part of the Richmond basin.
Harris and otrers (1982) interpreted a Vibroseis profile along
I-64 from just east of Staunton !o a few miles west of
Hampton. The I-64 gravity profile was used as an aid in the
seismic interpretation. Harris and others (1992) associated
theEllisville granodiorite and StateFarm gneiss with gravity
lows, and the Sabotamphibolite and the Maidens gneiss with
gavity highs. They also associated one amphibolite unit with
high magnetic anomalies.

Johnson and orlers (1985) published rhe Simple
BouguerAnomaly Map of ttreRichmond Basin andVicinity.
A total of 1627 gravity observations were used for ttris
contour map. These observations utilized benchmarks, spot
elevations, surveyed elevations, and road construction cen-
terline elevations. In Figure 4 we have construct€d a new
Simple Bouguer anomaly map of the Richmond basin by
adding 1300 newobservations. Commonprofilesacrossboth
anomaly maps were used for comparisons. For Figures 16
through 24 the profiles from the map published by Johnson
and others (1985) are referred to with the letter J, while the
profiles obtained from Figure 4 are referred to with the letter
N.

FIELDPROCEDURES

State roads and U. S. highways which cross the
Richmond basin were selected for gravity and magnetic sur-
veys @gure 1). Four profiles traverse the basin in a nearly
east-west trend: the remaining cross the length of ttre basin
in a nearly north-south trend. The vertical position of each
station was determinedby surveying. Benchmarks were used
as base stations. A forward surveying technique was em-
ployed for calculation of station elevation. The latitude and
longitude of each station was measured from 7.5-minute
topographic maps. Thepositional accuracy of each station is
about 925 meters in the horizontal plane and about 11 0 centi-
meters in the vertical plane. Five profiles shown in Figure I
were completed by Johnson and otiers (1985).

A surveying Fansit and leveling rod were used for
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Figure 4. Simple Bouguer gravity map based on 0re data of
Johnson and others (1985) wiih over 1300 new observations.

The positions of profiles Rl lo Rl2 are shown; the conloured
values are in milligals.

elevation determinations. The exact horizontal distances

were deteminod from the appropriate figonometric rela-

tions" Whn possible, surveying started and ended at a bench

ru*. The observed errors in calculated elevation from
benchmark o benchmark were about t1.5 feet for a raverse
dismnce of 2 o 5 miles. This error was uniformly distributed

among all the stations in the taverse. The distance between

stations is about 100 meters.
A Lacoste-Romberg Model G gravity met€r was

used for the gravity survey. This meter has a range of over

7000 milligals and a reading accuracy of t0.l milligal, with

a drift rate of less than I milligal per month.

A Scintrex model MFD4 digital fluxgate magne-

tometer w&s used for measurement of therelative value of the

vertical component of the magnetic field. The magnetometer

has aresolution of I gamma and arangeof -99.999 w +99.999

gammas.

Each gravity survey started and ended at the Vir-
ginia Gravity Net Base Station located at Chesterfreld Court

House (latitude = 3722'34" N; longitude = 77"30'25" Wi
elevation = 2W.652feet). The absolute graYity value of the

ChesterfieldBase Station is979929.77 + .A}milligals (Johnson

and Ziegler, 197 2). All graviry and magnetic observations

were made by utilization of a modified ladder-sequence loop

technique. The time interval between two consecutive occu-

pations of auxiliary base stations was kept n less than two

hours. The gravity anomalies are reduced with respect o the

International Gravity Formula of 1930.

INTERPRETATION OF GRAYITY DATA

REGIONAL INTERPRETATION

The simple Bouguer gravity anomaly map, Fi gue 4,

indicates a gravity gradient, with a range of about 25 milli-
gals, extending in a north-northeast direction. This gravity

gradient corresponds closely with the Hylas fault zone. ho'
files Hl and II2 (Figures 5 and 6) are gravity cross sections

constructedfrom daaobainedbyJohnsonandothers (1985).

Positions of profiles Hl and H2 are slightly outside Figure 4'
and therefore not shown. These profiles indicate the magni-

tude of the gravity anomaly caused by the Hylas fault zone.

The Petersburg granitp is exposed in this and nearby areas.

West of the Hylas fault zone, the Maidens gneiss is exposed

at the surface and the Sae Farm gneiss and the Sabot

amphibolite are at depth (Frgure 2). The Hylas fault zone is

interpreted as causing the Bouguer anomaly shown in the

cross sections. The Richmond basin does not influence these

two profiles.
Additional cross sections across the Richmondbasin

are labeled as Rl through Rl2 on Figure 4. The basin

increases in width to the vicinity of profile R6. Proftle Rl
extends across only about 2 km of the basin and profile R6

extends across about 12 krn. These cross sections have the

same characteristics as profiles Hl and H2. The gravity

gadients seen on these profiles are interpreted as anomalies

due to the basin and indicate further extension of the Hylas

fault southward. The gravity signature of the Hylas fault zone

continues o profile R6 and dominates ttre expected Bouguer

gravity anomaly low due to the basin. As a preliminary

interpreration, the subsurface mass distribution was made to

match profiles Hl and H2. Modifications were then made by

appropriate supposition of a basin with various depths. Well
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Figure 5. Profile Hl , taken from Johnson and others (1935).
The Y axis is the simple Bouguer anomaly in milligalsl the X
axis is the horizontal distance in kilometers. hofiles are
located slightly off ttre northeast corner of Figure 4. The
orientation of these two prohles is nearly parallel to the
orientation of profile Rl (Figure 4).

',.,"^"ti 
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Figure 6. hofile H2, see Figure 5 for explanation.

data indicate thu Triassic lithologies arepresent to adepth of
about 22ffi meters within ttre basin (Johnson and others,
1985).

HYLAS FAULTZONE

Interpretation of gravity data is diffi cult because the
solutions are non-unique and a variety of models may satisfy
the same data set. In Figure Z, three models, and in Figure g,
six models are presented thatproduce an anornaly similar to
thatof profiles Hl, H2, and Rl through R6. In all cases, wesr
of the fault, ttre gravity high is abaut4 milligals, and to the
east of the fault it is around zero. Although the generat
character ofthe theoretical curves given in Figures 7 and g is
similar, a maximum of 24 milligals at *re left which de-

o s to 
o,",on". ,lt"uo,",.r" 

20 2s 30

Figure 7. Variation of the gravity anomaly over a fault due to
variation of the fault plane. In this figure the Hylas fault is
marked by the contactbetween a series of horizontal layers on
the west with the Petersburg granite on ttre east. Three curves
indicate tlre three anomalies resulting from the three forms of
contact given in the lower section. These models were not in
agreement with the other geophysical data, Harris and others
(1982), and were discarded- The numbers on ttre layers refer
to density contrast in g/cm3 . The reference density is 2.67 g/
cm3.oo

I
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Figure 8. Six possible fault planes for the Hylas faulr. In this
figure a "lumped-sum" mass model consisting of only two
materials is used for simplicity. The models, however, are in
better agreement with the other geophysical and geological
data than the previous models. Density contrast is in glcm3 .

cre:ues to near zero on the righg the two subcrustal mass
disributions are quite different In Figure 7, the subsurface
mass distribution is a "pancake" model, that is, there are
horizontal layers witlr different thicknesses and densities.
Figure 8 is a simple "lumped-sum" mass model. These
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models contain only two layers which have different thick-
nesses and densities. For both models, rather minute vari-

ations in the gtavity anomalies around the fault surfacecanbe

obtained by variation in the conhguration of the layers on

both sides of the fault plane. For this study, the gravitational

effectof the fault andthebasin wereexamined. The "lumped-

sum" mass model was chosen as the preferred model. The

seismic interpretation of Harris and otiers (1982) indicates

that the Hylas fault zone dips toward the easL The type 4

model given in Figure 9, defined by a granitic layer with

thickness of about 4500 to 5000 meters, agrees with the

seismic interpretation. The fault plane varies in dip with

depth. In ttre prefened model the fault has a dip of about 26"

toward the east to a depth of about 3 km , then dips east at about

18" to a depth of 4 km; at 4 km the fault plane is horizontal.

This is interpreted as a thrust fault where the Petenburg
granite is thrust over the Goochland complex to the west.

Figure 9. An interpretation of the Hylas fault; three depths for

the master decollement are assumed.

Figure l0 shows the structure and the gravity anom-

aly of profile Hl. This model agrees satisfactorily with the

profile. There is some difference between profile Hl and

profile H2 at distances greater than 20 km. This is probably

caused by a slight variation in the thickness of the granite due

to the westward thrusting. Theoretical gravity, subsurface

mass disribution, and profile H2 are shown in Figure I l. The

match indicated is very good except in the area near the 14 and

15 km marks. Slight variation in the dip of the ttrrust plane in

this area might impro\e the model.

THEORETICAL ANOMALIES AND
GRAVITYMODELING

The shape ofthe gravity anomaly caused by a basin

about the size and shape of the Richmond basin was consid-

ered in some detail. A density contrast of -0.2 g/cm3 was

arbirarily selected. Many researchers believe that the den-

051015202510
Dislonce in Kilom€l.rs

Figure 10. An interpretive geomery for the Hylas fault along

profile Hl. The model indicates a granitic layer, ( 4.03 g/

im3) , thrust over the Goochland complex, ( 0.15 g/cm3).

;
6

0,.,"""",,1t*',"..,*" 
to

Figure I 1. An interpretive geometry for the Hylas fault along

profile H2. A second thrust has been added due to the

variation in the Bouguer anomaly befween 17 and 26krr..

sity contast for this area is between -0.10 and -A.2 glcm3

(Davison, 1985). Density acts as a scale factor for the gravity

anomaly. Thus, if a density of -0.1 g/cm3 were assumed, the

values of the gravity anomaly shown would have been half

the values presented. If aP = -0'15 g/cmt , the values

presented must be multiplied by 0.1'510.2.

Figure 12 shows the shape of anomalies, as a func-

tion of depth, for a rectangular basin of 10 km width as the

depth increases from 500 to 3000 meters. As depth increases,

the maximum value of the anomaly increases. This increase,

however, is not linear and the rate of increase decreases with

depth. As depth increases, the shape of the anomaly changes

from a rec[angular shape at a depth of 500 meters to a domal

shape at a depth of 3000 meters. The position of the basin
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Figure 12. Variation of the theoretical anomaly due to
variation of depth of a rectangular basin. The width of the
basin is assumed constant, l0 km; the depth ranges from 0.5
to 3.0 km in steps of 0.5 km.

borders areclosely related to the inflectionpoints of the graph
of a computed anomaly.

Figure 13 shows the change of the width of the
anomaly as the basin width is increased. For the sake of
simplicity, the depth was kept constant at 500 meters. It is
clear from this figure that although the increased width
changes themaximum value of theanomaly, thesevariations
are only a few tenths of a milligal. However, as the widttr
increases, the distance between the inflection points in_
creases. For a rectangular basin, the basin,s width can be
obtained from the distances between the inflection points of
the anomaly's graph.

o,"io"^"" ,:'*u"':1*" 
tu tu 20 22 2L

Figure 13. Variation of the theoretical anomaly due to
variation of basin width_

The Richmond basin is interpreted as a half graben.
This model is indicated in Figures 14 and I 5. Figure 14 shows

the theoretical anomaly for a half graben model as a function
of depth. The left side of the graben is vertical, and the depth
is varied from 500 !o 2000 meters. The gravity anomaly
varies in accordance with the depth and is asymmetrical. The
maximum value moves toward the right as depth increases.
The inflection point on tle graph of an anomaly gives the
position of the fault. Figure 15 shows the shape of the
anomaly when the depth is kept constant at 2000 meters. The
deepest point of the basin was moved loward ttre right at an
increment of one kilometer. The maximum value of the
anomaly occurs about one kilometer to the right of the point
of maximum deptr.

E

a 2 I 6 ' o,"l:^"",i'*u",i,:,"'u " 20 22 2L

Figure 14. Variation of the theoretical anomaly due to
variation in depth of a half graben. Depths range from 0.5 to
2.0 km.
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Figure 15. Variation of theposition of maximum theoretical
anomaly due to variation of the position of maximum depth
in a half graben. In all the theoretical calculations 

^p = -0.2
g/cm3 was assumed. 

^p 
acts as a scaling factor; thus the

anomaly for tp = ^p I can be read by multiplication of the
theoretical anomaly by np ,/0.2. Positions are in kilometers
from the origin.
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GRAVITY MODELING OFTTM, BASIN

In order to determine a cross section for the basin, a

curve-matching modeling technique was adopted. In this

method, a theoretical anomaly is computed for a possible

subsurface structure, and the resulting anomaly is then com-
pared to the observed anomaly. The shape of the model; the

mass distribution; the position of the fault, or faults, and the

layers were modified while the computations were repeated

until a reasonable match was obtained. This method does not

find a unique sEucture, that is, many models may give the

same anomaly. To reduce this number of models to a few,

knowledge of the regional geology is essential. In construct-

ing the subsurface structure, the tectonic style of the region as

shown by Harris and others (1982) was used. For the

calculation of the theoretical anomalies, the rapid computa-

tional technique proposed by Talwani and others (1959) for
the calculation of a gravity anomaly due to two-dimensional

bodies was adopted.
Figure 16 gives an interpretation of profile R I . The

Hylas fault zone is under the basin near its westem edge. Two
possible shapes ofthe basin and tieir corresponding theoreti-

cal anomalies are seen in the upper pan of the figure. This

prohle traverses about 2 km of the basin. The observed

anomaly is mainly determined by the Hylas fault zone and is

affected only slightly by ttre structure of the basin.

0

Figure 16.

51015202s10
Olslonc. in Kllom.l.r.

Two interpretive models for the basin along

profile Rl. Maximum depth is between 300 to 750 meters.

The Hylas fault is at the bottom near the eastern edge of the

basin. In this figure and the following figures the boundar-

iesof the two basins are marked by cross hatches. In this

profile and all other profiles, the density contrast is in g/cm3.

In Figures 16 through 24, J refers to a profile across the

SimpleBouguer Anomaly Mapby Johnson andothers (1985)

and N refen to a profile across the Bouguer Anomaly Map
given in Figure 4.

Figure 17 gives an int€rpretation of profileR2. The

Hylas fault zone forms the western border of the basin. A thin

layer of a dense material , "p = 0 '23 g/cm3 probably the S abot

amphibolite (s), is ttrrusted and underlain by the fault plane.

A second thrust, at a distance of 17 to 20 km' has been

proposed. This profile traverses about 3.8 km of the basin.

Two models of the basin are presented; both have a maximum

depth of about 1000 meters.

z

oi:toncr i15xito-rtr.s

Figure 17. Two interpretive models for the basin along

profile R2. Maximum depth is about 1000 meters.

Figure 18 presents an interpretation of profile R3.

The denser la ! Qt, n p = 0.23 glcm3, is ttticker, probably due

to abedding fault, and the proposed thrust at a distance of 17

rc 20 km appears more pronounced. This cross section

traverses about 7.5 km of the basin. The basin in this model

has a flatbottom ata depth of about 1000 meters. Figures 19

and 20 present interpretations of profiles R4 and R5. The

prohles traverse about 1 1.5 and 13.5 km of ttte basin, respec-

tively. The dense layer is thicker, probably because of
additional bedding faults. The basin hll ttrickness in both

profiles is about 1500 meters.

05lo152025lo
oi3lo.€a in Kilod'1"3

Figure 18. Interpretive model for the basin along profile R3.

Maximum depth is about 1000 meters.

t

.



PUBLICATION 88 5l

Q lhaor.licql

oFio15zo25r!

o 5 lo 
o,rronc. ,1u",,u..,"r" 

20 25 lo

Figure 21 . Interpretive model for the basin along prohle R6.
Maximum depth is about 1500 meters. The western edge is
steeply faulted.

affected by the Hylas fault zone (Figure 22). There is a sharp
contrast between the form of this profile and profiles Rg and
R9, (Figures 23 and24). In these profiles, a local minimum
is observed which can be approximately correlated with the
boundary of the basin in profiles R8, Figure 23, and well
correlated with the boundary of the basin for profile R9,
Figure Z. Profile R8 traverses about ll km of ttre basin; a
mica gneiss is present on the basin boundary and was given
a density contrastof 0.23 g/cm3 (Figure 23). The maximum
thickness of the basin fill in this area is about 2000 merers.
Profiles Rll and R12 rraverse 2.5 and,l.3 km of the basin
respectively. These profiles do not indicate a major anomaly
due to the basin and are nol shown.

otrton.. ttsxlor.t.." 
20 25 30

Figwe22. Interpretive model for the basin along profrle R7.
Maximum depth is about 1500 meters.

Profile R9 (Figure 24) is located in rhe vicinity of
State Road ffi2,andit reflects tle basin's shape and geome-
try. The effects of the Hylas fault zone are not panicularly
evident on this profile, probably because the fault lies west of
the basin's margin. Two mettrods are used for interpreAtion

I

t

Figure 19. Interpretive model for the basin along profi le R4.
Maximum depth is about 1500 meiers.

Figure 20. Inrerprer,", rn;; ,- *. r*t 
"long 

profile R5.
Maximum depth is about 1500 met€rs.

Figure 2l represents an interpretation of profile R6
which traverses about I 3.5 km of ttre basin. The western edge
of ttre basin is rather ste€p, but its eastern edge has a gentl"
dip, and its maximum depth is about 1500 merers. This
profile int€rseca two dikes which were not modeled in the
subsurface sFucture. Their effects on the profile are seen by
a differpnce between the observed anomaly and the theoreti-
cal anomaly at a distance of 14 to 16 km on the cross section.

Figure 22 is an interpretation of profile R7. It is very
similar to profile R6, except the thickness of denser material
is slightly increased and the thrust fault at a distance of 20 to
2a km is more pronounced. The depth of the basin is about
1500 mefers.

The surface geology surrounding the basin changes
south of approximately 37e2.5N latitude, where along both
the eastern and west€rn borders of the basin, a mica gneiss is
exposed. The effects of these changes in geology are seen in
the form of observed gravity anomalies. profile R7 is mainly

t
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Figure 23. Interpretive model for the basin along profile R8.

Note ttrat ttre character of this profile and profile R9 is differ-
ent from that of the preceding profiles because of a local

depression which can be correlated with thebasin boundary.
The maximum depth is about 2000 meters and there are two
down-slope faults along the westem border.

of this profile. The first method, as discussed before, is based

on local geology and the technique proposed by Talwani
andothers (1959). Geological information indicates that the

basin is bounded by a mica gneiss on both sides. The basin

has a depth of about 2300 meters at this locality. Both profi les

R8 and R9 indicate a step fault near the westem margin.

15 20 25 30

ohld^c. ln (llom.l...

Figwe24. Interpretive model for the basin along profile R9.

The maximum depth is about 2300 meters.

In the second method, the shape of the basin is obtained in a

direct way. As was mentioned before, an observed gravity
profile can be the result of an infinite number of different
subsurface masses. However, the uncertainty in this method

may be reduced or even eliminated, if certain valid geological

assumptions can be made. In an ideal situation a unique

solution may be obtained if the density contrast between tle
basin rock and tle surrounding rock is lnown and the regional

anomaly is completely conected for, or if a regional anomaly

does not exist. In practice, it is possible to determine the

shape of the cross section of a two- dimensional basin from

regionally corrected gravity anomalies using trial and enor

technique. Bott (1960) proposed this technique and applied

it to tre Dumfries New Red Sandstone basin in southern

Scotland. The technique is based on equations derived by

Heiland (1940) for the vertical attraction of a rectangular

prism.
A gravity profile along State Highway 602, which is

close to profile R9, is suitable for interpretation by the "Bott

technique" because it appean that tlere is no regional field

superimposed on the profile. Density contrastsof -0.10'

-0.13, and -0.15 g/cm3 were used for the interpretation

(Figure 25). Assuming that ap = -Q'lJ g/cm3 isreasonable'

the smoothed depth is about 2000 meters. This depth is in

agreement with our previous interpretation of profile R9

using the modeling technique of Talwani and others (1959).

The inegularities in depth near the western margin of the

basin and at its middle part arc interpreted as a possible step

faull
Profiles R10, Rl1, and Rl2 are not shown because

profile R10 is probably affected by a fault on its eastern

border, and the maximum widths of the basin along these

profiles are about 6, 3, and 2 km respectively.

INTERPRETATION OF THE MAGNETIC DATA

The northwest boundary of the Richmond basin is

welt marked on the aeromagnetic map by a gradient which is

associated with ttre Hylas fault zone (Figure 26). The other

segments of thebasin'sboundary are notassociated with this

magnetic gradient. Much of the basin is magnetically feature-

less. Magnetic anomalies overtheeastern partof thebasin are

probably related to crystalline rocks of the shallow floor of
the basin. A discussion of a linear feature, which is related to

a dike, is presented.

A long, narrow linear magnetic anomaly in the

southwest area of the basin is interpreted as a major dike

(Figures 26 and 27). Ten vertical-component magnetic

profiles were measured across this feature by Luu (1986).

The doublyplunging Sabotamphibolite unitwestof
the basin is well marked by a concentrated nanowing of the

magnetic gradient which forms a closed contour pattern

(Figue 26).
The State Farm gneiss is magnetically featureless.

The mica phyllite and hornblende gabbro which occur out-

side the southern border of the Richmond basin are markedby

a series of linear magnetic contour lines. Some downslope

high-magnetic anomalies which are associated with the mica

gneiss occur outside of the southwest border of the basin. A
pattern of closed contour lines, associated with the Petersburg
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tion of profiles 1 and l0 a vertical dike model, with sides
marked by the am)ws (Figures 28 to 32) was used. The agrce-
ment between the observed and calculated values is relatively
good. The profiles indicate that the thickness of ttre dike
ranges from I 5 to 30 meters and the depth to the top of the dike
ranges from 5 to 35 meters. These depths are plausible from
surface geological observarions (Lutz, 1986). The depth is
geatest at both ends of tle dike and is least in between.

DISCUSSION

Interpretation of the gravity anomaly due to the
Richmond basin is complicated because the gravitational
signature of the basin appears to be masked by the gravity
gradient associated with the Hylas fault zone. Many of the
gravity profiles do not show a depression in the anomaly as
would be expected from the less-dense lithologies in the
basin. The depression is visible only on profiles R8 and R9
and !o some extent on profile Rl0. On this latter profile the
depression in the anomaly may be masked by the gravity
gradient associated with the basin's eastern boundary fault.
Theoretical modeling of profiles R1 ttrrough R7 (Figures 16
through 22) indicates thatthe form ofthe theoretical curve is
very sensitive to the shape of the basin. For example, in
profiles Rl and R2, a slight variation in the shape of the two
proposed basin models causes a relatively large deviation
between the corresponding theoretical anomalies and the
observed anomaly.

In interpreting the profiles attempts were made to
use only a few "lumped-sum" mass layers. For example, the
entire Hylas fault zone is represented by two layers of the
Petersburg granite (a density ot2.64 g/cm3 or a ^p = -0.03
g/cm3 , and a layer with a density of 2.8 g/cm3 or a ^p =0.13
glcm').

Geologic data (Figure 2) indicate that in ttre north-
western area of the basin the State Farm gneiss, Sabot
amphibolite, and Maidens gneiss are exposed. The interpre-
tation of the seismic profile along I-64 (Ilarris and others,
1982) extends these formations under the basin through a
series of thrust faults which are connected to a nearly
horizontal, master decollement. The data in Table 1 indicate
that the range of densities for the Sabot amphibolite, State
Farm gneiss, and Maidens gneiss is 2.7 I ta 2.9 l, 2.1 Z to 3.12,
and2.6l w 2.76 g/cm3 respectively. In modeling, the effect
of the fault is represented by a layerof material with a density
of 2.8 g/cm3 and the effect of the splay-faulted Sabot
amphibolite, under the basin is represented by a layer with a
density of 2.9 glcmt . The density of ttre mica gneiss which
is exposed on both sides of the soutlern segment of the basin
is shown by layers with a density of 2.9 glcm3 or ap - A.23
g/cm1 fnis is within the range of 2.59 to 3.00 g/cm3 given
for the density of gneiss in Table 1 (see also Telford and
others, 1976). Because of non-uniqueness associated wittr
interpretation ofgravitational data, these layers could be
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Figure 25. Tlren structural interpretations of the gravity
prohlealongStateRoad602assuming 

^p = -0.1, _0.13 and
-0.15 g/cm3 , using Bott's technique. The position of this
profi le is near the position of profile R9. This technique gives
an average maximum depth of 2000 meters for ap = -0.13
g/cm3, but it extends to a depth of 2 1 50 meters. The variations
in ttre observedanomaly nearthe western edgeand middle of
the basin are interpreted as possible faults. Solid lines are the
smoothed depth profiles obained from the three density
contrasts.

granite, is the dominating feature east of the basin margin
(Figure 26).

Figures 28 through 32 present ten vertical_compo_
nent magnetic profiles measured at ground level across a
diabase dike. The posirion of each profile is shown on Figure
27. These profiles were modeled using the technique pro_
posed by Talwani (1%5). Data pertaining to the magnetic
susceptibility of the Triassic lithologies and diabase are not
abundant. Sumner(1977)givesarangeof73 x l0 to 100x
10 emu and 3000 x l0 emu for the Triassic lithologies and
diabase in the Newark-Gettysburg basins. Various geome_
tries were used to model the dike. Because the magnetic
anomaly is very ruurow and almost linear between ttre posi

ap =-0.15 g/cm

\-
-ap =-0.13

,aP = -o't o
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Figure 26. General interpretation of the total magnetic field of the Richmond basin and vicinity. Magnetic data are taken from

uariou, aeromagnetic rup, pr"pun d for the u. S. Geological Survey and the Commonwealth of Virginia. The designated no-

menclatures are the same as in Figure 2. T};re contour intervals are 20 gammas.
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thinner with a higher density contrast or thicker with lower

density contrast. In order to resolve the exact shape and the

thickness of these layers a detailed seismic survey would be

necessary.
The Hylas fault zone is notthe westernborder of the

basin in all of the profiles. In prohle Rl (Figure 16), it is
nearer to the eastern border at a depth of about 300 to 400

meters. In this profile, the denser layer was not included as

it is not seen on the surface, but this layer was included in

profilesR2 through R8. In general, the thickness of this layer

increases from north to south. Two fault planes are indicated

in profiles R2 through R8 as the contact between the Peters-

burg granite and the denser layer, np = 0.23 glcm3, and the

contact between the denser layer and another layer with a

density contrast of ap = 0.13 g/cm3 . The first fault plane is

terminated at the deepestpart of thebasin, and the otherplane

is seen slightly westof thebasin margin. Profiles R6, R7, R8,

and R9 (Figures 2l through 23) indicate step faults at the

western margin of the basin. It may be concluded that the

western boundary of the basin is not a simple onlap. Avail-

able geologic, magnetrc, and gravity data support step fault-

ing. Sumner (1977) came to a similar conclusion, using

gravity, magnetic, and geologic data, for the southern margin

of the Newark-Gettysburg Triassic basins in Pennsylvania.

In many of the models, the Hylas fault zone and the border

faults arebasinwardof themargin and the margin indicatesan

onlap. The shape of the models indicates a half graben basin,

where the westem borderfaultis nearthewestern margin, and

Triassic sediments are in depositional contact with the Peters-

burg granite on the eastem margin. In the southem part of the

basin, the mica gneiss is exposed at both sides of it This is

interpreted in prohles R8 and R9 (Figures 23 and 24) as the

mica gneiss thrusted upwardby the granite; thebottom of the

basin is formed by mica gneiss. This may be the reason for

the developmentof adepression in theobservedanomalies on

profiles R8 and R9. Because of this particular situation, the

effect of the Hylas fault is not discemible on these profiles.

These profiles may be interpreted by the Bott method ( I 960).

The effective density is the only parameter needed for this

mettrod. Because of uncertainties a range of -0. 10 to -0. 15 g/

cm3 is used. Figure 25 indicates a thickness of 1650 meters

for tp = -0.15 glcmt i a thickness of 2950 meters for ap

= 4. 10 g/cm3 ; for tp = 4. 13 g/cm3 this value is 2000 meters

which is a reasonable thickness for the southern part of the

basin. The maximum depth is, however, about 2200 meters.

This depth is close to the reported depth of 7300 feet of the

Triassic rocks in the middle of ttre Richmond basin by

Johnson and others (1985). The profile also indicates two

step faults near the western border and a possible small

central fault at the deepest part of the basin. This would be in

the form of a small horst. The horst may be indicated by a

slight relative high in the depression seen on profile 602,

(Figure 25).
A diabase dike crosses the basin from its southern

tip to its western border (Figure Z7) in a north-northwest di-

rection and coincides with a linear magnetic anomaly' Mag-

netic modeling indicates that the dike has a width of about 15

to 30 meters, has a range of depth of 5 to 35 meters, and is

nearly vertical.

d

o

-
E

Figures 28 through 37 . Observed and calculated values of the

vertical component of the magnetic field. The Y-axis is the

anomaly in gammas, the X-axis is the horizontal distance in

meters. Position of the dikes are marked by the two down-

ward arrows. The parameter Z indicates the depth !o the top

of thedike. Asusceptibilitycontrastof 5000x 10 emuwas

used in modeling. A total field intensity of 65'000 gammas

and an inclination angle of 7ff were used for the model' The

trend of the dike is about north 15" west.
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Geologic Unit or
Lithology Legend

Density (g/cm') DensitY Contrastt

Range Average Range Average

Susceptibility2
(x 10 emu)

Range Average

State Farm Gneiss Ys
Sabot Amphibolite s

Maidens Gneiss m
Triassic sediments Tr
Triassic sediments Tr
@ichmond basin)
Petenburg granite Mp
Catoctin Formation Yc
(metabasalt, greenschists)

Garrisonville mafic complex
(metagabbros, amphibolites)
Chopawamsic Formation ch
(metavolcanic rocks)
Metavolcanics, W-3317

Culoeoer Basin
Triassic sediments Tr
Diabase
Basalt

General Lithologies
Amphibolite
Anorthosite
Basalt
Gabbro
Gneiss
Granite
Schist
Serpentine
Granodiorite
Slate

2.7r -2.8r
2.72 - 3.r2
2.6r -2.76
2.42-2.52

2.75
2.90
2.7r
2.48
2.58

2.&
3.00

3.01

2.84

NA

+0.04 - +0.14 +0.08
+o.05 - +0.45 +0.23
-0.06 - +0.09 +0.04
-0.25 - -0.15 -0.19

- -0.09

- -0.03

+0.22 - +0.52 +0.33

+0.21 - +0.53 +0.34

-0.05 - +0.37 +0.17

0-400
1000

0
0

NA

2.89 -3.r9

2.88-3.20

2.62 - 3.M

40
r00-17.200

NA

NA

<1

NA
50G5500 1000

NA

2.49 -2.62

2.9r -2.98

2.90 -3.M
2.& -2.94
2.70 -3.30
2.70 -3.54
2.59 - 3.00
2.50 -2.8r
2.39 -2.90
2A0 -3.r0

2.58
2.92
2.94

-0.18 - -0.05 -0.09
- +0.25

+0.V4 - +4.31 +0.27

+0.23 - +0.37 +0.29
-0.03 - +O.27 +0.11

+0.03 - +{.63 +0.32
+0.03 - +0.83 +0.35
-0.08 - +o.33 +0.13
-0.17 - +0.14 -0.03

-0.28 - +0.23 -0.03

-0.27 - +0.43 +0Jl

2.96
2.78
2.99
3,02
2.80
2.&
2.&
2.78
2.73
2.79

20-14.500
80-7200
10-2000
04000
25-240

250-1400

60
NA
6000
6000

zffi
120

NOTES:1.
2.

Density contrast = density - 2.67 (glcm3)
Reilly's (1980) data are based on determinations from three-dimensional magnetic modeling; the susceptibility

of 400 x l0 e.m.u. for the State Farm Gneiss represents a biotite-rich section of gneiss, from Davison (1985)

with some modification.
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ABSTRACT

Bouguer gravity anomalies in the Blue Ridge near

Floyd, Virginia can be explained in terms of upper crustal
geology and some combination of crustal thickening and

anomaly sources at intermediate depths in the crust. Local
gnvity anomalies were separated from a regional gradientby
polynomial filtering of the Bouguer anomaly field. Two-
dimensional model analysis indicates that these local anoma-

lies could result from density differences between steeply

dipping rock units truncated by low-angle thrust faults at

depths of less than 8 km. Density contrasts in Grenville rocks

could be related to large scale folding.
The regional gravity gradient can be atributed to

features of two contrasting crustal models. The study area is

situated on the border of an earlier seismic refraction survey

that indicates westward crustal thickening from approxi-
mately 47 km to 50 km. If this model is correct, then a

significant density contrast must exist acrcss a steep bound-

ary at intermediate depth in the crust. An altemate model of
northwestward crustal thickening from 30 km to 45 km can

also account for the regional gravity gradient without requir-
ing any intermediate crustal anomaly sources.

INTRODUCTION

The Blue Ridge Province in southwest Virginia is
characterizedby northeast trending low-angle imbricate faults
that juxtapose terranes of different lithologies. Principal
faults and lithologicunis in theareaof theBlueRidge @gure
1) have been identified by geologic mapping. However, in
this complexly deformed region the subsurface disribution
of lithologic units, and the existence in the subsurface ofrock
units not exposed at the surface, are difficult to infer without
indirect evidence provided by geophysical surrreys. In this
study a gravity survey was undertaken to broaden our under-

standing of ttre geology in this area.

This report is concerned with analysis of Bouguer
anomalies obtained from gravity measurements at470 loca-
tions (Figure 2). This analysis involves separating by means

of polynomial filtering the local gravity field, which is related
to upper crustal geology, from broader regional patterns.

Local anomaly variation along selectedprofiles is then inter-
preted by comparison with theoretical gravity variations
computed for two-dimensional models which are consistent
with mapped structural and lithologic features. Thebroader
regional Bougueranomaly fieldmaybeattributrableto changes

in crustal thickness or to deep crustal anomaly sources, uts

well as to large upper crustal geologic features. Limited
information about crustal thickness in this area and evidence

of deep crustal anomaly sources elsewhere close to the Blue
Ridge are used in the interpretation of the regional Bouguer
anomaly variation.

The interprctation of Bouguer anomaly patterns is

constrained by available data on the characteristics of the

lithologic units and structural features in the area. lncations
of faults and the structural anitudes and densities of the

exposed rocks are ofparticular value in the interpretation of
gravity anomalies.

GEOLOGY

The study area crosses the tectonic boundary be-

tween the Valley and Ridge and Blue Ridge geologic prov-

inces in a region dominated by thnrst faults witlt large-scale

displacements. Principal rock units and structures are dis-

played on a geologic map and on three representative cross

sections (Figure l). The Blue Ridge fault marks the leading

edge of thrust sheets containing crystalline "basement" non-

conformably overlain by metasedimentary and melavolcanic

rocks. Northwest of, and structurally below, the Blue Ridge

thrust are complexly deformed sedimentary rocks of Paleo-

zoic age which make up the Pulaski thrust sheet. Windows

through the Pulaski sheet reveal Paleozoic strata of the struc-

turally lower Salwille sheeL

Southeast of the BlueRidge thrust, theFries ductile

deformation zone juxtaposes contrasting packages of base-

ment lithologies and cover rocks (Bartholomew and Lewis,

1984). The stratigraphic succession northwest of the Fries

fault consists of Grenville-age gneisses nonconformably

overlain by metasedimentary rocks of the Chilhowee Group.

Chilhowee Group rocks are conformably overlain by the

Cambrian-age sequence of Shady Dolomite, Rome Shale,

Elbrook Dolomite, and CopperRidge Dolomite, and by the

Ordovician-ageBeekmantown Group as well as youngerPa-

leozoic rocks. The Grenville-age rocks include layered

granutte gneisses intruded by the Bottom Creek charnockite

suite. The Chilhowee Group consists of the Weverton
(metasandstone), Harpen (metashale), and Antietam (meta-

quartzir) Formations.
Southeast of the Fries fault ttre stratigraphic succes-

sion consists of Grenville-age gneisses nonconformably

overlain by metasedimentary and metavolcanic rocks of the

late Precambrian (?) Ashe Formation, which are overlain by
the Alligator Back Formation. In the southeastern portion of
the area, the metavolcanic rocks of the Monet'a Gneiss are

roughly equivalent to the basal portion of the Ashe Forma-

tion. The layered gneisses are intruded by the Liule River
gneiss. In the vicinity of the snrdy area displacements on the

Pulaski, Blue Ridge, and Fries faults are estimated to be about

50 km (Bartholomew, 1979), 80 km (l{atcher, 1981; Boyer

and Ellion, 1982), and 30lcn (Bartholomew, 1983) respec-

tively. Southeastward from the Fries fault the grade of Pa-

leozoic metamorphism increases from the greenschist facies

(biotite grade) to upper amphibolite facies ftyanite grade)

@spenshade and others, 1975).

Density values of rock specimens typical of forma-

tions in both the Valley and Ridge and Blue Ridge provinces
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Figure 1. Generalized geologic map and cross sections of the area around Floyd, Virginia modified after: unpublished map of
Rinerquadrangle(Lewis and others);unpublishedmaps ofPilotandCheckquadrangtes inaftholomew andothers);Bartholomew
and Lewis.(1984); Conley (1978); Dietrich (1959); Epenshade and orhers (1975):p-Sf - putasti-Salem fault; SF- Saltville fault;
Oi' Ordovician shales;€-O - Ordovician- Cambrian iarbonates; Ce - Elbrook Formation;€r - RomeFormation; pea - Antietam
Fonnation; pCh - Ilarpers Formation; pCw - weverton Formation; pCp - Pilot gneiss*; pCbc - Bottom Creek charnockite suite*;
tgg-t.tarered granulite gneiss; pCa - Ashe Formation (with amptriUotite - a); Nlr - Little River gneiss*; lg - layered gneiss; pCab
- Alligator Back Formation; pCmg - Moneta Gneiss; BRF - Blue Ridge fault; FDZ - Fries ductite deformation zoni; solid teeth
- faults of Fries fault system; open teeth - faults of pulaski-Blue Ridge fault system; * - informal units.

of southwestern Virginia were determined by Kolich (1974)
an&Wells (1975). Estimates of density presented in Table I
are.based on measured values and ongineral relationships
between density and lithology described by Clark (1966).
Density approximations used in compiling the models are
based on the geologic map and cross sections (Figure l) and
estimations of ttre proportions of different lithologies where
two or more are interlayered.

GRAVITY

A total of 470 gravity stations were established
(Figure 2) from June to September, 1982. Measurements
were made using LaCoste-Romberg gravimeter No. G-612
along roads at bench marks, at landmarks where elevations
are known within I foot, or at locations where elevation could
be determined from the topographic contours within 5 feet. In
the Check and Pilot 7.5-minute quadrangles, 286 of the sta-

36045',

>^--N
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Table 1. Density estimates for the principal lithologic units.

UNIT
NUMBER

LITHOLOGY DENSITY
(dcm')

THICKNESS
(meters)

5

6
6
1a

1b

2
9
7a

Beekmantown Group
CopperRidge Formation
Elbrook Formation
Rome Formation
Rome Formation (lower density)
Chilhowee Group
Alligator B ack Formation
Ashe Formation (gneiss)

Ashe Formation (mica schist)
Ashe Formation (amphilobite)
Bottom Creet suite
layered granulite gneiss

Little River gneiss (graninid)
Little River gneiss (mylonitic rock)
Pilot gneiss

2.77(k)
2.80(k)
2.80(k)
2.75(w)
2.68(c)
2.75(e)
2.82(c)
2.80-2.85(c)
2.7a@)
2.88-3.00(c)
2.85(c)
2.90(c)
2.75-2.83(c)
2.68(c)
2.75

600
300

1300
N

:t

:*

{a

:*

{.

*
:t

:*

!t

t
t

7b
7c

8a

8b
3a

3b
4

k - Kolich (1974), w - Wells (1975), c - Clark (1966), + indeterminate or not applicable.

tions were established with an average coverage of about nine
statrois per sqru[e mile, excapt close to Pilot Mounain and

near fte headwaters of Lick Fork in the Check quadnngle,

where there wer€ no access roads. The remaining 184

stations were situated in a 2-mile-wide corridor crossing the
Blue Ridge province ftom Christiansburg to Woolwine par-
alleling State Highway 8 with a coverage of approximately
nine stations per square mile. This csnidor ineludes portions
of the Riner, AJum Ridge, Floyd, and Woolwino 7.5-minute
quadrangles.

Gravimeter readings we.r€ converted into relative
gravity values using the instrument calibration table. Correc-
tions for insEument drift were determined from daily reoccu-
pation of a base station in Christiansburg and weekly read-

ings at the Virginia Tech Gravity Base Station at Dening Hall
in Blaeksburg. The otal insfument drift of 2.5 milligals
during the survey period was curected by linear adjustrnents
using straight lines fitted to different portions of the drift data.
The standard deviatisn of 0.13 milligal of the points from the

straight line segments provides information fior estimating
the aecuracy of the observed gravity values, Lunisolar tidal
gpvity variations were corrected using equations of Long-
man (1959) and a solid earth tidal gravity factor of 1.16.

Values of observed gravity GJ were calculated by
adjusting rrlative values obtained from gravimeter readings

to ttre Dening Hall base value of 979718.89 milligals. This
base value of absolute gravity is refereneed to the new
International Gravity Standardization Net 197 I (IGSN197 1)

ttrat was reviewed by Woollard (1979).

Figure 2. Bouguer anomaly map; observation sites indicated

by dots; contour interval I milligal.
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The well-known formulas for gravity data reduction
(Nettleton, 1976) were used to obtain frep air anomalies

gr=gou - G- 0.@406h),

and the complete Bouguer anomalies

g = g"o-(& - 0.09406h+0.01278ph - TC),

where normal gravity (q ) was computed from the GRS-62
formula (Woollard, 1979), elevation h in feet was read from
topographic maps, and a strandard density of p = 2.67 glcm3
was used in the Bouguer plate corrections and the terrain cor_
rections (IC). Results are tabulated in Appendix II. Bouguer
anomalies are contourcd at a l-milligal interval in Figure 2.

Local opographic relief was sufficiently large to
require terrain corrections. These were calculated by a new
method that involves computer summation by means of a
FORTRAN program called TERRCORR of rhe gravitational
attraction of vertical line sources representing increments of
topography. This method of terrain correction is described
more fully in Appendix I. The increments of topography
were determined from elevations read on a square grid at
1093.6 feet intervals from topographic maps. Elevation data
used for this study were taken from a larger set of elevations
compiled for the entire State as part of a research program
supervised by hofessor Robert H. Giles (School of Forestry
and Wildlife Resources, Virginia Tech). The effect of topo;
raphy within a distrnce of 15,000 feet from a gravity,tati*
was included in a terrain correction. This is approximately
equivalent to the effect of topography extending as far as thi
J ring in a computation based on the terrain correction metrrod
of Hammer (1939).

The principal source oferror in terrain corrections
obtained with the program TERRCORR is relared to the
sampling interval of 1093.6 feet which is inadequarc to rep-
resent smaller topographic features. Signifrcant enors can be
produced by inadequately sampled features witlrin approxi-
mately 3000 feet of a gravity station. In areas of rugged relief
these enors can exceed I milligal. Some insighi into such
enors is provided from comparative terrain corrections deter_
mined by the graphical method of Hammer(1939). Ordinar_
ily the effect of terrain within a distance of approximately
3000 feet can be determined to an accuracy of better than 0.05
milligal by this method. At greater distances the errors in
values obtained with TERRCORR caused by inadequate
sampling diminish, and it becomes quesrionadle if greater
accuracy can be obtained by theHammer method because of
enors in estimates of average elevation within companments
of the template used to compute the terrain correction.

At two locations in Floyd County, terrain conection
values were determined independently using the }lammer
method by fifteen studens as paft of a class exercise. Values
forone location range between 0.46 milligal and 0.61 milligal
witfr an average of 0.54 milligal compared wittr ttre value of

0.50 milligal obained with TERRCORR. At the other
location, values are berween 0.06 milligal and 0.14 milligal
with an average of 0"10 milligal compared O a TERRCORR
value of 0.10 milligal. These comparisons suggest that
terrain corrections computed for most gravity stations using
TERRCORR should be adequate for the purposes of ttris
study. Nonetheless, atall locations where values larger ttran
I milligal were obtained in this way terrain corrections were
also determined by the Hammer method. Unacceptable dis_
crepancies were found at 44 strtions, which could be atrib.
uted to nearby topography that, was not properly represented
by elevations at 1093.6 feet intervals. The terrain corrections
determined by the Hammer mettrod were used for these
s[ations.

Estimates of the precision of Bouguer anomalies
(Appendix II) are based on the accuracy ofobserved gravity
values (approximately 0.1 milligal) and uncertainties in the
elevation and the terrain corrections. In areas of moderate to
suMued relief where terrain corrections are smaller than I
milligal and elevation is known within I foot, the Bouguer
anomaly precision is close to 0.2 milligal. Where more ex_
treme relief produces larger terrain corrections, and eleva_
tions are estimated within 5 feet, the Bouguer anomaly pre_
cision is probably closer to 0.5 milligal.

REGIONAL AND LOCAL ANOMALIES

A regional gravity gradient overprinted by local
anomalies is evident on the Bouguer anomaly map (Figure 2).
The local anomalies can be atEibuted entirely to uppercrusral
geology, but the sources of the regional gradient can include
variation in crustal thickness and deep crustal density con_
trasts as well as broad upper crustal features. There are two
basic methods of addressing ttre problem of separating re_
gional and local gravity variations. The first requires explicit
independent information about regional anomaly souces.
For example, if crustal thickness is known independently
from seismic data, the effect on the gravity field can be
calculated and then subEacted from a Bouguer anomaly map
of that area. The second basic method involves mathemati_
cal filtering to reveal ttre form of the regional field. This can
be doneby using aloworderpolynomial function derermined
by least squares analysis of the Bouguer anomalies (Mack,
1963) to represent the regional field. Both methods were
applied in this study.

Seismic refraction measurements of crustal thick-
ness were given by James and others (1968) for a large region
that includes this study area along its western periphery.
They used a time-term analysis of 860 p-wave tavel time
observations from numerous randomly oriented source-re-
ceiverpairs covering the middle Atlantie states to determine
crustal thickness at locations common to several source to re-
ceiver mid-poins. They also compued ttre gravity field that
would be produced by this variarion in crustal ttrickness.
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laler seismic measruements by Bollinger and others (1980)

at two locations confirm the results of James and others

(1e68).
Insofar as the results ofJames and others (1968) are

correct, the variation in gravity related o crustal thickness in

this area can be represented by a plane function

g,(x,V)=q+qx+QY (1)

where x and y are the east and north state grid coordinates (in

feet) ofaregional gravity value g,. The coefficients q =
0.ffi037932,ar=0.00019925'a;-574.501595werefoundby
solving the set of three linear equations obtained using the

Bouguer anomalies and locations given in Table 2. The

criteria for choosing these values are: a) they yield a linear

gravity gradient with a direction and magnitude consistent

with the results of James and others (f968), and b) they are

situated (Figure 2) where the effecs of local anomaly sources

appear to be minimal.
I-ocal gravity variations displayed in Figure 3 were

found by subracdng from the Bouguer anomalies the corre-

sponding regional field values obtained from Equation 1 and

Table 2. In addition to local anomalies it is evident that a

significant regional gradient remains in the residual field.

This implies either that there are other regional anomaly

sources, or that crustal thickness was not accurately deter-

mined in this peripheral partof the region described by James

and others (1968). Thesepossible implications are discussed

in ttre following sections.

Table2. Bouguer anomalies used to compute aplane regional

gravity field.

Figure 3. Lncal gravity anomaly map derived by subracting

the calculatedregional gravity values @quation 1) from the

Bouguer anomaly values; contour interval 1 milligal.

Figure 4. Quadratic polynomial representation of the re-

gional gravity field calculated from Eqrution 2; contour

interval 5 milligals.

local gravity anomaly field was obtained (Figure 5).

In view of ttre thickness of the crust and the size of
the snrdy area, a function no more complicated than a quad-

ratic polynomial should be sufficient o represent the regional

gravrty anomaly related to variations in crustal thickness'

Butthe least squares method for determining thepolynomial

STATION LAT
NUMBER (deg)

LONG BOUGUER
(deg) ANOMALY

-80.0
-80.0

232 37.r 80.3

378 37.0 80.4

An alternate approach is to represent the regional

gravity field with the quadratic polynomial function

g, (x,V) = ?r* ilrx + a3 y + aox2 + arxy * auy2 A')

where x and y are the east and north state grid coordinates of
aregional gravity value4. Coefficientsa, through a6 were

determined directly from the Bougueranomalies (Appendix

II) using the least squares method. The regional gravity field

that is contoured in Figure 4 was determined in this way. By

subracdng it from the Bouguer anomaly field (Figure 2) the
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coefficients does not distinguish between the effects of crus-
tal thickness and equally broad anomalies produced by large
upper crustal geologic features. This implies that while the
local anomaly field (Figure 5) can be attributed entirely ro
upper crustal geology, it doe,s not necessarily represent all of
the gravity variation caused by upper crustal geology. Ef_
fects of larger features may remain in the regionai field
(Figure 4). For lack of evidence to tle contrary, one possible
interpretation is to attribute the regional gravity Freld entirely
to variation in crustal thickness, which can then be computed
for comparison with the James and others (l%S) cruscal
model. This is discussed in a following section.

were adjusted in successive rials until the theoretical vari-
ations reproduced ttre observed anomaly patterns within the
limits of Bouguer anomaly precision. Model units were
constrained to be consistent with structural attitudes and
lithologies of rock unirs determined from geologic mapping.
Insofar as possible, densities close to values in Table 1 were
used.

The practice of using a common reduction density of
2.67 glcms for computing Bouguer anomalies is likely o
produce subtle elevation-dependent spatial variations. The
exislence of these variations, and the locally inegular contour
patterns in Figure 5 near profiles A-A', B-B', and C-C'
suggest that the twodimensional models may be less than
satisfactory for explaining local gravity variations along
these profiles. Unfortunately, the geologic constraints are
inadequate to substantiate more reliable threedimensional
models. Therefore, the two-dimensional models in Figures
6,7, and 8 are more realistically viewed as confirmation of
geologic style rather than explicit indications of density
disribution.

o
5

>;
>,9
a=EE
9v
c

8

A'

iigurg S. Local gravity anomaly map derived by subrracring
the calculated regional gravity values @quation 2) from the
Bouguer anomaly values; contour interval I milligal.

INTERPRETATION OF LOCAL GRAVITY
ANOMALIES

Local gravity anomalies provide information for
estimating the subsurface extent ofrock unis and structures
exposed along the three profiles shown in Figure 5. Values
at contour intersections and projected from nearby observa-
tion sifes are plotted in Figures 6, 7, and g to illustrate gravity
variation along the profiles. These are the local gravity
anomaly values found by subtracting the quadratic polyno
mial representation of ttre regional field @gure 4) from the
Bouguer anomaly field (Figure 2). They are analyzed by
comparison with theoretical gravity variations computed

over two-dimensional models by the method of Talwani, and
others ( I 959). The shapes and densities of units in the models

I a 2.73
I b 2.68
2 2.75
3a 2.76-2.79
3b 2.68t iil
6 2.8

Figure 6. Observed gravity anomaly variation along profile
A-A'@gure 5) compared with gravity variarion (dashed
curve) computed for the two-dimensional model of densiw
disribution.

Christionsburg\

Den s ity
(gm/cc')
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Unit

la
lb
3a
3b
5
6
8e
8b

Dcn r itY
(gmr cc)

2.73
2.68
? .77 -2.79
2.68
2.77
2.8
2.85
2.9

Figure 7. Observed gravity anomaly variation along profile B-B' (Figure 5) compared with gravity variation (dashed curve) com-

puted for the two-dimensional model of density distribution.
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> .Y'
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(km)

l6
DensitYtnrt 
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lr 2.73-2.71
3e 2.8
6 2.8
7z 2.8-2.85
7b 2.74
7c 2.88-3.0
I 2.82

E
J

0

Figqre 8. Observed gravity anomaly variation along profile C-C' (Figure 5) compared with gravity variation (dashed curve) com-

puted for tte twodimensional model of density distribution.
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Incal gravity anomalies along profile A_A'can be
attributed ro rhe density disribution illusuared in Figure 6.
This two-dimensional model is based upon the geology in
Figure l. The following geologic interpre[ation of rhe model
units is proposed: ( I a) rhe Rome Formation, ( I b) a supposed
low density zone within the Rome Formation suggested by a
relative gravity low, (2) Chilhowee mehsediments, (4) the
Pilot gneiss, (3a) Lirle River gneiss, (3b) a supposed low
density zone within the Litrle River gneiss suggesred by a
relative gravity low, (5) ttre Beekmantown Group, and (6) a
combined section of Copper Ridge and Elbrmk Formations.
The Pulaski fault was located at an approximate depth of 1.6
km beneath the trace of the Blue Ridge fault near Riner by
projecting the dip of about l0 degrees at a depth of I km
determined from seismic measurements by Wells (1925)
about 4 km southeast of profile A-A'. Although rhere is no
local evidence of the deeper (Saltville) fault shown at abour
3.9 km depth, such a fault is known to exist from geologic
mapping northwest of the study area. The Rome Formation
(unit la) wirh a density of 233 g/cm3 differs slightly from ttre
value listed in Table l. Relatively low density (25g g/cm)
zones extend along the trace of the Blue Ridge fault, which
appears to be a zone of cataclasis, and along the Fries ductile
deformation zone.

lncal gravity anomalies along profile B_B'can be
affibuted to the density disribution illustrated in Figure Z.
This npo-dimensional model is based upon ttre geology in
Figure l. The following geologic interpretation ii proposed
for the density units of the model: ( I a) the Rome Formation,
( I b) a low density zone along the hace of the Blue Ridge fault"
(8a, 8b) crystalline rocks of the Grenville basement complex
(3b) a low density zone within the Little River gneiss, j3a)
LittleRiver gneiss, (5) ttre Beekmantown Group, and (6)rhe
combined Copper Ridge and Elbrmk Formations. This
model includes the Salem and Saltville fauln at the same
dep$l as shown for profile A-A,. Low density zones are
again infoduced at the uace of the Blue Ridge fault and the
Fries ductile deformation zone wittr densitiesionsistent with
those in profile A-A'. Again, a slightly lower density for the
Rome Formation is indicated.

The two-dimensional model C_C' (Figure g) is based
upon mapping by Espenshade and others (1975) in the
southern half of ttre area in Figure l. The prroposed geologic
interpreation is ttratmodel unit number 3aionesponds to the
Little River dioritoid, model units numbered 7a correspond to
the individual metasedimentary and metavolcanic gneisses
of the Ashe Formation, model unit 7b corresponds to the mica
schist of the Ashe Formation, units 7c represent the amphi_
bolites of the AsheFormation, unitg represents the Alligator
Back Formation, unit 6 represens tre combined Copper
Ridge and Elbrmk Formations, and unit la the Rome Forma-
tion. The geometry seen in the model above the Max
Meadows fault could be the result of large scale folding of
units of the Grenville basement complex. Note that different
densities are assumed for model units 3a and Zc, both of

which lie beneath unit 7a. This may be explained by litho_
logic variations in the older Grenvillebasement This model
includes the Pulaski-Salem and Saltville faults at the approxi-
mate depths that are shown for profiles A-A,and B-B'.

INTERPRETATION OF THE REGIONAL
GRAVITYFIELD

The regional variation of gravity determined from
the crustal ttrickness model of James and others (196g)
differs significantly from that represented by a quadratic
polynomial @igure 4). The difference illustrated in Figure 9
is a south-southwest to southwest nending gradient that
extends across the entire study area. To the extent that the
James and others model correctly depicts crustal thiclness,
this difference must be attributed to density conrasts within
the crust. Because theshrdyarea is situated along thewestern
margin of their survey where the seismic measurements are
least reliable, it is probably more realistic 0o view ttris model
as one limiting case. The other limiting case is to explain the
regional gfavity field entirely in terms of crustal thickening
which requires significant modification of the James and
others model.

Figure 9. Difference betrveen the plane (Equation I and
Table 2) and quadraticpolynomial @quation 2 andFigure4)
representations of the regional gravity field; contour interval
5 milligals.

It is unlikely that more than a small part of the
gradient in Figure 9 can be ascribed to upper crustat density
contrasts. Accepable changes of models shown in Figures 6,
7, and 8, in ttre inclination of faults and the depths m which
different density units extend, would produce regional gradi-
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ents of only a few milligals across the study area. Elsewhere,

such gtadients have been reported by Keller and others

(1985). Deeper in the crust it would be difficult o justify a

density contrast of more than 0.2 glcms . The gravity change

of more than 25 milligals along profile D-D'in Figure 9 can

beexplainedby the two-dimensional model of density disri-
bution in Figure 10. This model is not meant to represent any

particular geologic feature. Its purpose is o indicate that

some kind of density contrast at intermediate depth in the

crust could produce the gravity gradient seen in Figure 9.

There is no independent geological evidence tojustify such

a featue and no seismic travel time anomalies are evident in

this area (Bollinger and others, 1980; Carts, 1981). The

values in Table 3 of free air gravity anomalies averaged over

?.S-minute quadrangles indicate possible local isostatic im-

balance which might be associated with such a feature.

Furthermore, the study area is situated where significant
intracrustal density contrass couldbe expected according to
an analysis of gravity and tectonics in the Appalachian,

Alpine, and Himalayan mountain systems by Karner and

Waus (1983).

Figure 10. Regional gravity variation (solid curve) along
profile D-D' in Figure 9 compared with gravity variation

(dashed curve) computed for the two-dimensional horizontal

plato with a steeply sloping edge and a density of 0.2 glcmt.

An alternative interpretation is !o attribute the re-

gional field represented by the quadratic polynomial entirely

to change in crustal thickness. Following this assumption,

the method of Plouff (1976') was used !o compute the vari-

ation of crustal thickness which would produce a regional

gravity field closely resembling the pattern in Figure 4. This

would require a northwestward thickening of the crust from

approximately 32 km to 45 km across the area, which differs

significantly from the 3 km change in crustal thickness in the

James and others model. The direction also differs from the

wesnvard thickening described by James and others (1968).

There is no independent evidence to confirm such a dramatic

change in crustal thickness.

Table 3. Average free-air anomaly values in the 7.5-minute

quadrangles.

QUADRANGLE FREE-AIR
ANOMALY

o

>i;
ig

Check
Floyd
Pilot
Riner
Woolwine

15.4

18.4
1.9

-7.7
16.9

CONCLUSIONS

Bouguer anomalies over this transect of the Blue

Ridge can be explained in terms of upper crustal geology, and

some combination ofdensity contrastatintermediate depth in

the crust and spatial variation of crustal thickness. Local

gravity anomalies appear to result from density confrasts

related to steeply inclined rock units bounded by low-angle

thrustfaults that extendbeneath the areaatdepths of less than

8 km. Low density zones may extend along the Blue Ridge

fault and the Fries ductile deformation zone. The gravimeric

evidence is consistent with the idea of large scale folding of
high density amphibolite units in the Grenville basement

complex.
Two contrasting models of crustal structure arc

presented to explain regional Bouguer anomaly variation.

One is the crustal model of James and others (1968) that was

determined independently from seismic measurements.

Because the westward thickening of the crust from 47 km to

50 km across the area is insufficient !o explain the regional

gravity gradient, this crustal model must be modified to in-

clude a signihcant norttreast trending density contrast at

intermediate depth. An alternative is to explain the regional

gravity gradient in terms ofa different, homogeneous crustal

model that thickens from approximately 30 km to 45 km in a

northwest direction across the area. There is no compelling

evidence favoring one or the other of these crustal structures,

or another model containing some feaures from both.
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APPENDIX I

A VERTICAL LINE SOURCE ALGORITHMFOR
COMPUTING GRAVITY TERRAIN CORRECTIONS

Edwin S. Robinson

A gravity terrain correction :rcounts for the rcduc_
tion of the earth's downward gravitational attraction caused
by the mass of terrain reaching higher than the observation
site,and the lackof mass where theland surfaceis lowerthan

p.491498.
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1983-2008.

Kamer, G. D., and Waus, A. B., 1983, Gravity anomalies and flexureof the

!!9snhercat mountain ranges: Joumal of Geophysical Research, v. gg, n.
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the observation site (Hammer, 1939). Forpurposes of calcu-

lating this correction let the land surface be represented by
elevations on a rectangular gnd. Differences (ah) between

tlese elevations and the elevation of the observation site

indicate heights of rectangularprisms that approximate incre-

ments of higher terrain or increments of space between the

observadon site and ttre land surface atlower elevation. This

is illustrated in two dimensions by the profile in Figure 11.

The gravity terrain conection is the sum of the vertical com-
ponents of gravitational atEaction of these prisms at the

observation site.

Figure I 1. Rectangular prism representation of topography.

The vertical gravitational attraction of arectangular
prism is difficult to compute. The computation can be sim-
plified by assuming that the mass of each prism is concen-

trated along a vertical line that is iB central axis. The formula

ofTelford and others (1976) expresses the venical compo-
nent of gravitational attraction ( g) of a vertical line mass:

B=.03x10-3m(1/r-(h2 +12)'1l2) I-1

where ris the horizontal distance to the observation site (feet),

and h is the length of the vertical line. The mass per unit
length (m) of fte line is found from the product of the volume

of the prism centered on the line and the density assumed for
the terrain.

The vertical line approximation is satisfactory only
where the dimensions of the prism are much smaller than its

distance from the observation site. To insure this condition
when using elevations given on a rectangular grid the follow-
ing interpolation procedure can be used. The elevation grid
surrounding an observation site is divided into the three

zones shown in Figure 12. The inner zone is the grid cell
ABCD that contains the observadon site P. It is divided into
four rectangular subcells. Values of h at subcell corners E,

F, G, and H are calculated by linear interpolation along the

lines AB, B C, CD, and DA respectively. Then h values at I 00

evenly spaced points within each subcell are found by linear

interpolation. First, 10 values are obained along the top line
and another l0 values are obtained along the bottom line of
the subcell, for example, the lines AE and HP. These values

of h are then used to interpolate l0 interior values along each

of 10 equally spaced lines extending from the top to the

bouom of the subcell.
The middle zone includes elevations within four

grid intervals of the cell containing the observation site'

Wirhin each gid cell of tltis zone h is interpolated at l0
equally spaced points irst along the top and then along the

bottom, for example, along lines IJ and KL. These values are

used to interpolate h at 10 intermediate points along each of
l0 equally spaced lines from the top to the botlom ofthe cell'

:tr:

observation

MN

lle-o

I

L K

oE"

IJ' cnr-rttfr:lL'{F.tF.1
1

F*
lnner Zone Middlc Zonc Out€r Zone

Figure 12, Zones used for calculation of terrain conection.
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The ouler zones include elevations to a distance
beyond which terrain effects can be neglected. Within each
grid cell additional values of h are interpolated for poins at
positions indicated by R, S, T, U, and V in the example.

The FORTRAN program called TERRCORR is
used to compute the terrain corrections. Input includes an
array of elevation data and is grid spacing, positions and
elevations of observation sites, and the density assumed for
the terrain. These dataare used firstto obtain values of h on
the elevation grid. Then, intermediate values are interpo_
lated, their distances (r) are found, and values of verti-cal
graviational attraction are computed using equation I_1.
Finally, these latter values are summed o obtain a terrain
correction.

The interpolation intervals and the sizes of the
middle and outer zones can be changed from the sites and
intervals described above, depending on the nature of the
terrain. In the event that an observation site is so close to the
side of the inner grid cell that spuriously steep terrain would
be produced by the interpolation process, that site can be
arbirarily moved to a prescribed minimum distance for
purposes of computation. Then, to the extent that topo-
graphic features are properly represented by the elevation
grid, reliable terrain corrections can be calculated.
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APPENDIX tr

GRAVITY DATA

STATION ELEVATION
(FI)

LATITUTE
(DEG)

LONGITUDE OBSERVED
(DEG) GRAVITY

FREE AIR BOUGUER
ANOMALY ANOMALY

AL
I
2
3
4
5

6
7
8
9

10

ll
t2
13

l4
l5
16

L7

18

19

20
2l
22
23
74
25
26
27
28
29

30
3l
32
33
34
35
36
37
38
39
40
4l
42
43
44
45
46
47
48
49

2610
2533
2496
2489
2725
n07
2705
2765
26f,8
27ffi
2655
2580
24:89

2426
2490
2615
27M
2737
2&2
23ffi
2230
ty22
1785

1688
r637
2r75
1990
2290
2430
2630
26tO
2610
2470
2450
2570
2686
2705
2n5
2c6,9

2125
2r95
2140
2r95
23ffi
2r75
2r75
1507
2280
2375

37.0367
37.0265
37.0205
37.0175
37.0128
37.0145
37.4fi7
37.0218
37.0212
37.0113
37.0133
37.0108
37.0n.52
37.0rr7
37.02m
37.0258
37.0333
37.0340
37.0/23
37.0515
37.0582
37.0695
37.0775
37.0833
37.W27
37.1380
37.0658
37.0653
37.0597
37.0555
37.0503
37.M78
37.M32
37.M45
37.MU
37.0380
37.M53
37.M78
37.0&7
37.0653
37.Mrz
37.0555
37.0503
37.0503
37.r380
37.1380
37.0983
37.0767

37.0797

80.2063
80.2040
80.1967
80.r972
80.2028
80.2077
80.2rr7
80.2157
80.2243
80.2r30
80.2202
802267
80.2338
80.2447
80.2465
80.2347
80.2310
80.2183
80.2060
80.2087
80.2085
80.2160
80.2093
80.2068
80.2075
80.3422
80.2142
80.22c0
84.2225
80.2155
80.2182
80.2158
80.2223
80.2305
80.2287
80.2428
80.2095
80.2230
80.2292
80.2335
80.2332
80.2347
80.2397
80.2397
80.3422
80.3422
80.2327
80.2168
80.2167

979682.0
979685.9
97%87.4
979687.9
97%74.0
979674.4
979674.5
979670.7
97%76.5
979670.2
97%77.5
979680.5
97968/'.3
979689.4
979686.3
979679.2
979673.7
979673.r
979680.2
97%95.3
9797W.6
979719.6
979728.3
979733.2
979735.8
9797M.9
979715.9
9797m.4
97969r.7
979682.r
97%77.2
97%81.8
97%89.3
979690.4
979679.6
979674.4
979676.0
979714.6
97971r.6
979708.6
9797rO.0
979705.3
979702.2
979702.2
979706.2
9797M.4
979745.r
9797M.9
979694.9

19.9
r7.5
16.5

r6.3
25.5
23.3
23.2
25.r
21.7
25.1
21.5
18.4

13.6
12.8
14.8
18.5
2t.4
23.8
2r.2

8.8
2.9

-10.1
-t4.2
-r9.4
-22.4
4.4
-64
6.4

10.9
?n.9
19.9
18.8
14.0

-69.0
-68.8
-68.6
-68.5
-67.3
-68.9
-68.9
-69.r
-69.2
-69.0
-68.9
-69.5
-7r.1
-68.8
-70.0
-70.6
-70.8
-69.4
-68.9
-7r.6
-73.r
-75.5
-75.0
-76.9
-78.2
-78.6
-74.1
-7r.6
-7r.9
-68.7
-71.r
-71.1
-70.r
-70.2
-73.9
-72.0
-70.3
-75.5
-73.7
-73.4
-67.8
-74.8
-74.6
-76.0
-79.2
-79.r
-76.7
-68.7
-73.9

13.3

13.7
19.5

2r.9
-7.2
-3.2
-1.0
7.0
-1.9
0.2
4.4
-5.1
4.9

-25.3

9.0
23.6
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LONGITUDE OBSERVED
(DEG) GRAVITY

75

STATION ELEVATION LATITUTE
(Fr) (DEG)

FREE AIR
ANOMALY

BOUGUER
ANOMALY

50
5l
52
53
54
55
56
57
58
59
CI
6l
62
63g
65
6
67
68
69
70
7l
72
73
74
75
76
77
78
79
80
81

82
83

84
85
86
87
88
89
90
9r
92
93
94
95
96
97
98
99

100
101

r02

2673
272r
2ffi
2732
2730
2794
2720
2670
2727
2717
2702
2725
2632
1587
1570
r&0
1585

r552
r534
2175
2r75
27r0
2578
2610
2522
2490
2535
2510
2480
2550
25r0
24r0
2M8
u58
2539
2612
2f,58
2ffi0
272n
2570
zfl5
2175
2r75
2465
2450
2550
2475
2495
2589
zffi
2635
2538
2550

37.M35
37.0515
37.0ffi3
37.0685
37.0685
37.06r.5
37.0615
37.0563
37.0483
37.0552
37.M42
37.0503
37.M25
37.0983
37.rc62
37.1 105

37.1 l l0
37.1045
37.1008
37.1380
37.1380
37.0/i02
37.0435
37.0365
37.0318
37.0270
37.0233
37.0140
37.0167
37.0112
37.0065
37.0063
37.0083
37.0060
37.0117
37.0167
37.0237
37.0342
37.0393
37.0308
37.0262
37.1380
37.1380
37.0150
37.0133
37.0135
37.0190
37.0247
37.0307
37.0367
37.0400
37.0388
37.M52

80.1632
80.1567
80.1520
80.1530
80.1578
80.1632
80.1668
80.1702
80.1817
80.1780
80.1825
80.1935
80.1895
80.2153
80.2207
80.2250
80.2105
80.2142
80.2198
80.3422
80.3422
80.1988
80.1717
80.1648
80.1720
80.1667
80.1592
80.1400
80.1467
80.1350
80.1430
80.1512
80.1613
80.1730
80.r742
80.1722
80.1720
80.1797

80.1835
80.1867
80.1948
80.3422
80.3422
80.1923
80.1843
80.1257
80.1305
80.1327
80.1308
80.1458
80.1563
80.1305
80.1337

97%79.7
979678.8
979682.8
979679.r
979679.5
979674.3
979678.0
979680.5
979676.5
979677.5
979677.6
979676.r
979680.9
979737.9
979743.8
979740.r
979739.2
979740.9
979743.0
9797M.t
9797M.9
979676.9
97968s.6
979683.3
979688.5
979690.6
979687.5
979690.3
97969r.1
979688.5
979690.7
979696.6
979693.7
979692A
979686A
97%81.8
979679.5
979677.5
979675.9
979685.r
979684.9
979706.9
979706.7
979688.9
979690.6
979688.6
97969r.8
979690.6
979685.r
979681.0
97%82.6
979689.6
979689.9

23.6
26.2
23.9
25.6
2s.9
27.6
4.4
22.2
4.5
a.l
u.l
23.8
n.9

-25.0
-2r.7
-t9.7
-25.8
-26.2
-25.9
4.7
4.5
4.2
20.5
2r.2
19.t
18.2
20.2
20.t
18.6
23.6
22.0
18.5

19.2
18.8
20.5
2r.8
23.8
22.9
u.2
20.2
r7.6
4.5
4.6
15.0
15.4
22.7
18.9
18.6
2r.9
u.0
22.8
20.7
22.1

-67.5
-66.5
-6.9
-67.4
-67.r
-67.6
-68.3
-68.8
-68.4
-68.0
-67.9
-69.0
-68.8
-79.r
-75.r
-75.6
-79.8
-79.r
-78.1
-78.8
-78.6
-68.r
-67.3
-67.7
-6.9
-6.7
-6.r
-64.8
-65.9
-63.3

-63.5
-63.6
-9.2
-&.9
-6.0
-67.2
-66.8
-68.4
-68.5
-67.4
-69.1
-78.6
-78.7
-69.0
-68.1
-&.2
-65.4
-6.4
-6.3
-65.8
-67.4
-65.8
-&.8
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STATION

VIRGINIA DIVISION OF MINERAL RESOURCES

ELEVATION
(FT)

LATITUTE
(DEG)

LONGITUDE OBSERVED
(DEG) GRAVITY

FREE AIR BOUGUER
ANOMALY ANOMALY

I .1 22.3
2r.4
25.4
23.1
,?')
n.0
25.3

-22.6
-23.3
-26.4
-27.7
-22.9
-n.6
4.0
-3.6

15.6

30.6
32.7
21.4
22.r
20.2
23.4
23.0
26.5
r6.8
19.6
9.4

14.8
13.1

2r.0
?f.r
17.0
17.r
17.9
12.9
8.4

14.0
16.6
16.8
14.7
16.0
20.6
23.7
2r.6
19.8

18.2
16.0
4.4
-3.9
7.3

13.2
11.0
16.2

104

105

106

r07
108

109

110
111

tt2
113

t14
115

116

tr7
118

119

r20
tzl
122
r23
L24
r25
126
tn
t28
r29
130

131

r32
133

134
135

136

r37
138

139

140
t4l
r42
r43
t44
r45
146
r47
148

r49
150

151

r52
153

r54
155

2585
2738
2696
2640
2742
2675
1620
1580
r51 1

1467
1610
t474
2t75
2r75
2614
2856
2805
2656
2701
2616
2665
2638
2697
2462
2520
23/;0
2483
2429
2685
2835
2590
2590
2565
2450
236A
2470
2520
2507
250/'
25/,0
zffi
276
2720
2590
25ffi
25r5
2175
2175
2390
2594
2525
2ffi

37.0598
37.0598
37.0603
37.0683
37.0767
37.0'33
37.1233
37.1 184

37.rr57
37.1000
37.1100
37.@83
37.1380
37.1380
37.0553
37.0817
37.0850
37.rr82
37.1220
37.rr23
37.1068
37.1003
37.W35
37.0857
37.0820
37.0800
37.0957
37.0910
37.1032
37.1087
37.1040
37.0992
37.W27
37.0860
37.W87
37.1070
37.1122
37.1 183

37.1233
37.1 150

37.1233
37.1150
37.1 183

37.1075
37.1020
37.0945
37,1380
37.1380
37.0525
37.M73
37.O458
37.Mffi

80.1403
80.1252
80.1317
80.1347
80.1378
80.1463
80.2373
80.2395
80.2480
80.2500
80.2417
80.2M0
80.3422
80.3422
80.2012
80.1343
80.1258
80.1333
80.1303
80.1325
80.1317
80.1312
80.1287
80.1467
80.1537
80.1620
80.1608
80.1588
80.1613
80.1558
80.1708
80.1780
80.1870
80.1887
80.1875
80.1815
80.1728
80.1733
80.1750
80.1625
80.1417
80.1483
80.1425
80.1365

80.1423

80.1438
80.3422
80.3422
80.3018
80.2858
80.n75
80.26/,8

979687.7
97%77.4
97%78.9
97%85.3
979679.5
9796U.r
979740.r
979742.2
97n45.6
979747.4
979739.7
979745.9
9797U1.4
979707.7
979678.3
979673.3
979680.2
979685.7
979683.r
979688.2
979685.9
97!)688.1
979685.r
979696.6
979693.9
9797W.7
979693.s
979696.8
97968r.6
979672.6
979686.6
979686.7
979688.9
979693.7
979698.6
979694.8
979693.6
979695.r
979694.2
97969r.2
979685.4
979677.6
979679.8
979689.4

979690.6

979691.7
9797M.9
979707.4
97969r.O
979677.7
979682.0
979674.5

-6.6
-67.8
-68.8
-6.7
-6.4
-65.9
-77.8
-77.1
-77.9
-77.7
-77.8
-77.8
-78.1
-77.7
-73.4

-6f..7
-62.9
-69.r
-69.9
-68.9
-67.4
-65.8
-65.4
-67.r
-6tr,2

-70.3
-69.8
49.7
-70.5
-70.5

-7r.2
-71.1
-69.5
-70.6
-72.0
-70.2
-69.3
-68.6
-70.6
-70.5
-70.0
-70.5
-71.t
-68.4
-69.0
-69.7
-78.6
-78.r
-74.r
-75.2
-75.1
-74.5



PUBLICATION 88

STATION ELEVATION LATITUTE LONGITUDE oBsERvED FREE AlR BoUGUER*'D loEG) (DEG) GRAVITY ANOMALY ANOMALY

77

r57 2670 37.0330 80.2540 97%76.5 2r.O -70.01s8 2ffiO 37.0343 80.2637 g7g67s.r 20.s -?0.8159 26/t6 37.0318 80.2680 919676.3 18.5 -7r.6160 2579 37.0255 80.2&2 97968A.7 16.6 -71.3161 2550 37.0237 80.2553 97%83.0 rl.L _69.8162 2535 37.0192 80.2582 91968r.4 l4.l _72.3163 2735 37.0217 80.2703 979672.1 23.6 -69.6rs 2690 37.0173 80.2733 979672.2 19.6 _72.1165 2670 3?.0140 80.2638 979674.6 20.0 -70.g166 2680 37.0700 80.2605 979674.2 zr.s _69.3167 2550 37.0007 80.2568 979682.1 18.r 68.8168 26f.3 37.0118 80.2770 979672.4 19.9 -,n.5169 2565 37.m75 80.2822 979679.0 15.5 -7r.gr70 2485 37.0060 80.2920 97%83.0 T2.O _12.7r7r 250/. 37.0118 80.2958 97968r.7 rz.s -72.8r72 2650 37.0163 80.2898 979673.r 16.7 -73.6r73 2595 37.0213 80.2863 979676.9 15.3 -73.rr74 2729 37.0267 80.2815 g7gffig.8 19.8 -73.1r75 2710 37.0290 80.2757 979672.2 20.4 -7r.g176 25/;0 37.0378 80.2733 s7g68r.7 13.0 _73.5r77 2496 37.0512 80.2937 979684.1 10.4 _74.7178 2r7s 37.1380 8A3422 979708.2 -3.2 _77.3r79 2175 37.1380 80.3422 97g707.g -3.4 _77.6180 2242 37.0533 80.3588 979697.0 -0.6 _77.0r81 24/.8 37.0405 80.3505 97%83.7 6.4 _77.0r82 2430 37.0360 80.3430 g7g6u.8 5.8 -77.0183 2532 37.0268 80.3453 979678.2 9.8 -76.5184 2255 37.0175 80.3413 979693.2 _0.4 _77.2r85 2226 37.0na 80.3513 9?9694.5 -0.9 -76.7186 2rs0 37.0087 80.3650 979698,2 -4.4 -77.6187 2105 37.W62 80.3747 g7g7n.6 _6.2 -77.g188 22rO 37.W7 80.3552 979695.4 _1.5 _76.8189 2262 37.0175 80.3347 979693.4 0.4 -76.6190 2380 37.0103 80.3350 9?9687.3 6.4 -74.7r9l 2578 37.0043 80.3383 979674.9 12.6 -75.2r92 2327 37.0208 80.3245 979690.9 4.O _75.3193 2s25 37.0t02 80.3167 979679.3 r2.o -74.0r94 2687 37.N77 80.3062 979610.r t8.l _73.5195 2595 37.000s 80.2963 97%80.0 16.4 -72.1196 2510 37.01s3 80.3203 9?9680.0 10.4 -75.rr97 2330 37.0233 80.3168 97969r.5 4.g -74.4198 2412 37.0313 80.3125 979686"8 7.0 -75.rr99 2570 37.0370 80.3005 979678.A DJ -75.4200 2674 37.0430 80.2900 979672.7 16.7 -74.420r 2530 37.M70 80.2963 97s68r.7 11.1 -75.r202 2175 37.1380 80.3422 979707.9 _3.5 _77.6203 2175 37.1380 8A3422 g7g707.8 -3.6 -77.72M 2430 37.M27 80.3717 979683.2 2.4 _80.4205 2465 37.0565 80.3725 97968r.7 4.2 -7g.8206 2338 37.0532 80.3682 979690.5 r.s -77.8
207
208

2301 37.0575
2338 37.0578

80.3478
80.3342

979693.7
97969r.6

1.7

2.r
-77.7
-77.6
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STATION

VIRGINIA DIVISION OF MINERAL RESOURCES

ELEVATION LATITUTE LONGITUDE OBSERVED FREE AIR BOUGUER
(FD (DEG) (DEG) GRAVITY ANOMALY ANOMALY

(MGAL) (MGAL) (MGAL)
i

2r0
2tl
2r2
2r3
214
215
216
2r7
218
2r9
220
22r
222
223
224
225
226
227
228
229
230
23r
232
233
234
235
236
237
238
239
240
24r
242
243
244
245
246
247
248
249
250
25r
252
253
254
255
256
257
258
259
2ffi
26r

237r
2358
2545
2ffi
2345
2488
25ffi
2610
2595
2515
2388
2238
2183
22m
22?n
23r0
2335
233/.
2349
2r75
2r75
t4M
1422
1460
1720
1600
1410
1425
1450

1455
l5l0
1590
1821

2080
2350
2575
2588
254/.
2516
2540
2527
25ffi
2450
2175
2175
2035
2194
2r75
2r75
2250
206r
r682

37.0525 80.3215 97969r.2
979692.s
97968r.r
979672.7

5.7
5.8

r2.9
17.0

-75.0
-74.6
-73.9
-73.9
-75.7
-75.2
-76.0
-78.1
-78.2
-81.4
-78.3
-77.7
-78.3
-78.3
-79.4
-77.3
-75.8
-75.8
-76.r
-77.7
-77.8
-76.3
-77.3
-78.4
-77.3
-78.1
-77.0
-76.8
-78.5

.78.7
-77.2
-78.4
-79.5
-80.2
-81.1

-80.6
-77.1
-76.6
-75.2
-74.7
-75.4
-77.r
-77.4
-77.7
-77.8
-78.5
-80.0
-77.8
-78.2
-79.4
-78.1
-79.5

37.0550 80.3125
37.0392 80.2830
37.0275
37.M78
37.0418

80.2930
80.3195
80.3150

979692.2 4.2
979683.1 9.6
979678.0 rr.2
97%71.0 10.8

97967r.8 r0.2
979673.4 4.3

079685.1 3.1

979694.7 -1.5

979698.4 -3.9
979696.9 -3.1

979695.9 -3.8
979692.6 r.4
979690.8 3.8

3?.0355 80.3153
37.0217 80.3492
37.0208
37.0203
37.0263
37.0297
37.0367

80.3583
80.3725
80.3730
80.366,2
80.3725

37.M37 80.3688
37.M75 80.3632
37.M95
37.0342
37.0/'37
37.M65

80.3558
80.3515
80.3358
80.3293

97969r.7
97969r.5
979707.8
979707.t
979754.4
97975r.4
979748.r
979730.6
979740.0
979752.5
97975r.8
979748.6
979747.1
979745.4
979739.3
979723.5
979707.2
979690.2
979677.2
979679.0
979682.r
9796U.2
979683.3

979683.4
979683.4
979686.0
979707.7
979707.7
979712.6
979702.5
979707.7
979707.3
979699.7
9797r2.3
979733.7

3.7
3.9
-3.6
-3.7

-28.7
-28.9
-28.7
-18.7
-23.6
-29.0
-28.2
-29.1

-29.2
-25.7
-24.3
-t7.4

-9.3

-1.0
7.2

tt.2
10.1

10.5
l1.8
t0.7
8.1

6.0
-3.6
-3.7

-9.2
-5.2
-3.7
4.r
-2.8
:7.9

-22.2

37.1380 80.3422
37.1380 80.3422
37.1238 80.2690
37.rr95 80.2767
37.1118 80.2950
37.1035 80.3030
37.1203
37.rt75
37.1137
37.rrr2
37.1052
37.1035
37.W92
37.W65
37.0938

80.3017
80.2677
80.2620
80.2568
80.2625
80.2693
80.2770
80.2887
80.2943

37.0910 80.2840
37.0887 80.2903
37.0848 80.3000
37.0810
37.0747

37.0738
37.0717
37.0703
37.0570
37.1380

80.2937
80.2868
80.3020
80.3103
80.3213
80.3268
80.3422

37.1380 80.3422
37.1053 80.3705

37.1r23 80.3637
37.1380 80.3422

37.1380 80.3422
37.1150 80.3542
37.1158 80.3463

37.rr23 80.3308
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STATION ELEVATION LATITUTE LONGITUDE OBSERVED
(Fr) (DEG) (DEc) GRAVTTY

FREE AIR BOUGUER
ANOMALY ANOMALY

(MGAL) (MGAL) (MGAL)

263 1600 37.rW7 80.3207 979739.6 _23.r _77.6
2& 1510
265 1650
26 1675
267 1750
268 1625
269 1695
270 1775

37,1125 80.3133 979744.4
979734.6
979732.6
979726.8
979735.7

-27.6
-23.3
-23.0
-20.8
-u.6

-79.1
-79.5
-80.1
-80.4
-80.0
-79.2
-80.0
-77.7
-77.4
-74.1
-74.6
-7r.9
-73.2
-74.3
-74.r
-74.6
-76.6
-74.7
-74.1
-73.r
-74.2
-72.9
-75.r
-77.6
-77.4
-79.0
-79.8
-80.3
-80.9
-81.7
-80.7
-82.6
-81.9
-80.4
-80.0
-79.6
-80.3
-78.6
-79.6
-80.0
-78.8
-78.9
-79.3
-79.2
-79.4
-80.1
-80.1
-8r.0
-77.2
-76.9
-77.7

37.1032
37.1003

80.3413
80.3525

37.0947 80.3677
37,1017 90,3295
37.0957 80.3353 979731.3 -21.5

27r 2t75
37.Wr7
37.1380
37.1380

80.3437
843422
80.3422

979725.7
979707.8
979708.r
97967r.8
979670.9
979705.0
979678.7
979677.0
97%80.r
97968r.4
979684.7
979686.r
979696.3
979678.7
979682"3
979687.8
9796U.7
979707.9
979708.r
9797r0.0
9797rrA
979702.6
979703.2
9797M.3
979705.7
9797M.6
979705.2
979699.r
979690.6
979686A
979689.0
979697.4
979699.6
979698.9
9797N.0
97970r.8
979686.2
979686.7
979689.6
979683.6
979698.5
979703.r
979708.3
979748.6
979707.7

-r9.6
-3.6
-3.3

18.2
18.4
3.4

16.3

16.0
t4.6
13.2

8.6
10.8

6"0
15,9
12.7
11.6
10.4
-3.4
-3.3
-8.0

-10.6
-6.8
-8.2

-10.0
-9.7

-r3.2
-12.9

-7.7
-2.8

0.3
-2.3
-5.0
-7.7
-8.6
-6.7

-8.0
1.9

0.8
-0.7
1.6

-6.9
-10.4

-3.1
-2.8
4.6

272 2175
273 2710
274 2732

37.0512 80.2567

275
276
277
278

2210
37.0562
37.0637

8A.2498
80.2417
80.25s8
80.2537
80.2568
80.2580
80.2502

2626 37.06333
2652 37.0680
2ffi3 37.0713

279 2575
280 25W

37.0758
37.0813

28r
282
283
2U
285

25r0
2350
26t2

37.0832 80.2387
37.0860 80.2342
37.0543 80.2695

80.2740
80.2842

25s0 37.0587
24W 37.0620

286 2510
287 2175
288 2175
289 2085
290 2032

37.M75 80.2882

291 2156

37,1380
37.1380
37.rrr2
37.1040
37.0985

80.3422
80.3422
80.4235
80.4313
80.4438292 2135 37.0938 80.4480

293
294
295
296

zrM 37.0887 80.4513
80.4532
80.4413

2083 37.0792
2037 37.0667
2025 37.0553 80.4408297 2135

298 2267
299 2345
300 22m

37.0398 80.4365
37.0332 80.4397
37.0270 80.4400
37.0258 80.4325

30r 2162 37.0237
37.0167
37.W73
37.0228

80.4210
80.4253
80.4260
80.4117

302 2rw
303 2W7
3M 2116
305 2083
306 2354
307, 2346
308 23rr
309 2399

37.0153 80.4047
37.0203 80.3932
37.0300 80.4083

310
3ll
312
313
314

2150
2074
2r75
2r75
2145

37.0347
37.M23
37.M42

80.4113
80.4170
80.4263

37.0515 80.4203
37.1380 80.3422
37.1380 80.3422
37.rr32 80.4375
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STATION

VIRGIMA DIVISION OF MINERAL RESOURCES

ELEVATION
(FI)

LATITUTE
(DEG)

LONGITUDE OBSERVED FREE AIR BOUGUER
(DEG) GRAVITY ANOMALY ANOMALY

(MGAL) (MGAL) MGAL)
315
316
3t7
318
319
324
32r
322
323
324
325
326
327
328
329
330
33r
332
333
334
335
336
337
338
339
344
34r
342
343
344
345
346
347
348
349
350
351

352
353
354
355
356
357
358
359

360
361

30
363
3&
365
36
367

2035
2085
zrcr
2n5
2295
nm
2341,

23n
2468
2475
2r70
2315
220r
2152
2nr
2U3
2rt2
207r
2Lr0
2078
t975
19ll
1875

1890
1897
1931

2175
2r75
2W
1985
2421
zffi
2568
2486
2445
2na
24.85

2508
2444
2329
23W
2228
)taz
24'55

25&
u96
2447
2r95
2t89
2r80
2r75
2r75
r940

37.0912
37.M87
37.M52
37 p325

37.0085
37.0012
36.9908
36.9815
36.9740
36.9697
36.96s3
36.9870
36.9908
36.9948
36.9918
37.0030
37.0030
37.m.32
37.0615
37.0650
37.0685
37.0712
37.0787
37.0887
37.0880
37.W45
37.1380
37.1380
37.4720
37.0797
36.9803
36.9728
36.9683
36.9720
36.9725
36.9592
36.9537
36.9412
36.9418
36.9492
36.9518
36.9558
36.9510
36.9438
36.9418
36.91l3
36.9153
36.9292
36.9320
36.9398
37.1380
37.1380
37.W82

80.4420
80.4470
80.4550
80.4508
80.4020
80.3983
80.4008
80.4025
80.3993
80.3885
80.3758
80.4103
80.4225
80.4262
80.4332
80.43s8
804253
80.4150
80.4272
80.4282
80.4165
80.4100
80.4070
80.4125
80.4215
80.4263
80.3422
80.3422
80.4372
80.4358
80.4463
80.4403
80.4292
804147
80.4M2
80.3825
80.3967
80.4048
80.3938
80.3800
80.3700
80.3672
80.3605
80.3592
80.3648

80.3200
80.3213
80.3313
80.3347
80.34.53
80.3422
80.3422
80.4275

9797W.5
979702.r
979700.7
979693.6
9?9689.0
97%83.9
97%85.7
97%85.8
979677.r
979676.2
979694.4
97%87.3
979693.0
979695.9
979688.8
979687.4
979699.0
97970r.8
97970r.2
9797M.7
9797r0.2
97n4.3
979717.3
979719.3
9797r8.8
979716.3
979708.6
979708.6
979703.9
979709.4
97%77.5
979667.2
97966,9.6

979675.r
979678.r
979694.4
979675.5
979674.0
979679.2
979686.4
979689.6
979693.2
979686.5
97968/'.5
979676.4

979689.4
979692.3
979703.2
979702.4
979697.7
979708.7
979708.6
9797r5.8

-11.3
-r0.3

-9.3

-3.8
0.1
4.8
3.0
1.8

7.2
8.0
-2.5
2.2
-2.9
-5.6
-1.4
-6.4

-7.1
-8.2
-9.8
-9.3

-14.4
-16.3
-t7.7
-15.1
-14.1

-r4.3
-2.8
-2.8

-r2.7
-15.3

3.3
10.3

10.1

6.9
6.1
-2.5

9.1

r0.7
9.5
5.4
5.8
2.7
8.6

16.2
18.4

27.8
26.1
tt.4
10.0

3.5
-2.6
-2.8

-r3.9

-80.6
-81.3
-80.9
-79.6
-78.1

-76.6
-76.8
-77.5
-76.9
-76.3
-76.4
-76.7
-77.9
-78.9
-78.8
-82.8
-79.1
-78.7
-81.6
-80.1
-81.7
-81.4
-81.5
-79.5
-78.7
-80.1
-76.9
-76.9
-82.9
-82.9
-79.2
-78.4
-77.4
-77.8
-77.2
-76.5
-75.5
-74.8
-73.6
-73.9
-72.6
-73.3
-7r.9
-67.4
-69.0
-57.2
-57.3
-63.4
-&.6
-70.8
-76.7
-76.9
-80.0
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STATION ELEVATION LATITUTE LONGITUDE
(FD (DEG) (DEG)

OBSERVED
GRAVITY

(MGAL)

FREE AIR
ANOMAI,Y

(MGAL)

BOUGI.]EER
ANOMALY

(MGAL)

369
370
37r
372
373
374
375
376
377
378
379
380
381

382
383
384
385
386
387
388
389
390
391

392
393
394
395
396
397
398
399
400
401
4V2
443
4M
405
4M
4W
408
4W
410
4ll
412
413
414
415
416
417
418
4r9
420

2M7
2135
2279
2555
2325
24W
2205
2505
zrn
2rt5
2rr0
2105
zrw
2423
2W
2385
2255
2415
225A
2313
24W
24t5
z;20
2376
2r75
2r75
20r0
2086
22tl
2501
2550
2550
2625
2533
2492.
2534
27fi
26n
2520
24W
25ffi
2575
2484
2336
2483
25rO
zffi
245/
244A
2515
2678
26rc

37.0637
37.0175
36.9848
36.9763
36.9s72
36.9503
36.9468
36.9s93
36.9720
36.9770
36.9758
36.9800
369867
36.92A7
36.9198
36.9170
36.9r37

36.9103
36.9087
38.9087
36.9r37
36.9160
36.9195
36.925A
37.1380
37.1380
71.re57
37.0/iO3
37.0312
36.8958
36.9030
36.8887
36.8783
36.8742
36.8683
36.8613
36.8592
36.8578
36.8640
36.8708
36.9075
36.9037
36.8990
36"8800
36.8595
36.8535
36.8482
36.8595
36.8652
36.8548
36.8445
36.8438

80.4613
84.4l.32
80.4387
80.442A
80.4113
80.4018
80.4080
80.3947
80.3713
80.3717
80.3785
80.3870
80.3918
80.3887
80.3802
80.3737
80.36s2
80.3s23
80.3402
80.3320
80.3258
80.3352
80.3453
80.3483
843422
80.3422
80.4498
804580
80.4555
80.3558
80.3547
80.3543
80.3542
80.3487
80.36,17

80.3550
80.3467
80.3402
80.3303
80.3337
80.3175
80.3168
80.3187
8A3797
80.3238
80.3280
&0.3342
80.3153
80.3142
803092
80.3180
80.3065

97970tr.2
979698.3
979687A
97%7r.r
9796U.7
97%76.4
97%9,2.2
979673.5
979698.6
979699.8
979699.4
979699.2
979699.5
979685.2
9796!91.2

979689.5
979697.6
97%9rS
9797m.5
9797W.9
979689.5
97W0r.7
97970r.7
97969r.5
979708.8
9797A8i
9797M.4
979703.r
979694.7
9796U.7
97%82.4
97%83.t
979679.2
979685.0
m%85.6
97%82.2
97969.2
97%77.4
979685J
97%933
979686.4
n%a.a
97%89.4
979697.9
979687.A
97%U.5
97%742
979('88.6
9796W.4
979685.3
979673.O
979679.6

-1o.7
-6.6
-1.2

9.5
3.4
9.6
o.4
8.1

-3.8
-3.2
4.1
4.7
-5.9

15.8
13.9
r6.5
13.3
22.7
17.7
22.1
26.4
23.5
13.2
17.6
-2'6
-2.6

-14.0
-8.3
-3.9

24.5
26.8
28.4

32.5
29.7
26.4
28.8
36.r
33.r
30.1
26.9
30.8
30.7
275
24.1
28.8
28.9
32.2
27.7
27.3
30.1
34.r
y.3

-80.4
:79.3

-78.8
:77.6
-75.9
:74.9

-743
-77.3
-76.1
:75.3

-76.0
-76.4
-77.4
46.8
-55.8
-64.8
-63.6
-59.6
-589
-56.7
-58.1
-58.8
-624
-63.3

-76.7
-76.7
-82A
-79.3
-79.3
{0.8
-60.r
-58.5
-56.9
-566
-58.2
-57.5
-57.6
-56.5
-55.8
-54.9
-56.5
-57.0
-57.0
-55.5
-55.8
-56.6
-579
-55.9
-55-8
-555
-5?.1
-54.6
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STATION
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ELEVATION LATITUTE
(FD (DEG)

LONGITUDE OBSERVED FREE AIR BOUGUER

(DEG) GRAVITY ANOMALY ANOMALY

42r
422
423
424
425
426
427
428
429
430
43r
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
M7
448
M9
450
45r
452
453
454
455
456
457

458
459
4ffi
461
462
463
4&
465
46
467

36. 80.2977
80.3205
80.3200
80.3263
80.3257
80.3163
80.3075
80.3422
80.3422
80.2967
80.2920
80.2868
80.2775
80.2732
80.2688
80.2737
80.2745
80.2862
80.2940
80.2725
80.3422
80.3422
80.3247
80.3363
80.3405
80.3392
80.3392
80.3450
80.3563
80.3470
80.3413
80.3480
80.3512
80.3353
80.2907
80.29s3
80.3070
80.2982
80.2835
80.3070
80.3048
80.3277
80.3180
80.3222
80.3755
80.3830
80.3422

97%83.r
97968.7

-5

274
2556
2350
1750
1590
r6y
2r75
2r75
1590
1480
r435
1410
1545

1410
1598
1653
1655

1620
r575
2r75
2r75
2330
2280
2255
2270
2335
24t5
2565
2575
27c0
2871
2756
266'2
r479
t435
r495
1430
t4l5
r575
166/9

2868
2515
2297
2480
2565
2r75

36.8397
36.8320
36.8252
36.8098
36.8103
36.8070
37.1380
37.1380
36.8025
36.7982
36.7947
36.7900
36.7983
36.8058
36.8168
36.8212
36.8208
36.8190
36.8123
37.1380
37.1380
36.9203
36.9M2
36.90r3
36.8953
36.8865
36.8798
36.8692
36.8653
36,8497
36.8403
36.8447
36.8370
36.7763
36.7822
36.7887
36.7858
36.7828
36.8163
36.8215
36.8335
36.8522
36.8883
36.9342
36.%43
37.1380

979678.2
979688.8
979725.3
979737.6
979735.3
979708.7
979708.7

979737.3
979747.8
979750.6
979753.6
979745.7
979752.6
979742.6
979740.3
979739.0
979739.3
979742.6
979708.8
979708.8
979698.4
979699.6
979702.3
979702.6
979697.5
97969r.7
97968r.7
97968r.r
97967r.4
979658.7
97gffi.9
979672.4
979747.6
979747.9
97974r.2
979747.5
979752.4
979740.4
979738.6
979659.6
979683.3
979699.7
979683.7
979677.7
979708.8

36.9
29.7
20.9
2.0
-0.8
r.9

-2.7
-2.6
-o.2

-0.1
-0.5

0.1
4.0
-1.8
4.9
6.9
5.8
3.7
2.8
-2.6
-2.6

20.3
18.6
18.9
20.7
22.6
25.3
30.3
30.6
34.6
38.9
35.3
32.9

1.5

-2.3
4.3
-3.2
0.3
0.6
6.7

39.5
28.r
2r.3
18.7
20.7
-2.6

-56.6
-57.7
-59.1
-57.7
-54.9
-53.8
-76.8
-76.7
-54.4
-50.5
49.4
47.9
48.6
49.9
-49.5
49.4
-50.6
-5r.5
-50.9
-76.7
-76.7
-59.1
-59.1
-57.9
-56.7
-56.9
-57.0
-57.r
-57.1
-57.4

-58.9
-58.6
-57.8
48.9
-5r.2
-55.2
-51.9
-47.9
-53.1
-50.1

-58.2
-57.5
-57.0
-65.8
-6f..7
-76.7
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ABSTRACT

. MeaUasalts of tholeiitic basaltandbasaltic andesite
coinposition near Oronoco, Virginia contain pillow struc-
tures. The study area is close to the southern end of the
Catoptin Formation outcropbelton the northwestem flank of
the Dlue Ridge anticlinorium. The flows in this area are
interbpdded wittr thick, shallow-water arkosic and conglom-
eratic:metasedimentary rocks. The metabasaln were ex-
truded'into a basin now bounded by faults, which is inter-
preled as an early Cambrian rift valley. Ti-Zr-y plots
indicate that the rocks are "within-plate" basalts. The plots of

.
t

the metabasalts from Oronoco, Virginiaresemble the plots of
the basalts from the Rio Grande Rift.

INTRODUCTION

The name Catoctin schist was frst given to expo-
sures of metamorphosed basaltic and rhyolitic lavas and
metasedimentary rocks at Catoctin Mountain in northem
Virginia by Geiger and Keith (1891). At Catoctin Mounrain
the basalts arc so extensively altered in places ttrat Keith
( I 8%) called them the Catoctin schist. Bloomer and Wemer

1.'Geology Department" washington and Lee university, Irxington, v Au450
2. Department of Earth Sciences, University of oxford, oxford, oxl 3pR, England



84 VIRGIMA DIVISION OF MINERAL RESOURCES

(19a7) named the metamorphosed lavas and the interlayered

sedimentary and metasedimenrary rocks the Catoctin Forma-

tion. Along the northwestern limb of the Blue Ridge anticli'
norium, the CatoctinFormation has been mapped from Penn-

sylvania to tle James River in central Virginia (Figure l).
In Maryland, the Catoctin Formation has been traced

around the northern end of the Blue Ridge anticlinorium. In

cenral Virgini4 on the eastern limb of the Blue Ridge anti-

clinorium, metabasalls assqciated with the Catoctin Forma-

tion are situated between the kecambrian Lynchbug Group
(Furcron, 1969) and the Candler Formation (Brown, 1958).

The metsbasalts of the eastern limb havenotbeen tracedinto
the Catoctin Formation to the northeast (Conley, 1985). The

precise stratigraphic position of the Catoctin on the western

limb of the Blue Ridge has been debated. Bloomer and

Werner (1955) concluded that tlre Catoctin lies abovq the

Swift Run Fo.rmation and is conformably overlain by the

Lower Camhrian Unicoi Formation. Reed (1969) included
the Swift Run Formatron as part of the Caoctin Formation.

Bartholomew (1971) proposed a Catoctin group tlnt in-
cludes the Catoctin, Swift Run, and the former Loudoun

Formations.
Thickness measur€ments repofled for the Catoctin

Formation show considerable variation hom 150 and 550

meters in the Luray area (Reed, 1969) to approximately 300
meters in ttre Elkton area (Conley, personal communication,
1988). When these thicknesses are considere'd, one should

remember that the Catoetin has been subjmte'd to consider-

able tectonic shortening, including thrusting, and that expo-
sures in the BlueRidge rarely afford optimum eonditions for
section measuremeRt.

The cvidence of columnar jointing, large amygdules,

scoriaceous flow tops, lava blistcrs, and tuff.filled paleo-

stxeam beds (Nunan, 1980) at other places on the western

limb of the Blue Ridge anticlinorium has been taken o
indicate subareal extnrsion. In contrastthe gteenstones on the

eastem limb of the anticlinorium (presently about 32 km to
the east of the west limb) are reported to contain pillow lavas,

indicating subaquatic extrusion (Brown, 1958, 1970; Con-
ley, 1978; Evans, 1983; Kline and others, 1987).

GEOLOGIC SETTING

The meabasalts examined in this study occur Rorth

of the James River, northeastem Buena Vista 7.5-minute
quadrangle. This southernmost large outeroB belt of the

Catoctin is on the western limb of the Blue Ridge anticli-
norium (Figure 2). TheCatoctin Formation was frstreported
in this areaby Bloome.r and Bloomer (1947), and was mapped

by Bloomer and Vfemer (1955).
In the studyarea, ttreCatoetin comprises a northeast

trending belt of gresnstones and interbedded sedimentary

rocks, which is fault-bounded on the northwest and southeast

margins. Blue Ridge basement rccks are thrust onto the

Figure l. Regional sketch map showing the areal disribution
of the Catoctin Formation. Metabasalts occur in the Catoe tin

Formation sn both flanks of the Blue Ridge anticlinorium;
study area, at the southern end of ttre Catocttn exposures'

shown by black recangle.
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contactwittl theCatoctin on thenorthwestby a series of early
Cambrian normal faults which are partially concealed by
later thrusts (Spencer and Waterbury, 1987),

The meabasalts and interlayered slightly metamor-
phosed tuffaceous rock, slate, arkose, feldspathic pebble
conglomerate, siltstone, and sandstone lie nonconformably
on the Precambrian Blue Ridge basement complex. In a few
places, the metabasalt is separated from basement rock by
only a few centimeters of metasedimentary rock. The rocks
in the study:uea are physically separated from Chilhowee
Group rocks in ourcrop belts to the west by faults. Therefore,
the relationship of the Catoctin Formation to the Chilhowee
Group in the study area is unclear. The metabasalt outcrops
become thinner and less numgrous toward the southwest.
Sections in the northern part of the study area containing
greenstone, arkose, and tuffaceous rock grade into shale,
siltstone, and sandstone toward the southwest (Bowring,
1987).

GEOLOGY OF THE METABASALTS

In this area, greenstones occur as lava flows on the
basement, interlayered with merasedimentary rocks, and as
dikes that cut the Virginia Blue Ridge complex. Lava flows
are well exposed along Davis Mill Creek, U.S. Highway 60,
State Road 636, and on tie Appalachian Trail north of the
Lynchburg reservoir" Individual flows can be traced for
distances of several kilometers and range from a few meters
to a few tens of meters thick. Generally, outcrops of the
greenstones stand out topographically.

The &ickest sections of greenstone are north of
Oronoco along Davis Mill Creek and on the crest of Long
Mounain where thicknesses of individual flows are on the
order of 30 to 40 meters. The rue thickness of the greestones
and associated sedimentary rocks has not been determined. A
calculation based on average dips and outcrop width yields a
maximum possible thickness of 1400 meters for the section.
this estimate assumes no duplication by folding or faulting. It
is probable ttrat tectonic shortening is likely to have caused
some duplication of the section. Because evidence of move-
ment parallel to layers is commonly present, and hinges of
isoclinal folds were nol seen, duplication by thrusting is
considered most likely.

Most of the lava flows have southeast dips of 20. to
5F. Generally, they exhibitwell developednortheast-trend-
ing southeast-dipping continuous (penetrative) cleavage
(Frgure 3). Tectonic movement is indicated by southeast-
ward-dipping slickensides and by zones of shearing along
the base of flows and in the underlying metasedimentary
rocks.

Pillow structures have been found in about halfof
the 36 individual flow unis. The pillows range in size from
a few centimeters to nearly a meter in diameter (Figure 4).
Some arc nearly circular or oval in form; others have been

Figure 2. Geologic map of t}e study area. No pillow lavas
have been found south ofthis area; however, a tlrin flow and
several greenstone dikes occur in the James River Gap about
l0 kilometers southwest of the area shown on this map. Blue
Ridge basement complex is shown by hash marks; metabasalt
is indicated by dark shading; sedimentary mcks interlayered
with the greenstones are shown in white. Numbers indicate
speeimen loealities. Heavy barbed lines indicate thrust
faults. Heavy dotted lines indicate the approximate position
of faults of uncertain character.

Catoctrn along is southeastern margin. This thrust may be
part of theRCIckfish Valley shearaone (Barttrolomew, l9g4).
Rocks of the Blue Ridge basement complex are in fault
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short axes lies in the plane of the cleavage. Ratios of length

to thickness vary Sreatly both within single outcrops and from

one locality to another. Highly altered greenstone thought to

be rinds of pillows (Figure 5) commonly occurs as breccias

associated with pillows. Greenstone dikes cut through pil-

low-bearing greenstones in several localities'

Ina few localities, such as 1823, in Figure 2, pillows

and fragmens of pillows are enclosed in coarse metasedi-

mentary rock, clasts of which are embedded in the outer edge

of the greenstone (Figure 6). These metasedimentary rocks

are similar to those interlayered with the flows'

Figure 3. Strongly developedpeneradve cleavagedipping to

the southeast, (right in this photograph) is present in most

outcrops of greenstone. This outcrop is located east of the

State Road 636 label in Figure 2.

Figure 4. Large pillow-shaped masses of greenstone occur in

a few places. These are near the locality labeledPl in Figure

2. Generally the extemal form of pillows is not preserved.

flattened so that their long axis is three to four times greater

than the short axis (see cover photograph). These pillows are

generally oriented so that the plane containing the long and

Figure 5. Pillow rinds (?) are commonly fractured and

broken up; along Appalachian Trail northeast of Lynchburg

Reservoir; PL on Figure 2.

PETROLOGY

The lavas examined are mostly greenstones that

preserve identifiable igneous textures, although greenschist

iabrics develop in the more-deformed rocks. Porphyritic and

amygdaloidal textures are common with plagioclase the most

abundant phenocryst phase' Directional fabrics result in

some cases from a combination of original flow alignment

and subsequent deformation' The mineralogy is typical of

low-grade me[abasites in which plagioclase has been altered

to tot. sodic compositions, original ferromagnesian miner-

als havebeen replacedbychlorite and fibrous amphibole, and

by clusters of epidote crystals representing original

amygdaloidal and/or fenomagnesian phenocryst phases' An

opaque oxide mineral occurs abundantly in the groundmass

as small equant grains or in the more-deformed rocks as

streaky aggregates. Thin veins containing epidote, qtrartz,

and feldspar occur in most of the samples.

Two dikes are represented among the analyses in

Table 1. Specimen 1811 is relatively undeformed and

similar in mineralogy to the lavas, although it has much less

epidote and contains a carbonate phase in irregular-shaped
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Figure 3. S trongly developed penenadve cleavage dipping to

the souttreast (right in this photograph) is present in most

outcrops of greenstone. This outcrop is located east of the

State Road 636label in Figure 2.

Figure 4. Large pillow-shaped masses of greenstone occ ur ln

a few places. These are near the locality labeled PL in Figure

2. Generally the extemal form of pillows is not preserved.

flattened so that their long axis is three to four times greater

than the short axis (see cover photograph). These pillows are

generally oriented so that the plane containing the long and

short axes lies in the plane of the cleavage. Ratios of length

to thickness vary greatly both within single outcrops and from

stone thought to

curs as breccias

cut through Pil-

low-bearing grcenstones in several localities.

In a few localities, such as I 823, in Figure 2, pillows

are enc

ich are e

6). The

are similar to those interlayered with the flows'

Figure 5. Pillow rinds (?) are commonly fractured and

broken up; along Appalachian Trail northeast of Lynchburg

Reservoir; PL on Figure 2.

PETROLOGY

The lavas examined are mostly greenstones that

preserve identifiable igneous textures, although greenschist

?abrics develop in the more-deformed rocks. Porphyritic and
sethemost
s result in
alignment

and sub is tYPical of

low-gra been altered

to more esian miner-

als havebeen replacedby chlorite andfibrous amphibole, and

suealry aggregates. Thin veins containing epidote, quartz,

and feldspar occur in most of ttre samples.

Two dikes are represented among the analyses in

Table 1. Specimen 1811 is relatively undeformed and

similar in mineralogy to the lavas, alttrough it has much less

epidote and contains a carbonate phase in irregular-shaped
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Geochemical Oxide percents
Measured Across Gatoctin pillow Lava samples

Schemof lc llluslrollon
of Pillow Lovo

Legend
tr Inner Core
N Ouler Core
RN Pillow Rim
E Rind

Si02 Al20J Fe2O3

Sconning Eleclron Microscope Anolysls

CoO MgO No20 TiOz K2O p2OS MnO

Spencer, Bowring ond Bell, 1987

Figure 7' Catoctin pillow lava structures are recognized in the field by zonational differences ofcolor and texture. The core isusually darker and slightly raised when comparedto the rim. oxide analyses using a scanning electron microscope revealed agradational variation between the inner core and the rim. As silica and sodium o*ide, decreai, ttre oxides of aluminum, iron,and calcium increase' Each pillow was analyzed from the center to the outer edge. The data were grouped into three divisions:inner core, outer core, and pillow rim. The rind, an epidote-rich vein surrounding the pillow structure, is comprised almost en-tirely of silica, aluminum, iron, and calcium oxides.

Conley, D. C. Le Van, Douglas Rankin, and T. M. Gathright,
II, who gave us the benefit of their critical reading oflhe
manuscript.

Major- and trace-element analyses were performed
in the Department of Earth Sciences, Univenity of Oxford,
on a Phillips PW 1400 X-ray fluorescence spectrometer, with
data processing using the Xl4 package on a pDp ll micro_
computer. Fused glass beads were used for major_element
analyses. FeO was determined independently by tiration.
Chemical analyses performed at Washington and L,ee Uni-

versity were done on an ISI40 scanning electron microscope
with Edax 9100 analytical equipment. Major dikes are
presented in Table 1.
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Figure 8. Ti-A-Y discrimination diagram (after Pearce and

Cann, 1973) showing plos of the Blue Ridge metavolcanic

rocks (filled circles) with plots of lavas from the Taos Plateau

Volcanic Suite, Rio GrandeRift (Basaltic Volcanism Study

hoject, 1981) for comparison. WPB: within-plate basalts;

CAB: calc-alkali basalts; OFB: ocean-floor basalts; LKT:

low-potassium tltoleiites.
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