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WITH A LATE PLEISTOCENE MEGAFAUNA IN ACb-3, ALABAMA
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St. Paul, MN 55114

G.L.BELL, JR.
Dept. of Geological Sciences
University of Texas at Austin
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J.P.LAMB, JR.
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1421 22"4 8¢, So.
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ABSTRACT

U-series dates on flowstone interbedded with
bone-bearing sediments indicate that Cave
ACb-3 was accumulating small vertebrate
remains as early as 228,000 years B.P. and was
visited by large vertebrates from about 170,000
years to at least 115,000 years B.P. and proba-
bly later.

INTRODUCTION

Before 1976, no unequivocal Pleistocene
faunas had been reported from Alabama
(Kurten and Anderson, 1980). Since then, Cur-
rin and others (1976) and Womochel (1982)
have described Pleistocene faunal remains dis-
covered in fluvial sediments and in a sinkhole
fill in northwestern Alabama. More recently,
also in northwestern Alabama, a large faunal
assemblage of sloths (Megalonyx jeffersoni), a
sabertooth cat (Smilodon) and over 20 species
of smaller vertebrate fauna was discovered in a
cave being studied by the Red Mountain
Museum, Birmingham, Alabama. This site was
significant because some the bone-bearing sed-
iments were between, or capped by, secondary
deposits of calcium carbonate (flowstone) that
could be dated using the U-series method
(Ivanovich and Harmon, 1982). In addition, the
low-energy cave environment kept the faunal

remains in very good condition, unlike some
surface deposits formed in high-energy fluvial
systems.

Kurten and Anderson (1980), reviewing
dated faunal sites younger than 350,000 years
B. P, listed only one with a fairly well-con-
strained absolute date. Other sites referenced to
that time period were based on biostratigraphic
evidence. Cave ACb-3, with datable flowstone
interbedded with sediments and faunal
remains, is a good site at which to develop a
local chronologic framework that extends
beyond the range of radiocarbon dating. This
paper describes the cave and the results of the
U-series dating analyses. A detailed descrip-
tion of the fauna has not been completed.

REGIONAL GEOLOGY

Cave ACb-3 is in the Pride quadrangle, Col-
bert County, northwestern Alabama (Fig. 1).
The area is part of the Interior Low Plateaus
physiographic province (Szabo, 1975). The
geology of the quadrangle consists of nearly
flat (<1° dip to the southwest) Mississippian
and Cretaceous sedimentary rocks and occa-
sional Quaternary terrace deposits next to the
Tennessee River.

The Mississippian section, beginning at the
base, consists of the Fort Payne Chert, a thin-
bedded siliceous limestone; the Tuscumbia
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Alabama

Colbert County

Figure 1.-Location of study area in northwestern
Alabama, southeastern United States. The exact
cave location is not shown.

Limestone, an interbedded limestone and
shale; and interbedded sandstone, shale and
limestone of the Pride Mountain Formation,
the Hartselle Sandstone and the Bangor Lime-
stone (Szabo, 1975). The Pride Mountain For-
mation has a dissected vertical relief of about
200 feet near the Tennessee River where it is
capped by Quatemary terraces. To the south the
uplands are capped by the Hartselle Sandstone
and reach about 400 feet above river level.

The Tuscumbia Limestone is host to karst
features consisting of sinkholes, solution-
enlarged joints, and caves. Karst development
appears to be at least partially controlled by
existing joints in the bedrock. The principle
joint system strikes to the northwest; a second-
ary joint set strikes to the northeast. Cave
chamber orientation appears to follow the
northeast trend, although other karst features
have a northwest alignment (Moser, 1977).
Multiple levels of cavern development in the
area imply that karst development is related to
changes in the elevation of base level flow.

BACKGROUND
ACDb-3, approximately 70 meters long and 15

meters wide, is developed in exposed Tuscum-
bia Limestone (Unit A) about 120 feet above
present river level. The main room has both an
east-west and northwest orientation with side
passages aligned to the northeast (Fig. 2). The
cave contains vertebrate fossils, significant
both in number and type, that are associated
with deposits of secondary calcium carbonate
(speleothems). A basal silty clay, (Unit B)
which extends throughout most of the cave,
does not contain any faunal remains. Sedi-
ments (Units H, D, E) deposited above this
sterile layer are fluvial or colluvial in origin
(Bell and Lamb, 1987) and all contain verte-
brate remains. Bones include those of sloths
(Megalonyx jeffersoni), bats, rodents, and the
first record of a sabertooth cat (Smilodon) in
Alabama. A list of the vertebrate fauna is given
in Table 1. Within and overlying the sediments
are the layers of flowstone that were sampled
for U-series dating.

A southwest trending tunnel near the proba-
ble Pleistocene entrance (Fig. 2) contains
bones from several sloths. At the back of this
tunnel, there is a dig that is suspected to be part
of a 19" century excavation reported on by
Joseph Leidy in 1855, where he described the
first Megalonyx jeffersoni in Alabama (Bell,
1985).

The cave sediments and bone specimens in
ACDb-3 were studied and described by G. Bell,
Jr., James Lamb, Jr., and Susan Henson, of the
Red Mountain Museum. Stratigraphic and
lithologic descriptions are most comprehensive
at exposures where flowstone occurs, although
similarities in some of the strata make accurate
identification difficult. Extension of strati-
graphic units under flowstone terraces are
inferred from available exposures. Spele-
othems were sampled by Bell and Lamb and
dated by Richard Lively at the Minnesota Geo-
logical Survey. Seven flowstone samples were
collected in 1985 from cross-sectional areas
identified on Figure 2 as X-X', Y-Y' and Z-Z'.
In 1986, additional samples (6b, 6¢, 7b, 7c)
were collected along Z-Z', and in 1987, calcite
soda-straw fragments (small, hollow stalac-
tites) embedded in the channel fill near X-X'
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Table 1,-Fauna identified in cave ACb-3. Refer to Figures 2 and 3 for locations of sedimentary units.

Unit D — Clayey sediment Unit E — Rimstone pools, side tunnel
resting upon basal silty clay. Between X — X' and Y - Y':
At cross section 2 — 2': Taplrus sp.
Upper Unit — may be . Mylohyus nasutus
equivalent to Unit E in Megalonyx jeffersoni
other parts of ACb-3 Adults and infant
Megalonyx jeffersoni Dasypus bellus
Odocolleus virginianus 22 other small vertebrates
Lower Unit Unit H — Channel fill on basal silty clay
Megalonyx jeffersonl At cross section X — X':
Odocolileus virginianus Blarina sp.
Sylvilagus ? sp. Neotoma sp.
Scluridae Microtus sp. (2)
At cross section Y — Y': ?Spllogale putoris
Megalonyx jeffersonli Sylvilagus ? sp.
Sylvilagus ? sp. Scluridae
Main cave other than noted Anura
cross sections: Chiroptera (2+?)
Dasypus bellus Colubridae

Lynx rufus
Megalonyx Jjeffersoni
Mylohyus nasutus

Taplrus sp.
Canlis sp.
Felidae.
Anura
Meters
[ — s—
0 5 10 15 20

& = Down slope
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€ — Clay: Dark Red, Travertine, Chert, Sandsione and Bone Fragments
D — Clay; Red/Yeliow, Travertine, Chert and Bone Fragments (Sloth)
H 28 — Channel Fill; Clay, Orange/Yellow, Soda Straw Fragments
s mm — Laminated Clay; Sterile, Silty, Red/Yellow
A 3 — Bedrock; Mississippian Tuscumbia LS

Figure 2.-Plan view of cave ACb-3. Side tunnel, showing locations of flowstone deposits and cross sections
relative to the sediments and bone deposits. Numbers in parentheses refer to the sample numbers in Table 2.
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Table 2.-Uranium and thorium concentrations, activity ratios and calculated ages.

Sample # U Cone. ThConc. 234y238y
(ppm) (ppm)

ACDb3-1-1285  2.04010.040 0.52 1.13310.013
ACDb3-2-1285 050040.010 0.06 0.97710.018
ACb3-3a-1285 0.37740.006 0.08 1.22240.020
ACb3-3b-1285 0.465£0.009 0.08 0.99540.018
ACb3-4-1285  0.40310.008 0.06 1.09740.023
ACKRAA12RA 0240008 024 {R00sE01042
ACb3-6a-1285 0.26210.005 0.19 1.09040.022
ACbZ.7a1-1285 0.22010.004 0.09 1.08810.023
ACb3-7a»-1285 0.21410.003 0.14 1.06110.018
ACb3-6b-0786 0.790+0.009 0.58 1.11540.011
ACDb3-7b-0786 0.23810.003 0.05 1.03210.018
ACb3-6c-0786 0.660£0.010 0.68 1.07040.018
ACDb3-7¢-0786 0.26240.005 0.22 1.03310.021
ACb3-8-0087 0.41510.006 0.06 1.55510.020

201p234y 23012321, pge Comment
(x1000 yrs)*

0.90510.021 124104 228115

0.79210.020  20.8t1.1 17210

0.66940.015  11.510.4 115¢4 Top

0.67110.017 11,9406 12116 Bottom

0.68040.018  15.010.8 12116 Bottom

HEREL00DE 2.81L.1

0.48410.015 2.240.1 <71 Top

0.49710.017  4.040.2 <74 Middle

0.65510.018 3.2140.1 <114 Bottom

0.470+0.009 2.240.1 <68 Top

0.457+0.011 7.640.4 <66 Bottom

0.745+0.017 2.4140.1 <145 Top

0.77110.018 2.940.1 <158 Bottom

1.00410.022 3343 2350 Soda straws

*Calculated ages based on the following values for A: 234U, 2.794x10°8 yr'1? 230Th, 9.21x108 yr'1;

228h, 9.92x104 day1; 224Ra, 1.904x10"! day™".

Samples with < ages have 23012321, activity ratios less than 10.

were also collected. Several soda-straw frag-
ments were selected from the collection and
processed as one sample. One attempt was
made to radiocarbon date a bone fragment, but
the laboratory could not recover enough col-
lagen for an analysis.

RESULTS AND DISCUSSION

Speleothem ages were determined at the
Minnesota Geological Survey laboratory using
the U-series dating method (Thompson, 1973)
with some modification to the procedures for
separating U and Th by ion-exchange. Isotopic
activities were measured with an alpha spec-
tromeler. Activity ratios, U concentrations, and
[y B4y ages with one-sigma errors are
given in Table 2. U concentrations range from
0.21 to 2.0 ppm and Th concentrations from
0.05 to 0.68 ppm.

The low 239Th/232Th activity ratios indicate
that detrital thorium may be present in the cal-
cile. A reliable radiogenic age assumes that no
230Th was incorporated at the time the calcite
precipitated. If some 2307 was included, as
part of a detrital residue for instance, a date cal-
culated from the 29Th234y activity ratio
would be older than the date calculated without

initial 2*OTh (Schwarcz, 1980, Milske and oth-
ers, 1983). Because the activity of 230Th in the
detrital phase was not be measured for this
study, no correction was assumed or made to
the ages reported in Table 2. Ages calculated
for samples with 2307h/232T activity ratios
below 10 are shown as Tess-than' dates.

All samples with 239Th/232Th activity ratios
above 10 are from the side tunnel near the
Pleistocene entrance (Figs. 2, 3; cross sections
at X, Y). The samples with 23°Th/232Th activ-
ity ratios less than 10 were obtained from the
shelf at Z-Z' in the main room (Fig. 2). One
sample, ACb-5-1285, collected from a layer
(Fig. 2) of non-laminar, friable calcite crystals
(Evossibly deposited in a pool), had a 2*°Th/
2ty activity ratio significantly greater than
unity. This may have resulted from delrital
230Th contamination (330Th/232y activity ratio
= 3.6) or loss of uranium from the calcite.

S:E)clcmhem ages for the samples with detri-
tal “30Th/232TR activity ratios greater than 10
are consistent both with the internal stratigra-
phy of individual flowstone samples and with
the sequence of flowstone deposits. The top of
flowstone sample #3 is equivalent to or
younger than the bottom (Table 2, #'s 3a, b),
and dates from the base of the flowstone above
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(1) 228,000 £ 15,000

Stratigraphic Units:

Bl — Flowstone

(3a)
(3b)

115,000 £ 4,000 —
121,000 £ 6,000 —

172,000 £ 10,000 @)

E — Clay; Dark Red, Travertine, Chert, Sandstone and Bone Fragments
D EZ8 — Clay; Red/Yellow, Travertine, Chert and Bone Fragmenis (Sloth)
H B2 — Channel Fill; Clay, Orange/Yellow, Soda Straw Fragmenis

B B — Laminaled Clay; Sterile, Silty, Red/Yellow
A [ — Bedrock; Mississippian Tuscumbia LS
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Figure 3.-Cross sections showing U-series dates relative to the stratigraphic sequence of the flowstone,
bones and sediments at those locations. Numbers in parentheses refer to the sample numbers in Table 2.

unit D in the side tunnel (Table 2, #s 3b, 4,
Figs. 2, 3) are equivalent. The sequence of old-
est to youngesl ages is also in accordance with
the flowstone/sediment stratigraphy (Table 2,
Figs. 2, 3). Sample #'s 2 and 8 (Table 2), with
the highest 23071/B2Th activity ratios are the
least likely to show any defrital B0Th effects.
Both have ages consistent with the other car-
bonates dates and with the sediment-flowstone
stratigraphy. Dates from the flowstone shelf at
Z-Z' also show a consistent vertical stratigra-
phy (]'1ble 2) even though their pmenl.lal for
detrital 22°Th contamination is greater ( 30T
232Th activity ratios <10). The maximum ages
reported also decrease systemaucall in one
direction. It is possible that detrital 2*°Th may
not be a significant problem in these samples

but, if it is, the 230Th contamination is more
likely to be of a systematic rather than random
nature.

The passage morphology and sediment
record imply that cave ACb-3 first developed
as a phreatic system and later evolved into a
vadose cave. The basal sedimentary unit (B), is
composed of thinly laminated clay and sil,
indicative of an influx of fine sediment and
deposition in still water. This unit does not con-
tain any bone or secondary calcite. A fluvial
channel, filled with sediment, cuts into unit B
within the main room (Fig. 2). The channel fill
(H) consists of orange to yellow clay that may
be partially reworked basal sediment from unit
B and contains a large number of soda straw
fragments and small animal bones. Channels,
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fluvial sediments and secondary carbonates
above unit B mark the change to a vadose envi-
ronment.

The fauna in cave ACb-3 were originally
thought to be late Wisconsinan in age because
of proximity to a nearby cave, ACb-2, that is at
a lower elevation and contains radiocarbon
dated bone fragments that are <26,000 RCYBP.
U-series dates of speleothem deposition in
ACb-3 however, indicated that the ACb-3 bone
deposits were substantially older than late Wis-
consinan and extended into the Illinoian glacial
period.

The oldest secondary carbonates recovered
in the cave are the soda-straw fragments from
the fluvial channel-fill (H) above unit B (Fig.
2). Assuming that the soda-straws developed
on the ceiling, in an air-filled cavity, and only
later were incorporated into the channel-fill,
their formation imply that the cave evolved
from a phreatic to a vadose environment some
time prior to the soda-straw equilibrium date of
2350,000 years B.P. Although the incorporated
soda-straws do not date the channel-fill, a
flowstone layer within unit H (X-X', Fig. 2, 3),
has an age of 228,000 + 15,000 years B.P. Fau-
nal remains in the channel fill above the flow-
stone layer (at X-X') include bats, rodents,
voles, snakes, squirrels and other animals of
similar size.

Larger animals (sloth, deer) gained access to
the cave after 172,000 + 10,000, but before
121,000 £ 6,000 years B.P. This is demon-
strated by semi-articulated to relatively com-
plete remains of individual animals in the
deposits of unit D, a red to yellow clay mixed
with chert, travertine, and bone fragments. The
172,000 year date was obtained from a flow-
stone layer at the base of unit D sediments and
the 121,000 year age from flowstone at the top
of unit D (Table 2, sample# 2; Figs. 2, 3; Y-Y").
The presence of large animals in the cave after
172,000 years B.P. indicate that a new, larger
entrance had developed, possibly near the west
end of the cave (Fig. 2). The position of bones
at several of the sloth excavation sites indicates
that the animals died after entering the cave.
Twelve individual sloths have so far been iden-

tified, and the cave appears to have been con-
tinually visited by a variety of animals
following 172,000 years B.P.

A fourth period of speleothem deposition is
represented by the extensive rimstone pools
just southwest of cross section X-X' and
extending beyond cross section Y-Y' (Figs. 2.
3). Ages of 121,000 + 6,000 years were
obtained for two samples from the base of the
flowstone (Table 2; sample# 4, Fig. 2; sample
#3b, Fig. 3, Y-Y") and an age of 115,000 *
4,000 years (Table 2; sample# 3a, Fig. 3, Y-Y")
was obtained for the top of the flowstone
deposit. The flowstone and rimstone pools
were buried by another layer of sediment (unit
E; Fig. 2). Sediment in unit E, like the other
units, is composed primarily of clay and silt
and contains chert and sandstone fragments.
This unit contains bones from several large ani-
mals including adult and young sloths (Megal-
onyx jeffersoni), as well as 22 species of small
vertebrates. Unit E lacks overlying flowstone
to provide a younger limit on the age of the
sediment, and thus it could have been depos-
ited any time during the past 115,000 years.

A large bone taken from one of the rimstone
pools did not have enough measurable collagen
to obtain a radiocarbon age, and thus supports
the interpretation that the bone beds are older
than late Wisconsinan,

On the south side of the main room, just east
of cross section X-X' (Fig. 2) an extensive
flowstone shelf has accumulated on bone-bear-
ing sediments thought to be equivalent to units
D and E (Fig. 3, Z-Z'). Due to the possibility
that detrital 23 may have been included
with the calcite when it precipitated, the calcu-
lated ages for these samples are reported as
maximum ages. The data as shown, indicate
that the flowstone shelf at Z-Z' has a maximum
age of 158,000 years and appears to become
younger to the northeast (in the direction of Z
on the cross section, Fig. 3). Further study of
this material is warranted because (1) better
flowstone dates at Z-Z' could provide a
younger time limit on the deposition of unit E
sediments, if they can be reliably placed at this
location, and (2) the sequence would provide a
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date for the last major period of flowstone
accumulation and sediment deposition in that
part of the cave.

SUMMARY

U-series dating has been used to establish a
preliminary chronological sequence of sedi-
ment deposition and flowstone formation
within ACb-3, a bone-bearing cave in north-
western Alabama. The calculated ages are
uncorrected for potential detrital 230Th and are
therefore interpreted to represent maximum
dates of calcite precipitation.

On the basis of the present data we suggest
that the cave began as a small phreatic system,
accumulating layers of fine clay and silts with-
out bones or speleothems. Prior to 350,000
years B.P., ACb-3 evolved into a vadose cave
and calcite soda-straw stalactites began to
form. Some of the soda straws (350,000 years
B.P) fell from the ceiling and were incorpo-
rated into channel-fill sediments (unit H).
These sediments also contain bones of small
animals and a layer of flowstone deposited
228,000 £ 15,000 years B.P.

Within the side tunnel heading southwest
from the main room, flowstone was deposited
on top of unit B, the sterile clays, 172,000
10,000 years B.P. Sediments in unit D, depos-
ited on top of this flowstone, contain the bones
of deer and sloths, the first indication that
larger mammals were able to enter the cave.
The position of bones at some of the sites
implies that the animals were alive when they
entered the cave. An extensive period of flow-
stone deposition between 121,000 £ 6,000 and
115,000 + 4,000 years B.P. resulted in a thick
layer of calcite and rimstone pools overlying
unit D. Sediments filling the pools (unit E)
contain bones from both large and small verte-
brates including adult and young sloths (Meg-
alonyx jeffersoni).

In the main room along the south wall, east
of the side-tunnel mouth, the sediment
sequence consists of the basal clay, the bone-
bearing unit D, and sediment thought to be
equivalent to unit E in the side tunnel. The sed-

iment is capped by flowstone, with maximum
ages ranging between 68 to 158,000 years B.
P, but these results may have been influenced
by the presence of detrital 230Th in the calcite.

Additional research on the U-series isotope
geochemistry could clarify the potential for
detrital 23%Th contamination and further map-
ping of the sediments would help to correlate
material throughout the cave. Other areas of
the cave such as the west-end sinkhole and
talus pile, have not been extensively investi-
gated and may produce further information
about the faunal history of cave ACb-3.
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ABSTRACT

The late-Paleozoic Appling Granite is com-
prised of two facies; a high-silica, medium-
grained facies (MF), and a porphyritic facies
(PF). Over half of the pluton consists of the
biotite-PF which has abundant alkali feldspar
megacrysts (up to 8 cm in length) surrounded
by a medium-grained, hypidiomorphic-granu-
lar groundmass. The MF consist of quartz,
alkali feldspar, plagioclase, biotite, muscovite
and accessory Fe-Al-Mn garnet. Micrographic
intergrowths of quartz in alkali feldspar are
optically continuous and cuneiform in the MF.
Field study indicates that the transition from
MF to PF is gradational, with a weakly porphy-
ritic zone between the MF and PF. Within this
zone, we measured alkali feldspar megacrysts
up to 1.0 cm in length.

Large mafic enclaves (LME) are porphyritic
with perthitic alkali feldspar megacrysts sur-
rounded by groundmass consisting of minerals
which are compositionally and texturally iden-
tical to those in PF samples. The primary dif-
ference between the PF and the LME is greater
abundances of biotite, magnetite, titanite, and
allanite within the LME. Cumulate layering
was not observed in the LME. Whole-rock
oxygen isotope ratios and whole-rock
geochemistry indicate that the LME may be co-
mingled trachybasaltic, or high-K basaltic

magma which was metamorphosed by the host
silicic magma.

The consanguineous nature of the PF and
MF is supported by field and geochemical data.
Following substantial crystallization of the PF,
relatively rapid crystallization of the MF
occurred in symphony with vapor exsolution
from the melt phase. Micrographic texture in
the MF may have resulted from nonequilibrium
kinetically driven conditions accompanying the
ascent of the magma.

INTRODUCTION

An arcuate chain of texturally similar grani-
toid plutons of late-Paleozoic age extends from
Maryland into Georgia (Sinha and Zietz,
1982). Areal exposures of these plutons cover
an estimated 10,000 km? making this one of
the most prolific magmatic events in the devel-
opment of the Southern Appalachians (Sinha,
1988). Most of the granitic plutons are com-
posite bodies containing a coarse-grained por-
phyritic facies which is commonly associated
with either a medium-grained facies or a fine-
grained facies, or both (Speer and others, 1980;
McSween and others, 1991). Compositional
facies are also recognized by the presence or
absence of minerals such as homblende, mus-
covite, cordierite, and garmet (Speer and others,
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1980).

Compositional facies changes are grada-
tional in nature, suggesting that they occurred
in response to changing magmatic conditions
(Speer and others, 1980). Relatively abrupt
changes in texture observed in some of the bet-
ter exposed composite plutons (e.g., Liberty
Hill Pluton; Speer, 1987) are interpreted to
reflect multiple intrusion events involving
genetically related magma. For example, fine-
grained biotite granite in the Liberty Hill Plu-
ton is interpreted to have evolved from intersti-
tial melt extracted from magma crystallizing to
form coarse-grained rock (Speer, 1987). The
extracted melt was probably vapor-rich, facili-
tating rapid crystallization of the finer-grained
granitoid facies (Speer and others, 1989).

The Appling Granite is located in the Kiokee
Belt of the southern Appalachian Piedmont in
eastern Georgia. Although the absolute age of
the Appling Granite has not been determined it
has been grouped with other unmetamorphosed
late-Paleozoic granitoids on the basis of its tex-
ture and mineralogy (Fullagar and Butler,
1979). The purpose of this study is to examine
the Appling Granite facies petrographically
and compositionally with the goal of under-
standing the origin of its facies. Large mafic
enclaves were also analyzed to examine mod-
els for their origin.

FIELD RELATIONS OF THE
APPLING GRANITE

The Appling Granite is a composite pluton
(Figure 1) consisting of: 1) roughly 16 km? of
porphyritic facies (PF), biotite granite with
conspicuous alkali feldspar megacrysts; and 2)
Aouteime ol fdediwn-grained facies (Qviry,
biotite-muscovite-garnet granite. Based on
available field exposures, the transition from
MF to PF appears to be gradational with a
weakly porphyritic zone which was observed
between the MF and PF. Within this zone, we
measured alkali feldspar megacrysts up to 1.0
cm in length,

Scarce biotite-, magnetite-, titanite-, and
allanite-rich mafic enclaves occur in the PF.
Although volumetrically insignificant, they
are unusually large, ranging in size from about
2 m to 5 m in diameter and are designated as
large mafic enclaves (LME) to distinguished
them from smaller, but more common biotite-
schlieren and foliated, country-rock xenoliths.
Observed contacts between PF and LME are
not sharp. Contacts with smaller mafic~
enclaves and biotite-schlieren are sharper and
may have biotite enrichment along the contact.
Grain size in mafic enclaves and schlieren is
typically smaller than that in LME. Mafic
schlieren and xenoliths were studied petro-
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Figure 1. Geologic map of the Appling Granite.
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graphically; only the LME were studied in suf-
ficient detail to warrant further discussion.

The Appling Granite is cross-cut by pegma-
tite and aplite dikes. PF exposures typically
display an alignment of alkali feldspar mega-
crysts in circular to elliptical patterns ranging
in diameter from 1-10 m. Systematic orienta-
tion of alkali feldspars was not observed.

ANALYTICAL PROCEDURES

Twenty-five samples were selected for study.
Many of the PF and LME samples were col-
lected from the only major quarry in the
Appling Granite (Sample site 4, Figure 1). Sev-
eral other exposures were studied; however the
flat surfaces of the-exposures restricted avail-
ability of suitably unaltered rock. MF samples
were collected from residual boulders in fields.

Mineral compositions for three representa-
tive samples were determined on a Cameca
SX-50 electron microprobe equipped with four
wavelength-dispersive spectrometers at the
Department of Geological Sciences, University
of South Carolina. A beam current of 15nA and
an acceleration voltage of 15 kV were used in
conjunction with a 3 um beam. Natural mineral
standards were provided by the Smithsonian
Institution. Data reduction was performed
using the PAP technique developed by Cameca
which allows on-line formula calculation to
check the quality of analyses. Precision errors
are 1% or less for concentrations >0.5wt%.

Whole-rock major elements and Rb, Sr, Ba,
Pb, Zr, and Zn abundances were measured for
15 samples by X-ray fluorescence spectrome-
try at X-ray Assay Laboratories, Don Mills,
Ontario. Samples were analyzed in duplicate,
except for AP 19 and AP 20 which were ana-
lyzed in quadruplicate. Rare earth elements
(REE) were determined for 7 samples by
instrumental neutron activation analysis
(INAA) at the Research Reactor Facility, Uni-
versity of Missouri-Columbia (see Graham and
others, 1982 for INAA procedure and precision
estimates). Due to the large crystal size of
some samples, 1 kg samples were crushed and
split for XRF and INAA.

Oxygen isotope ratios were analyzed using
hand-picked mineral separates for each facies
within the Appling Granite. An exception is the
matrix feldspar which is mostly plagioclase.
Oxygen for the isotopic analyses was liberated
by reaction of silicate minerals with CIF3 in
nickel bombs at 550°C as described by Borth-
wick and Harmon (1982). Oxygen isotope data
are reported in standard § notation relative to
the Vienna SMOW standard for oxygen. The
standard error of each analysis is approxi-
mately + 0.2 per mil for oxygen.

PETROGRAPHY AND MINERAL
CHEMISTRY

Porphyritic Facies

Perthitic alkali feldspar megacrysts account
for 30-55 vol% of the PF samples selected for
study. Megacrysts (up to 8 cm in length) often
contain inclusions of plagioclase, biotite, titan-
ite, and quartz which are oriented parallel to
crystal faces. Plagioclase, biotite, and quartz
also occur in a 2-5mm, hypidiomorphic-granu-
lar groundmass. Normalized to 100 vol%,
groundmass minerals have the following abun-
dances: plagioclase (34+8%); quartz (41+7%);
alkali feldspar (13+3%); biotite (84+3%);
myrmekite (2+2%); titanite (1+1%); and mag-
netite (1+1%). Allanite is present in most PF
groundmass samples studied, exhibiting oscil-
lation zones which are metamict. Accessory
minerals include apatite, zircon, chalcopyrite,
and pyrite.

Plagioclase displays oscillatory zoning with
core compositions typically ranging from An
24-30 and rims, An 24-25 (Table 1A). The
most strongly zoned plagioclase analyzed has a
difference of 4 mol% An between core and
rim. Alkali feldspar megacrysts (Table 1B) are
chemically unzoned and perthitic. The analyses
represent the unmixed potassic phase only,
with the exception of the first analysis of AP17
which was performed while traversing an alkali
feldspar megacryst. This analysis best repre-
sents an estimate of the original igneous alkali
feldspar. The uniform distribution of albite
lamellae in perthites suggest that the feldspars
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were not compositionally zoned prior to sub-
solidus reactions.

Biotite occurs in clusters within the ground-
mass and as inclusions within feldspars, quartz
and titanite. Individual crystals of biotite are
very weakly zoned as rim compositions are
slightly more Fe-rich than cores (Table 1C).
Molar Fe/(Fe+Mg) ranges trom 0.54-0.56 for
cores and 0.53-0.56 for biotite rims (Figure 2).

Medium-Grained Facies:

Grain size typically ranges from 1- 4 mm for

Table 1. Representative microprobe analyses.

the MF. Textures of the MF are micrographic in
some samples and allotriomorphic-granular in
others. Micrographic intergrowths of quartz
(51-52 vol%) in alkali feldspar (37 vol%) are
optically continuous and cuneiform. Additional
primary minerals include plagioclase (9-10
vol%), biotite (1 vol%), and accessory brown-
ish red gamet and magnetite. Garnet separates
were microprobed and are FeO- (21.04 wi%),
MnO- (21.41wt%), and Al,Os-rich (20.81
wt%). Limited biotite analyses indicate an Fe-
enrichment for MF samples compared to PF

1A Plagiocinse feldsp

AP15| AP15 AP15| AP15 AP17 AP17 AP17 AP15
Si0o 62.93 | 62.95 63.11 62.45 63.02 63.52 61.34 62.54
AloOg 23.95 | 23.87 23.74 | 2375 24.21 23.77 25.01 23.91
Fe293 0.05 0.05 0.03 0.03 0.05 0.09 0.04 0.04
CaO 4,91 4.77 4,95 4,64 4,93 4.47 5.80 4.77
NaoO 7.94 8.03 7.91 8.04 7.96 8.23 7.52 8.09
Ko0 0.18 014 0,28 915 0.19 021 0.20 0.20 |
Total 99.97 | 99.80 100.02 99.06 100.36 100.30 99.91 99.56

Cattions ber 8 ()

S| 2776 2.780 2.784 2.779 2.770 2.791 2.718 2.772
Al 1.245 1.243 1.234 1.245 1.254 1.231 1.306 1.249
Fe 0.002 0.002 0.001 0.001 0.002 0.003 0.001 0.001
Ca 0.232 0.226 0.234 0.221 0.232 0.211 0.275 0.227
Na 0.679 0.687 0.676 0.694 0.678 0.701 0.646 0.695
K 0.10 0.008 0.016 0.009 0.011 0.012 0.012 0.11
Total 4,945 4,945 4.945 4.949 4,947 4.948 4,958 4,956
AN 25.2 24.5 253 23.9 25.2 22.8 29.5 24.3
Comment PF core | PFrim | PFcore| PFrm LME core | LME rim LME inc. | PF inc.

AP15 AP15 AP17
Si0» 64.10 63.37 64.60 64.33 63.64
AI?'Oa 19.10 19.04 19.10 19.05 18.75
FeoOq 0.00 0.00 0.02 0.04 0.00
CaO 0.00 0.00 0.00 0.00 0.00
NasO 1.18 1.23 1.38 0.93 0.74
Ko0 1520 | 1518 15.34 15.87 15.65
Total 99.53 98.82 100.44 100.22 98.78

Catlons per 8 (O)

S| 2.969 2.960 2.968 2.968 2.975
Al 1.042 1.048 1.034 1.036 1.033
Fe 0.000 0.000 0.001 0.001 0.000
Ca 0.000 0.000 0.000 0.000 0.000
Na 0.102 0.112 0.123 0.083 0.067
K 0.898 0.905 0.899 0.934 0.933
Total 5.010 5.024 5.025 5.022 5.008
AB:OR:AN 10:90:0 | 11:89:0 | 12:88:0 8:92:0 7:93:0
Comment PF PF LME LME MF ar

12



APPLING GRANITE

Table 1. Continued,

AP22 | AP22 AP15| APiS AP17 AP17
SiOo 34.69 34.60 35.89 36.10 3553 36.00
TiOo 2.94 3.09 3.14 3.25 3.72 3.36
Al,On 17.43 17.21 15.91 16.17 15.69 16.20
Cro01 0.00 0.05 0.0 0.00 0.00 0.00
FeO 22.66 22.97 20.74 19.43 21.62 20.93
MnO 1.24 1.14 0.63 0.65 0.63 0.68
MgO 6.17 6.01 9.39 8.50 9.02 9.18
Na?O 0.05 0.07 0.06 0.07 0.06 0.08
KO 9.86 9.63 10.05 10.06 10.02 9.96
H,O 3.82 3.81 3.89 3.90 3.90 3.92
Total 98.89 98.60 99.73 99.12 100.19 100.31

Cations per 24 (O,0H)

Sl 5.444 5.449 5.523 5.549 5.470 5.504
Al 3.225 3.195 2.884 2.929 2.847 2.920
Cr 0.000 0.000 0.000 0.000 0.000 0.000
Ti 0.348 | 0.366 0.364 | 0.377 0.431 0.386
Fe 2.974 3.026 2.668 2.498 2.784 2.676
Mn 0.166 | 0.152 0.083 0.084 0.082 0.088
Mg 1.444 1.410 2.154 2.176 2.069 2.092
Na 0.016 0.020 0.019 0.020 0.019 0.025
K 1.974| 1.936 1.973 1.973 1.967 1.942
Fe/(Fe+Mg) 0.68 0.69 0.56 0.54 0.58 0.57
Comment MF core | MF rim | PF core | PFrm LME core | LME rim

Crystals were analyzed on several spots; however, data represent one spot only. PF
= porphyrltic facies; LME = large mafic enclaves; MF = medium-grained facles; Inc. =
Incluslon of plagioclase In alkall feldspar megacryst; gr. = alkall feldspar In graphlc
intergrowth with quartz. Blotite H,O calculated assuming 2 formula equivalents.

samples (Figure 2). Muscovite (1-2 vol%) has
partially replaced biotite in some samples.
Titanite and zircon are common accessories
within the weakly porphyritic zone separating
the PF and the MF but are scarce or absent in
MF samples.

Large Mafic Enclaves

Large mafic enclaves are porphyritic, con-
taining perthitic alkali feldspar megacrysts (17-
30 vol%) which are similar in size, composi-
tion, and morphology to those in the PF (Table
1B). The alkali feldspar are surrounded by a
medium-grained groundmass which is mineral-
ogically identical to PF groundmass. The pri-
mary difference between the PF and the LME
is greater abundance of biotite (27-35 vol%),
titanite (1-3 vol%), magnetite (3-5 vol%) and
allanite (up to 1 vol%) in the LME ground-
masses (normalized to 100 vol% groundmass

minerals). Groundmass quartz is depleted in
LME samples (29-35 vol%) compared to PF
samples. The volume percent of plagioclase in
the groundmass (24-37 vol%) is comparable to
values for PF samples.

The most calcic plagioclase (An 32) ana-
lyzed occurs as an optically zoned crystal
within the groundmass. In general, plagioclase
is slightly more calcic in the LME than the PF,
although their compositional ranges overlap.
LME plagioclase cores are typically An 25-30
with rim compositions of An 22-28. Most crys-
tals analyzed are normally zoned about 2-3
mol% An.

Biotite occurs in clusters associated with
titanite and allanite and is essentially unzoned
(Fe/[Mg+Fe] = 56-58). A comparison of biotite
chemistry among facies (Figure 2) suggests
that LME biotite is slightly more Fe-rich than
PF biotite; however, this difference is well
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within analytical error expected for the micro-
probe data.

GEOCHEMISTRY

Whole-rock major elements were analyzed
to classify the facies within the Appling Gran-
ite and provide constraints on possible source
areas for the magmas. Trace element composi-
tions were used to constrain the origin of the
facies within the Appling Granite and further
constrain the possible source area(s). Oxygen
isotope ratios for mineral separates were evalu-
ated to estimate the temperature of isotopic
equilibration and test for magmatic equilibrium
among phases.

2.6 e wr o PF * LME
=y I AA
> .

-
- 2.5} o’
-« o
oa
3 & O
2.4 1 ! ! 1 1
. 04 0.5 0.6 0.7

Molar Fe/(Fe + Mg)

Figure 2. Representative biotite compositions for
Appling Granite facies. Values are in structural for-
mula units calculated on the basis of 24 oxygens.

Major Elements

Volatile-free major element compositions of
PF and MF are characteristic of metaluminous
and peraluminous granite, respectively accord-
ing to the classification of Shand (1951). The
PF is an I-type granite (Chappel and White,
1974} on the basis of its Na,O abundance, nor-
mative corundum composition (Table 2A), and
the presence of titanite and brown-green
biotite. The MF is transitional between I-type
and S-type granite with normative corundum >
1mol%. All facies are calc-alkaline when plot-
ted on an AFM diagram.

14

Groundmass samples of LME are trachyba-
salt to high-K basalt according to the classifica-
tion of Irvine and Baragar (1970).

Trace Elements

Rare earth element (REE) abundances were
determined for five PF sampleg, one MF sam-
ple, and one LME sample containing 30 vol%
alkali feldspar megacrysts., The REE patterns
for the PF exhibit greater variation for light-
REE than heavy-REE. Light-REE values
exceed chondrite values by 80 to 100 times and
La/Lu ratios range from 8-18 (Figure 3A). A
negative Eu-anomaly was observed for all PF
samples. The magnitude of the Eu-anomaly
correlates inversely with increasing La/Lu.

The pattern exhibited by the MF sample is
flatter than those for PF samples (Figures 3A
and 3B). Light-REE abundances are about 50
times chondritic values with a La/Lu of 3. The
magnitude of the negative Eu-anomaly is simi-
lar to that for several PF samples.

Interpretation of REE for the LME sample is
more difficult because it contains alkali feld-
spar which may be xenocrystic. The slope of
the pattern (La/Lu = 11) is comparable to that
of the PF samples. Light-REE chondritic val-
ues for LME exceed those of PF samples by
nearly three orders of magnitude and heavy-
REE by approximately two. These unusually
high abundances are attributed to greater modal
allanite and titanite in the LME.

Plots of trace element data vs SiO, yield
mostly scattered trends with the exception of
those involving Ba and Sr. The Ba content var-
ies linearly with SiO, for PF and MF samples
(Figure 4A). The range of Ba values may cor-
relate with the volume of alkali feldspar mega-
crysts in PF samples (Kp = 6.1; Philpotts and
Schnetzler, 1970). The Ba content in the
biotite-rich LME is remarkably low consider-
ing the apparent compatibility of Ba in the
biotite structure of acidic magmas (Kp = 9.7;
Higuchi and Nagasawa, 1969).

The variation of Sr with SiO, exhibits a
steep negative slope (Figure 4B), again sug-
gesting that alkali feldspar abundance may
explain the range of Sr variation (alkali feld-
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Table 2 A: Representative whole-rock compositions. B: Representative whole-tock trace element abun-
dances.

A AP24 AP22 AP7 AP14 AP19 AP20
SiO2 74,76 74.49 70.44 70.54 50.12 48.10
TiO2 0.15 0.08 0.45 0.49 3.02 3.16
AloO3 14.11 14.10 14.69 14.45 14.57 14.13
FeoO1q 1.06 0.89 2.58 2.96 17.01 19.22
MnO 0.09 0.06 0.06 0.06 0.32 0.35
MgO 0.29 0.15 0.71 0.76 3.46 3.58
Ca0o 0.91 0.98 2.10 2.34 4.07 4.10
NasO 3.52 3.68 3.73 3.74 2.78 254
KoO 5.09 5.52 5.08 4.49 391 4.01
P20s5 0.03 0.02 0.156 0.17 0.73 0.81
Total 99.25 99.77 99.38 99.66 98.16 98.34
LOI 0.85 0.82 0.39 0.31 0.85 0.66
Comment MF MF PF PF LME LME
C.I.P.W. Norms

ap ' 0.07 0.07 0.33 0.38 1.71 1.91
il 0.29 0.21 0.87 0.95 6.11 6.45
mt 0.75 0.52 1.85 2.13 12.86 14.66
or 29.85 29.50 30.27 26.76 24.56 25.40
ab 29.55 32.91 31.86 31.98 25.01 23.05
an 4.27 483 8.39 947 16.40 16.14
di 0 0 0.97 0.95 0 0
hy 0.72 0.40 1.37 1.53 8.97 9.81
c 2.46 1.22 0 0 0.30 0.30
q 32.06 30.35 24.09 25.85 4.07 2.37
B Whole-rock trace elements (ppm)

AP24 APS AP14 AP9 AP11 AP16 AP17
Rb 292 182 173 206 164 149 265
Sr 83 356 351 398 340 309 247
Ba 303 1090 813 1270 797 557 763
Pb 43 29 27 27 22 20 17
Zr 69 213 278 236 260 297 950
Zn 42 50 58 52 52 65 196
La 19.71 30.81 63.84 60.16 57.67 64.99 249.35
Ce 39.4 116.4 129.5 124.3 119.0 131.6 507.9
Nd 15.47 36.83 64.35 53.22 58.02 57.22 23287
Sm 5.15 5.60 8.37 8.13 7.63 8.25 37.96
Eu 0.74 0.95 1.24 1.33 1.19 1.19 474
Tb 0.76 0.75 0.84 0.84 0.81 0.81 477
Yb 3.72 248 2.75 266 2.50 2.69 13.34
Lu 0.58 0.35 0.35 0.33 0.32 0.34 1.73
Comment MF PF PF PF PF PF LME

Total equals the sum of oxides plus LOI (loss on ignition). Calculation of Fe+2/Fe(total) assumes ratio
of 0.60 corresponding to average granite of Le Maitre (1965). Major element composition and Rb, Sr,
Ba, Pb, Zr, and Zn for LME were determined on samples which were separated from alkali feldspar
megacrysts. REE analyses for LME includs alkali feldspar megacrysts. Rb, St, Ba, Pb, Zr, and Zn
anlayzed by X-ray fluorescence. REE analyzed by instrumental neutron activation.
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spar Kp = 3.9; Philpotts and Schnetzler, 1970).
Lower Sr in MF may reflect greater quartz and
lower modal plagioclase and alkali feldspar in
the MF,

Oxygen Isotope Ratios

Variation in §'80 values among minerals
from the same rock can be used to determine
the history of isotopic exchange for the system.
For example, the equilibrium values of Agap
(slﬂoquarlz B 8180alkah feldspar) are different
than those expected for A?l (§'8pgeaits.
8] SObioliu:), or Appp (8180a1ka 1 leldspar _ Slsobi.
oty Such variation is attributed to different
closure temperatures accompanying isotopic
exchanges among the minerals.

Fluids circulating through granitic rocks will
react with feldspars much more readily than
quartz (Criss and Taylor, 1986). As a result,
AqaF is an indicator of magmatic equilibrium
in granites when values occur in the range of
+1.0 to +1.5 (Taylor, 1968, 1978; Ayuso and
others, 1988). For this reason, a comparison of
AQAr values among minerals in the Appling
Granite facies and LME (Table 3) suggests that
magmatic, isotopic partitioning exists for the
MF and LME samples (Figure 5). The AQAF
for the PF is slightly depleted compared to the

1000
] REE: Appling
Granite Porphyritic
s Facies
‘o 100 + (n=5)
o 3
=
e
=
Q
<
e
[
B 10 4
“’ 3
%)
{ All samples from quarry
site (location 1, Figure 1)
1

Nd

L] L] T T T v
La Ce Sm Eu Tb Yb Lu

two other samples. This could have resulted
from exchange of the PF feldspar with an
exsolved fluid phase, or meteoric water, Slower
cooling rocks (e.g., PF) probably experienced a
longer-lived exchange history with local
hydrous {luids. Exchange of local hydrous flu-
ids with the PF may have been limited; how-
cver, as alkali feldspar & °0 is within the range
of values for unaltered I-type granite (7-8 °/o0;
Taylor, 1968, 1978).

Temperatures established during isotopic
equilibration were estimated for the MF, PF,
and LME (Table 3). These correlate with Agar
because the highest temperature facies (MFE =
750°C) also has the lowest Agar The LME
temperature estimate is 700°C and the PF,
400°C. Although these estimates are uncon-
firmed by additional geothermometry, they are
internally consistent with observed isotopic
partitioning (e.g., Agap) among minerals
within the rocks.

DISCUSSION

Features that distinguish the Appling Granite
among other late-Paleozoic granitoids are: 1)
LME which have similar mineralogy to the
host PF; 2) the presence of micrographic tex-

1000
REE: Appling
Granite
]
S 100 -
= :
5 \E\ﬂ
P
g
o 10 -
w
* MF (AP24)
® PF (AP11)
a8 LME (AP17)
I L} ] T ¥ ] L} L T
La Ce Nd Sm Eu Tb Yb Lu

Figure 3 A. Range of compositions for C-1 chondrite-normalized (Taylor, 1980) rare earth (REE) abun-
dances of five Appling Granite PF samples. B. C-1 chondrite-normalized (Taylor, 1980) abundances of rare

earth elements for three Appling Granite samples.
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Figure 4 A. Variation of the trace element Ba with SiO, for Appling Granite samples. B. Variation of the

trace element Sr with SiO, for Appling Granite samples.

Table 3. Oxygen isotopes.

60 70

Si0, (Wt.%)

Alkali teldspar 74 8.3
Matrix feldspar* 7.9 8.4
Muscovite
Biotite 3.7 4.6
Titanite 5.1 4.0
Quartz 8.7 8.9 9.3
AnaF 1.6 0.9 1.0
T(°C) 400 750 700
* mostly plagioclase
ture in the MF; and 3) a transitional zone which Q| Quartz Matrix frldspar
is slightly porphyritic between the coarser- |, aman ral OTIT (mostly
grained PF and the MF. These features will be | g [Biome plagioclase)
used to explain the origin of the LME and MF | 1 [ Titanite Muscovite M
with respect to the PF of the composite pluton.
Large Mafic Enclaves MF BM Mmoo Q
The origin of mafic enclaves in most late- PF | B T A P Q
Paleozoic granitoids in the Southern Appala-
chians has been enigmatic because of their | IME T B m o Q
characteristically small size, scarcity, and lim- ¥ { " " N L

ited study. Speer and others (1989) attributed
the schlieren in the Liberty Hill Pluton to dis-
aggregation of mafic material which originated
by the one of the processes: assimilation of
xenoliths, magma mingling and mixing, or res-
tite unmixing. Others have interpreted the
mafic enclaves as autoliths or skialiths (Speer
and others, 1980). Mineral compositions and

81807,
Figure 5. Oxygen isotope ratios for mineral sepa-
rates within the LME (AP17), PF (AP8), and MF
(AP22). Mineral separates were pure with the
exception of the matrix feldspar which is mostly pla-
gioclase.
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modal abundances of hydrous phases led Whit-
ing and Nusbaum (1989) to suggest that the
mafic enclaves in the Appling Granite are dis-
rupted segregations resulting from magma
inhomogeneity with respect to water.

Three possible models for origin of Appling
Granite LME are considered: 1) xenoliths of
disrupted country rock incorporated during
intrusion; 2) magmatic mafic segregations, or
autoliths; and 3) co-mingled mafic magma.
The Appling Granite intrudes Precambrian
migmatitic biotite-amphibole paragneiss, leu-
cocratic paragneiss, and sillimanite schists
which are intruded by sheets and plugs of
orthogneiss and granite (Secor, 1987). Our
field study indicates that all of the aforemen-
tioned country rocks are present near the mar-
gins of the Appling Granite. Xenoliths of these
rocks are readily distinguished from LME on
the basis of foliation and sharp contacts with
PF. Thus, it is unlikely that the LME are par-
tially assimilated country rock xenoliths.

The choice between the autolith model
(model 2) and co-mingled mafic magma
(model 3) is complex. Both models require that
LME were carried upward in the granite from
depth; however, they differ as to the nature of
the materials from which the LME were
derived. Studies of the Lilesville Granite and
Pee Dee Gabbro (Speer and others, 1980), and
several granitoids of the Sierra Nevada
Batholith (e.g., Barbarin, 1991) indicate that
co-mingled mafic enclaves typically occur as
pillows which are finer-grained than granitic
hosts. Generally, smaller mafic enclaves are
finer-grained due to quenching. Slower cooling
in larger enclaves results in increased grain size
toward the center of the enclave and greater
chemical reaction between the mafic enclaves
and the host granitoid (Barbarin, 1991). The
LME in the Appling Granite are not pillow-
shaped or fine-grained. They may have, how-
ever, experienced extensive chemical reaction
with the host PF.

Biotite in the LME is compositionally identi-
cal to PF biotite (Figure 2). Study of mafic
inclusions in volcanic rocks by Christiansen
and Venchiarutti (1990) indicate that selective
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changes in the composition of mafic inclusions
in granitic plutons are expected, particularly
with respect to alkalis in the mafic inclusions.
These exchanges of components may explain
the preponderance of mafic inclusions in Sierra
Nevada Mountains which contain hydrous sili-
cates such as biotite and amphibole which are
compositionally similar to those in the host
granite (e.g., Vernon, 1984; Reid and Hamil-
ton, 1987; Dodge and Kistler, 1988). Feldspar
compositional identity has been noted for some
Sierra Nevada Batholith mafic enclave-grani-
toid host pairs (Barbarin, 1991). Appling Gran-
ite feldspars are texturally and compositionally
nearly identical with the exception of rare cal-
cium-rich cores in a few LME plagioclase
cores. Overall, feldspar data are suggestive of
equilibration of LME with the PF.

Such identity of mineral compositions has
often been cited as support for the autolith
model, particularly when isotopic signatures
are the same (i.e., Barbarin and others, 1989;
Dodge and Kistler, 1990). This is not the case
for the PF and LME which exhibit distinctly
different oxygen isotopic signatures among
mineral separates. The 8180 values for quartz,
feldspars, and biotite in the LME exceed those
values in the PF (Figure 5). The LME §!%0
values for quartz, alkali feldspar, and plagio-
clase also exceed those of MF minerals;
whereas MF quartz values are intermediate
between PF and LME. These are not trends
expected for an isotopically homogeneous, but
fractionating magma assuming that quartz
8180 values are magmatic.

Further isotopic analysis of additional LME
within the Appling Granite are required to con-
vincingly distinguish between models 2 and 3.
The isotopic heterogeneity exhibited by LME
and PF samples favors model 3. Equilibration
of mafic magma with cooler chemically dis-
tinct silicic magma may result in modification
of the mafic components as anhydrous miner-
als become metamorphosed to hydrous phases
during cooling of the granitic magma (Chris-
tiansen and Venchiarutti, 1990). Disaggrega-
tion and redistribution of the metamorphosed
mafic enclaves within the Appling Granitic
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magma may have followed such a process.

Appling Granite Facies

The genetic association of finer-grained
granitoids and coarse-grained granitoids has
been demonstrated (e.g., Speer and others,
1989). Consider the Liberty Hill Pluton, which
is the best studied of the Late-Paleozoic grani-
toids. The fine-grained facies has higher silica,
incompatible element enrichment, and compat-
ible element depletion compared to the coarse-
grained porphyritic facies; these features are
consistent with fractional crystallization (Speer
and others, 1989). The texture of finer-grained
rock has been attributed to rapid crystallization
in the presence of greater vapor accompanying
pressure release during emplacement (Speer
and others, 1989; Whitney, 1988).

The slightly porphyritic sample between the
PF and MF is indicative of a transition zone
between the PF and MF, Field relations among
the PF, transition zone, and MF suggest that the
Appling Granite magma may have crystallized
with the PF representing a deeper part of the
magma. Support for this is demonstrated by
linear plots of Ba vs SiO, (Figure 4A) and Sr
vs SiO, (Figure 4B). Tilting of the pluton
southward, followed by erosion could account
for the observed field relationships.

The MF of the Appling Granite has the only
occurrence of micrographic texture yet
reported for postmetamorphic granites in the
Southern Appalachians. Although often attrib-
uted to eutectic crystallization, graphic texture
may also reflect kinetically driven, nonequilib-
rium conditions (Fenn, 1986). Several possibil-
ities exist including: volatile release
accompanying distant surface volcanism; or
volatile release accompanying emplacement
and crystallization. The former has been used
to explain the observed changes in texture
within epizonal silicic plutons in the St. Fran-
cois Mountains, Missouri (Sides and others,
1981; Nusbaum, 1980). Although this model is
intriguing, it is unlikely given the greater depth
of emplacement for the plutons in the Kiokee
Belt (Vyhnal and McSween, 1990). Alterna-
tively, volatile enrichment within the melt
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phase accompanying advanced crystallization
and melt degassing may be used to explain the
observed textural relationships between the MF
and PE.

CONCLUSIONS

1. The late-Paleozoic, I-type Appling Gran-
ite is a composite pluton comprised of two
facies: a 12 km? high-silica, medium-grained
facies (MF) characterized by micrographic and
allotriomorphic-granular texture; and a 16 km?
porphyritic facies (PF) containing alkali feld-
spar megacrysts. The contact between MF and
PF is gradational with a weakly porphyritic,
transition zone which was observed between
the MF and PF. Large mafic enclaves (LME) in
the PF are biotite, titanite, magnetite, and allan-
ite rich.

2. Mineral compositions for biotite, plagio-
clase, and alkali feldspar in PF and LME are
nearly identical suggesting that LME may be
recrystallized, disrupted mafic magmatic seg-
regations which originated at a deeper level
within the magma. Oxygen isotopic data for
mineral separates contradict an autolithic ori-
gin for the LME, however, indicating that they
may have originated as co-mingled trachyba-
salt or high-K basalt magma. If this is true, the
compositional identity among minerals may
have resulted from metamorphism of the origi-
nal anyhdrous mafic inclusions.

3, Following substantial crystallization of the
PF, relatively rapid crystallization of the MF
occurred in symphony with vapor exsolution
from the melt phase. Micrographic texture in
the MF may have resulted from nonequilibrium
kinetically driven conditions accompanying the
ascent of the magma.
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APPENDIX: SAMPLE DESCRIP-
TIONS

Site 1: AP1; schlieren in porphyritic facies.
Site 2: AP2; porphyritic facies from Heggies
Rock.

Site 3: AP3, AP4, APS5; biotite-rich, anhedral,
microgranular mafic enclaves in por-
phyritic facies.

AP6, AP7, AP3, AP9, AP10, AP11,
AP12, AP13, AP14, AP15, AP16; por-
phyritic facies from quarry. AP17,
AP18, AP19, AP20; samples from five
meter diameter, medium-grained,
biotite-titanite-allanite mafic enclaves
(LME) from quarry. AP21; eight centi-
meter diameter, fine to medium-
grained biotite-titanite-allanite mafic

Site 4:

enclave.
Site 5: AP22; medium-grained facies with
micrographic texture; sample has

accessory garnet.

Site 6: AP23; medium-grained facies.

Site 7: AP24; gneissic xenolth in porphyritic
facies.

Site 8: AP25; slightly porphyritic granite
believed to be transitional between
porphyritic facies and medium-
grained facies.
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ABSTRACT

An excellent example of a wave- and tide-
dominant shoreline sandstone of the Upper
Devonian Catskill delta complex is exposed in
outcrops of the Cannon Hill Formation of the
Hampshire Group (Famennian) approximately
4 mi (6.4 km) east of Elkins, West Virginia.
The outcrops reveal a massive, 54 ft (18 m)
thick sandstone, informally named the Eliza-
beth sandstone. On the basis of: 1) stratigraphic
position above marine shales and sandstones
and below lagoonal and fluvial sandstones; 2) a
vertical sequence of sedimentary structures
indicating deposition in shoaling water; and 3)
a sequence of sedimentary structures very sim-
ilar to those found on certain modern, barred,
high-energy shorelines, the Elizabeth sand-
stone is interpreted to represent a regressive
foreshore to shoreface sandstone that was
deposited in high-energy environments. The
excellent exposures near Elkins allow detailed
interpretation of shoreface sub-environments
such as rip channel, longshore trough, swash
bar, and swash face. Documentation of these
sub-environments in other ancient sandstones
is scarce.

Shoreline sandstones of the Catskill delta
complex are significant hydrocarbon reser-
voirs; however, because exposures of those
units are rare, few detailed descriptions exist of
outcrop-scale features that may affect reservoir
characteristics in Catskill delta shoreline sand-
stones. Outcrop features of the Elizabeth sand-
stone near Elkins indicate deposition under
conditions of strong wave energy, and numeric
models of the Catskill sea indicate that it was
mesotidal to low macrotidal; therefore, tidal
inlets were probably wide, shallow, and widely

spaced. Permeability trends for reservoir sand-
stones deposited under these conditions would
be parallel to depositional strike and uncompli-
cated by transverse shale breaks or tidal chan-
nel lag deposits.

INTRODUCTION

Sandstones of the Upper Devonian Catskill
delta complex are important hydrocarbon res-
ervoirs in the central Appalachian basin. (Den-
nison, 1971). Abundant subsurface
stratigraphic data from oil and gas wells in Vir-
ginia, West Virginia, and Pennsylvania have
provided detailed information on the geometry
of Catskill delta reservoir sandstones. Catskill
delta shorelines can be placed into three cate-
gories on the basis of their shape: digitate,
embayed, and straight (Boswell, 1988). The
shape of a shoreline is a function of the relative
importance of fluvial influx, and wave and
tidal reworking (Fisher and McGowen, 1969;
Coleman, 1976; Coleman and Prior, 1982). For
example, straight shorelines indicate wave
domination and have been interpreted to repre-
sent deposition in beach and barrier environ-
ments (Coleman, 1976; Galloway, 1986).
Deltaic sandstones are abundant in outcrops of
the Catskill Delta complex; however, because
they are parallel to depositional strike wave-
dominated shoreline sandstones are well repre-
sented only in the subsurface west of the Upper
Devonian outcrop belt. Consequently, interpre-
tations of depositional processes for subsurface
sandstones rely almost entirely on mapped
sand distribution patterns and lack sedimento-
logic detail. Outcrop-scale features such as
internal stratification, frequency and position
of shale breaks, permeability distributions, and
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directional permeability all significantly affect
reservoir characteristics and the movement of
fluid across facies boundaries (Tyler and
Ambrose, 1986). The potential economic
importance of beach and barrier deposits in the
Catskill delta complex and other hydrocarbon-
producing areas, e.g. the Cretaceous interior of
the western U.S. (McCubbin and Brady, 1969;
McCubbin, 1982) and the Gulf Coast (Fisher
and McGowen, 1969) demands that, where
possible, detailed outcrop studies be integrated
with subsurface data to increase the under-
standing of subtle reservoir characteristics and
maximize hydrocarbon recovery.

Along US Route 33 approximately 4 mi (6.4
km) east of Elkins, West Virginia, roadcut
exposures 1.0 mi (0.6 km) east of the crest of
Kelley Mountain (Figs. 1 and 2) reveal what is
probably the finest example of a sandy near-
shore deposit in the Upper Devonian of the
eastern United States. This unit, which corre-
lates with the Elizabeth sandstone of well drill-
ers in the subsurface to the west, has many of
the features seen in modern high-energy shore-
lines. The excellent exposure allows a detailed
facies reconstruction which can be used to
evaluate the elements that affect reservoir
behavior.

Outcrops of the quality discussed here are
rare in West Virginia and are usually confined
to roadcuts. Furthermore, outcrops represent
only small parts of stratigraphic intervals and
deposystems. These factors necessarily limit
the universality of outcrop-based interpreta-
tions, However, the processes that affected
deposition of the Elizabeth sandstone, i.e.
waves and tides, were probably in operation all
along the Catskill Delta shoreline. This may
provide insight to other wave- and tide-domi-
nated shoreline sandstones of the Catskill delta
complex.

The purpose of this paper is twofold: 1) to
describe a unique exposure of an Upper Devo-
nian high-energy shoreline in terms of modern
depositional processes; and 2) discuss how
internal depositional structures of the Elizabeth
sandstone may relate to the movement of fluid
in subsurface hydrocarbon reservoirs of similar
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origin within the Catskill delta complex and
other hydrocarbon-producing areas.

STRATIGRAPHIC SETTING

The Upper Devonian Catskill delta complex
is part of an extensive, eastward thickening
clastic wedge that prograded westward into the
Appalachian foreland basin in response to the
Acadian orogeny (Ettensohn, 1985). In the
vicinity of Elkins, West Virginia, the Catskill
delta complex is approximately 3100ft (954m)
thick, and can be divided into five lithofacies:
black basinal shales; shelf sandstones, silt-
stones, and shales; shelf siltstones and shales;
littoral and fluvio-deltaic sandstones; and red
delta-plain shale and sandstone (Fig. 3)
(Boswell and Donaldson, 1988).

The Catskill deltaic wedge is divided into
numerous chronostratigraphic intervals that
provide workable units for stratigraphic corre-
lation (Boswell and others, 1987). These inter-
vals are bounded by regionally correlatable
shales that closely approximate time lines. The
Elizabeth sandstone is within one of these
intervals and consists of upper and lower sand-
stones. Because the focus of this paper is the
upper unit, it will be referred to herein as “the
Elizabeth sandstone”. Both the Elizabeth and
lower Elizabeth sandstones in the vicinity of
Elkins are part of the Cannon Hill Formation of
the Hampshire|Group (Fig. 2) (Boswell and
others, 1987).

THE ELIZABETH SANDSTONE IN
THE SUBSURFACE

Subsurface Elizabeth sandstone isolith pat-
terns based on mapping of sandstone thick-
nesses observed in gamma ray logs from oil
and gas wells west of the Devonian outcrop
belt in West Virginia indicate a generally
strike-parallel configuration in the subsurface
west of Elkins (Fig. 4a). North and south of the
area shown in Figure 4a regional isolith pat-
terns of the Elizabeth sandstone reveal numer-
ous dip-trending patterns (Boswell and Jewell,
1988). A cross section from the Elkins out-
crops to the subsurface (Fig.4b) shows flat-
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Figure 1: Photograph of the Elizabeth sandstone, showing massive, tabular bedding in lower 30 ft (9.2 m),
and thinner tabular bedding in upper 12 ft (3.7 m).
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Figure 2: Location of outcrops of the Catskill delta complex on Cheat Mountain, 4 mi (6.4 km) east of
Elkins, West Virginia. E=Elkins, R=Rowlesburg.

25



ROBIN JOHN MCDOWELL

oMi, 50
km

sandstone

siltstone and shale

B red shale
[ black shale

D sandstone, siltstone, shale

Figure 3: Lithofacies of the Catskill Delta Complex in a cross section from southeastern Ohio to the western
edge of the Devonian outcrop belt in east-central West Virginia, 1= Hampshire Group, 2= Cannon Hill For-
mation, 3= Price Formation, 4= Rowlesburg Formation, 5= Greenland Gap Formation, 6= Oswayo Forma-
tion, 7= Venango Formation, 8= Riceville Formation, 9= Brallier Formation (after Boswell and Donaldson,

1988). E= Elizabeth sandstone.

bottomed, blocky gamma ray signatures and
westward thinning, Gamma ray signatures of
this type suggest pronounced wave reworking
(Fisher, 1969) and the strike-parallel orienta-
tion suggests locally wave-dominant condi-
tions (Swift and others, 1972). Depositional
strike of the Elizabeth sandstone shoreline in
the study area was approximately north-north-
east.

ELIZABETH SANDSTONE AND
ADJACENT UNITS IN OUTCROP

The Elizabeth sandstone is exposed in road-
cuts along U.S. Route 33 approximately 4.0 mi
(6.4 km) east of Elkins, West Virginia (Fig. 1).
Similar facies are also exposed in cliffs along
Shavers Fork of the Cheat River one mile from
the roadcut exposures. This study is based pri-
marily on the roadcut exposures.

Directly beneath the massive Elizabeth sand-
stone is a 30 ft (9 m) thick sequence of inter-
bedded shale and sandstone (Fig. 5). The shales
are dark brown to dark gray, and contain abun-
dant macerated plant debris and large coalified
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plant fragments. Some of these larger coaly
fragments contain pyrite.

Sandstone beds range from approximately 6
into 3 ft (14 cm to 1 m) in thickness. Two of
the thicker beds contain basal lags of siderite
nodules, articulated brachiopods (Rhynconel-
lida), bivalves (Glossites), and shale clasts.
Bedding above these lags is finely laminated
and hummocky cross-stratified (Dott and Bour-
geois, 1982). Most of the thin sandstones do
not exhibit distinct internal stratification, but
are of a pinch and swell form. This association
of large, fossiliferous, hummocky cross-strati-
fied sandstones; shales rich in plant debris; and
thin pinch-and-swell sandstones in the lower
Elizabeth interval indicate storm deposits of a
shallow-shelf environment (Lewis, 1983;
McDowell, 1988).

The Elizabeth sandstone

The Elizabeth sandstone in outcrop is
approximately 54 ft (17 m) thick, It can be
divided into three units on the basis of grain
size, sedimentary structures, and bedding
thickness. These units are designated, from
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Figure 4: a) subsurface isolith patterns of the Elizabeth sandstone. Contour interval = 2 m. Cross section line
shown. b) cross section from the Elkins outcrop to the nearby subsurface.

youngest to oldest, as A, B, and C (Fig. 5.

Unit C

Unit C is approximately 5 ft (16 m) thick and
consists mainly of fine- to medium-grained
sandstone with scattered, thin lenses of gravel-
sized quartz. Bedding is massive and exhibits
broad, shallow, trough crossbedding. Overlying
the crossbedded sandstone are two beds of hor-
izontally laminated sandstone 16 in (.4 m) and
10 in (0.25 m) thick, each containing basal lags
of shale clasts. No fossils are visible in this part
of the Elizabeth sandstone, except for scattered
Arenocolites burrows that extend down from

bedding planes.

Unit B

The contact between units B and C is grada-
tional. Unit B is approximately 25 ft (8 m)
thick and consists of medium-grained to pebbly
sandstone with abundant lenses and stringers of
very coarse-grained to granule-sized quartz.
The largest pebble diameter measured in this
unit is 1.25 in (3.1 cm). Bedding in unit B is
massive, and includes a very complex assem-
blage of sedimentary structures.

Any sedimentary structures that may have
existed in the lower five feet of unit B have

27



ROBIN JOHN MCDOWELL

been largely obscured by bioturbation,
Skolithos and Arenocolites burrows are abun-
dant. This bioturbated zone is overlain by a
crossbedded, very coarse-grained to pebbly
sandstone in wedge-shaped bedsets that have
an average thickness of approximately 3-4 in
(8-10 cm). Sedimentary structures of this size

Arinnta srmit D oeaais thann svnialada
exceptions (Fig. 5):

1) Approximately 10.0 ft (3.1 m) above the
base of the unit a laterally continuous shaly
parting overlies large-scale current ripples
(dunes) in very coarse-grained sandstone. The
dunes have amplitudes of 0.5 in (3.4 cm) and a
wavelength of 0.1 ft (3.0 cm). Dune crests
trend N12°E, and dune cross-lamination dips to
the northwest. Beneath these dunes, other
cross-lamination sets indicate multi-direc-
tional flow.

2) Directly above the shaly parting that cov-
ers the dunes is a large (16 in, 40 cm) bedset of
crossbeds in very coarse-grained to gravelly
sandstone. Individual crossbeds are tangential
and do not appear to show a systematic varia-
tion in grain size from top to bottom. The
crossbeds, which can be seen in three dimen-
sions, dip uniformly to the northeast. This bed-
set is overlain by medium scale wedge-shaped
crossbed sets that dominate the unit,

3) Approximately 5 ft (1.5 m) above the
large tangential crossbeds is a bedset of large-
scale trough crossbeds in medium- to coarse-
grained sandstone. This trough set is approxi-
mately 16 in (0.36 m) thick, and the axis of the
trough trends N50°E.

Unit A

Unit A is separated from unit B by a thin
shale that is continuous for the length of the
outcrop (approx. 800 ft, or 246m). The lower 4
ft (1.2 m) of unit A consists of thin- to
medium-bedded, medium- to fine-grained
sandstone that exhibits horizontal and subhori-
zontal lamination, and, in one location, east-
ward-dipping  large-scale  planar  cross-
bedding. Bedding planes in this zone are typ-
ically micaceous; and thin, discontinuous, rip-
pled shale partings are common. Arenocolites
burrows are abundant in this interval. A large

LY
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(20 in, 0.45 m) bedset of trough crossbedding
overlies the thin- to medium-bedded zone in
medium-grained to pebbly sandstone. Unit A is
capped by approximately 5 ft (1.5 m) of
medium-grained sandstone which has horizon-
tal and subhorizontal laminations. Bedding is
thick to very thick, and shaly partlngs are
faic, L\UUL Uluu,uuauuu call UG Sl m LIlt}
upper few centimeters of the Elizabeth sand-
stone, and the contact with the overlying shale

is sharp.

Units overlying the Elizabeth sandstone

A gray to reddish-gray shale containing the
brackish-water brachiopod Lingula overlies the
Elizabeth sandstone (Fig. 5). Above the shale is
a sandstone that has convolute bedding at the
base that is directly overlain by a quartz pebble
conglomerate with eastward-directed crossbed-
ding. The conglomerate contains articulated
Rhynconellida and Glossites, and trepostome
bryozoans. The conglomerate extends the
entire length of the outcrop, a distance of 800 ft
(246 m), at a constant stratigraphic horizon
suggesting a single depositional event. Above
the conglomeratic sandstone is a massive, 32 ft
(10 m) thick, medium-to fine-grained sand-
stone that has large, laterally continuous, con-
cave-upward, scour surfaces within the
sandstone. These surfaces are marked by lags
of quartz pebbles, siderite nodules, and shale
intraclasts with a distinctive red color. At the
top, the sandstone interfingers with an overly-
ing red shale.

The presence of Lingula in the reddish gray
shale directly above the Elizabeth sandstone
indicate a brackish-water lagoonal environ-
ment. The fossiliferous beds are capped by a
storm or washover deposit which is represented
by the conglomeratic sandstone. The sandstone
containing channel lags and scour surfaces rep-
resents progradation of a fluvial deposystem
over a lagoonal environment. This latter sand-
stone unit is the lower Bayard sandstone and
corresponds to a large-scale offlap noted in the
subsurface by Boswell and Jewell (1988) and
McDowell (1988).
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lower Bayard
sandstone

upper Elizabeth sandstone

lower
Elizabeth
sandstone

Figure 5: Columnar section of the Elizabeth sandstone and associated units, showing sedimentary structures
and subintervals. Numbers next to right-hand column refer to structures described in text. Arrows indicate

paleocurrent directions.
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Figure 6: a) Shoreline-parallel facies belts of the shoreface and foreshore zone in non-barred systems.
Bedforms not to scale (from Clifton and others, 1971); b) Morphology of foreshore and shoreface zones
complicated by oblique bar, longshore trough, and rip channels. These subenvironments occur within the
inner rough facies. Arrows indicate direction and relative magnitude of oscillatory or unidirectional flow
(from Hunter and others, 1979).
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MODELS OF NEARSHORE DEPOSI-
TION AND GENERAL CHARACTER-
ISTICS OF THE ELIZABETH
SANDSTONE

The dominant processes affecting sediment
dispersal and deposition in the nearshore envi-
ronment ara lonochare currante vin curranto
ronment are longchore currents, rin currentg,
tidal currents, and waves. In the foreshore envi-
ronment this situation is modified by the pres-

ence of swash bars.

The nearshore environment can be subdi-
vided into three zones: offshore, shoreface, and
foreshore. Clifton and others (1971) have fur-
ther subdivided the shoreface and foreshore
into shore-parallel “facies belts” on basis of
wave-generated bedforms. These are: outer
rough, outer planar, inner rough, and inner pla-
nar (Fig. 6a). In the lower shoreface (the outer
rough facies), net onshore wave oscillation
causes the formation of lunate and straight-
crested dunes of low amplitude and landward-
directed planar or shallow trough crossbed-
ding. In shallower water, these bedforms are
ecither washed out or do not form because of
upper flow regime conditions, resulting in the
plane bed configuration of the outer planar
facies. In the surf zone (the inner rough facies),
waves break and travel landward as a wave
bore, producing complex bedforms that indi-
cate dominantly landward current directions.
Finally, flow up and down the swash face cre-
ates the plane bed of the inner planar facies.
The facies belts may migrate as a function of
wave energy and tides, but in nearshore envi-
ronments uncomplicated by the presence of
offshore bars (a non-barred system) the relative
position of the zones is invariable (Clifton and
others, 1971).

A nearshore environment that is similar to
the non-barred system of Clifton and others
(1971), but with nearshore bars is described by
Hunter and others (1979). Most of the near-
shore bars are connected to the beach and
extend seaward oblique to the shoreline (Fig.
6b). Between the bars and the swash face are
longshore troughs that parallel the shoreline
and bend seaward into rip channels. In the
longshore trough, current flow is dominantly
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parallel or oblique to the shore as reflected in
the orientation of dunes. Dunes that form in rip
channels are dominantly seaward facing, but
this is complicated by onshore wave oscillation
at different tide levels and wave regimes. At
the seaward end of the rip channels, small
mouth bars are deposited and are covered with
dominantly scaward-facing dunes. During low
tide, these dunes may be partially washed out
by waves, resulting in upper-flow-regime plane
bed.

The combination of onshore-directed wave
oscillation, longshore currents, and offshore-
directed rip currents operating over a complex
shoreface morphology results in a complex
assemblage of sedimentary structures. In a
regressive shoreline environment these struc-
tures should occur in a predictable sequence
with respect to lower shoreface and foreshore
structures (Clifton and others, 1971).

Figure 7 summarizes the predicted sedimen-
tary structures, subenvironments, and hydrody-
namic processes in regressive barred and non-
barred nearshore systems. Table I also presents
the succession of sedimentary structures in the
Elizabeth sandstone. Four observations are
important: 1) The Elizabeth sandstone exhibits
a succession of sedimentary structures analo-
gous to the outer rough, outer planar, inner
rough, and inner planar facies of both modem
examples. 2) The most complex assemblage of
sedimentary structures of the Elizabeth sand-
stone are coincident with the coarsest grain
size, as in both barred and non-barred modem
systems. 3) The large-scale trough and planar
crossbeds in the coarse to pebbly zones of the
Elizabeth sandstone are very similar to those
described by Hunter and others (1979), who
attributed them to relatively strong unidirec-
tional or strongly asymmetric oscillatory flow
in barred nearshore systems. 4) The Elizabeth
sandstone is overlain by fluvial and washover
sandstone and overlies marine-fossil bearing
shale and sandstone,

INTERPRETATION

The Elizabeth sandstone, which overlies
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Figure 7. Comparison of sedimentary structures, hydrodynamics, and subenvironments of deposition for
non-barred and barred shorelines, and the Elizabeth sandstone. Sp = planar crossbeds, St = trough cross-

beds, lgs = longshore, sh = shoreward, sw = seaward.

shelf deposits of the lower Elizabeth interval
and is overlain by lagoonal and fluvial deposits
of the lower Bayard sandstone, is in the appro-
priate stratigraphic position for a regressive
shoreline deposit. The Elizabeth sandstone
exhibits a sequence of sedimentary structures
reflecting deposition in a regressive shoreline
setting, i.e. progressively shallower and higher-
energy environments, as is documented in Fig-
ure 7.

Unit C of the Elizabeth sandstone represents
deposition in lower to upper shoreface environ-
ments. Broad, shallow trough- crossbedding
overlain by horizontally laminated sandstone is
typical of the outer rough and outer planar
facies. Storm influence is indicated by the units
directly below the Elizabeth sandstone.

Unit B of the Elizabeth sandstone was
deposited in the upper shoreface environment.
As the specific hydrodynamics, morphology,
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Figure 8. Variability of upper shoreface characteristics as a function of wave or tide dominance. Diagrams
a,¢, and e show upper and lower shoreface geometries. Diagrams b,d, and f show details of tidal-inlet fill.
US = upper shoreface; LS = lower shoreface; k = permeability, arrows indicate principal directions of per-
meability (after Hubbard and others,1979; Galloway,1986; and Tyler and Ambrose,1986).

and location of the shoreface subenvironments
may vary widely with changing conditions
such as wave energy, tides, and storms (Hunter
and others, 1979), it may not be possible to
accurately identify the specific subenviron-
ments in the Elizabeth sandstone. However, the
dominance of multidirectional, but dominantly
shoreward-directed, medium-scale crossbed-
ding (Fig. 5) reflects the complex interaction in
the upper shoreface of onshore wave oscilla-
tion, seaward or oblique rip currents, and long-
shore currents. In this context, the large,
eastward-directed planar crossbed set probably
represents landward migration of a large sand
wave or swash bar as a result of landward-
directed wave oscillation. The large, northeast-
directed, trough crossbed set may reflect lunate
dunes formed in a rip channel or longshore
trough.

Foreshore deposition is represented by unit
A. The horizontal and sub-horizontal lamina-
tion that comprises most of this zone is typical
of swash-zone deposition. Landward-directed
planar crossbedding associated with rippled
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shaly partings suggests a local ridge-and-run-
nel environment rather than a high-energy
longshore trough (Davis and others, 1972). A
longshore trough is indicated by the deep
trough crossbed set (axis trends N10°E) in unit
A. The relative abundance of argillaceous sedi-
ment in the lower four feet of unit A is some-
what problematic. The fine grain size may
reflect either a greater input of mud and silt
from a nearby sediment dispersal source or a
local decrease in wave energy.

Numerical models of the Catskill sea (Sling-
erland, 1986) indicate that the Devonian shore-
line in West Virginia was probably mesotidal to
low macrotidal, and thus would be expected to
show some evidence of strong tidal influence,
The typical spacing of tidal inlets on tide-dom-
inant coastlines is far greater than the width of
the outcrops discussed here; however, the lack
of channel-fill deposits in the Elizabeth sand-
stone at Elkins suggests that tidal inlet migra-
tion was not extensive. This seems
contradictory to models of wave-dominant bar-
rier systems in which wave-induced longshore
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currents cause inlets to migrate in a down-cur-
rent direction. The sedimentary structures
described here do indicate strong wave energy,
suggesting that tidal inlets of the Elizabeth
sandstone barrier island may have been transi-
tional in character between deeply entrenched,
stable inlets of a tide-dominant system and rap-
idly shifting, unstable inlets of a wave-domi-
nant system. Transitional inlets of this type are
widely-spaced, have large width/depth ratios,
and have variable channel characteristics (Hub-
bard and others, 1979). The Elizabeth sand-
stone may thus reflect a balance between high
wave energy and strong tidal currents.

Deltaic facies are found in outcrops of the
Elizabeth sandstone approximately 30 miles
(50 km) to the north along depositional strike at
Rowlesburg, WV (Fig. 2). Boswell and Jewell
(1988) have mapped large depocenters of Eliz-
abeth sandstone in the subsurface 10 miles (16
km) north of Rowlesburg and approximately
15 miles (25 km) south of Elkins. The high vol-
ume of sandstone at Elkins is probably a result
of a prolific sediment source from one or both
of these nearby delta systems, suggesting that
the Elizabeth shoreline exposed at Elkins rep-
resents a delta margin or interdeltaic barrier. It
also indicates that dispersive wave energy was
high.

EFFECT OF DEPOSITIONAL ENVI-
RONMENT ON RESERVOIR CHAR-
ACTERISTICS

Because inlets may have been widely spaced
and shallow during deposition of the Elizabeth
sandstone, permeability barriers that would be
created by abundant inlet fill, such as mud
drapes on accretionary bedding and slack water
mud drapes in the channel bottom, may be
insignificant in the Elizabeth sandstone and
sandstones of similar origin. Indeed, the only
significant shale breaks seen in outcrop are
bedding-parallel and would act as permeability
barriers only to vertical flow. Because the
facies belts of a barred shoreface are parallel to
the shoreline, reservoirs in barred shoreface
sandstones would likely be characterized by
permeability trends parallel to depositional

strike rather than compartmentalized by deep,
widely spaced or numerous, closely spaced
inlet-fill deposits transverse to depositional
strike.

Figure 8 shows block diagrams through the
centers of different barrier island models based
on varying degrees of wave, tide, and fluvial
dispersion of sediment. The principal differ-
ences with respect to permeability barriers are
the spacing and thickness of tidal inlet and ebb
tidal delta deposits. In the example of tide-
dominant shorelines, entrenched tidal inlets
provide permeability trends and barriers trans-
verse to the barrier island core (Fig. 8a). This
may be complicated by the occurrence of slack
water mud drapes on channel margins and on
ebb tidal delta surfaces (Fig. 8b). Figure 8c
depicts a wave-dominant system with numer-
ous, closely-spaced inlet-fill deposits. Ebb tidal
deltas would be small and lacking in mud
because of wave energy, but the numerous
channel-fill deposits could act to significantly
complicate permeability due to the presence of
channel-bottom mud drapes or channel lags
(Fig. 8d). Extensive migration of these inlets
could result in a very heterogeneous reservoir.
The Elizabeth sandstone is most similar to Fig-
ure 8e, in which wave and tidal energy are bal-
anced to produce compositionally mature sands
between widely-spaced, shallow inlets. Ebb
tidal deltas would also be relatively mud-free.
The result would be a reservoir with permeabil-
ity directions parallel to depositional strike
uncomplicated by transverse shale breaks (Fig.
8e).

CONCLUSIONS

The Elizabeth sandstone is interpreted to
represent a nearshore deposit of a barred, high-
energy, wave- and tide-dominant system
affected by strong longshore and offshore-
directed rip currents. This interpretation is
made on the basis of: 1) the stratigraphic posi-
tion of the Elizabeth sandstone between subja-
cent shelf deposits and superjacent lagoonal
and fluvial sandstones; 2) a sequence of sedi-
mentary structures that indicates progressively
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shallower water and higher energy conditions;
3) sedimentary structures very similar to those
observed in modern, high-energy shoreline
sands; and 4) a lack of tidal inlet-fill deposits.
The three subdivisions of the unit represent
deposition in, from bottom to top, the lower to
upper shoreface where net landward wave
oscillation caused the development of broad,
shallow trough crossbedding and plane beds
(unit C); lower foreshore environment where
strongly asymmetric landward wave oscilla-
tion, longshore currents, and rip ‘currents cre-
ated a complex assemblage of trough and
planar cross beds (unit B); and the upper fore-
shore or swash face where wave swash caused
the development of upper-flow-regime plane
bed (unit A).

The entire Catskill sea was interpreted by
Slingerland (1986) to have been high mesotidal
to low macrotidal; however, the lack of tidal-
channel-fill deposits in the Elizabeth sandstone
near Elkins and the sedimentary structures
diagnostic of high wave energy indicate that
tidal inlets of the Elizabeth shoreline between
the adjacent depocenters did not migrate exten-
sively, and may have been widely spaced and
shallow. Permeability barriers associated with
tidal inlet fill deposits are probably scarce in
the shoreface parts of the Elizabeth sandstone
near Elkins, meaning that principal reservoir
permeability is parallel to depositional strike.
Some subsurface shoreline sandstones of the
Catskill delta complex and other hydrocarbon-
producing areas interpreted as resulting from
wave dominance may have the hybrid charac-
teristics of the Elizabeth sandstone and thus
exhibit similar strike-parallel, outcrop-scale
permeability trends.
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ABSTRACT

A model of the Dunbarton extensional basin
is presented in which the gravity and magnetic
anomalies are modeled simultaneously. The
model is constrained by core from 36 drill
holes, transient electromagnetic, and seismic
data. It is shown that the geometry and extent
of the Dunbarton basin-can be determined from
the gravity data after the interference from
mafic bodies has been excluded.

INTRODUCTION

Many fault-bounded, elongate depositional
basins occur along the-eastern coast of North
America (Froelich and Olsen, 1984). These
basins contain mafic volcanics and sediments
as old as Late Triassic (Carnian) and are asso-
ciated with the crustal thinning and rifting
phase of North American Atlantic continental
margin development. The basins occur as rela-
tively narrow, trough-like structures in the
Piedmont, and some are partially to completely
covered by Coastal Plain sediments. Gravity
and magnetic modeling, ideally complemented
by drill core, are potentially useful geophysical
techniques for resolving the structure and

1. Current address: Environmental Monitoring
Section, Westinghouse Savannah River Co.,
Aiken, SC 29808.

geometry of the basins covered by Coastal
Plain sediments.

The gravity and magnetic anomalies associ-
ated with Mesozoic extensional basins along
the North American Continental margin are
highly variable. This variability is presumably
due to the presence of both high density, high
magnetic susceptibility mafic rocks and low
density, low magnetic susceptibility sedimen-
tary rocks. The magnetic signature can range
from anomalous highs over the basin (Bain and
Harvey, 1977), to anomalous lows (Marine and
Siple, 1974), to no response at all (Hanson,
1988). The gravitational response is less varied
but is still not straightforward in that in some
cases no gravity low is present and where
anomalous gravity lows are found their magni-
tude is sometimes not sufficient to account for
the relatively low density sedimentary fill (Bell
and others, 1988). A 15-20 mgal gravity high is
associated with the hanging wall of the struc-
tural units that form some of these basins. Bell
and others (1988) noticed that this gravity high
is typically composed of two features: rela-
tively short wavelength (50 km), approxi-
mately 25 mgal “inner gravity high” that
occurs just to the east of the basin, and a
broader (100 km) 20 mgal “outer gravity high”
further to the southeast. Although, the “outer
gravity high” sometimes appears to merge with
the “inner gravity high”, This variable geo-
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physical signature is attributed to the presence
of mafic rocks both within and near the basins,
resulting in localized magnetic anomalies
(Sumner, 1977) and a mass excess (Bell and
others, 1988). The interference produced by
these mafic rocks complicates detailed model-
ing of individual basin structure and geometry.
simultaneous modeling of the gravity and
magnetic anomalies can significantly reduce
this problem since use of both magnetic and
gravity modeling may provide additional con-
straints on the system (Guspi and Introcaso,
1988).

DUNBARTON BASIN
The Dunbarton Triassic basin beneath the

Coastal Plain of South Carolina coincides with
both a gravity and magnetic low. The general
extent and shape of the Dunbarton basin was
originally presented by Marine and Siple
(1974) based on core from wells that pene-
trated approximately 350 m. of Coastal Plain
sediments, and from an aeromagnetic contour
map (Petty and others, 1965) in conjunction
with a limited amount of seismic data. Marine
and Siple (1974) attributed the anomalous
magnetic low to greater depths to crystalline
magnetic basement rock beneath the basin.
They also noted a major change in the nature of
the metamorphic basement to the south. Since
sediments in the basin have a very low mag-
netic susceptibility, the magnetic signal from
high magnetic susceptibility rocks to the south

N

-
-

Guif of Mexico

200 km

Figure 1. Location of Mesozoic extensional basins along the North American Atlantic margin. Savannah
River Site and Dunbarton Triassic basin indicated (adapted from Marine and Siple, 1974).
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of the basin may potentially obscure or domi-
nate the magnetic signature of the basin itself
and therefore make delineation of the basin
geometry from magnetic data alone imprecise.
This study presents the results of simulta-
neous modeling of gravity and magnetic data,
with constraints provided both by drill core,
seismic refraction, and transient electromag-
netic data. This modeling will demonstrate that
the magnetic signature alone is poorly suited to
detailed modeling of the basin geometry due to
interference from surrounding mafic bodies.

GEOLOGIC SETTING AND GEO-
LOGIC CONTROL

The Savannah River Site (SRS) occurs in the
Coastal Plain of South: Carolina adjacent to the
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Savannah River, approximately 20 miles south-
east of the nearest exposure of the Piedmont -
Coastal Plain unconformity (Figure 1). The
Dunbarton basin underlies the southeastem
half of SRS where the Coastal Plain sequence
increases in thickness from approximately 200
m to the northwest of SRS to over 350 m to the
south.

The Piedmont exposed northwest of the
Coastal Plain in this region (Maher, 1979;
Secor and others, 1986; Secor, 1987) consists
of amphibolite facies gneisses and schists of
the Kiokee Belt to the northwest separated by
the Augusta fault from a sequence of green-
schist facies volcanic and volcaniclastic rocks
(Belair Belt). The Kiokee belt and the tectonic
boundary between the Kiokee belt and Belair
belt is intruded by variably deformed, late

810 30’

o L &

", LITHOLOGIES

1 TRIASSIC - JURASSIC ?
= =] CLASTIC SEDIMENTS

METAVOLCANICS

PENETRATIVELY DEFORMED
MAFIC TO ULTRAMAFIC ROCKS

AMPHIBOLITE, BIOTITE GNEISS

Figure 2. Sub-Coastal Plain geologic map of SRS with the location of wells that recovered drill core from

the Piedmont beneath SRS indicated.
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Dunbarton
Basin
Boundary

Figure 3. Seismic refraction velocities (kms'l) from the Piedmont beneath the SRS. Approximate location
of boundary between crystalline basement and Dunbarton basin indicated. Magnetic highs shaded.

Paleozoic (Dallmeyer and others, 1986) gra-
nitic plutons.

Information concerning the sub-Coastal
Plain geology beneath SRS is derived primarily
from drill core. The location of wells that have
recovered core from the basement beneath the
Coastal Plain and the associated lithologies are
illustrated on Figure 2. Several wells (DRB9,
DRB10, DRBI11, P5R, P12R, PCP1, P25,
PBF2, PBF5, PBF6, PBF7, and PBF8) recov-
ered immature, clastic sediments that are asso-
ciated with the Dunbarton basin. These
sediments are assumed to be Triassic - Juras-
sic? in age based on their similarity to sedi-
ments found in other Triassic basins (Marine
and Siple, 1974). Well DRB-9 penetrated
approximately 490 m of clastic sediments
before passing into deformed granodiorites in
the basement. North of the wells that intersect
Triassic sedimentary rocks wells DRB1-8,
SSW1-3, HPC1, H1, P6R, P7R, P8, P9, CPC1,
PBF1, PBF3, and PBF4 did not intersect any
Triassic rock. These wells show that the Trias-
sic sequence is missing in this area. Rocks
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from these wells are quartz-feldspathic schists,
gneisses, amphibolite, hormblende - chlorite
schists, metagabbro, and serpentinite, some of
which record penetrative mylonitic and cata-
clastic fabrics indicating the presence of meta-
morphic rocks with felsic, mafic, and
ultramafic protoliths. These rocks show litho-
logic and metamorphic characteristics more
similar to those of the higher grade Kiokee Belt
than those of the lower grade Belair Belt. At
least one well, P30, recovered greenschist
grade metavolcanics indicating that rocks simi-
lar to the Belair belt are present beneath the
northern part of SRS. This implies that some
sort of tectonic boundary is present in the base-
ment separating the greenschist metavolcanic
terrain from the amphibolite facies terrain.
Structure contour mapping (Westinghouse
Savannah River Co., 1989) of the Piedmont -
Coastal Plain interface based on these wells
indicate that this surface is essentially flat on a
regional scale with a gentle southeast slope and
very little topographic relief,

The sparse distribution of the few wells that
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sampled the sub-Coastal Plain Piedmont can
provide only a spotty picture of the geology
beneath SRS, but extrapolation of the geology
between wells and to other parts of SRS is pro-
vided in a general sense by previous geophysi-
cal studies. A seismic reflection - refraction
survey by CONOCO sampled basement (sub-
Coastal Plain) velocities in several locations
(Figure 3). Refraction velocities for Piedmont
and Triassic rocks have previously been deter-
mined by Bonini and Woollard (1960) and are
presented in Table 1. Bonini and Woollard
(1960) saw no significant difference in gneiss,
schist, and granite refraction velocities,
although the mafic rocks and Triassic sedi-
ments show distinctive differences. As can be
seen from Figure 3 the lower velocities consis-
tent with Triassic lithologies are found in the
southern part of SRS and can be correlated
very well with wells that recovered Triassic
rocks. The closest constraint on the Piedmont -
Triassic contact is provided by well pairs PBF1
- PBF2, PBF3 - PBFS, and PBF4 - PBF5. The
Picdmont - Triassic contact as determined from
these wells is very close to the interpolated
location of the 5.4 km/sec. refraction velocity
contour (Figure 3) consistent with the data of
Bonini and Woollard (1960). Seismic refrac-
tion data also indicate a pronounced elongate
area of velocities greater than 6.0 km/sec. in
the northern part of SRS (Figure 3). These
refraction velocities are consistent with the
presence of mafic rocks and this is confirmed
by wells recovering core from this area.

Although the CONOCO seismic reflection
survey did not image the Triassic basin, a band
of multiple event reflections are present that
dip approximately 25 degrees southeast and
project to the Piedmont - Coastal Plain inter-
face in the northern part of SRS. The locality
where these reflectors project is coincident
with the elongate area of high velocities deter-
mined from the refraction data (Figure 3).
Based on the occurrence of rocks with penetra-
tive strain in drill core from this area and the
presence of a distinctive magnetic lineament
these reflectors have been previously inter-
preted to be a fault in the Piedmont with a com-

plex, poly-deformational history. This fault has
been associated with the extensional develop-
ment of the Dunbarton Triassic basin.

A transient electromagnetic survey (TEM) of
SRS has also placed constraints on the general
extent and depth of the Dunbarton Basin, Fig-
ure 4 shows depth to resistive basement for
SRS as determined by the TEM survey. Inter-
pretation of TEM data is sensitive to the choice
of an initial depth-resistivity model. Where
well control is available to provide an initial
model, results are quite good. There are no
wells to establish model constraints for the
entire thickness of the Triassic rocks. Therefore
we consider the estimate of depth to basement
within the basin to be no better than +/- 10 per-
cent.

Table 1. Seismic Refraction Velocities for Piedmont
Rocks (from Bonini and Woollard, 1960)

Lithology (‘l/(‘:i:)/:ietcy)
gneiss, schist, slate, granitic 54
rocks
mafic rocks 6.8
Triassic sediments 37
MAGNETIC DATA SET

Figure 5 shows an aeromagnetic contour
map of SRS and surrounding area. This is a
portion of a total intensity aeromagnetic con-
tour map produced by Petty and others (1965).
Data collection for this map was accomplished
with northwest - southeast flight lines 1 mile
apart and 500 ft. above the ground.

Several general features can be seen on the
aeromagnetic data. A subelliptical shaped, -200
nT, northeast trending magnetic low occurs in
the southern part of SRS. As previously dis-
cussed, this area generally coincides with the
Dunbarton Triassic basin as determined from
drill core and seismic refraction velocities.
Immediately southeast of this magnetic low is a
magnetic high region composed of several
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Figure 4. Contoured depth (ft) to resistive basemént for SRS as determined by transient electromagnetic sur-

vey.

closely spaced elongate to circular magnetic
highs, some of which have amplitudes of 1500
nT. These magnetic highs are associated with
gravitational highs and have previously been
interpreted as mafic intrusions (Daniels, 1974
Daniels and others, 1983). Along the northem
edge of the subelliptical magnetic low over the
Dunbarton Triassic basin is a northeast - south-
west trending magnetic lineament, This linea-
ment is defined by several elongate, 300 nT
magnetic highs and associated magnetic lows
that form a narrow, linear magnetic anomaly.
Based on seismic refraction velocities and drill
core the magnetic highs can be associated with
the presence of metamorphosed mafic and
ultramafic rocks. As discussed previously this
magnetic lineament has been interpreted as a
fault in the Piedmont and correlated with the
Eastern Piedmont fault system and the exten-
sional development of the Dunbarton Triassic
basin. The occurrence of magnetic lows on the
northwestern side of the lineament are consis-
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tent with southeast dipping magnetic bodies.

For modeling purposes 3 northwest - south-
east transects across SRS and surrounding
areas (Figure 5) were digitized at 0.5 km inter-
vals. This orientation was chosen because it
was perpendicular to the strike of all the fea-
tures of interest in the model.

GRAVITY DATA SET

Gravity data for this study (Figure 6) were
compiled from three sources. A ground mag-
netic and gravity survey was conducted as part
of the Dunbarton Basin study reported by
Marine and Siple, 1974. A regional line in this
study extended from approximately the center
of SRS to Fairfax, South Carolina, 50 km to the
southeast. A second source is the simple Bou-
guer anomaly map of South Carolina (Talwani
and others, 1975). A third source is a detailed
gravity survey conducted by Anderson (1990).

The gravity data show features that can be
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ey 7%

Figure 5. Total intensity aeromagnetic contour map of SRS and surrounding area (adapted from Petty and
others, 1965). Locations of magnetic profile lines used for modeling indicated. Distance along lines indi-

cated in kilometers.

generally associated with previously discussed
magnetic anomalies. An elongate low approxi-
mately -5 to -10 mgal occurs in the location of
the Dunbarton Triassic basin. The minimum in
the gravity data occurs to the northwest of the
minimum in the corresponding magnetic low.
Southeast of the Dunbarton basin gravity low, a
10 - 15 mgal gravity high occurs in association
with the magnetic high seen in this area. As

mentioned previously, this is probably indica-
tive of mafic intrusions. In the east central part
of SRS, in proximity to the previously dis-
cussed magnetic lineament, several short-
wavelength (0.5 - 1.0 km) anomalous areas
occur as indicated by the sinuous nature of the
gravity contours. This short-wavelength behav-
jor in the gravity data indicate relatively shal-
low sharp density gradients and are probably
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Figure 6. Simple Bouguer gravity anomaly map of SRS and surrounding area contoured at 1 mgal interval.
Locations of gravity profile lines used for modeling indicated. From Anderson, 1990.

associated with the metamorphosed mafic bod-
ies that produce the elongate magnetic highs in
this area. The gravity data show a distinct -10
to -15 mgal gravity low north of SRS that is not
clearly associated with any characteristic mag-
netic feature. Wells recovering core or cuttings
from this area indicate that the gravity low cor-
responds to a monzogranite pluton (Daniels,
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1974; Speer, 1982).

For the model, 3 northwest - southeast trend-
ing transects were digitized at 0.5 km intervals
from the gravity contour map. These transects
were in the same location as those used for the
magnetic data,
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MODELING METHOD AND PARAM-
ETER SELECTION

Gravity and magnetic modeling was done
with the program MAGIX produced by
INTERPEX Limited. The program utilizes a
2.5 dimension model. The geologic model is
input to the program as simple geometric
shapes with a given strike length and density or
magnetic susceptibility. The program will then
calculate the resulting gravity or magnetic pro-
file that is placed symmetrically along the top
of the model so that it can be compared with
the actual data. An inversion capability is also
provided that will make a least squares adjust-
ment to the model to improve the fit of the
computed profile to the data.

The input parameters for the magnetic model
are the inclination and intensity of the Earth's
magnetic field and the magnetic susceptibilities
of the various lithologies represented in the
model. The value used for the inclination of the
Earth's magnetic field was 65 degrees (Dobrin,
1960) and the intensity was 55,000 nT (Dobrin,

1960).

Table 2. Magnetic Susceptibilities for Selected
Lithologies

should be noted that modeling was done in
terms of calculated anomalies so that suscepti-
bility contrasts were used as program input.
Therefore, it was necessary to assume a “back-
ground” susceptibility that would correspond
to the country rock containing the various geo-
logic bodies modeled. Drill core from SRS
indicates that this “country rock” is highly vari-
able in nature and ranges from quartzofelds-
pathic schist and gneiss to amphibolite. The
value chosen for the background susceptibility
was therefore taken intermediate to the suscep-
tibilities of these lithologies.

Table 3: Densities for Selected Lithologies

: Susceptibility | Susceptibllity
Lithology (emux 10'6) Contrast
“country rock” | 1000 0
metamorphose | 2100 0.0011
d mafic rocks
monzogranite 400 -0.0004
Triassic Sedi- 100 -0.0009
ments
mafic intru- 7000 0.006
sions

Susceptibilities for the various lithologies
used in the model are presented in Table 2.
These values were obtained from Daniels
(1974), who made bulk susceptibility measure-
ments on rocks from beneath SRS and in the
nearby Piedmont and from Sumner (1977). It

Lithology nicn®s | Conteset
“county rock” 2.75 0.00
metamorphosed 2.80 0.05
mafic rocks

monzogranite 2.65 -0.10
Triassic sediments | 2.53 -0.22
mafic intrusions 3.00 0.25
Coastal Plain sedi- | 2.00 -0.75
ments

For the gravity model, in addition to the geo-
logic model, densities for the various geologic
bodies were necessary inputs. The densities
used are presented in Table 3. The density cho-
sen for the monzogranite is from analysis of the
nearby Springfield granite which is similar in
composition and probably consanguineous to
the pluton considered in this study (Speer,
1982). Densities for the Triassic clastic rocks
and other lithologies were averaged from mea-
surements made on drill core from SRS. Again,
the gravity modeling was done in terms of den-
sity contrasts so the “background” density was
obtained by a similar means. The gravity
regional is essentially flat in this area (Talwani
and others, 1975).

The lack of significant magnetic susceptibil-
ity and low density of the sediments in the
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Coastal Plain section and the fact that it forms
a relatively uniform cover to the basement
means that the Coastal Plain will have little
effect on the basement anomalies except for the
increased distance due to their thickness, but
the Coastal Plain section is included in the
model as a wide wedge shaped body for com-
pleteness.

THE MODEL

Figure 7 compares the geologic model with
data for the three chosen profiles. The monzo-
granite pluton on the northern end of the lines
is constrained primarily on the basis of its asso-
ciated gravity low because it does not have any
distinctive magnetic signature. However, there
are some short wavelength magnetic variations
associated with the pluton. These variations
may be due to the presence of mafic enclaves

and dikes, or more likely localized concentra-
tions of magnetite which occur as an accessory
mineral in the pluton (Speer, 1982).

The contact between the granite pluton and
“country rock” inferred from the model occurs
in the same location as the postulated fault pre-
viously discussed. It is possible that this is a
tectonically modified intrusive contact and that
the acoustic impedance contrast associated
with the contact may give rise to the reflection
events seen on the seismic record. The pres-
ence of localized magnetic highs in this area
also constrain the locality of metamorphosed
mafic to ultramafic bodies associated with the
fault.

On the southeast ends of the profiles, the
gravity and magnetic highs constrain the mafic
intrusive bodies. These bodies appear to have a
large vertical extent and occur very close to
and beneath the southern margin of the Triassic
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basin. On Line 2 (Figure 7b) near the plus 40
km location, the magnetic data reveal a mag-
netic low that is not reflected by the model.
The aeromagnetic contour map (Figure 5)
shows that in this area large along-strike gradi-
ents occur in the magnetic data. The 2.5 dimen-
sional nature of the modeling program is
unsuited for accounting for these along-strike
variations, but the gravity data for the southerly
extension of Line 2 (Figure 8) requires that a
high density body underlie this area.

The size and shape of the Dunbarton basin is
based mainly on well control and the results of
the transient electromagnetic survey. Figure 9
shows the magnetic and gravity profiles due
only to the Triassic basin with the Coastal Plain
included. As Figure 9 shows, the basin pro-
duces a negligible magnetic signature. As the
sedimentary fill is basically non-magnetic, the
small signature is entirely due to the “hole”
created by the basin resulting in greater dis-
tances from the magnetic basement to the
datum flight line. The low-density sediments in
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the basin are capable, however, of producing a
significant gravity low of 15 mgal.

Figure 10 shows the magnetic and gravity
profiles due to the mafic intrusive body to the
southeast of the basin with the Coastal Plain
included. As Figure 10 illustrates, a large part
of the magnetic low previously associated with
the basin is a result of the dipole nature of the
magnetic field associated with these intrusive
bodies. This effect occurs because any vertical
or southeast dipping magnetic body at this lati-
tude will have an associated magnetic low on
the northwestern side.

DISCUSSION

As figure 9 and 10 illustrate, the Dunbarton
basin is capable of producing a significant
gravity anomaly. However, the magnetic anom-
aly of the Dunbarton Triassic basin is not reli-
able for use in detailed modeling of the basin
location, geometry or extent. This signature is
relatively insignificant compared to the mag-
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netic lows produced by the mafic intrusions
immediately to the southeast, but it should be
noted that there may be some genetic relation-
ship between the location and shape of the
mafic bodies and the basin geometry and struc-
ture. That is, if the mafic bodies are associated
with Paleozoic mafic magmatism in the Pied-
mont, then their presence and rheological prop-
erties may have controlled the location and
geometry of the basin bounding faults. If on the
other hand, the mafic bodies are the same age
or younger than the basin, then the faulting
associated with basin development may have
exerted some control on the intrusions by act-
ing as magmatic conduits as suggested by Bell

and others. (1988). These two possibilities
could be tested by determining the intrusive
age of the mafic lithologies. What is clear,
however, from the detailed modeling presented
in this manuscript, is that mafic intrusions are
closely associated with the southeastern margin
of the Dunbarton Triassic basin to produce an
“inner gravity high”. Gravity models for theo-
retical basins produced by simple shear of the
crust by Bell and others (1988) are very similar
in general (Figure 9) to those presented in this
manuscript for the Dunbarton Triassic basin.
The coincidence of magnetic and gravity
anomalies allows us to confirm the presence of
mafic rocks in one of the critical areas of the
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Figure 10. Gravity and magnetic signature of the mafic intrusion south of the Dunbarton Basin. Solid line
represents basin model anomaly only. See Figure 7 for key to lithologies.

simple shear model.

CONCLUSIONS

1. Simultaneous, detailed gravity and mag-
netic modeling, constrained by geologic data
from drill core in addition to transient electro-
magnetic and seismic refraction data is a pow-
erful technique for extrapolating the geometry,
structure and location of extensional basins
covered by Coastal Plain sediments. However,
as demonstrated, magnetic modeling alone is
poorly suited for this purpose because the basin
signature is relatively minor relative to nearby
mafic bodies whose signatures overwhelm that
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produced by the basins.

2. Low density basin sedimentary fill can
produce a significant gravity response, which,
when modeled with that produced by the mafic
bodies whose presence and size are determined
by magnetic modeling, can be used to constrain
the thicker parts of the basin.

3. Mafic intrusive bodies are closely associ-
ated with the southeastern margin of the Dun-
barton Triassic basin. The presence of mafic
rocks in this locality is consistent with the sim-
ple shear basin development model of Bell and
others (1988).
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