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Abstract and Overview

The first, deep geothermal test hole (DGT-1) was drilled May-
June, 1979 to a total depth of 1.693 km at the Crisfield airport,
Hopewell, Somerset Co., Maryland: longitude 75°49.53"; latitude
38°0.97". Ground surface is 1.1 m above mean sea level and 1is the
reference used for all depths. This quarterly report contains prelim-
inary reports on DGT-1 by the Regional Geophysics and Orogenic- Studies
Laboratory, Department of Geological Sciences, VPI&SU as well as
reports on our activities for the period July 1 - September 30, 1979.

Temperature measurements made in the DGT-1 hole at various stages
of drilling,  hydraulic fracturing and pump testing are reported by
Dashevsky and McClung. The equilibrium temperature at the base of the
Atlantic Coastal Plain sediments (1.36 km) is 59°C (137°F). Bottom
hole temperature (1.69 km) 1is 66°C. The gradient in the basement is
between 22.6 and 24.8 °C/km. The mean thermgl conductivity is 3.20
W/m-°C and the heat flow is between 72-79 mW/m“. Thermal conductivity
of the overlying sediments is between 1.72 - 2.30 W/m-°C. With ther-
mal gradients of 29.2 -,36.4 °C/km in the Atlantic Coastal Plain, the
heat flgw is 63-78 mW/m". The average heat flow at the DGT-1 site is
72 mW/m”.

Gleason describes the basement rock encountered between the
depths of 1.36 - 1.69 km. It is a fine-grained, massive to laminated
volcaniclastic rock with a greenschist grade metamorphic assemblage of
chlorite + muscovite + epidote + albite + quartz. The hole was
drilled on the edge of the Chesapeake gravity low. As discussed by
Costain and Glover in the Introduction, there was a good chance that
at the Crisfield site, the granite causing the gravity low would not
be encountered.

Svetlichny and Lambiase present the stratigraphy, lithologic des-
criptions, gamma log, and electric log of the Atlantic Coastal Plain
sediments in the DGT-1 well. The formations encountered:

Formation Age Depth of Base
Yorktown Miocene 76.2 m
St. Marys Miocene- 106.7
Choptank Miocene 131.7
Calvert Miocene 238.4
Piney Point Eocene 259.7
Midway - Upper Cretaceous 338.9
Magothy U. Cretaceous 360.3
Raritan U. Cretaceous 564.5 (7)
Patapsco L. Cretaceous 701.6
Arundel L. Cretaceous 820.5.
Patuxent L. Cretaceous 1286.9
"lower acoustical zone' Pre-Cretaceous 1362.2

In the continuing effort to acquire temperature data and heat
flow from available wells, Dashevsky and McClung report on temperature
logs for 3 drill holes: Smith Island, MD, 41 °C/km; Parris Island,
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SC, 33 °C/km; and Colonels Island, GA, heat flow = 42 (7) mW/mz. In
addition they report om DO-1, drilled by this project at Dort, Gates
Co., NC. DO-1 has a thermal gradient of 31 °C/km in the Atlantic
Coastal Plain and 23 °C/km in the granite basement, which is the high-
est gradient determined to date in a granite in the southeast USA.

Because of the expense of recovering core for direct study; sam-
ple unavailability for previously drilled holes and the obligatiom to
obtain as much information as possible from drill holes, it is impor-
tant to be able to interpret in-hole measurements such as gamma ray,
electrical, and temperature logs to yield information on thermal con-
ductivity, permeability, mineralogy and thermal gradients. McClung
and Dashevsky find that units with high gamma-ray readings tend to be
clay-rich rocks with low thermal conductivities and higher geothermal
gradients. Deviations are encountered in sands with abundant heavy
mineral concentrations, glauconite-bearing rocks, '‘or water-saturated
rocks. :

Glover presents a review of the geology of the east coast of the
USA .with emphasis on features having potential geothermal energy
resources. The primary  features of interest are radiogenic heat
sources in the crystalline rocks and insulating properties of sedimen-
tary basin fillings.

Gleason presents locations and information available for drill
holes penetrating basement in South Carolina. It is a summary of his
continuing work on the Atlantic Coastal Plain thickness and underlying
PreCretaceous rocks.

The VPI&SU drilling program is constantly obtaining core of crys-
talline rock beneath the sediments of the Atlantic Coastal Plain, an

area about which very little is known. Becker describes the 287 feet
of basement core obtained from the DO-1 drill hole near Dort, Gates
Co., NC. The rock i1s a coarse-grained, amphibole-biotite granite

which closely resembles the Petersburg, VA granite which is exposed 75
km to the northeast. The paper by Speer, Becker and Farrar summarizes
four years of work om the field relations, petrography and mineralogy
of the post-metamorphic, coarse-grained granites and associated rocks
in the southern Appalachian Piedmont. The paper provides the compara-
tive data base for 1) better understanding the granites encountered in
basement cores recovered from beneath the Atlantic Coastal Plain, and
2) 1improving targeting procedures for locating concealed radiogenic
granites in the basement.




RESEARCH OBJECTIVES

The objective of this research is to develop and apply targeting
procedures for the evaluation of low-temperature radiogenically-der-
ived geothermal resources in the eastern United States utilizing geo-
logical, geochemical, and geophysical data.

The optimum sites for geothermal development in the tectonically-
stable Eastern United States will probably be associated with areas of
relatively high heat flow derived from crustal igneous rocks contain-
ing relatively high concentrations of radiogenic heat-producing ele-
ments. The storage of commercially-exploitable geothermal heat at

~accessible depths (1-3 km) will also require favorable reservoir con-

ditions in rocks overlying a radiogenic heat source. In order to
systematically locate these sites, a methodology employing geological,
geochemical, and geophysical prospecting techniques is being developed
and applied. The distribution of radiogenic sources within the igne-
ous rocks of various ages and magma types will be determined by a cor-
relation between radioelement composition and the bulk chemistry of
the rock. Surface sampling and measurement of the radiogenic heat-
producing elements are known to be wunreliable as they are preferen-
tially removed by ground-water circulation and weathering. The corre-
lation between the bulk chemistry of the rock (which can be measured
reliably from surface samples) and radiogenic heat generation is being
calibrated by detailed studies at a number of locations in the eastern
United States

Initial studies are developing a methodology for the location of
radiogenic heat sources buried beneath the insulating sedimentary
rocks of the Atlantic Coastal Plain. Choice of a drill site in the
Atlantic Coastal Plain with a high geothermal resource potential
depends on favorable: .

(1) concentration of radiogenic elements in granitic rocks
beneath a sedimentary insulator;

(2) thermal conductivity of the sedimentary insulator;

(3) thickness of the sedimentary insulator; and

(4) reservoir conditions in - the permeable
sedimentary rocks overlying the radiog-
enic heat source. :

Because it 1is not economically feasible to select drilling sites on
the Atlantic Coastal Plain without. .géophysical and geological models,
it is advisable to base the development - of these models on a substan-
tial and accurate data base which can be partially derived from the
exposed rocks of the Piedmont and enhanced by basemeént studies beneath
the Atlantic Coastal Plain.
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Introduction
J. K. Costain and L. Glover, III

A This report contains some preliminary results of the first deep
geothermal test in the eastern United States made at Crisfield, Md.

The test was successful and the outlook for utilization of the geoth-.

" ermal potential of the Atlantic Coastal Plain is encouraging.

It has been -apparent from some newspaper accounts that there

might have been a lack of communication concerning the geological and

geophysical data base available before selection of the first deep
geothermal test site ‘in the eastern United States. This brief intro-
duction will help to clarify 1) why Crisfield, Md., was selected as
the first test site, 2) what data base was available at the time the
site was selected, 3) what temperature was predicted by VPI&SU before
the drilling began, and 4) what temperature was actually measured when
the drilling was completed.

A Site Selection Meeting was held at Blacksburg, Va. on January

16-17, 1979. During this meeting possible drill sites were discussed
for which:

a) the geothermal gradient was known to be rela-
tively high as a result of the VPI&SU shallow
(300 m) drilling program on the Atlantic Coas-
tal Plain in New Jersey, Delaware, Maryland,
and North Carolina,

b) the thickness of Coastal Plain sedi-
ments was not excessive and depths
could be reached that would result in
a cost-effective drilling program.

No hard data were available with regard to well yields of any
deep aquifers 1n the areas discussed, - and the final selection of a
site was therefore not prejudiced by the occurrence of known or sus-

pected aquifers.

Maximum temperatures predicted at the base of the sediments by
VP1&SU were determined by assuming that the average geothermal gra-
dient in a cased, cemented 300 m hole remained constant to the base of
the sediments. Temperatures predicted by this method would therefore
be maximum expectable temperatures because it was felt unlikely that,

for the areas under consideration, the thermal conductivity of the.

sediments would decrease with depth. Our basement temperature predic-
tions are always called maximum because they are based on data from
the upper 305 m where thermal conductivities might be expected to be
somewhat low in the northern part of the Atlantic Coastal Plain.

At the time of the Site Selection Meeting 'in Blacksburg, an accu-

~rate estimate of the depth to basement at Crisfield was not available.
A depth was therefore computed using the nearest wells that penetrated
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basement, under the assumption that the slope of the basement surface
was approximately constant between these wells. Subsequent reflection
seismic data (obtained before the drilling began) indicated that our
assumption was incorrect, and that the depth to the 'basement' reflec-
tor was approximately 1.30 km, about 16% less than the depth stated at
the Site Selection Meeting in January; the maximum predicted tempera-
ture would therefore also be 1less by about the same amount. (The
final depth and temperature estimate were made by VPI&SU more than two
months before the drilling at Crisfield began; the revised estimates
were also incorporated into our Progress Report VPI&SU-5648-5, p. A-79
and C-24). The 1impact of the new seismic data was immediately
reported to DOE-Washington, but it was clear that the selection of
Crisfield was consistent with program objectives and the decision was
made not to change the site. However, VPI&SU should have issued a
formal statement about the revised depth estimate (and therefore temp-
erature) to those who had attended the Site Selection Meeting. We
regret this oversight. Subsequent discussions between the press and
sources other than DOE or VPI&SU apparently did not use the updated
estimates.

The drill site at Crisfield, Md. is located off but near the
flank of a major negative gravity anomaly that underlies the Chesa-
peake Bay. We have named this gravity minimum the 'Chesapeake Bay

Gravity Low' (CBGL). The highest gradient we have determined to date
in the eastern United States was determined in one of our shallow (300
m) heat flow sites at Smith Point, Va. The Smith Point site is on the
western flank of the CBGL. Based on our growing data base and confir-
mation of the radiogenic model (Costain, Glover, and Sinha, 1980) at
Portsmouth, Va., we believe that the CBGL is associated with a large
radiogenic granite in the basement. Our contract for FY 80-81 includes
funds to deepen the hole at Smith Point to basement and to core
approximately 300 feet of basement. The depth to basement at Smith
Point 1is approximately 0.92 - 0.96 km. Although the geothermal gra-
dient at Smith Point 1is higher than that at and near Crisfield, the
sediment thickness is greater at Crisfield; the Crisfield site is as
close as possible to the CBGL on the Delmarva Penninsula without
drilling on Smith Island (an attractive possibility because of the
potential geothermal energy resource on Smith Island and the demons-
trated need there).

Upon completion of the Crisfield well it was discovered that the
'basement' reflector marked the top of a poorly known 75-m thick
(locally) indurated high-velocity section of Coastal Plain sediments,
and that true . crystalline basement was at the base of this indurated
sequence at a depth of 1.36 km. Temperature at the top of crystalline
basement was found to be about 58°C (137°F). Thus, the predicted temp-
erature was within 16% of the actual temperature, and the difference
was entirely due to problems in estimating the thermal conductivity of
Coastal Plain sedimentrs in the lower 80% of the sedimentary sequence.

Finally, VPI&SU did not predict a rock type for the basement core

to be taken at Crisfield. The uncertainties and possibilities were
discussed by Glover at the Blacksburg meeting in April, and again
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separately with LASL during the planning stages for the deep drilling.
It was pointed out that we were drilling near but not on the CBGL
which probably does mark a large granite batholith. Because of the
high heat flow at Crisfield it was felt that the - granite did in some
-way (i.e., perhaps through a broad migmatite zone surrounding the plu-
ton) contribute to the high gradient and heat flow, but it was recog-
nized that a variety of crystalline rock types was possible. We did
not recommend the Crisfield site as a .test of the radiogenic model
because of the basement complexity indicated by the potential field
data. The Crisfield site was recommended because the high geothermal
gradient, high heat flow, and moderate depth to basement there sug-
gested a useable temperature near the base of the sediments of the
Atlantic Coastal Plain. Predicted temperature was our final criter-
ion. A preliminary discussion of some results of the Crisfield test
is given in the following sections of this report. '
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Description of Basement Rocks from Crisfield,
Deep Geothermal Test Well

Richard J. Gleason
(0SL, Geology and Petrology Group)

The first deep geothermal test well was drilled at the Crisfield
airport, in Somerset County, Maryland. Drilling began on May 13 and
was completed on June 14, 1979. Total depth was 1693 m, The basal
Coastal Plain section overlying basement is an indurated unit contain-
ing clasts of ¢ basement lithology. Because the contact between this
unit and basement was not cored, the identification of this contact
was interpretive, based on analyses of drill cuttings, drilling pene-

tration rate, and electric/geophysical logs, all of which indicated
the top of weathered (?) basement at a depth of approximately 1362m.
331 m of basement rock were drilled. Cores were obtained from depth

intervals of 1418 - 1421 m, 1528-1532 m, and 1688-1693 m. Drill cut-
tings were collected from the uncored sections.

Analysis of drill cuttings indicates a consistent lithology over
the 331 mw of basement penetrated. The basement 1s a grey-green,
fine-grained metamorphic rock, at least in part of volcanic origin.
Core sections vary from massive to finely laminated. The massive sec-
tions are up to 2 meters in thickness. Laminations and thin.beds,
where present, are generally a few millimeters to a maximum of approx-
imately 2 centimeters 1in thickness, and locally display graded bed-
ding.

Microscopically, the basement material 1s composed of massive
beds with grain size varying from tens of microns to hundreds of
microns and laminae with grain sizes generally from 5-10 microns to
tens of microns. Contacts between the massive and laminated sections
vary from sharp to diffuse. Locally, well-developed, upright, graded
bedding is preserved, with grain size grading from silt to clay. In
the more massive, coarse—-grained sections of the <core, rounded and
flattened ash fragments of devitrified volcanic glass occur along with
subangular to subrounded mildly strained grains of quartz and subordi-
nate plagioclase. The original mineralogy and texture of the matrix
were partially obscured by low-grade metamorphic recrystallization
which produced the present assemblage of white mica (phengite?) +

chlorite + epidote + titanite + quartz + feldspar. In most of the
core sections, the metamorphic foliation, as defined by the orienta-
tion of micaceous minerals, 1is parallel to bedding. In more pelitic

laminae near the base of the 1lowest core, a crenulation cleavage was
developed at a small angle (20-35°) to original layering. The core is
cut by several types of veinlets and fractures, indicating the possi-
bility of several episodes of syn-(?) and post-metamorphic deforma-
tion. '

The Crisfield basement material appears to represent a sequence

of volcaniclastic debris which was likely erupted in or near a subma-
rine environment. Settling of such debris through a fairly deep water
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column during semi-continuous eruptions of variable intensity and
proximity, as well as possible reworking of the sequence, might
account for the texture of the basement material. Subsequent to depo-
sition, the rock was subjected to a greenschist-facies metamorphic
event, and the present mineral assemblage was developed. Post-meta-
morphic fracturing and mineralization further affected the sequence.
Subsequent detailed investigations will better define the paragenesis,
mineralogy, and time-framework of the crystalline basement in the
Crisfield area. :
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Coastal Plain Stratigraphy at DGT-1, Crisfield, Maryland
Michael Svetlichny and Joseph J. Lambiase

The first deep geothermal test hole (DGT-1) drilled in the Atlan-
tic Coastal Plain province was completed June 14, 1979. Drill cut-
tings were sampled every 3m, and ten [0-meter core attempts were made
at selected intervals in the Coastal Plain sediments. Core intervals
and recoveries are listed 1in Table A-1; the cores have not yet been
analyzed. Preliminary lithologic descriptions of drill cuttings have
been completed (Table A-2).

Tentative geologic formation boundaries have been defined using
drill cuttings , a natural gamma ray log, and an electric log consist-
ing of a self-potential curve and three resistivity curves (Figure

A-1). The descriptions of the cuttings and a gamma log from the
nearby Janes Island well (Som~Dc3) (Hansen, 1967) facilitated choosing
formation boundaries in the first 461 m of DGT-1. For the remainder

of the hole, determination of formation contacts was made by comparing
lithologic and geophysical data with established criteria for the
coastal plain of Maryland. The formation contacts, depths, and thick-
nesses are described below, and are summarized in Table A-3.

Overlying the basement rock at a depth of 1362 m is a 75 m thick,
well-indurated unit. From drill cuttings, this unit appears to be a
lithologically heterogeneous composite of buff, blue-gray, brown, and
red shale clasts, and gradually downward 1increasing amounts of sub-
rounded to subangular sand-sized gray-green metavolcanic fragments.
This unit 1is interpreted to be the westward extension of the "lower
acoustical zone'" of Jurassic and/or Triassic age, which is believed to
occupy deep, graben~-like structures beneath the Atlantic Continental
Shelf (Schlee and others, 1976). The top of this unit 1is marked by

major breaks in the gamma and electric logs (Figure A-1), and an
abrupt change in lithology from shale to the medium-to-coarse grained
sand that 1s typical of the overlying Patuxent Formation. Seismic

profiles from VIBROSEIS Line Dor-1, located east of Church Creek (Han-
sen, 1978) and VPI Line 6, along Route 413 in the vicinity of Hope-
well, show conspicuous reflectors at the top of this unit, which is
referred to as horizon "Z". (Hansen, 1978). Earlier reports assumed
that the lower acoustical unit pinched out offshore, but a seismic
line from the Maryland - Virginia portion of the Delmarva Peninsula
indicates an up-dip wedge of the lower acoustical unit beneath the
OQuter Coastal Plain of Maryland (Schlee and others, 1976).
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Figure A;-l .
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TABLE A-1.

Coring intervals and recoveries, DGT-1.

Depths are recorded in meters from the ground surface.

Attempt
1

2

10

Interval Cored
332.0

341.
347.
793.
802.
811.

946 .

1250.

1260.

1269.

1

341.

347.
356.
802.
811.
820.

955.

1260.1

1269.2

1278 .4

1

2

Interval(s) Recovered Recovery

335.

345

346.

796.
804 .
811.
815.
946.
951.
1253.
1260.
1265.

1276.

7

.4

341.
345.

346.

802.
81l1.
814.
820.
950.
955.
1260.
1?64.
1268.

1277.

1
6,

9

5.

0.

in Meters



TABLE A-2

f Lithologic descriptions of drill cuttings

All depths are referenced to the ground surface, 1.1 m above mean sea

level.
Formation

Miocene Series

Yorktown Formation

43.3
52.5
58.6

64.7 -

67.7 -

Miocene Series

St. Marys Formation

76.2 -
79.3 -
85.4 -
88.4 -

91.5 -

Mlocene Serles

ChOptank Formation

106.7 -

115.9

122.0

128.1

Miocéne Series

Calvert Formation

131.7

152.4
158.5
164.6
170.7
176 .8

52.5
58.6
64.7

67.7

76.2

79.
85.
88.
91.

W Pw

106.

115.9

122.0

128.1

131.7

152.4

158.5
164.6
170.7
176.8
182.9

~

Lithology

Fine sandy silt, white

Cray silt

Silty granule sized gravel Minor
shells

Slightly granular flne sandy silt.
Minor shells

Fine sandy gray s11t

Gray silt. Minor shells

Dark gray clay and silt. Minor shells
Light gray clay and silt. Minor shells
Gray clay and silt, slightly micaceous.

‘Minor shells

Gray clay and silt, no mica. Minor
shells

Very fine gray sandy silt. Abundant
shells

Very fine to fine sandy silt, micaceous.
Abundant shells from 115.9 - 118.9

Very fine sandy silt, light gray.
Abundant shells '

Light gray clay and silt, minor amounts
of fine sand. Abundant shells

~ Light gray clay and silt, minor fine

sand. Abundant shells from 131.7 -
134.2. Minor shells from 137.2 - 140.2
and 143.3 - 152.4. No shells from

-140.2 - 143.3

Clayey, silty shell bed

Gray clay. Shells

Dark gray clay

Light gray clay and silt

Dark organic clay. Minor shells from

-A-10
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182.

192.
195.
198.
207.

213.
216.

226.
229.
232.
235.

Eocene Series
Piney Point Formation

o o W N =

W wNo N

238.4 -

253.6 -
256.7 -

Rocks of Midway Age and/or
Upper Cretaceous (undivided)

259.
.8

262

265.
280.
284,
290.
293.

299.
302.

305.

308.
311.

314.
317.

320.
323.

329.

7

(o o]

192.

195.
198.
207.
213.

216.
226.

229.
232.
235.
238.

253.

256.

259.

262.
.8

265

280.
284.
290.
293.
299.

'302.
305.

308.

311.
314.

317.
320.

323.
329.

332.

& P GURN N I —

N

LN

6

7
7

8

0

179.9 - 182.9

Light gray clay and silt. Minor shells
from 182.9 - 186.0

Dark gray clay

Clay and silt

Brown and green clay

Gray clay and silt. Minor shells

from 207.3 - 210.4

Dark gray clay

Gray clay and silt. Minor shells from
223.2 - 226.2

Clay

Very fine sandy clay and silt, light gray
Fine sandy clay

Very fine sandy clay

Very fine sandy clay and silt,
glauconitic. Minor shells from 238.4 -
241 .4

Fine-medium sand and clay, glauconitic
Gray silty fine-medium sand, glauconitic

Gray glauconitic clay

Gray fine sandy silt and clay,
glauconitic

Gray glauconitic clay

Gray glauconitic clay with medium sand
Same as 278.0 - 284.1, but

with abundant mica

Clayey fine-medium sand, glauconitic,
micaceous

. Clayey, silty fine-medium sand,
‘glauconitic, slightly micaceous

Sample missing

' Silty fine-medium quartz sand,

glauconitic, micaceous

Same as 302.4 - 305.4, but slightly
.micaceous. Minor shells

Sample missing
Silty fine-medium quartz sand,

- slightly glauconitic. Minor shells

Light gray fine sandy silt and clay

"Light gray fine sandy micaceous
i silt, slightly glauconitic

Sample missing

Light gray fine-medium quartz sand,
micaceous, slightly glauconitic
S1lty fine-medium quartz sand,
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332.9 -
335.9 -

Upper Creétaceous Series
Magothy Formation

338.9
.0

342

345,
348

351.
354 .

357.

. Upper Cretaceous Series
" Raritan Formation

360.

363

366.
369.
372.
375.

378.

381.
384.
387.
393.
399.
403.
406 .

412

3

3

4

335.
.9

338

342.
345.

‘348,
351.

354.
357.

360.

363

366

369.
372.
375.
378.

381.

384
387.
393.
399.
403.
406"
412.

415.

9

0
1

4

4

micaceous, slightly glauconltlc
Silty, clayey fine sand. Minor shells

~Same as 332.9 - 335.9, but with

plant remains

Sample missing
Slightly silty fine-medium sand,

minor glauconite
‘Fine-medium quartz sand

Silty fine-medium quartz .sand,

micaceous, slightly glauconltlc

Fine-medium quartz sand, minor
glauconite and lignite

Fine to coarse quartz sand ~clay
aggregates

Fine to medium sand ‘some clay
aggregates

Silty fine-medium sand,
lignitic. Minor shells

Same as 360.3 - 363.4, but no
lignite or shells

Reddish gray silty fine-medium
sand with clay aggregates

"Reddish silty fine-medium sand,

slightly micaceous

Brown silty very fine-fine sand,
lignite, mica and plant remains
Light brown fine sandy silt with
lignite and mica. Minor shells.
Light brown silt and fine sand,
even amounts of each. Slightly
micaceous

Light brown fine sandy silt with

"clay aggregates

Reddish brown and gray silty

fine-medium sand, lignitic, minor mica

and plant remains

Reddish brown fine sandy silt

Sllty fine sand, lignitic, slightly
micaceous

Sllty fine-medium sand, no lignite
or mica

Reddish silty fine-medium sand,
aburidant lignite and plant remains
Light brown sandy silt. Lignite from

- 406.0 - 409.1

Light brown sand;and silt
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415.2 - 418.2 Silty fine-medium sand, micaceous,
lignitic

418.2 - 421.3 Silty fine-medium sand, clay aggregates,
lignitic, slightly micaceous

421.3 - 427.4 Silty fine-medium sand. Shells from
421.3 - 424.3 '

427.4 - 430.4 Fine-medium sand, some coarse grains,
minor clay chips

430.4 - 433.5 Fine-coarse sand, clay aggregates,
lignite

433.3 - 436.5 Fine to coarse sand with lignite

436.5 - 439.6 Mostly lignite with fine-medium sand

439.6 - 442.6 Silty fine to medium sand with

_ lignite

442 .6 - 445.7 ‘Medium sand with lignite

445.7 - 448.7 Medium sand, minor lignite and mica

448.7 - 451.8 Silty fine-medium sand, mica,
lignite. Minor shells

451.8 - 457.8 Silty fine-medium sand, mica,
lignite. Minor shells.

457.8 - 460.9 Silty fine-coarse sand with granules.
Minor shells

460.9 - 463.9 Si1lty medium sand, slightly micaceou

463.9 - 467.0 Silty fine-coarse sand ‘

467.0 - 473.1 Silty fine-medium sand, lignite

47301 - 476.1 Sample missing

476.1 - 479.2 Silty fine-medium sand, some granules,
minor lignite

479.2 - 485.3 Same as 476.1 - 479.2, but no granules

) or lignite

485.3 - 488.3 Silty fine-medium sand and lignite.
Minor shells. ’ v

488.3 - 494.4 Fine-coarse sand, lignite from 491.4 -
494 .4. Minor shells

494 .4 - 497.5 Silty fine-coarse sand with shale.
Shells

497.5 - 503.6 Silty fine-medium sand, micaceous

503.6 - 506.6 Fine-medium sand. Minor shells

506.6 - 509.7 Silty fine-medium sand

509.7 - 515.8 Fine-coarse sand with red and yellowish
shale. Shells (granules in 512.7
- 515.8)

515.8 - 540.1 Samples contaminated by cement from

' float shoe
540.1 - 543.2 ~Fine-medium sand
543.2 - 546.2 Fine-medium sand with mica

546.2 - 558.4 " Shale with silty fine schd,vmicaceous.
Fine-medium sand from 549.3 - 552.3,
555.4 - 558.4

558.4 - 561.5 Varicolored shale, silty fine sand, some
: coarse grains, micaceous
561.5 - 564.5 Red and gray shale with silty fine sand,

some coarse grains, micaceous
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Lower Cretaceous Series
. Patapsco Formation .

564 .

570

601.

604 .
613.

616.
619.

622.
631.

677.

692.5
.6

695

Lower Cretacecus Series
Arundel Formation

701.
704 .
713.
716.
726.
729.

732.
735.

756.
759.

'765.
771.

811.

5

.6
573.
579.

7

3

— = O O O\

57oﬂ
573.
579.
601 .
604 .

613.
616.

619.
622.

631.
677.

" 692

695.
701.

704.
713.
716.
726.
729.
. 732.

735.
756.

759.
765.

771.
811.

820.

6

7
8

w

~ &

[,)

.5

6
6

N = O O~

Same as 561.5 - 564.5 but no coarse
grains
Shale with silty fine sand and lignite

. Varicolored shale with silt

Varicolored shale with silt, mica,
and minor lignite
Very fine-fine silty sand, abundant

‘lignite and mica

Medium-coarse quartz sand

Mostly coarse sand, some silty fine
sand, minor shale v

Silty medium-coarse sand with lignite
Silty medium-coarse sand, red and
gray shale

Samples missing

Shale with some fine sand and silt.
Micaceous from 634.6 - 637.7, 649.9 -
652.9; lignitic from 643.8 - 646.8,
665.1 - 668.2

Fine-medium sand with varicolored
shale. Minor shale from 683.4 - 686.4
Fine-coarse sand, minor shale
Medium-coarse sand, minor shale

Fine-medium sand and shale

Shale with fine to medium sand

Fine sandy shale and silt

Shale with fine-medium sand

Shale with fine sand

Fine-medium sand, lignite,

minor shale

Fine-medium sand with more shale than
729.1 - 732.2

Shale with some fine-medium sand.

'Few coarse grains from 744.4 - 747 .4

Fine-coarse sand with some shale

Si1lty fine-coarse sand with shale.

Minor shale from 759.6 - 762.6

Shale with silty fine-medium sand .
Shale, some silty fine sand. Sample
missing from 793.1 - 796.2. Minor
shells from 802.3 - 811.4

Shale, fine-medium sand.

Minor shells
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Lower Cretaceous Series
Patuxent Formation

820.5 - 829.7 Shale, fine sand. Minor shells
829.7 - 832.8 . Shale, fine-medium sand

832.8 - 838.8 Fine-coarse sand with shale.
: Equal amounts of each from 832.8 -
835.8, more sand than shale from
: 835.8 - 838.8
838.

8 - 841.9 Fine-coarse sand, granules, minor shale
841.9 - 844.9 Fine-coarse sand, few granules, shale
844.9 - 848.0 Mostly coarse sand, some shale. Minor

. shells
848.0 - 851.0 Coarse-granular sand, some shale
851.0 - 860.2 Medium-coarse sand, minor shale
860.2 - 866.3 Fine-medium sand, minor shale. Minor -
shale from 863.2 - 866.3
866.3 - 875.4 Fine-coarse sand, minor shale
875.4 - 878.5 Clean fine-coarse sand. Minor shells
878.5 - 881.5 Clean fine-coarse sand, charcoal
881.5 - 884.6 Fine-coarse sand, minor shale
884.6 - 887.6 Shale with fine-medium sand. Minor shells
887.6 - 893.7 Shale with silty fine-medium sand
893.7 9 Shale with minor silty fine sand. Minor

- 902.
. shells from 893.7 - 899.8

902.9 - 939.4 Shale with silty fine sand. Slightly

micaceous from 902.9 - 909.0. Minor

charcoal from 936.4 - 939.4

939.4 - 942.5 Fine-medium sand, minor shale, lignite

942.5 - 945.5 Fine-medium sand, some coarse grains,
shale _

945.5 - 957.7 - Shale with some silty fine-medium sand

957.7 - 960.8 Shale with fine-coarse sand

960.8 - 973.0 Medium-coarse sand, minor shale

973.0 - 976.0 Medium-coarse sand with more shale than
960.8 --973.0. Slightly calcareous

976.0 - 979.1 ’ Medium-coarse sand, minor shale

979.1 - 985.2 Fine-coarse sand and shale. Minor shells

985.2 - 988.2 Médium-granular sand, minor shale. Minor

A shells

988.2 - 991.2 Fine-coarse sand, minor shale

991.2 - 994.3 Fine-medium sand, shale, slightly -
calcareous

994 .3 - 1000.4 Shale with silty fine sand

1000.4 - 1003.4 Silty fine-medium sand, shale

1003.4 - 1012.6 Fine-coarse sand, minor shale

1012.6 - 1015.6 Mostly coarse sand with some fine-medium
grains, minor shale

1015.6 - 1018.7 ‘Clean fine-coarse sand

1018.7 - 1027.8 Medium-coarse sand, minor shale

1027.8 - 1033.9 Clean medium-coarse sand

1033.9 - 1037.0 Medium-coarse sand, minor shale

- 1037.0 - 1040.0 Fine-coarse sand with shale
0 - 1043.1 Shale with silty fine-medium sand

1040.
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Shale and silt, minor fine sand
Fine-coarse sand with shale

Shale with silt, minor fine sand
Silty fine-medium sand, minor shale
Fine-coarse sand, minor shale

- Medium-coarse sand, minor shale

Medium-granular sand, minor shale
Clean medium-coarse sand
Fine-coarse sand and shale, even amounts
of each

Shale with some fine-medium sand
Fine-coarse sand, minor shale
Mostly coarse sand, minor. shale and
fine-medium sand

Shale, silty fine sand

Shale with silty fine-coarse sand
Shale with fine-medium sand, even
amounts of each '

‘Fine-coarse sand, minor shale

Silty fine-coarse
Fine-coarse sand,
Clean fine-coarse

sand with shale
minor shale
sand

1043.1 - 1049.2
1049.2 - 1052.2
1052.2 - 1055.3
1055.3 - 1058.3
1058.3 - 1061.4
1061.4 - 1070.5
1070.5 - 1073.5
1073.5 - 1076.6
1076 .6 - 1082.7
1082.7 - 1091.8
1091.8 - 1094.9
1094.9 - 1101.0
1101.0 - 1104.0
1104.0 - 1113.2
1113.2 - 1119.3
1119.3 - 1125.4
1125.4 - 1128.4
1128.4 - 1158.9
1158.9 - 1168.0
1168.0 - 1177.2
1177.2 - 1183.3
1183.3 - 1192.4
1192.4 - 1201.6
1201.6 - 1213.8
1213.8 - 1216.8
1216.8 - 1219.8
1219.8 - 1225.9
1225.9 - 1229.0
1229.0 - 1232.0
1232.0 - 1250.3
1250.3 - 1277.8
1277.8 - 1280.8
1280.8 - 1283.9"
1283.9 - 1286.9

Pre-Cretaceous
"lower acoustical zone"

1286.9 - 1290.0
1290.0 - 1311.3
1311.3 — 1314.3

3 - 1338.7

1314.
1338.7 - 1341.8

1341.8 ~ 1362.2

_Shale with minor silty sand.

Fine-coarse sand with minor shale
Shale with fine~coarse sand

Minor
shells from 1189.4 - 1192.4

Shale and fine-medium sand. Minor
shells from 1192.4 - 1195.5
Fine-coarse sand, shale

"Shale, minor fine sand

Fine-medium sand, minor shale
Medium~coarse sand, minor shale

Same as 1219.8 - 1225.9, but more shale
Medium-coarse sand, minor shale ‘
Slightly sandy silt with shale. Slightly
micaceous from 1235.1 - 1238.1

No samples ~ cores drilled

Fine sandy silt with shale and some
gravel

Medium-coarse sand with minor shale
Coarse sand with some granules

Even mixture of sand, silt, and shale
Slightly sandy silt with abundant shale
Shale and silt

Silty shale, minor fine sand.
remains from 1326.5 - 1329.6
Shale, with more fine sand than
1314.3 - 1338.7

Silty shale, minor fine sand.
lignite from 1347.9 - 1350.9,

Plant

Minor
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1338.7 - 1341.8

1341.8 - 1362.2

1362.2 - 1693.0 (T.D.)

Shale, with more fine sand than

1314.3 - 1338.7
Silty shale, minor fine sand. Minor

lignite from 1347.9 - 1350.9,
1360.1 - 1362.2 '

Metavolcanic basement rock
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TABLE A-3. .Geblogic Formation Boundaries, DGT-1

'Fdrmation/s£gée
Yorktown
St. Marys-
Choptank
Calvert
‘Piney Point

Midway - Upper
Cretaceous (undivided)

Magéthy
‘Raritan
Patapsco
Arundel
Patuxent

"lower acoustical zone"

76.

106.

131.

238.

259.

338.

360.

564.

701.

820.

1286.
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Depth (m)

7 - 76.
2 - 106.
7 - 131.
7 - 238.
4 - 259.
7 - 338.
9 - 360.
3 - 564,
5? - 701.
6 - 820,
5 - 1286.
9 - 1362.

5?

30.

25.

106.

21.

79.

21.

204

137.

118

466 .

75.

Thickness(g)

.27

1?

.9
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The Patuxent Formation, 466 m thick and extending from a depth of
821 m to 1287 m, unconformably overlies the lower acoustical unit and
consists primarily of thick sand layers interbedded with thin layers
of variegated shale. The quartzose and feldspathic sands range from
fine to coarse, and are commonly gravelly 1in the basal 18 m. Clean
but poorly sorted sands form thin beds within the larger sand bodies,
and the majority of the sands contain some shale. Shell fragments,
lignite, and mica occur in minor amounts throughout the formation.
The upper contact at 821 m can be distinguished in the drill cuttings,
and by prominent breaks in the gamma and electric logs (Figure A-1).
The characteristic change from the Patuxent to the overlying Patapsco-
Arundel group is indicated by the presence of thicker layers of shale.
Gamma ray activity .1is generally higher above 821 m where the Arundel
shale unconformably overlies the Patuxent (Figure A-1).

In the Arundel (702 m - 821 m) the sediments consist chiefly of
dark colored clay, shale and sandy shale. However in two distinct
intervals, from 729 m - 735 m and from 757 m - 766 m, the Arundel 1is

primarily fine to coarse sand with minor shale. From 565 m to 702 m
there are alternating beds of sand and varicolored shale typical of
the Patapsco Formation. Although it is usually difficult to separate

these units, the lithostratigraphic change, coupled with major breaks

in the gamma and electric logs at 702 m, suggest that the Patapsco-

Arundel contact occurs at this depth (Figure A-1). Similarly, the
upper contact of the Patapsco is not easily recognized in the section.
Fine sands and varicolored shales, particularly gray and red shales
are reported from the upper portion of the Patapsce, and in the basal
part of the overlying Raritan Formation in Maryland (Rasmussen and

Slaughter, 1955). However, the Raritan Formation usually contains
more abundant mica than the Patapsco. In DGT-1, there 1is a marked
increase in mica content above 565 m. On this basis, a tentative

Patapsco - Raritan boundary has been assigned at 565 m.

The Raritan is fine to medium sands intercalated with variegated
shale and clay. Lignite and mica are common to abundant, and plant
fragments are occasionally seen in the upper portion. The upper con-
tact with the Magothy Formation is marked by a decrease 1n gamma ray
activity and a break in the electric log at approximately 360 m (Fig-
ure A-1). '

The top and bottom of the Magothy are defined by the vertical
extent of fine-to-medium white and buff quartz sand with minor string-
ers of carbonaceous clay and lignite. This unit is clearly defined by
prominent breaks 1in the gamma and electric logs at 339 m and 360 m
(Figure A-1). A similar pattern for the Magothy is seen in logs from
the Janes Island well at a shallower depth (Hansen, 1967).

Above the Magothy, and extending from 260 m to 339 m are rocks of
Midway age and the Upper Cretaceous (undivided) section; these are
inseparable by lithology alone. This interval consists of alternating
thin beds of fine to medium quartz sand and gray clay. Glauconite
becomes a common constituent for the first time in the Atlantic Coas-
tal Plain section; the sediments reflect a change from a marginal
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marine to a marine depositional environment. In the upper portion,
between 260 m and 290 m, the cuttings are mainly glauconitic clay.
This lithology 1is consistent with the gamma and resistivity trends
(Figure A-1). The equivalent section from the Janes Island well (244
‘'m - 325 m) is lithologically very similar to DGT-1; there is glauconi-
tic clay in the upper 37 m (Hansen, 1967).

The boundaries of the overlying Piney Point Formation are easily
distinguished from logs and cuttings. This unit 1s typically highly
glauconitic, clayey, fine-to-medium quartz sand. Gamma logs from
DGT-1 and Janes Island show a high, although varidble, rate of activ-
ity between 241 m and 262 m (Figure A-1). This is unusual for sand
bodies but it may be explained by the high concentration of glaucon-
ite. The contact of the Pinev Point with the overlying Calvert Forma-
tion is defined by a major electrical log break, and by abundant clay
and silt above 238 m (Figure 'A-1). - A regional disconformity between
the two units represents a period of nondeposition or erosion during
the Oligocene Epoch.

The Calvert, 107 m thick and extending from 132 m to 238 m, 1s
predominantly diatomaceous gray clay and silt. In the basal 9 m, the
sediments contain a small fraction of fine sand. A clayey shell bed
exists from 152 to 158 m, and a few other intervals contain minor
shell fragments. At approximately 132 m, both the gamma and electric
log exhibit breaks that are correlative to the breaks seen 1in logs
from the Janes Island well at 116 m (Figure A-1) (Hansen, 1967).
These breaks, plus the appearance of abundant shells above the breaks,
mark the Choptank-Calvert contact at approximately 132 m.

The Choptank Formation conformably overlies the Calvert and
ranges in depth from 107 m to 132 m. The highly fossiliferous sedi-
ments are more sandy than clayey in the upper twe thirds of the unit
with a gradual downward increase in clay from 125 m to the base.

Overlying the Choptank 1is the St. Marys Formation (76 - 107 m)
which is easily distinguishable by the appearance of gray clay and
silt above 107 m. Minor amounts of shell fragments are present in all
the samples from this unit. The upper contact with the Yorktown For-
mation is indicated by a negative "kick" in the gamma log at 76 m, and

by a corresponding break in the self-potential and resistivity curves.

(Figure A-1). Sand content increases above 76 m, becoming coarse and
granular from 59 m to 68 m.

The Yorktown - Columbia Group contact cannot be determined for

DGT-1 due to difficulty in collecting samples during the first 46 m of

drilling. 1In the Janes Island well, this boundary was picked at 12 m
(Hansen, 1967); it is anticipated that the boundary in DGT-1 is within
a few meters of that depth.
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Summary of Temperature Logging of
Crisfield, Maryland Geothermal Test Hole

Samuel S. Dashevsky and Wilson S. McClung

Drilling of the first geothermal test hole (DGT-1) on the east
coast began at Crisfield, Md. on May 13, 1979. Throughout the drill-
ing and testing phase the thermal regime was monitored as closely as
possible by V.P.I1.& S.U. Previous measurements from initial heat flow
data at that site (Hole C32-A) indicated a gradient of 45.7°C/km and a
temperature of 26.2°C at 294m (965 ft). Extrapolating this shallow
gradient to- a depth of 1280m (4200 ft) where acoustic -basement was
indicated by surface VIBROSEIS seismic data obtained during February,
1979, 71°C was indicated as a maximum possible temperature at that
depth.

During the drilling of DGT-1 the discharge mud temperature was

monitored to test its application as a method to determine downhole -

‘formation temperatures. The data have been plotted as drilling depth
vs temperature of discharge mud (Figure A-2). (All depths cited in
this section are referenced -to land surface.) During drilling to
1375m (4508 ft)  the discharge temperature rose from 23°C to 37.5°C.
The temperature rose during periods of continuous drilling. How much
of this is to be attributed to the geothermal gradient and how much to
frictional heat of the rotating bit and drill stem is not clear.
Pauses in the drilling operation for coring, equipment failure, or
lost circulation allows the standing column of mud to cool, and the
temperature intervals become redundant. Variation in the mud intake
temperature due to weather conditions and mixing of fresh water at the
surface further complicates the data. At present this is not a useful
technique, but similar monitoring on future holes is recommended.
Useful trends and important differences may become apparent. This is
a technique which has been shown to be valid in wells deeper than 1500
meters in Montana and along the Gulf Coast (Edwardson et al., 1962)

The base of the Coastal Plain sediments (base of "lower acoustic
zone") was reached at 1362m (4469 ft); an additional 46 meters was
drilled into basement (meétavolcanics). The Schlumberger logging pro-
gram in the sediments consisted of the following:

Dual induction electric
Spherically focused electric
Self potential electric
Borehole compensated sonic
Three-arm caliper

Gamma ray

Formation density

Cement bond

Temperature was logged by VPI&SU (Figure A-3).
Two maximum reading mercury thermometers were sent down on two of

the logging runs. One thermometer strapped to the top of the logging
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"tools was run to a depth of 1398m (4586 ft). The second thermometer
was strapped 61lm (200 ft) further up- the logging cable and was run to
a depth of 1337m (4386 ft). The temperature recorded  from each maxi-
mim thermometer is assumed to represent the temperature at the deepest
point reached by that thermometeér. The 'first set of thermometers
reached their maximum depth 4.25 hours after circulation in the hole

had ceased. At 1398m, 47.8°C (118°F) was recorded, 44.4°C (112°F) was
recorded at 1337m. The total ‘depth on the second run in the hole was
2 meters shallower than on the first run because debris had accumu-
lated in the hole. On the gecond run, the' thermometers reached thelr
total depth 12.5 hours after - c1rcu1at10n in the hole- had ceased. The
lower thermometer from.1396m recorded 54.4°C (130°F) a rise of 6.6°C
in 8.25 hours, while ‘the the, upper thermometer from 1335m came up bro-
“ken.

After the open—hole 1ogs were completed a temperature 1og was run

by VPI&SU To minimize the time spent 1in the open hole i the log
began at 50m and con51sts of temperature readings through - ten meter
‘intervals at spacings of 100 ‘meters. In the bottom portion of the

hole, measurements were taken every 0.5m through the lower three aqui-
.fer zones (1156m -.1287m), the indurated sediments (1287m - l362m) and

the metamorphic basement (1362m =~ 1406m) . = Detailed measurements also
were made through the cored: intervals. The resultant 1log 'is desig-
nated DGT-1A (Fig. A-3).

Following the casing and cementing of the 1406m (4620 ft) hole,
the hole was ‘turned over to thé Los Alamos Scientific Laboratory
(LASL) for further drilling and hydraulic fracturing. The hole was
deepened to 1693m (5554 ft) . and three cores were cut (see Gleason,
this report). '

Prior to and after fracturing the following suite of logs (with
the exception of the Spectral Gamma Log) was run by Birdwell:

Pre-fracture logs ’ Post-fracture logs
Spontaneous potential Spontaneous potential
16 " and 64 " normal electric 16 " and 64 " normal electric
6 arm caliper 6 arm caliper
~3-dimensional velocity 3-dimensional velocity
Temperature Temperature
Borehole televiewer » Borehole televiewer
Nuclear cement temp. locator Temperature - VPI&SU
Neution borehole compensated Bottom hole temperature-VPI&SU

'.Dens1tv borehold compensated
Spectral gamma log (K,U,Th) by Dresser Atlas
Temperature - VPI&SU

_ The pre-fracture temperature log (DGT-1B, Fig. 'A-3) obtained by
VPI&SU began at 1225m (4019 ft) and reached a total depth of 1693m .
(5554 ft). The log was run 43 hours after the last episode of circula-
tion in the hole, and measured a bottom hole temperature of 66.3°C.
~ This temperature (which <is not an equilibrium value) 1s the highest
" ‘temperature- that was recorded at that depth and 1is the measured value
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that is closest to equilibrium. Nine hours after circulation, -a
maximum reading mercury thermometer recorded 62°C at 1693 m, and 34.5
hours after circulaton the bottom-hole temperature recorded was 65°C.

After completion of all testing and contract logging in the base-
ment part of the hole, another temperature log (DGT-1C) was obtained

by VPI&SU from 1186m - 1693m. Three days had elapsed since the last

temperature measurement, and in that time considerable temperature

disturbance had occurred in the hole. A hydraulic fracture had been
initiated and = propogated by pumping large "volumes of surface water
into the hole. The fracture was propped open with sand, and excess

sand was circulated out of the hole. Sixteen and one-half hours after
that last circulation, temperature log DGT-1C was obtained (Fig. A-4).
The fractured zone is apparent as a cooled interval between 1647m and
. 1690m where large volumes of surface waters absorbed heat from the
fractured rock. The bottom hole temperature had dropped to 65.1°C due
"to the continued circulation of water.

After reaching the maximum depth of 1693m for log DGT-1C the
probe was left on bottom for the next 10 hours at the request of LASL.
Temperature measurements were made every minute to define the bottom-

hole thermal equilibration curve in order to estimate the equilibrium

temperature. Following this, a final temperatuare log (DGT-1lE) was
run (Figure A-4). In Figure A-5 bottom-hole temperature is plotted
against time from 1200 hr to 2200 hr on June 19, 1979. During the
10-hour span of the survey the temperature rose 0.53°C from 65.37 to
65.90°C, an average of 0.05°C/hour. Most of the thermal equilibration
had occurred in the preceeding 19 hours since circulation ceased. In
the 10 hours monitored, the asymptotic 'portion of the curve was
observed to approach a maximum of 67°C. Using the bottom-hole temper-
ature measured in DGT-1B (pre-fracture log) as a minimum value, the
temperature at 1693m can be bracketed 1in the range 66.3°C -~ 67°C.
During the aquifer pump test of zone #1 directly above the indurated
sediments (refer to figure 2) the temperature measured was 2°C warmer
than that indicated by previous temperature log DGT-1B. If one
accepts the temperature rise of 2°C to be valid also for the basement
surface at the bottom of the indurated sediments then an equilibrium
temperature can be assumed for the basement surface to be 58.8°C.
This coupled with our value for the bottom of the hole of 66.3 - 67°C
yields an average gradient between 22.6°C/km and 24.8°C/km. The mean
thermal conductivity . from the basement corg samples i323.20 + 0.51
W/m-°C yielding a heat flow between 72 mW/m” and 79 mW/m".
rating this . with three heat flow determinations in the sedimentarg
‘section of the hole (Table A-4), yields an average value of 72 mW/m
at the test well site. ‘ » :

. With testing in the basement section completed, a bridge plug was
“set at 1400m (4595 ft) and. .the Gruy Federal aquifer testing program
began. Three zones between 1156m and 1287m (3792 ft - 4224 ft) were
per forated and pumped individually under the direction of Gruy Federal
Inc. - Drawdown was measured with a down-hole quartz pressure cell and
each zone was pumped sufficiently to reach a static drawdown for the
discharge rate established. After pumping; the head buildup was moni-
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tored until static level was regained in all three zones. Details of
the aquifer test are forthcoming from Gruy Federal Inc.

Zone #1 was perforated between 1262m and 1285m (4142 ft - 4217
- ft) A . down-hole centrifugal pump set at 180m (600 ft)  pumped the
water level down below it in 8 minutes at a rate of 150 gal-

lons/minute. It is not clear whether or not all perforatlons in this
zone were effective in a110w1ng water to enter the well bore unim-
peded. A smaller pump capable of maintaining 10 g.p.m. was then set
at 180m and pumped for 24 hours at an average rate of 14 g.p.m. The
static drawdown at thlS discharge was approx1mate1y 4.6m (15ft). The
temperature of the water flowing from the perforated zone was 57.2°C
(135°F) at the 1eve1 of perforation. Pumped at the low discharge of
14 g.p.m., ~ the dlscharge temperature at the surface was only 38°C
(100°F). ‘

Zone #2 was perforated from 1187m to 1227m (3895 ft - 4026 ft)
and the large volume pump was set at 210m (700 ft) depth This hori-
zon was indicated by logs and cuttlngs to be a much cleaner continuous
sand unit than Zone #1. Water was produced for 48 hours at an average
rate of 119 g.p.m. drawing the static head down 84m (275 ft). The
_temperature of the water at the level of perforation was 56°C (133°F)
and at the surface the dlscharge temperature was 51°C (124°F). This
surface temperature was con51derab1y hlgher than that measured during
pump tests of the deeper Zone #1 due to the substantially larger ther-
mal mass being brought to the surface at a higher velocity by the lar-
ger pump in Zone #2. .

During each pump test, surface temperature was seen to rise con-
tinually. Under high productlon for an extended period of time it is
expected that the difference between the well head and perforatiomn
temperature would be less. ‘ '

Following tests of Zonme #2, a cement retainer was set at 118lm
(3874 ft) and the perforations of Zones #1 and #2 were squeezed with
cement. As much as 10 meters of- cement can be expected on top of the
retainer.

Zone #3 was perforated between 1155m and 1170m (3792 ft - 3840
ft). Logs and cuttings indicated this zone to be a clean sand within
a thick shale horizon. The small, low-volume pump was set at 125m
(410 ft) and produced at an average discharge of 32 g.p.m. for 36
hours reaching a static drawdown of 30m. (98 ftr). Down-hole water

temperature was 54°C (129 F) and surface discharge temperature reached

35°C (95°F).

With the completion of Zone #3 testing, a cement retainer was set
at 1140m (3742 ft) and Zone #3 perforations were squeezed with cement.

Twenty days later temperature log DGT-1F was run and cement was

encountered at 1110m. Comparison with log DGT-1G run three days later
indicates contlnulng d15$1pat10n of heat generated from cementlng par—
ticularly in the upper 300m (see Report # VPI&SU 5648-4).  Above this
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during drilling and these become large pockets of cement when casing
is grouted in place. Figure A-6 shows the most recent temperature log
DGT-1J (which is nearing equilibrium) in relation to the first temper-
ature log DGT-1A in the Coastal Plain sediments, and DGT-1B the best
representative temperature log in the basement. The overall least-
square gradient from 20m to 1080m 1is 34°C/km. The gradient from 60m
to 295m of DGT-1J is 43.9°C/km as compared to 45.8°C/km measured in
the original heat flow hole C32A. This indicates the latest gradient
1s within 5% of thermal equilibrium.

Table A-~4 summarizes the depths of the different horizons and
zones of interest in DGT-1.
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TABLE A-4

Deep Geothermal Test - 1 (DGT-1) Total depth 1693 m (5554 ft)

Thermal Thermal Heat
Depth (ref. land surface) Conductivity Gradient Floy
Zone Meters Feet W/m-°C °C/km mW/m
Unconsolidated
Coastal Plain
Sediments 0 - 1287 0 ~ 4224
Cores 1 and 2 331 - 347 1089 - 1139 . 1.72 + .14 36.4 + 42 63 + 6
Cores 4, 5, and 6 793 - 821 2603 - 2693 2.16 + .3 36.2 + .18 78 + 11
Core 7 946 - 956 3106 - 3136  2.15 + .07  34.8 + .24 75 + 3
Copes 8, 9, and 10 1250 - 1279 4104 - 4194 2.30 + .49 29.2 + .05 67 + 15
> . ‘ v
& Zone #3 perforation 1157 - 1172 3798 - 3846
(o] .
Zone #2 perforation 1189 - 1229 3901 - 4032
Zone #1 perforation 1264 - 1287 4148 - 4223
Indurated Coastal
- Plain Sediments 1287 - 1362 4222 - 4467
§ Metévoléanic
Basement 1362 - 1693 4467 - 5554
Core 11 1418 - 1421 4652 - 4663
Core 12 1528 - 1532 5012 - 5027
’ 3.20 + .51 22.6 + 24.8 75 +
Core 13 1688 - 1693 5539 - 5554

Hydraulic fracture 1647 - 1693 5402 - 5554



Comparison of Gedthermal Gradients and Gamma Logs
in Shallow Holes (300 m) in the Atlantic Coastal Plain

Wilson McClung, Samuel Dashevsky, and Brian Thoreson

Geothermal gradients in the shallow (300 m) Coastal Plain test

holes are being compared with gamma logs from the same holes. The
study should yield valuable information concerning the relationship
between thermal conductivity, grain size and geothermal gradient. It

18 expected that the geothermal gradient and gamma log will have a
similar shape because high gamma-producing units tend to be predomi-
nantly clay, and clays have a low thermal conductivity so that geoth-

ermal gradient is high. 'This trend is readily apparent in the compa-

rative plots for 35 test holes that are presented on the following
pages. :

There are deviations from the trend described above. In some
cases, high gamma values are associated with low geothermal gradients.
Most likely, this is the result of a high-gamma producing thorium-rich
sand or glauconitic sand with a relatively high thermal conductivity.

‘Low gamma values associated with high geothermal gradients probably
are caused by water-saturated rocks with low gamma production and low
thermal conductivity.

Occasional instances of water movement in or around the well bore
have been observed to modify the thermal gradient independently of the
thermal conductivity or gamma radiation of the lithology penetrated.

Detailed comparison of gamma logs and geothermal gradients 1is
expected to contribute to an -understanding of the hydrologic regime
and potential aquifers, grain size and thermal conductivity. This
study is in its initial stages. '
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Temperature Logs at Other Locations
in the Atlantic Coastal Plain

Samuel S. Dashevsky and Wilson S. McClung
SMITH ISLAND, MD

Smith Island is located in the Chesapeake Bay 12 miles off shore
from Crisfield within a regional gravity low aligned with the Bay.
"Three abandoned water wells were located and 1logged for temperature.
In the community of Ewell, a gradient of 41°C/km was determined in a
245m undisturbed well (SI-3, Fig. A-7). The temperature at 245m (802
ft) is 25°C (77°F). Another well in Ewell (SI-2) was logged to 236 m,
but the temperature profile is disturbed by a producing well 1 meter
to the side. This log is sshown in Figure A-8 along with the log of
SI-1 to 76.5m on Rhodes Point.

PARRIS ISLAND, S.C.

A temperature log was obtained in a 725m (2380 ft) flowing arte-
sian well on Parris Island, SC (Figure A-9). The well, flowing at 90
g.p.m. with a discharge temperature of 40.6°C (105°F), 1is not cur-
rently in use. The temperature at 725m is 42.8°C (109°F) which indi-
cates a gradient of 33°C/km for an assuming mean annual surface temp-
erature of 18.7°C (NOAA, 1973).

COLONELS ISLAND, GA

Near Brunswick, GA a hydrologic test well drilled by the U.S.
Geological Survey on Colonels Island was logged for temperature to a
depth of 829m (2720 ft) (Figure A-10). A heat flow value of 42 + 7
mW/m“ was determined. Departure from a linear geothermal gradient in
the upper 400 meters is attributed to cooling induced by recharge to
.zones of groundwater withdrawal. The anomalous temperature profile in
the interval 670m -~ 760m has been verified as real by reproduction in
repeated logs. The possibility of obstruction and hangup of the sonde
was discounted by the consistant reproduction of the curve when logged
from the bottom upward with the cable in tension. It is hypothesized
that the zonme is highly permeable, probably fractured carbonate rocks,
within which complex circulation is maintained to bring the lower
boundary at 760m into thermal contact with the upper boundary at 670m.
The higher- temperature in the upper half of the zone indicates water
flow from at least 785m along an inclined fracture plane which may
intersect the well bore at 700m. The lower morée strictly mono-temper-
‘ature zonme must be a zone of high turbulence and thorough mixing in
the vicinity of the well bore. Core was.made available by courtesy of
the U.5.G.S. for thermal gonductivity determinations at VPI&SU.  The
heat flow value of 42 mW/m” represents a background-heat flow value in
agreement with our measurements at other sites in the Coastal Plain,
Piedmont, and Valley and Ridge Provinces. The temperature at the
basement surface (1.37 km) is estimated at 45°C (115°F).
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DORT-1, N.C.

The Dort, NC hole was drilled by VPI&SU in Coastal Plain sedi-
ments over a circular negative gravity anamoly and was deepened to
415m (1362°) into about 100 m into granite basement (See Becker, this
report). - The hole is in granite from 315m on down. The temperature
log is shown in Figure A-11. The thermal gradient in the coastal
plain section of the. hole is 31°C/km and is 23°C/km in the deeper

. granite portion of the hole. The gradient of 23°C/km is one of the -

highest determined to date in granite in the southeastern U.S.
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. GENERAL GEQLOGY OF THE EAST COAST WITH: EMPHASIS ON P?TENTIAL
GEOTHERMAL ENERGY REGIONS A DETAILED SUMMARY

Lynn Glover,'III

" Deparfment'of Geological Sciences, Orogenic'Studies Laboratory
V1rg1n1a Polytechnic Instltute and State University
Blacksburg, Virginia 24061

Introduction and Background

The relative stability of the East with respect to earthquakes
and volcanic activity does not immediately suggest the vast reserve of
“low to moderate temeprature (40°-125°C?, or 104°-260°F?) geothermal
energy that probably exists here. It 1s understandably difficult to
seriously consider geothermal prospects in the East as long as the
word 'geothermal"” brings forth an image of 0l1d Faithful erupting at
Yellowstone! Nevertheless, for the low temperatures needed to econom-
ically -heat large housing (3000 units) and industrial complexes , for
example, some of the eastern hydrothermal reservoirs may be both large
and favorably located with respect to potential utilization. The
importance of developing this resource is easily understood from the
observation that currently about 407 of our fuel consumption 1is
devoted to space heating. ‘

Below the effects of the diurnal and annual temperatures varia-
tion at the surface, (several hHundred feet), the temperature in the
earth tends to show a regular rise with increasing depth. In the
future, 1t may become economic in this country to develop geothermal
sources in deep aquifers from regions of essentially "normal" geother-
mal gradient, as is currently being done with a gradient of 33°C/im or
1.8°F/100 ft in the Paris Basin (Rybach, 1979). Secondly, mining heat
by circulating water through man-made hvdraulic fractures in hot crys-
talline rocks of the basement below insulating sedimentary basins 1is
an existing technology develdped at Los. Alamos that may have a future
in the East. If so, the temperatures available by this method may
even be sufficient to generate electric power. Thirdly, natural frac-
ture zones and fold structures that allow convection of heat by the
rise of deeply circulating grouﬁd water in regions of essentially nor-
mal heat flow, e.g. Hot Springs, Virginia, seem to have immediate but
more modest (?) application because of apparent limitations in temp-
erature, volume of water, and location.

Of primary interest at present, however, are elements of eastern
geologic elements including: 1) sedimentary basin. fillings of very
low thermal conductivity (i.e. heat damming) sediments, e.g. water
saturated clay-rich deposits, and 2) radiogenic heat sources in the

1’I'his paper with minor modifications appeared in Special Report No.5,
A Symposium of Geothermal Energy and its Direct Uses in the Eastern
United States, pp.9-11, Geothermal Resources Council, P.O. Box 98,
Davis, CA, 95616. '
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crystalline continental crust, especially the younger granites of Late
Paleozoic (300-260 m.y.) and younger ages. Optimal geologic frame-
works occur where: 1 granites of high heat generating capacity
(radiogenic heatASupplied by spontaneous fission of naturally occur-
ring U, Th, and K in the granite), are 2) overlain by large confined
or semiconfined aquifers, which 3) are in turn blanketed by thick
(water saturated and clay-rich) strata of low thermal conductivity.
Such frameworks appear to be most abundant east of the Fall Line,
under the Atlantic Coastal Plain. Environmentally clean heat could be
extracted by circulating water from an aquifer up one well, through a
heat exchanger, and then reinjecting the water down a second well.
The optimal geologic framework described above 1s often referred to as
"the buried pluton concept" and 1s the principal targeting procedure
being used by VPI&SU to explore the Atlantic Coastal Plain geologic
province. It could be applied as well to many other suitable regions
in the U.S. and elsewhere.

From the foregoing it 1s clear that the aspects of east coast
geology of highest priority 1in a search for geothermal resources
include: 1) the thickness, structure, stratigraphy, hydrology, and
thermal conductivity of sediments beneath the Atlantic Coastal Plain,
and 2) the structure, composition, age and intensity of metamorphism
and of granite emplacement, and the heat production of rocks in the
basement under the Atlantic Coastal Plain. Because the character of
the Atlantic Coastal Plain sediments is discussed by other speakers on
this program, the following 1is concerned with the evolution of 2)
above, the heat sources in the basement.

Regional metamorphism and deformation play a key role in the evo-
lution and location of basement radiogenic heat sources. Uranium and
thorium in particular are mobilized in " fluids and granitic melts dur-
ing regional metamorphism. Moving under the influence of gravity,
thermal ‘gradients, and deformation, much of the uranium and thorium 1is
permanently lost from or homogenized in a metamorphic terrain. A
notable exception is the relative concentration of these elements (U,
Th, and K) in granitic melts that may crystallize and remain within

the zone of metamorphism. Thus "plums" of radiogenic granites are
scattered through a "pudding" of metamorphic gneisses and schists that
may be somewhat depleted in these heat producting elements. By "con-

centrated" we mean about 10 parts per million (ppm) of U in the gran-
ite vs. 1-2 ppm in the gneisses and schists of the metamorphic ter-
rain. This 1is hardly ore grade or very radioactive in the usual
sense! '

In the case of the Appalachian Piedmont and its extension, the
basement under the Atlantic Coastal.Plain; patterns of metamorphism
and igneous activity have wandered through space and time in a complex
manner . Thus the U and Th concentrated in granites of one generation
of activity may be strongly depleted or homogenized during the meta-
morphism of another. Only granites that consolidate after the thermal
peak of the last metamorphism in an area are likely to have relatively
high radiogenic heat production. It is important, therefore, to try
to understand these patterns of metamorphism and igneous activity in
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order to target productive granites beneath the Atlantic Coastal
Plain. Targeting of such granites under the Coastal Plain can be
assisted by using magnetic, gravity, and seismic surveys, but these
are indirect methods that must be controlled by selective core drill-
ing into the crystalline basement. Some cores should come from meta-
morphic basement rocks (the "pudding'") so that we can determine compo-
sition, structure, density, seismic velocity, magnetic properties,
heat production and the type and age of metamorphism. Other cores
must come from young syn- to post-metamorphic granites (the "plums")
so that besides their other properties, we can also measure their heat
generation directly in order to verify the exploration model and to
serve as a double check on certain heat flow related measurements made
in the shallower wells of the Atlantic Coastal Plain.

The nature and timing of igneous and metamorphic activity in the
crystalline Appalachians (i.e. Blue Ridge, Piedmont, and basement
under the Atlantic Coastal Plain) are topics central to plate tectonic

“hypotheses for the origin of the Appalachians. Because of previous

research stimulated by this 1interest we have a moderate amount of
background data to build upon. That is, the data base is sufficient
to generate interesting ideas about the nature of possible radiogenic
heat sources, but insufficient to verify them. Plate tectonic models
provide us with rational hypotheses that explain some of the data and
may give us some predictive capability about the nature of certain
basement regions.  Further discussion of such models, however, is bey~
ond the scope of this paper.

Some Aspects of the Geologic History
of the Piedmont as a Guide to the
Nature of Heat Sources in the
Atlantic Coastal Plain Basement

(The following account greatly oversimplifies a complex geologic
terrain. The trends discussed here are not well documented and much
work remains to be done.) L

Widespread volcanism and plutonism (emplacement of granitic and
gabbroic rocks) during the Eocambrian and Cambrian Periods, about 800
to 500 m.y. ago, extended over much of the Piedmont and Blue Ridge.
The scanty data suggest that these plutons range from large to small
in size, from shallow to deep levels of placement, and were associated
with periods of extensive volcanism. All known rocks of this age in
the Central and Southern Appalachians have been metamorphosed at least
once and appear to be generally characterized by low heat production.

A more distinct pattern appears to have emerged in the igneous
and metamorphic history beginning in Ordovician time, about 480 - 425
m.y. ago. In the eastern foothills of the Carolina Blue Ridge and in
the western Piedmont of the Carolinas and Virginia, granitic and gab-
broic plutons were emplaced during a regional metamorphism that prob-
ably ended abruptly as a result of cooling by deformation, uplift,; and
erosion during the Taconic Orogeny. If the eastern Piedmont was
affected by this metamorphism, large regions (the Carolina ‘Slate
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Belts) were never ralsed above low temperatures and pressures
(greenschist grade). ‘Additionally, there -are probably few or no
Taconic age plutons in the eastern Piedmont south of about Fredricks-
burg, Virginia.

By latest Ordovician and Silurian time, approximately 400 m.y.
ago, a few gabbroic and granitic plutons were injected along the cen-
tral axis of the Piedmont 1in the Carolinas. Ductile deformation
affected some of these plutons, which suggests thdt regional metamor-
phism may have continued from the Taconic event or may have migrated
eastward with the plutonic actaivitv. The intensity of igneous and
metamorphic activityv thus far recognized seems diminished by compari-
son with the Taconic evidence for relative crustal stability at this
time recorded in Silurian rocks of the Valley and Ridge.

Late Devonian to Pennsylvanian time saw the central axis of meta-
morphism and plutonic intrusion migrate 1into, or at least reach an
intensity maximum, 1in the eastern Piedmont. Dating of this metamor-
phism suggests a thermal maximum at about 350 - 300 m.y. ago (Acadian
Orogeny) . The metamorphism diminishes westward into the Blue Ridge
where it partially overprints the earlier Taconic metamorphism. It
was accompanied, mostly during its waning stage, by widespread pluton-
ism over a span of about 330 to 260 m.y. ago. This produced a very
large (ca. 60) group of syn- to post-metamorphic granitic plutons.
These Late Paleozoic granites are most abundant along the Fall Line
south of Richmond, Virginia, and in Georgia they trend westward into
the region south of Atlanta. This westward trend in Georgia appears
to be somewhat concordant with Late Paleozoic regional structural fea-
tures that may link the Appalachians with the Quachitas.

Because the 350 m.y. Acadian regional metamorphism was the last
major metamorphic event to affect the eastern Piedmont, granites of
this age or younger have generally retained much of their U and Th.
Thus they are the best known sizable group of heat generating plutons
south of New England. They commonly produce two or three times as
much heat as their older metamorphosed counterparts and the enclosing

country rocks.

From the above, the basic pattern in Middle and Late Paleozoic
time was eastward migration of the axis of igneous and metamorphic
activity. Thus it 1s natural to ask whether the trend continues in

the basement below the Atlantic Coastal Plain. The answer 1is - possi-
bly - yes. Within the past ' year several researchers have discovered
ductile deformation overprinting “young plutons in the easternmost
parts of the Piedmont. If this foreshadows discovery of another still
younger generation of plutonic and metamorphic activity under the
Coastal Plain, we must determine this and also whether these rocks
will have a comparable range of heat generation.

A second pattern is emerging from Piedmont studies that may help
in exploring the Coastal Plain basement for heat sources. The Late
Paleozoic metamorphic-plutonic age province in the eastern Piedmont 1s
subdivided into several NE-trending belts that have been recognized
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for many years. Some of these belts are: Charlotte, Carolina Slate,
Raleigh, Kiokee, Eastern Slate, etc. The basic rationale for recog-
nizing such belts has involved considerations of the relative intensi-
ties of matamorphism, plutonism, and deformation. It now appears that
low-metamorphic-grade belts are generally syn-formal (downwarped) and
are-only marginally injected by plutons in the age range of latest
metamorphism. Much of the downwarping occurred during the protracted
period of metamorphism-plutonism, and the low grade terrains, being
more rigid than adjacent high grade (and higher temperature) terrains,
resisted injection by granite. Those granites that did manage to
inject the margins of these low grade (Carolina Slate) belts tend to
-be circular in surface outcrop and to have 1inverted teardrop or
spike-1like shapes. Thus their gravity and magnetic signatures also
tend to be somewhat distinct.

Belts of high metamorphic grade, and therefore of greater ductil-
ity at the time of metamorphism, have antiformal (upwarped) shapes and
contain large concentrations of granite generated during the time of
metamorphism and upwarping. Structural studies strongly suggest
wholesale migration of ductile country rock (the "pudding") and grani-
tic magma (the "plums") into the crests of high grade belts and away
from the bottoms of downwarping lowgrade belts. If this hypothesis
proves true, high grade belts (unless very deeply eroded) should have
higher heat generation than low grade belts because of the greater
concentration of granitic magma emplaced during the last metamorphic-

plutonic event. Additionally, granites coeval with the last metamor-
phism in these higher grade belts tend to be larger and more nearly
concordant than plutons that penetrated more rigid crust. Thus these

large bodies of magma, such as the Rolesville and Petersburg, may be
50 - 60 miles long and 20 - 30 miles wide, and locally surrounded by
haloes of mixed rocks (migmatites) of granite and country rock. Such
bodies tend to produce large elliptical regional gravity lows and may
also be outlined by magnetic surveys.

Extrapolation from these Piedmont trends suggest that we might
expect to find: 1) a continuation of this pattern of alternating
high~ and low-grade belts in the basement under the Atlantic Coastal
Plain; 2) a concentration of the granites having highest heat produc-
tion in and marginal to the high grade belts; 3) a possibility of even
younger metamorphism and plutonism with heat production ranges differ-
ent from those measured in the Piedmont. By combining indirect (mag-
netic, gravity, seismic) and direct (heat flow measurements from shal-
low and deep Coastal Plain wells, geologic and geophysical studies of
selected basement cores) methods we can develop a knowledge of the
basement that will eventually allow more routine selection of geother-
mal sites over buried granites of high heat production. Although a
beginning has been made by the U.S5.G.S. (high and low grade belts do
exist under the Coastal Plain in North Carolina), VPI&SU, Princeton,
“and several state surveys, much work remains to be done, particularly
in. obtaining basement core samples to control géophysical-geological
extrapolations on a regional basis.

B-6

|
|
|
i




S wil =il wii i wiN wiN wiN wiN wil -

Before leaving this discussion of the Paleozoic development of
the Atlantic Coastal Plain basement, the anomalous crust beneath
southern South Carolina, and much of Georgia and Florida merits some
attention, In this region the familar schistosity of the northern
basement and Piedmont 1s missing. Poorly dated, very low grade vol-
canlics near the Georgia coast are probably Early Paleozoic or Eocam-
brian in age, and near the Georgia-Florida border, unmetamorphosed,
nearly horizontal Early and Middle Paleczoic sedimentary rocks are
found in the basement. Much of this is overlain by Early Mesozoic
nonmarine sediments and basaltic lavas. Seemingly these differences
are best explained by suturing another continental fragment onto the
North American Plate during the late Paleozoic. Whatever the cause,
the obviously different geologic history of this segment of the pre-
sent continent suggests the possibilityv of different heat production-
heat flow characteristics.

Finally, Mesozoic and vounger lineaments transverse (W to NW
trending) to the regional Appalachian trend might in some areas exert
a strong influence on heat flow and heat production. Probably there
are diffuse but deep fracture zones that extend to the lower crust or
mantle. In New England, they are characterized by offshore subsea
volcanoes, anomalous seismicity, and Late Paleozoic~Mesozoic emplace-
ment of alkalic granite and gabbro (?) plutons. ' The Conway Granite,
belonging to this trend, has the highest heat flow recorded from a
granite of comparable size in the Appalachians. In Virginia, numerous
westerly aligned features suggest a similar lineament. Examples are
the WNW trending offshore Norfolk scarp, the west trending central
Virginia seismic zone, and the Mesozoic to Early Tertiary alkalic
shallow intrusives in the Valley and Ridge of Highland County, central
western Virginia which also have high U-Th contents. In South Caro-
lina a similar feature passing NW through Charleston has been des-
cribed by Columbia University and U.S.G.S. researchers.
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Study of the Pre-Cretaceous Basement Below the
Atlantic Coastal Plain

Richard Gleason

Introduction

As has been discussed in previous reports, the investigation of
low-temperature geothermal energy resources in the Atlantic Coastal
Plain relies upon an understanding of 1) the 11thology and structure
of the crystalline rocks ("basement") below the Coastal Plain sedi-
ments and 2) the thickness and lithology of the overlygng sediments.
The former types of data, basement lithology and structu?e, are neces-
sary to interpret the heat production from basement heat .sources,
“while the latter type of data concerning the overlying sediments are
fundamental to the evaluation of the insulating properties of the
Coastal Plain sedimentary sequence.

Basement depth and lithologic information may be obtained from
geophysical data such as seismic investigations and regional gravity
or magnetic studies, or through subsurface drilling daté. A consider-
able amount of drilling data has been published in the geologic liter-
ature, including professional journals, o1l and gas exploration
reports, U.S. Geoclogical Survey publications, and state survey publi-
cations. A previous progress report (VPI&SU-5648-5) included a dis-
cussion of the ongoing compilation of basement drilling data, which at
the time was complete for the states of New Jersey, Maryland, Dela-
ware, Virginia, North Carolina, and Georgia. The following discussion
is a summary of the compilaton of drilling data for South Carolina.

South Carolina

A considerable portion of the pre-Coastal Plain surface in South
Carolina 1s comprised of arkosic sedimentary rock or basalts highly
suggestive of rocks exposed in the Triassic~Jurassic grabens of the
eastern United States (Marine and Siple, 1974; Marine, 1974; Gottfried
et al., 1977; Popenoe and Zietz, 1977; Gohn et al., 1978). For the
purpose of this compilation, these rocks are considered as pre-Creta-
ceous basement.

Thirty-six wells which were drilled through the entire Coastal
Plain sedimentary sequence have been 1included in the South Carolina
compilation (Figure B-1). 'These wells are unevenly distributed across
the South Carolina Coastal Plain, with a large number clustered near
the Savannah River atomic energy facility 1in the southeastern part of
the state. Descriptions of basement 1lithology have been found for
twenty-six of the thirty-six wells. Depths to basement have been com-
piled for all thirty-six of the wells.
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Figure B-1. Map showing location of wells drilled to basement in
South Carolina and included 1in the South Carolina
compilation.
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Petrography of the Granitic Basement (portion of the)DO-1 Drill Hole
in the North Carolina Coastal Plain

S. W. Becker

Introduction

Approximately thirty syn- and post—metamorphic plutons crop out
in the southeastern U.S. Piedmont in a belt trending northeast from
Georgia to Virginia. Most of the granites in the exposed Piedmont
produce closed, nearly circular gravity lows. Gravity studies over
the Coastal Plain in eastern North Carolina and Virginia have outlined
similar gravity anomalies, suggesting that additional granites under-

lie the coastal plain sediments. One of the most prominent gravity
lows (-20 mgal) straddles the North Carclina-Virginia border near the
community of Dort, NC (Figure B-2). As part of an ongoing study of

granites in the southeastern Piedmont, a hole was drilled to basement
near the center of the Dort anomaly. Basement was encountered at 1060
feet; 287 feet of continuous core was recovered, to a depth of 1347
feet.

Lithology

The recovered core 1is a grey, coarse-grained amphibole-biotite
granite that has been subjected to varying degrees of brittle fracture
and alteration (Figure B-3). Minerals wvisible in hand specimen
include subhedral, pale pink K-feldspar, 0.5 -~ 2.0 cm long; subhedral
to anhedral plagioclase up to 1.5 cm long; quartz grains up to 1.0 cm

long; and biotite flakes, 0.1 - 0.5 cm across. Color index (C.I.)
ranges from 8 to 15. Most plagioclase grains are saussuritized and
tinged pale green. In a few segments of the core, the aligmment of

biotite and K-feldspar defines a moderately to steeply dipping folia-
tion which varies from weak to strong.

Locally the granite is cut by small pegmatite and aplite dikes

composed of quartz plus two feldspars. Near the bottom of the core,
several mafic clots up to 20 cm across are included in the granite.

Petrography

In thin section, K-feldspar appears as microperthitic microcline

‘clouded red-brown. According -to microprobe analyses, bulk composi-
tions average AnOAb Or9 . Plagioclase is wunzoned and has an average
composition of  An b798r1 ; 1t shows. both Carlsbad and albite twin-

ning. The plagioclasé is generally saussuritized to epidote + chlor-
ite + carbonate + white mica. In most grains, the epidote 1is strongly
concentrated near the core, suggesting that the original plagioclase

lThis paper will be submitted for publication to "Southeastern Geol-
ogy" .
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was normally zoned:. Quartz grains have undulose extinction; myrmekite
occurs locally.

Biotite is pleochroic tan. to dark brown or dark olive green.
Compositions plot near the center of biotite compositions determined
for postmetamorphic plutons in the exposed Piedmont (Figure B-4; Speer
et al., 1979). Chlorite has partially replaced biotite in even rela-
ETVET& unaltered rocks, and epidote occurs along the cleavage planes
of scattered biotite grains. Anhedral amphibole comprises §1% of the
fresh samples (e.g. DO-1114); it does not occur in many parts of the
core because of the extensive alteration. The amphibole 'is pleo-
chroic: X = tan, Y = yellow-green, Z = blue-green, with 2V - 65°.
Following the nomenclature of Leake (1978), it is a potassian ferroan
pargasitic hornblende (Table B-2).
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TABLE B-1.

Quartz
K-feldspar
Plagioclase

Biotite + chlorite .

Amphibole
Epidote
Titanite
Opaques
Accessories
no. points

Modes of samples from DO-1
DO1-1075 DO1-1079 DO1-1114
28.8 27.9 33.1
22.5 17.2 v 18.4
39.0 39.9 33.6
8.9 12.6 13.2
- - 0.3
0.4 0.2 tr
0.4 2.2 1.1
tr _ tr 0.2
tr tr 0.1
1450 1450 ' 1450

TABLE B-2. Microprobe Analyses

1

S10 48.

5
Tio2 , 0.5
Al 53 11.1
Fea* ' 22.1
Mg O 7.3
MnO ‘ 0.4
Ca0 11.1
Na_ 0 ‘ 1.7
K0 1.6
H, 0%* ‘1.9
Sum 99.5
Si 6.49
Alt 1.51
Alo 0.52
T1 0.06
Fe 2.86
Mg 1.68
Mn 0.06
Ca 1.84
" Na 0.52
K 0.31"
0 24 .00

1 Amphibole, DOI1-1114
2 Biotite, DOI-1114

3 Chlorite, DO1-1122-5
* All Fe as FeO

*% H20 caléulated

8

5

2

0.

2 3

36.7 28.7

1.7 0.0

14.9 18.7

22.2 21.7

10.5 18.2

0.3 0.7

0.0 0.0

0.1 0.0

9.8 0.0

3.9 11.7

100.0 99.7

.00 5.64 8.00 2.94 4.00

2.36 1.06

0.34 1.20

.00 0.20 0.00
2.85 1.86

2.41 5.84 2.79

.00 0.04 0.06

0.00 0.00 5.91

85 0.02 1.93 0.00
1.91 0.00

24.00 24 .00
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Analyses plot within the cluster of analyses from southeastern
U.S. postmetamorphic granites (Figure B-4) (Speer et al., 1979).

Primary accessory minerals include titanite, apatite, opaques,
zircon, and allanite. Some titanite grains enclose a corroded opaque
core, suggesting that some of the titanite formed by a reaction that
consumed oxides. In all but the freshest samples, titanite 1is par-
tially altered to carbonate + a dusky opaque mat, probably rutile +
quartz, Allanite, which is usually altered, occurs as zoned, pris-
matic crvstals up to 0.3 cm long.

Secondary minerals comprise chlorite, epidote, and calcite. Epi-~
dote, the most abundant, 1s optically negative with 2V = 80-85°, r ?
V; 1t 1s pleochroic colorless to yellow-green. The chlorite (Table
B-2) can be classified as a pycnochlorite.

The mineralogy of the mafic clots is the same as that of the
granite, with greater amounts of dark minerals, and C.I. about 40.
Biotite 1s present in higher proportions than amphibole. Most mafic
clots are finer grained than the granite, with grain size of the major
minerals ranging from 0.l to 1.0 cm.

Fractures

The core 1s cut by numerous fractures of at least two genera-
tions: (1) steeply dipping fractures (0.1 = 1.0 cm wide) filled with
calcite + epidote + chlorite; and (2) horizontal fractures (0.1 - 0.2
cm wide) filled with calcite alone. Fractures of the second genera-
tion cut and clearly postdate those of the first.

In the vicinity of the first generation fractures, the granite 1is
altered and green for a distance of 10 to 20 cm from the fracture.
Where the core is cut by numerous fractures, the alteration zones
associated with the fractures overlap, so that the core may be conti-
nuously altered over a distance of more than a meter. Thin sections
show that the pervasive green color of the alteration zones is caused
by the presence of abundant -epidote and chlorite, which entirely
replace biotite and amphibole. Titanite grains, with euhedral out-
lines still distinct, are completely altered to turbid mats containing
clots of opaque minerals. Sericitization and saussuritization are
extensively developed in plagioclase, and calcit appears as the most
abundant saussuritization product.

The fracturés themselves are generally filled with calcite, which
in some samples encloses islands of  epidote. Some calcite-filled
fractures are lined with chlorite. In one sample (D01-1122), a few
chlorite grains contain cores of blue fluorite.

The second generation fractures -are filled with calcite, and no
alteration of the adjacent granite mineralogy 1is apparent.
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Deformation

The Dort granite has undergone several periods of deformation.
After intrusion, during cooling, the granite appears to have been
mildly deformed and recrystallized. This episode of high temperature
healing is suggested by the aggregates of fine-grained-quartz and
feldspar grains that fill interstitial areas and border large feldspar
crystals.

After the granite cooled, it was subjected ' to two periods of
brittle fracture. During the first episode, steep fractures formed
and hydrothermal fluids fich in CO H 0-F circulated through the frac-
tures, and altered minerals in %he adjacent granite to greenschist
facies assemblages. During the second eplqode, the granite was frac-
tured along nearly horizontal planes. - rich fluids filled the
fractures with carbonate, but had little e%fect on the granite miner-
alogy.

At a later time, the granite’WQS'upiifted, eroded, and covered by
Coastal Plain sediments.

Comparison to Other Piedmont Granites

Petrograpliically, the Dort granite closely resembles the Peters-=
burg, VA granite which crops out as close as 75 km to the northeast.
Samples from the Petersburg granite show textures similar to those of
the Dort granite that are indicative of mild deformation at high temp-
erature (Bobyarchick, 1978). In both granites, biotite is the domi-
nant mafic mineral; amphibole occurs in minor amounts in both the Dort
granite and some phases of the Petersburg granite.

Conclusions

The basement rock producing the Dort, NC, gravity anomaly is a
coarse-grained granite which resembles petrographically the synkine-
matic Petersburg, VA, granite. The similarity of the two granites

suggests that granites like those in the exposed Piedmont occur to the
east under the Coastal Plain. 1In addition, the discovery of a granite
under a pronounced gravity low demonstrates that gravity data can be
used as an indication of the lithology of basement rocks beneath Coas-
tal Plain sediments.
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‘Field Relations and Petrology of the Postmetaﬁorphic, Coarse-grained
Granites and Associated Rocks in the Southern Appalachian Piedmont’

J. Alexander Speer, Susan W. Becker, Stewart S. Farrar

Orogenic Studies Laboratory
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INTRODUCTION

Many of the postmetamorphic graniteids in the southeastern U.S.A.
are generally similar in appearance, and can be characterized by the
presence of a coarse-grained facies with K-feldspar megacrysts. They
form a subset ‘of plutons whose field relations, mineralogy, and
petrology are described here.  The distinct nature of these plutons
was first noted by Watson (1,2), who described the mineralogy, petrog-
raphy, and chemistry of twelve plutons. The  similar petrographic
aspects are -a result of the common granitic compositions and nearly
parallel crystallization histories of the plutons. Features such as
contact aureoles, flow layering, and differing rock facies that are
not common to all of the granites probably result from the plutons'
different geologic settings.

FIELD RELATIONS

Distribution and Geologic Setting

The twenty-four separate granitoid bodies (Figure B-5) that com-
prise the postmetamorphic, coarse-grained plutons possess the proper-
ties of a supergroup, described by Pitcher (3): they are similar 1in
age, texture, degree of modal variation, and they have similar xenol-
iths. The number of granitoids in this group will probably increase
as more 1is learned about the other postmetamorphic plutons. The
Elberton, Georgia, complex contains rocks like those described here,
but, as presently mapped, alsoc contains older rocks. The Cuffytown
Creek, SC, pluton is apparently the differentiated cupola of a large
pluton (4), the main facies of which may be a coarse-grained grani-
toid; the Columbia, SC, granitoid contains what are possibly autoliths
of a coarse-grained granite.

Irhis paper has been submitted for the International Geologiéal Corre-
lation Program, Caledonide Orogen Project Proceedings Volume, VPI & SU
Memoir #2.
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Fullagar and Butler (5) divided the post metamorphic plutons into
eastern and westetrn groups. - The only difference they noted, other
than geographic distribution, 1is the higher Sr content of the western
group.

The coarse-grained granitoid plutons extend to the eastern edge
of the exposed Piedmont , beyond which the crystalline rocks. are cov-

ered by Coastal Plain sediments. Geophysical data suggest that some
rocks below the Coastal Plain sediments are similar to the coarse-~
grained granitoids exposed in the  Piedmont. Drill cores recovered

from Coastal Plain basement indicate that a number of these bodies are
coarse—grained granite plutons.

The plutons crop out in every major lithologic-structural belt of
the Piedmont east of the Brevard zone (Figure B-5). The belts,
through their diverse structure, composition,  and metamorphic grade,
provided varied geologic settings for the granitoids. The Inner Pied-
mont belt is composed of migmatites, gneisses and schists of amphibol-
ite or higher facies. The Kings Mountain belt is predominantly
metasedimentary rocks in the greenschist to amphibolite facies. The
Charlotte and Raleigh belts consist largely of metamorphosed felsic to
mafic igneous rocks and metasedimentary rocks, all in the amphibolite
facies. The Carolina Slate belt consists dominantlyv of intermediate
to felsic pyroclastic deposits and _hypabyssal intrusive bodies, as
well as epiclastic rocks that were probably derived from them. Rocks
of the Carolina Slate belt have been subjected to greenschist facies
metamorphism, although sedimentary and igneous textures have commonly
been preserved. These country rocks surrounding the granitoids are
older than mid-Paleozoic. The youngest regionally penetrative defor-
mation and regional metamorphism that affected the southeastern Pied-
mont occurred near the end of the Paleozoic and is confined to the
easternmost Piedmont (6,35). The isotopic ages of metamorphism become
older to the northwest across the exposed Piedmont and are believed to
be cooling ages (36). In all cases deformation ceased prior to the
emplacement of the coarse-grained granitoids.

Geometry of the plutons

The granitoid plutons are generally elliptical to circular 1in
outcrop (Figure B-6) and range in size from the pumerous small stocks
of the Ben Hill to the Churchland at over 400 km”. Previously publ-
ished pluton maps used to compile Figure B-6 are the Clouds Creek (6),
Clover (7), Lilesville (8), Lowrys (9), Pageland (10), Rabon Creek
(9), and York (7). Most of the plutons are composite bodies with at
least two mappable rock facies, and as many as six in the Siloam.
Small volumes of other rock types, such as aplite or pegmatite, are
commonly present. Facies are differentiated on the basis of differing
mineralogies, textures, grain-sizes, modes, or the presence or
absence of euhedral K-feldspar megacrysts. Textural varieties dre
‘usually also distinct in both mode and mineralogy. Contacts between
.the facies may be either intrusive or gradational. An intrusive rela-
tion is common between facies differing primarily in texture and min-
eralogy. Contacts between facies differing only in mineralogy, how-
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ever, are usually gradational, and are believed to be caused by
physical-chemical gradients extant during or after crystallization.

In many of the plutons, a coarse-grained facies was intruded by a
later, fine-grained granitoid. This relation appears in the Appling,
Bald Rock, Butterwood Creek, Churchland, Lowrys, Liberty Hill, Siloam,
Town Creek, and Winnsboro. Gradational contacts between facies have
been noted in the Bald Rock, Danburg, Landis, Liberty Hill, Pageland,
Siloam, and Winnsboro. Uniform rock bodies, as presently mapped, are
the Castalia, Clover, Lilesville, Palmetto, Panola, Sims and York.
The Clouds Creek and Siloam contain an extensive facies that consoli-
dated earlier than the main, coarse-grained facies. 1In the Winnsboro-
Rion and Butterwood Creek, this early facies is a minor component.
In the other plutons, these earlier facies are present in rare autol~
1ths.

These facies distinctions are well 1llustrated 1in the Liberty
Hill, which comprises three texturally and mineralogically distinct
facies (Figure B-6). The predominant facies is a central core of very
coarse, biotite—amphibole granite and quartz monzonite. The second
facies, which grades into the first and occurs along the margin of the
pluton, 1s a very coarse biotite granite. On the north, this border
facies contains much larger K-feldspar ' phenocrysts and prominent
flakes of muscovite. Work on mineral chemistry of the xenoliths and
granite suggests that this geometry results from a radial variation in
intensive parameters (most likelv T, fO, and fH,0) within the granite.
The youngest facies is a fine- to medium~-grained biotite-muscovite (?)
granite that intruded the western part of the pluton in the form of
large dikes and small stocks. This third facies had a higher fluid
pressure as evidenced by the mineralogy.

The granitoids exhibit a variety of internal structures which are
interpreted te be igneous flow features. These structures are impor-
tant in determining late movement of the magma, the ghape of the magma
chamber, and mechanisms of final emplacement. The best developed and
most widespread feature is layering defined by tabular K-feldspar and
plagioclase crystals. The feldspars are elongate parallel to ¢ , and
a lineation parallel to the dip of the layering can be locally
detected. Modal mineral layering, variably developed, occurs as con-
trasting amounts of mafic minerals or K-feldspar megacrysts. This
tvpe of layering ranges from several centimeters to meters in thick-
ness and occurs as sheets or lenses. Size-graded layering occurs in
lenses less than 5 cm thick. Tabular enclaves parallel the other
types of layering, and, where grouped, the enclave trains are aligned
parallel to the foliation. Schlieren, whether presumed to be smeared
xenoliths or early crystallized minerals, are also aligned.

~The attitudes of the internal features, and the geometric rela-
tions between facies within a pluton, show that the multiple-intrusive
complexes are arcuate and nested. The circular forms are not as well
developed as in ring dikes or cone sheets, but the plutons do have a
center of intrusive activityv, and can be described as "centered com-
plexes'.
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A facies formed from a single pulse of magma can be recognized by
its overall homogeneity and lack of internal -contacts. Whether the
separate magma batches are cogenetic in all cases has yet to be deter-
mined.

The 3-dimensional shapes of the plutons can be derived elther
from the attitudes of 1internal flow features or from geophysical
models. Flow features in plutons which have been studied suggest the
following 3~dimensional geometries:

Bald Rock: a steep-walled, elliptical pipe

Danburg: an elliptical, asymmetric funnel with steep flow
features on the north and shallower features in
the south

Landis: a steep-walled, elliptical pipe

Liberty Hill: a mnearly circular asymmetric funnel with steep

' dips in the north and shallower dips 1in the south

Palmetto: an asymmetric, crescentic pipe dipping ENE

Siloam: an irregular, composite pipe-like body with near-
vertical flow features

Town Creek: . a steep-walled, crescentic pipe

Only 3 plutons have been modeled using geophysical data:

Liberty Hill (11): steep, inward-dipping contacts, somewhat shallower
on the southern edge; depth about 6 km

Lilesville (8): a circular sheet up to 2.8 km thick, deeper on the
northwest, thinning around what 1s interpreted to
be the floor exposed in the center

Pageland (11): three steep~walled funnels: two coincide with the
exposed granite; the third 1lies to the northwest
of Triassic faults and 1s presumed to be a buried
portion of the pluton.

Contact relations

Contact relations are difficult to observe due to the lack of
outcrop, but some features can be noted. Contacts between the country
rock and granitoids are sharp on an outcrop scale but appear to be
lit-par-1lit over tens of meters. ~Aside from rare satellite bodies,
swarms of dikes and sills do not emanate into the country rocks, alt-
hough thin granite dikes dipping inward toward the pluton exist where
the granite has been emplaced in relatively massive crystalline rocks.
Structures in the country rock are disturbed within about 200 m of the
granite contact, but appear to be little affected by. the plutons at
greater distances. Structures in the country rock of the Lilesville

‘are particularly interesting because. the outer aureole has a static

metamorphic fabric, whereas the interior contact metamorphic rocks,
interpreted to be the floor of ‘the pluton, have a highly contorted
gneissic fabric, suggesting that the floor was deformed by the upward

movement of the magma.
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Variations in . the coarse-grained granitoids from center to rim
depend on the nature of the magma-wall rock interactions. Most com-
monly, xenoliths increase in size and abundance toward the rim. Grain
size also changes locally at the contacts of some plutons. A finer-
grained facies with phenocrysts of plagioclase, quartz, biotite, and
K-feldspar occurs along one contact of the Pageland. More commenly,
the K-feldspar megacrysts are larger near the contacts than in the
interior of the pluton. Changes i1n major or accessory mineralogy at
the contact are also common. For example, amphibole may be absent in
amphibole-bearing plutons or abundant muscovite may appear. These
differences can be explained by the exchange of fluid between the
country rock and magma, but major-element contamination of the gran-
ites is apparently not significant. One exception 1s found at the
northeast corner of the Winnsboro, where the normally felsic, coarse-
grained granite (CI=5) digested amphibolite and biotite gneiss to
become a more mafic (CI=10-20), plagioclase-rich granite. Exchange of
trace elements and isotopes between the granitoids and country rocks
has not yet been explored.

Granitoids in major fault zones

Four of the plutons lie in or across major late deformation zones
of the southern Piedmont (Figures B-5 & B-6). The Clouds Creek 1is
adjacent to the Modoc fault (6). The Butterwood Creek is cut by the
Hollister fault. The Palmetto-Tyrone 1is adjacent to the Brevard zone;
the deformation in these rocks is described in more detail by Higgins
(12,13), whose accounts of the "Palmetto granite" actually describe
the Ben Hill Pluton and other granitoid country rocks. The southern
tip of the Siloam has developed deformational features similar to
those of other granitoids near fault zones. Although no deformation
zones have been mapped in the vicinity of the Siloam, the Goat Rock
and Modoc faults have been extrapolated into that area (e.g. l4).

The granitoids associated with deformation zones vary widely in
texture, from rocks showing incipient deformation through augen gneiss
to mylonite and blastomylonite. An outstanding feature of the
deformed granitoids is the crystalloblastic. texture seen in thin sec-
tion. The mineralogy and modes of the deformed rocks are identical to
those of the undeformed rocks. This similarity, and the recrystal-
lized textures, suggest that the granitoids were deformed and recrys-
tallized while the rocks were at relatively high temperatures and that
no subsequent movement 1involving the granitoids occurred at lower
temperatures. The granitoids, while at elevated temperature, may have
"lubricated" the faults. An exception to these observations 1s the
Clouds Creek, which, with its contact aureole, appears to have under-
gone a pervasive hydrothermal recrystallization subsequent to crystal-
lization. The intensity of deformation in the granitoids may change
within a small area and does not always vary systematically with dis-
tance from the faults. This suggests that, during a short time inter-
~val, approximately coincident * with the intrusion of these granites,
intense deformation occurred in narrow zones separated by broad zones
which suffered little or no deformation. '
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Mesozoic faulting occurred in the Lilesville, Pageland, and
Liberty Hill. The Lilesville 1s cut by the Dborder faults of the
Wadesboro and Ellerbe Triassic basins. The Liberty Hill and Pageland
are cut by what mav be extensions of these faults (10,11). A buried
part of the Pageland, at lower elevation than the rest of the pluton,
lies in what mayv be a down-thrown block north of the Pageland fault

(Figure B-6). Effects of Mesozoic and later brittle faulting are
rarely seen on the surface, but are frequently encountered in drill
holes. Hydrothermal alteration associated with the faulting produced

mineral assemblages which include calcite + quartz + hematite + lau-
montite + K-feldspar + albite. Contemporanecus fissure veins have the
same assemblage with minor amounts of pyrite, chalcopyrite, chlorite,
and fluorite. A vein 1n the Palmetto-Tyrone pluton consists of thom-
sonite and gypsum, formed from a sulfate-rich aqueous fluid rather
than the more widespread carbonate-enriched fluid.

Ages

The coarse-grained granitoids, long recognized as 'postmeta-
morphic", were emplaced after the Late Paleozoic metamorphism and
penetrative regional deformation, and before the 1intrusion of the
Mesozoic diabase dikes and the uplift and erosion which occurred in
the later Mesozoic. Extensive 1sotopic age work has been done on the
granites while little 1s known of certain other aspects. The Rb-Sr
whole rock i1sotopic ages of these plutons range from 407 to 264 Ma.

Most ages, however, fall in the narrower span of 326 to 264 Ma, war-

ranting the more popular designations of "300 my-o0ld" granites (15) or
the "325-265 my group”(5). In this study, the 407 Ma old Lowrys and
388 Ma old Bald Rock have been included on petrographic criteria. A
review and discussion of the ages of these plutons has been recently
published (5).

In plutons comprising several rock facies, determination of the
facies' relative ages is of great importance in deducing the petro-
logic evolution of individual plutons. For most plutons, the relative
ages have been established, and most facies are about the same abso-
lute age, although some facies of the Siloam may yield differing iso-

topic ages (5).

K-Ar isotopic dates on micas have been determined for a number of
Georgia granitoids (16). Both mica K-Ar and wholé rock Rb~Sr dates
are available for two plutons, the Siloam and Sparta. The similarity
in ages suggests vrapid cooling from the time of crystallization, as
§6ven by the Rb-Sr date, through the time of any sigsificant loss of

Ar at much lower temperatures. = Preliminary Ar/”7Ar incremental-
release ages of hornblende and biotite from the Liberty Hill are simi-
lar to Rb-Sr ages, suggesting that 1t, too, cooled fairly rapidly.

Contémporaneous gabbroids

Closely associated with the coarse—grainéd granitolds is a string
of postmetamorphic gabbroic plutons (Figure B-7). Hornfelses occur
around a number of the gabbroids: Buffalo (17), Gladesville (18), Mt.
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Carmel (19), Preslev's Mill (20), South Rock Hill (7), Abbeville,
Calhoun Falls, Dutchman's Creek, Ogden, and Pee Dee. The presence of
contact aureoles around these plutons places a maximum age on their
intrusion: because regional metamorphic effects have been obliterated
in the hornfels surrounding a gabbro, the pluton must be "postmeta-
morphic'", or younger than about 350 Ma.

More definite age relations have been established for three plu-
tons. A norite-diorite body intrudes the Coronaca granite (21); the
granite is dated at 278 +2 Ma. The Gladesville is cut by pegmatite
dikes dated at 339 +16 Ma(22), vyielding a minimum age for the gabbro.
The Pee Dee gabbro intrudes the Lilesville, which is 326 +27 Ma(5).
Examination of the Pee Dee gabbro-Lilesville granite contact shows
that theyv are mutually intrusive. Small bodies of fine-grained, pil-
low-like inclusions of gabbro were found in the granite, suggesting
that there was mechanical mixing of the two magmas. The pillow-like
masses comprise basic magma which was chilled in cooler but still
liquid granitic magma.

_ The general relations of the postmetamorphic gabbroids, and par-
ticularly the relations of the Pee Dee and Lilesville plutons, show
that the gabbroids and coarse-grained granitoids were approximately
contemporanecus. Whether a cogenetic or only coincidental interpreta-

tion 1s attached to the occurrence of a bimodal suite, 1t 1s clear
that the 1late Paleozoic magmatic event in the southern Appalachians
produced plutons of two extreme compositions, with few 1f any

intermediate rocks.

PETROLOGY
Petrography

Modally, most of the rocks are monzogranites and quartz monzon-
ites (Figure B-8). The scatter of points into the syenogranite and
quartz svenite fields results from the wvariation in the Winnsboro.
The points near and 1in the granodiorite field show modes of the earli-
er-consolidated facies of the granites, and plagioclase-rich plutons,
such as the Palmetto. A

The most abundant and chdracteristic rock type of the plutons 1is
a coarse-grained, hypidiomorphic-inequigranular, biotite- or biotite +
amphibole-bearing granite. The feldspars are tabular, and euhedral to
subhedral. Several varieties of coarse-grained granitoid can be dif-
ferentiated on the basis of mineralogy and texture. The mineralogical
varieties are: biotite + amphibole, biotite, and biotite + muscovite,
all of which can be further divided by the presence or abseﬁce of cer-
tain accessory minerals. More subtle variations are defined in terms
of differences 1in granularity, subdivided according to the size of
quartz or K-feldspar. The K-feldspars can vary from a size comparable
to that of the other minerals up to several times that size. As they
increase in size, they become more euhedral. The size of the K-felds-
pars within a facies 1s generally uniform, but local changes produce
granites that are porphyritic over a limited area or that contain only
a few megacrysts.
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A wiborgitic texture is variably developed, but widespread in the
coarse—grained granites. In contrast to the ovoidal K-feldspars man-
tled by plagioclase in the wiborgite of the rapakivi granites of Scan-
dinavia, the K-feldspars of the coarse-grained granites of the south-
east U.S.A. are tabular and subhedral. The plagioclase mantles are
oligoclase.

The finer-grained facies are more wuniform. They are medium- to
fine-grained, allotriomorphic-equigranular, biotite-feldspar-quartz
rocks, commonly with muscovite + chlorite + epidote. They are more
quartz-rich and felsic than the associated coarse-grained granites
(Figure B-8). Subsolidus reactions are more prominent 1in these finer-
grained rocks, suggesting that thev were richer in a fluid phase,
which reacted with the rock. The finer-grained granites are generally
younger than the associated coarse-grained facies and may contain
xenocrysts of the latter, which have locally reacted with the melt.

The earlier consclidated facies of the coarse-grained granites,
which are not included in Figure B-8, are granodiorites or tonalite
and they are quite varied 1in appearance. In general, characteristic
features include a high color index (CI 15), finer-grain size, and
phenocrysts of plagioclase and quartz, in addition to K-feldspar. The
earlv mineral phases, pyroxene and amphibole, occur in higher concen-
trations in this facies than in the rest of the pluton. The plagioc-
lase 1s more calcic than that in the enclosing granite, and in some
cases, including the early facies of the Butterwood Creek, plagioclase
has K-feldspar rims - an antiwiborgitic texture. Locally, the
K~feldspar megacrysts appear to have grown metasomatically. These
rocks have reacted with the enclosing granite and have been affected
by the more hydrous nature of the later melts.

A few aplite and pegmatite dikes, presumably associated with the
granitoids, cut all the plutons. Small amounts of muscovite, biotite,
magnetite, and garnet are the mafic minerals. Large quartzolite dikes
cut the granites and adjacent country rocks; the largest, 4 km long
and 0.3 km wide, intrudes the Town Creek. '

Mineralogy

Biotite occurs as a mafic phase 1in all the granitoids. Petro-
graphically, biotites from various plutons and rock types differ only
in pleochroic scheme: some are pleochroic 1in shades of green, and
some in red-brown. Microprobe analyses (Figure B-9) show that the
biotites contain a large annite component, plotting at the magnesian
and aluminous corner of the annite quadrant. The Ti0, content varies
between 1.8 and 3.5 wt 7. Biotites 1n any one pluton or rock facies
are suprisingly consistent 1n total iron content expressed as
Fe/(Fe+Mg). Fe/(Fe+Mg) values obtained for several plutons:

Appling, coarse 0.58
Bald Rock 0.52
Castalia” 0.60
Landis, amphibole granite 0.50
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Landis, biotite granite 0.55
Liberty Hill, coarse 0.60
Liberty Hill, fine 0.65
Lilesville ' 0.60
Lowrys, coarse 0.45
Pageland 0.61
Palmetto 0.58
Town Creek 0.62

The differences in Fe/(Fe+Mg) between plutons or between rock facies

.of the same pluton are believed to reflect differing intensive parame-

ters during crystallization. In contrast to the behavior of
Fe/(Fe+Mg), the tetrahedral aluminum contents of biotites in any one
pluton or rock facies are variable, causing the vertical trends of
Figure B~9. The reasons for the variations. in aluminum are not clear.
In the Liberty Hill pluton, the tetrahedral aluminum content of the
biotites decreases radially, being more aluminous toward the center.
This may result from changes in fO, and fH, O from core to rim of the
pluton as evidenced by the mineralogy of Ehe granite and xenoliths.
The Fe/(Fe+Mg), unlike the tetrahedral aluminum content of the biot-
ite, may be insensitive to these changes and dependent on a variable
which differed among the plutons and rock facies.

Biotites from the Siloam pluton have the widest range in aluminum
and Fe/(Fe+Mg) contents as expected for a pluton composed of many
facies. The verv aluminous biotites of the Clouds Creek coexist with
cordierite and reflect the aluminous nature of the rock.

Amphibole occurs in one or more facies of the Butterwood Creek,
Bald Rock, Clouds Creek, Landis, Liberty Hill, Lowrys, Pageland,
Siloam, and Winnsboro plutons. The amphibole grains, wup to 0.5 cm
long, are prismatic, and euhedral to subhedral.  They are pleochroic:
X = yellow-brown; Y = yellow-green; Z = blue-green, and they are com-
monly twinned on (100). Analyses show they are edenites, ferroeden-
ites, edenitic hornblendes, and ferroedenitic hornblendes, according
to the new nomenclature for amphiboles (23).  The compositions plot
close to the limit of Ca+Na+K that igneous amphiboles can incorporate
at a particular Si content (24) (Figure B-10). Amphiboles in any one
pluton have a fairly narrow range in Fe/(Fe+Mg) ratios, with the fol-

lowing averages:

Bald Rock 0.56 Liberty Hill 0.6l
Landais 0.57 Pageland 0.64
Lowrys 0.47 Siloam 0.52

The partition coefficient (Fe/(Fe+Mg) in biotite /[ Fe/(Fe+Mg) in
amphibole) for the coarse-grained granites is nearly 1.0 (Figure
B-11). The points of Figure B-11 which deviate most from the line are
from the Bald Rock and Landis.

Amphiboles in some plutons are color-zoned, and chemically inho-

mogeneocus . Zoning 1is particularly evident 1in amphiboles with
"bleached" cores or irregular or skeletal clinopyroxene cores. In the
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Liberty Hill, the pyroxene 1s a pale green salite, near Wo4 En3 Fs18
Mn, in composition. The "bleached" cores are patches of paze gréen or
co%orless amphibole with small inclusions of quartz. The pale green
amphibole 1s a magnesio-hornblende with Fe/(Fe+Mg)=0.48. This is the
type of amphibole that also is adjacent to the clinopyroxene cores.
The bleached cores probably represent pyroxene that has been converted
to amphibole (cf. 25); they have also been found in the Clouds Creek
(6) and Lowrys.

The textures of the biotite and amphibole-bearing granites sug-
gest, in some cases, that biotite crystallized first, and in others,
that amphibole crystallized first. Wones and Dodge (26) suggest, on
the basis of experimental work, that in K~rich magmas, the ferromagne-
sian phase to appear next after pyroxene is dependent on H,0 activity.
The sequences-biotite—amphibole or amphibole-biotite refléct the dif-
fering HZO activities of the granites.

The granites contain two distinct groups of alkali feldspars:
K-feldspar megacryvsts and groundmass K-feldspar. The pink megacrysts,
which are not present in all rock facies and plutons, are euhedral to
subhedral, flattened perpendicular to (010) and elongated parallel to
c¢. The largest megacryst observed was 15 cm long. The megacrysts of
the Appling are particularly platy, with thickness:width:length ratios
at least 1:4:6. Most megacrysts are poikilitic with oriented inclu-
sions of plagioclase, quartz, and biotite. The elongate and tabular
minerals are oriented parallel te the megacryst faces. Where the
inclusions are particularly abundant, they define a textural zoning 1in
the feldspars. The K-feldspar megacrysts are perthites, microperth-
ites and cryptoperthites, In contrast, groundmass K-feldspar grains
are smaller, anhedral micro- and cryptoperthites. The albite phase of
both the megacryst and groundmass K-feldspar forms film, braid, patch
and veinlet perthite. The amount of perthite in the megacrysts can
vary and define a zoning which 1is believed to reflect original mag-
matic zoning of the K-feldspars.

Single crystal, X-ray studies of Liberty Hill perthites showed
that a monoclinic potassic phase (orthoclase) is the dominant X-ray
average, but weak, diffuse bands parallel to a* and b* caused by very
fine scale Albite and Pericline twins indicate the presence of twin-

ned, triclinic microcline. This 1s consistent with the commonly

observed microcline grid twinning. An Albite-twinned, 1low albite 1is
also present. '

According to microprobe analyses, the exsolved phases of the
alkali feldspar are nearly end-member compositions, at least as -sodic
or potassic as Ab 7 and Or97. Bulk compositions of the alkali felds-
pars are estimateg to be OF with less than An . This estimate 1is

more potassic than the resu?ggsgf Whitnev and Stormer (27) and Watson -

(2), who reported bulk analyses of megacrysts from some of the Georgia

granitoids as Or60_67 with Anl-h'

The plagioclase crystals are smaller than the megacrystic

K-feldspars. They are white or locally green as a result of saussuri-
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tization, Most plagioclases are subhedral, but many are anhedral
because of subsolidus reactions. Compositional determinations show
that the plagioclase 1s oligoclase having well-developed normal oscil-
latory zoning, with nearly unzoned cores of An30_ and rims of
An 5-10° All grains that were analyzed contain less %Kan Or,. Some
anélperthite 1s present. A discontinuous rim of albite man%les most
plagioclase grains, and is usually associated with myrmekite where
adjacent to alkali feldspar. The plagioclases of the more mafic gran-
itotds and schlieren are more calcic, An 0’ and commonly contain
inclusions of clinopyroxene, amphibole, and %1otite. Depending on the
availability of post-magmatic fluid, the calcic cores of the plagioc-—
lases are saussuritized, producing a more sodic plagioclase, epidote,
muscovite, calcite, and quartz.

Chlorite, muscovite, and epidote have widespread occurrence in
the granites. They are believed to be products of early post-magmatic
reequilibration. In certain instances, particularly with respect to
muscovite, arguments can be made for a late-magmatic origin.

Chlorites form largely by the alteration of biotite, and, in some
instances, amphibole. In fluid~rich facies, all of the biotite 1s
commonly altered. Analyses of the chlorites show that they closely
follow the Fe/(Fe+Mg) range of the biotites. The chlorites are ripi-
dolites and brunsvigites, according to the classification of Hey (28).

Muscovite and epidote have two parageneses, as saussuritization
products of plagioclase, and as constituents of the matrix, where they
are commonly intergrown with the other mafic minerals. 1In some cases,
the matrix epidote has grown as rims on allanite. 1In most rocks there
is compositional equilibrium between the alteration minerals though
not between the alteration minerals and the parent minerals, In some
rocks, saussurite minerals in the host feldspar grew in i1solation from
the matrix assemblage, resulting in two populations of epidote and
muscovite, each with characteristic compositions. The matrix epidotes

are Fe-rich, with pistacite contents greater than 257%. They are gen-
erally more Mn-rich than the Fe-poor epidotes of the 1solated saussu-
ritized plagioclase (Figure B-12). The matrix muscovites of the

coarse—-grained granites are phengites, with a fairly large celadonite
component , (Fe+Mg)/(Fe+Mg+Ti+A1)=0.15 (Figure B-13) They have a small
paragonite component, between 2 and 4.5%. The muscovites of the iso-
lated saussuritized plagioclase contain much less celadonite and quite
a large paragonite component, up to 17 mole %.

Numerous accessory minerals have been found in the granitoids; in
the following list, those marked with an asterisk are thought to be
secondary. ’ '

allanite hematite* sphalerite
apatite ilmenite " thorite
carbonate¥ magnetite titanite
chalcopyrite molybdenite tourmaline
coffinite monazite uraninite
cordierite pyrite uranothorianite
fluorite pyrophanite  xenotime
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alena pyrrhotite zircon
g yre
garnet rutile¥

Zoned allanites, up to 3mm long, and titanite, up to 2mm 1in size,
are the characteristic and most abundant nonopaque accessories of the
granitoids, although one or both are absent from some facies. Allan-
ites associated with epidote are commonly rimmed by the epidote., Tex-—
tural evidence suggests that titanite formed in at least two genera-
tions: as large, euhedral primary titanite and as small, anhedral
secondary titanite interlayered with biotite and rimming the oxides.
Both types of titanites have similar compositions 1in a given rock.
Aluminum and iron substitute for titanium up to 13 and 8 mole % res-
pectively. Titanite, along with rutile, occurs with chlorite as’ an
alteration product of biotite.

Zircon, apatite, magnetite and ilmenite are ubiquitous. Zircon
and apatite generally occcur as  inclusions in major minerals, espe-
cially biotite. Commonly what appears to be zircon has, on closer
examination, been identified as the "i1sostructural minerals thorite,
coffinite, and =xenotime. Magnetite generally contains lamellae of
ilmenite, as a result of exsolution of a primary titanomagnetite.
Ilmenite only locally contains networks and blebs of hematite,. prob-
ably as a result of exsolution of the ilmenite-hematite solid solu-
tion. The ilmenites are manganiferous, containing up to 6 wt 7 MnO.

The sulfides pyrite and chalcopyrite are fairly widespread, alt-
hough chalcopyrite is not abundant. Sphalerite has been found in the
granites near metasedimentary xenoliths and 1in pegmatite and aplite
segregations. Pyrrhotite crystallizes particularly early, and occurs
only as inclusions in zircon, apatite, magnetite, allanite, calcic
plagioclase, and amphibole. Evidently the sulfur fugacity increased
during crystallization until only pyrite was stable. Molybdenite
occurs both as disseminated flakes and as aggregates 1in quartz veins.
The occurrence of molybdenite in these granitoids has been discussed
in detail (29). Two additional occurrences have been noted since that
work, the Siloam (30) and the Butterwood Creek.

The remaining accessorv minerals, except for those of secondary
origin, are fairly restricted in occurrence. The blue-to-brown pleo-
chroic tourmaline of the Clouds Creek has an intermediate composition,
approximately schorl dravite4 . The garnets are spessartine-alman-
dine solid solutions] with ?he average compositions: Castalia,

Sp52A1 Gr1 and Siloam,-Sp5§A136Gr . The compositional variation of
iloa

the“garnets is small in the”5 m and is about 5 percent in the Cas-
talia. The cordierite in the Clouds Creek has an intermediate compo-
sition, Fe4 Mg4 Mn,, and contains a large amount of sodium, up to 1.25
wt % Na,O, which is typical of cordierites in igneous rocks. The ura-
nium ang thorium oxides have been positively identified in only two
plutons, the Liberty Hill and Town Creek. Evidence of their presence
in the form of very large radiation damage halos in biotite has been
spotted in a number of other granites, although the minerals them-
selves do not lie in the plane of the,E?in section. Some of the radi-
 ohalos appeagj to be -polonium halos (

overexposed 8 U hales (31).
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Accessory minerals are more than curiosities. They provide evi-
dence of differences 1in chemical and physicali‘conditions that may not
be recorded by the major mineralogy. Because the accessory minerals

contain the primary sites for many trace elements, the accessory min-
eralogy records the behavior of the trace elements during cryvstalliza-
tion and subsequent events such as hydrothermal alteration and weath-
ering. Rare earth phosphates, for example, may occur 1instead of
allanite near large xenoliths or wall rocks which have contaminated
the granite with P. U and Th are minor constituents of both the
easily weathered allanites and the much more resistant phosphates,
monazite and xenotime, and the behavior of these elements will be det-
ermined by the mineralogy.

Enclaves

Enclaves in the coarse-grained plutons are not abundant, but
encompass a wide variety of types.

Xenoliths are the only enclaves that are angular. The consti-
tuent rock types are varied, reflecting the diverse lithologies in
which the granites were emplaced. Epixenoliths are the largest, most
common, and most easily recognized type of xenolith. Formed from

nearby country rock, they are most abundant near contacts. Hypoxenol-
iths, derived from the country rock at depth, can be identified by
their similarity to rocks that are found in the Piedmont, but not in
the vicinity of the plutoen.

Xenocrysts, not a common feature, are limited to multiple-intru-
sion plutons. They have been identified where a later, finer-grained
granitoid intruded a coarser-grained granitoid and picked up large,
single crystals from the earlier facies. A reaction texture is com-
monly present between the xenocrysts and finer-grained matrix. A late
facies of the Libertv Hill, the "xenocrystal granite', contains up to
25% xenocrysts.

Three types of autoliths have been recognized. Most easily iden-
tified are felsic mineral segregations with a CI§l1. Included in this
group are autoliths composed entirely of ‘K-feldspar megacrysts, which
suggest an igneous origin for the megacrysts. A second type, compris-
ing schlieren and enclaves of mafic mineral segregations, c¢an be
interpreted as autoliths, ‘although some may be skialiths. The third
type of autolith, which is perhaps the most useful for interpreting
the evolution of a granite, includes those believed to consist of a
rock facies that was consolidated earlier and at greater depth than
the pluton at the present surface. ‘This type of autolith, found in
every granite examined, characteristically is more mafic than the enc-
losing granite and shows reaction textures with the enclosing rock and
post-consolidation growth of hydrous mafic minerals and K-feldspar.
Autoliths of earlier facies give rise to spectacular double enclaves.
The doubly enclosed enclaves are probably either hypoxenoliths or even
earlier autoliths.
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Skialiths are fairly rare in the coarse-grained gradnites. The
few examined appear to be granitic xenoliths that recrystallized in
the younger melt. Because they were already close to granite in com-
position, these enclaves were able upon reaction to approach the enc-
losing rocks 1in composition, mineralogy, and .texture in the time
available. ' ' ' '

CONTACT METAMORPHISM AND

CONDITIONS OF EMPLACEMENT

The nature of the contact metamorphic aureoles of the granitic
plutons varies widely. The plutons studied were probably similar in
.magmatic temperature and shape. . The diversity in contact metamorphism
is therefore most likely caused by emplacement at different depths in
rocks of varying composition and metamorphic grade.

Thermal aureoles produced by the granites have been recognized
around the Clouds Creek, Danburg, Liberty Hill, Lilesville, Pageland,
Sims; Town Creek and Winnsboro plutons. Contact metamorphism devel-
oped only in xenoliths has been detected in the Palmetto-Tyrone and
perhaps the Bald Rock, SCU Il and the Siloam. Contact aureoles are
best developed around plutons emplaced in the low-grade Carolina Slate
belt. For those intruded into mudstones, contact effects can be seen
up to 4 km from the margin of the pluton. The aureoles can be grouped
as: .
1. trifacial, composed of granulite, amphibolite and greenschist
facies, e.g. The Liberty Hill and Lilesville.

2. bifacial, composed of amphibolite and greenschist facies.
The Pageland, Town Creek and Winnsboro plutons are examples. These
plutons could be trifacial if granulite facies assemblages were to be
found..

3. monofacial, composed solely of greenschist facles assem-
blages. The Clouds Creek and Danburg appear to belong to this type.

Contact effects are difficult to find around plutons emplaced in
country rocks in which the metamorphic grade is amphibolite facies or
- higher. In this case, rocks showing contact metamorphism are limited
to xenoliths and immediately adjacent country rocks. Observed contact

~metamorphism in these xenoliths and aureoles 1is limited to the granu-

lite and amphibolite facies, conditions at or above those of the enc-
losing rocks. The Palmetto and Siloam are examples of plutons
- emplaced in high grade country rocks.

The contact metamorphism appears to have been largely isochemical
for the major  elements, although exchange of fluid phase components
was common. The behavior of the trace elements and stable isotopes is

not well documented, but they do appear to have been affected by fluid

phase migration. In the Rion facies of the Winnsboro and the Danburg,
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fluid was apparently expelled into the country rock. Most plutons, on
the other hand, appear to have absorbed water from the country rock,
as shown by the mineralogy of the granite, aureole, and xenoliths.

The minerai assemblages of the hornfelses are diverse, reflecting
a wide range in composition of the original country rocks. Commonly
occurring and interesting mineral assemblages include:

1. xenoliths and innermost aureoles

a) pelitic rocks (in addition to pc+ksp+qz)

opx+gar+cd+bt staur+gar+si+bt
opx+cd+bt cd+bt+musc
opx+bt si+musc
gar+cd+bt and+bt+musc
gar+si+bt+musc and+cd+bt+musc
gar+btimu§b- s1+cd+bt

b) basic rocks (in addition to pc + qz)

cpx+opx+brn hbl+bt gar+cpx+hbl
opx+brn or grn hbl+bt gar+cumm+bt
cpx+brn or grn hbl+bt cpx+cumm+hbl
cumm+brn or grn hbl+bt grn hbl+bt+epid

¢) calcareous rocks

grossularite+cpx+trem+zoisite+cc
trem+cpx+zoisite

2. 1nner aureoles
a) pelitic rocks (in addition to pc + gqz)

cd+bt+ksp and+cd+bt+musc
cd+bt+musc _ and+staur+bt+musc

b) basic rocks (in addition to pc + qz)
amph+bt+epid+chl
3. outer aureoles
a) pelitic rocks (in additién to pc + q;)

chl+cd+bt+musc ' bt+musc+chl
chl+musc+epid -

b) basic rocks (in addition to pc + qz)

amph+epid+bt+musc
epid+chl+bt+musc



The mineral assemblages in the outer part of the aureole grade
into the earlier assemblages of regional metamorphism. The trifacial
" contact aureoles contain all three of the above groups of mineral

assemblages; the bifacial aureoles contain groups 2 and 3; and the
-monofacial aureoles contain only group 3 mineral assemblages.

The contact aureoles of individual plutons can be quite complex,
as is the Liberty Hill aureole, which is trifacial. The pelitic coun-

try rocks have an earlier, regional greenschist facies assemblage of
vermicul ite+chlorite+epidote+albite+quartz. The mineral 1isograds
.encountered toward the granite contact are: vermiculite-out; epi-

dote+albite-out, which coincides with the cordierite+biotite+andesine-
in; chlorite-out; K-feldspar—-in; and magnetite - or muscovite-out.
Garnet, orthopyroxene and andalusite appear in the xenoliths.

The estimated pressure of emplacement - of the Liberty Hill,
obtained from compositions of coexisting garnet—cordierite pairs, 1s
4.5 kb, which corresponds to a depth of between 15 and 18 km. This
pressure estimate 1s further supported by the aluminum silicate tran-
sition of andalusite-sillimanite, the coexistence of sillimanite with
muscovite, K-feldspar and quartz, and the possibility of igneous mus-
covite in the border facies of the granite. Using the muscovite sta-
bility data (32) and the aluminum silicate stability data (33), pres-
sure brackets of 5.5 and 4.5 kb are obtained. The Lilesville contact
aureole is nearly identical to that of the Liberty Hill, but composi-
tions of the garnet-cordierite pairs suggest a slightly higher pres-~
sure, perhaps 5 kb. Preliminary work on the contact metamorphism of
the Pageland, Sims, Town Creek and Winnsboro plutons indicates that
they were emplaced at pressures of 4.5 to 5.5 kb. A minimum pressure
estimate of 4 kb can be placed on the western plutons, Palmetto-Tyr-
one, SCU 1, and Siloam, although the pressure appears greater.

Temperature estimates for the xenoliths in the Liberty Hill fall

in the range 670 - 740°C. Maximum estimates of temperature 1in the
aureole are 680°C at the contact and less than 610°C in the outermost
aureole. PH,O was approximately half P 1 in the granite. These

. 0 -
conditions, ag a pressure of 4.5 kb, are just above or at the granite
solidus (34). This is a reasonable result, for the Liberty Hill is at
the level relative to surrounding rocks where it completed crystalli-
zation.

Conclusions

Twenty-six post-metamorphic granitoid plutons in the southeastern

U.S. possess the properties of a supergroup (3): they are similar in

age, texture, degree of modal variation, and mineral compositions, and
they have similar xenoliths. = Compositions of minerals from contact
aureoles suggest that hot, dry magmas were emplaced at 4 - 5.5 kb and

crystallized to coarse-grained granitoids. ‘Later, - finer-grained

facies formed from magmas that were cooler and wetter.
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These granitoids are part of a Late Paleozolc magmatic event
which produced contemporaneocus granitic and gabbroic plutons. It is
uncertain whether the two magma types are consanguineous, oOr whether
their simultaneous production was coincidental.

Disparate local settings and variations in intensive parameters
produced numerous variations in the granitoids and lessened the simi-
larities between them. The granitoids vary from homogeneous, 'sill-
like sheets to multiply intrusive, funnel-shaped complexes. Some
granites were emplaced in major mylonite zones, and others have been
cut by Mesozoic brittle faulting. Variations also occur in the miner-
alogy and crystallization sequence of the mafic and accessory phases,
as well as in the . extent of post consolidation recrystallization.
Recognition of the effects of local setting will allow identification
of general features that can be used to determine the granitoids ulti-
mate, common origin during the Late Paleozolc magmatic event.
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