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SUMMARY AND OVERVIEW

J. K. Costain and L. Glover, III

The objectives of the geothermal program at VPI&SU have
been to develop and apply geological and geophysical target-
ing procedures for the discovery of low-temperature geother-
mal resources related to heat-producing granite. The diffe-
rent geologic setting associated with the warm springs in
Virginia was discussed by Perry et al. (1979) and is not
reviewed in this report.

Optimum sites for geothermal development in the tectonically
stable eastern United States are associated with areas of
high heat flow derived from crustal igneous rocks containing
relatively high concentrations of uranium (U), thorium (Th),
and potassium (K). Exploration strategy has been directed
toward confirmation of the "radiogenic model" (Costain et
al., 1980a). In this model, granite plutons with relatively
high concentrations of U, Th, and K relative to the sur-
rounding country rock occur in the crystalline basement
concealed beneath the wedge of relatively unconsolidated
sediments of the Atlantic Coastal Plain. Such granites are
sources of heat produced by the natural radiocactive decay of
isotopes of U, Th, and K (Birch, 1954). Because the thermal
conductivity of the Coastal Plain sediments is roughly half
that of c¢rystalline rocks (Ziagos et al., 1976; Perry,
1979), the sediments act as a thermal insulator, and raise
geothermal gradients within the sediments. In a sedimentary
section above a heat~producing granite, isotherms are warped
upward, and anomalously higher temperatures occur at shal-
lower depths.

The storage of commercially exploitable geothermal heat
at accessible depths (1-3 km) also requires favorable reser-
voir conditions in sedimentary rocks overlying heat-produc-
ing granite. The geothermal resource is primarily a hy-
drothermal resource. The yield of water from deep aquifers
is therefore an important consideration because water is the
medium by which the heat at depth is transferred to the sur-
face. The yield must be sufficient to meet energy require-
ments. This is partly an economic problem, but it also in-
volves the intrinsic permeability and transmissivity of the
aquifers. There is little data concerning the temperature
and hydrology of deep aquifers in the sediments beneath the
Atlantic Coastal Plain. Good porosities were indicated from-
a test hole near Norfolk, Va., in the thick Cretaceous sand
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unit (Brown, 1968) that forms the basal sedimentary unit
throughout much of the northern Atlantic Coastal Plain
(Brown et al., 1972). Comparison of geophysical logs from
deep wells in the Coastal Plain of Maryland, Virginia, and
North Caroclina suggest that deep aquifers are widespread
(Lambiase et al., 1980).

No economic factors related to the use of eastern
geothermal resources were considered at VPI&SU; however, our
program was closely coordinated with the work sponsored by
the Department of Energy at the Applied Physics Laboratory
of Johns Hopkins University where economic and engineering
factors related to the development of an eastern geothermal
resource were being considered (Johns Hopkins University,
1981).

In order to locate optimum sites systematically, a
methodology employing geclogical and geophysical methods of
investigation was developed and applied. Heat-producing
granites similar to those in the basement beneath the Atlan-
tic Coastal Plain are exposed to the northwest in the Pied-
mont province. The petrology, radioelement distribution,
and bulk chemistry of several of these young (254-420 Ma.)
granites was studied in detail (Speer et al., 1980 and this
report). These late Paleozoic granitoids in the central and
southern Appalachians are the youngest known to date, and
are generally coarse-grained granites with alkali feldspar -
megacrysts. Field relations, mineralogy, chemistry, and
geochronology have been summarized by Fullagar and Butler
(1979) and Speer et al. (1979). A finer-grained muscovite-
bearing phase considerably higher in heat production than
the coarse-grained phase commonly intrudes the coarse-
grained facies and is often found near the center of the
plutons. Because the source of excess heat flow above the
background flux is primarily from the radicactive decay of
isotopes of U and Th, an understanding of the horizontal and
vertical distribution of these heat-producing elements in
granites is important for efficient targeting of sites of
high heat flow. A summary of the relationship between rock
type and heat production is given in this report by Speer
and others. The horizontal distribution can be. examined
from surface sampling; however, the distribution of U and Th
"to crustal depths can only be inferred from heat flow-heat
generation data. Uranium mobility in igenous rocks is sen-
sitive to subsolidus processes, and this problem received
high priority. The migration of uranium in granitoid rocks
and the petrography of the U-bearing minerals of the Liberty
Hill pluton exposed in South Carolina was reported by Speer
and others (1981). '

A linear relation, g = g* + DA Dbetween surface heat

flow, g, and surface heat generation, A, was confirmed for
many heat flow sites in granites exposed in the Piedmont of



Virginia, North Carolina, South Carolina, and Georgia. This
is a significant result of the program because from this re-
lationship a crustal temperature profile can be computed
(Lachenbruch, 1968).. The drill sites defining the linear
relationship were located along a region parallel to the ma-
jor structural trend of the Appalachians. Although the in-
terpretation of the physical significance of the parameter D
is ambiguous (Birch et al., 1968; Lachenbruch, 1968), limit-
ed seismic data (Clark et al., 1978; Cook et al., 1978) sug-
gest that D could represent thickness of pluton (Costain and
Glover, 1980). Values of (g,A) that do not lie on an estab-
lished relationship may therefore represent granites of
different thickness beneath which different crustal tempera-
ture profiles would presumably be different. Important ex-
ceptions to this generalization will be found, however, if U
and Th have been mobilized from a relatively uniform distri-
bution within a granite body to a "rind" or thin peripheral
zone surrounding the granite. A heat flow determination di-
rectly over such a granite may be approximately the same as
that over a similar volume of granite with the same total U
and Th content uniformly distributed (Green's theorem), but
the heat generation wvalue from the same site will not be
consistent with an interpretation of D as thickness of plu-
ton. This appears to be true for the Castalia pluton in
North Carolina. The gamma log obtained from the Castalia
heat flow site as well as determinations of U, Th, and K
concentrations in core samples indicated a remarkably uni-
form distribution of U and Th, quite unlike any of the oth-
er results from heat flow sites in granite.

An understanding of the linear relation between heat flow
and heat generation remains an important unsolved problem
wherever it has been observed on continents, and has impor-
tant implications for predicting crustal temperatures in ar-
eas of potential hot~dry-rock applications. For further
comments, see "Heatflow in the Southeast United States",
elsewhere in this report.

Following detailed study of selected heat-producing
granites exposed in the Piedmont, emphasis shifted to grani-
toids concealed beneath the thermally insulating sediments
of the Atlantic Coastal Plain. Thermal conductivity varies
with sediment type. Abrupt lateral and vertical facies
changes occur within the Coastal Plain sediments (Brown et
al., 1972) making prediction of 1lithology, thermal conduc-
tivity, and temperature at the surface of crystalline base-
ment difficult. Generally, the sediments in the deeper sec-
tions of the northern Coastal Plain are non-marine deposits
which are more quartz-sand rich than the upper 300 m; this
tends to increase thermal conductivity in the deeper part of
the section relative to the upper part and thus lowers the
geothermal gradient by as much as 15 percent. Thermal con-
ductivity also increases with compaction. Granites beneath
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such sediments must be located indirectly by means of
geophysical data including gravity, heat flow, and reflec-
tion seismology. Several granite bodies targeted by VPI&SU
using geophysical data were later confirmed by the drill
(Chesapeake and Petersburg, Va.; Dort, N.C.; Salley, S.C.).
Others remain unconfirmed by the drill (Smith Point, Va.;
Crisfield, Md.; Lumberton, N.C.).

A major program to determine heat flow on the Atlantic
Coastal Plain was undertaken during 1978 and 1979. About 50
exploratory holes, each approximately 300 m in depth, were
drilled in New Jersey, Delaware, Maryland, Virginia and
North Carolina under D.O.E. contract to Gruy Federal, Inc.
The heat flow sites were selected by VPI&SU to represent ar-
eas with a high potential for geothermal development and to
test the radiogenic model. Analysis of geothermal gradients
determined by VPI&SU in these exploratory holes in the At-
lantic Coastal Plain indicate that in many areas tempera-

tures exceed 40°C at the base of the sediments. Water of
such temperature, provided it is available in sufficient
gquantity, represents a viable geothermal resource. In the

eastern United States, geothermal gradients were found to be
in the range of 10 to 50°/km.

Results of the gradients on the northern Atlantic Coas-
tal Plain have been reported by Lambiase et al., (1980) and
are not repeated herein. The geothermal gradients in both
the Piedmont and in the northern Atlantic Coastal Plain are
tabulatedd by Costain and others in this report (Heat Flow
in the Southeastern United States). Higher gradients are
found throughout most of the Delmarva Peninsula where wvalues
are between 30°C/km and 46°C/km. Near Chesapeake Bay, temp-
erature gradients are the highest of any in the five-state
area with values that vary between 39°C/km and 50°C/km. The
gradient of S50°C/km is at Smith Point on the western flank
of a large negative gravity anomaly beneath Chesapeake Bay.
The basement rock has not been sampled by the drill, but it
" seem likely that the anomaly is associated with unmetamorp-
hosed granite. A gradient of 43°C/km was determined in nor-
theastern North Carolina; all other known exploratory holes
in this area have thermal gradients between 31°C/km and
35°C/km. In southeastern North Carolina, gradients are low-
er, and vary from 22°C/km to 32°C/km.

One promising area for geothermal development discov-
ered by us in the northern Atlantic Coastal Plain is on the
Eastern Shore between Crisfield in southern Maryland and Oak
Hall in northern Virginia just east of the Chesapeake Bay
gravity anomaly. Results from the exploratory heat flow
determinations were used to site a2 1690 m test hole that was
drilled into basement and completed in June 1979 at Cris-
field, Md. The Crisfield site was selected by VPI&SU be-
cause of the known high geothermal gradients there and the
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moderate depth to basement. Temperature at the top of

‘crystalline basement was found to be approximately 58°C.

The temperature predicted by us at the base of the Coastal
Plain sediments at Crisfield was about 16 percent less than
the actual temperature. The difference was due entirely to
the uncertainty in estimating the higher thermal conductivi-
ty of Coastal Plain sediments in the lower 78 percent of the
sedimentary sequence.

The basement rock encountered at Crisfield was not gra-
nite, but a low grade metavolcanic rock possibly equivalent
to volcanics exposed in the Carolina Slate Belt. The rocks
have not yet been dated. The high heat flow at Crisfield
and the negative gravity anomaly just to the west beneath
Chesapeake Bay suggest that granite could be the source of
the heat flow anomaly. The first clue that this is a rea-
sonable interpretation came from a VIBROSEIS survey spon-
sored by the U.s. Geological Survey (Contract
No.14-08-0001-G-685) near Lumberton, N.C. (Pratt, 1983).
Glover (1979) observed that exposed Alleghanian granitoids
do not intrude very far into the low-grade metavolcanics of
the Carolina Slate Belt. Core drilling, gravity, and
VIBROSEIS data (Pratt et al., 1983) obtained near Lumberton
for the U.S.G.S. suggest the presence of an unmetamorp-
hosed(?) granitoid concealed beneath a belt of lower amphi-
bolite facies volcanic rocks which comprise part of the
crystalline basement under sediments of the Atlantic Coastal
Plain. A 239-m core consisting of interlayered felsic and
mafic metavolcanic rocks was retrieved from beneath 150 m of
sediments at a site near the center of a -35 mgal Bouguer
anomaly near Lumberton. Excellent seismic reflections along
a nearby VIBROSEIS 1line shot by VPI&SU extending 16 km
southeast from the Lumberton drill site are interpreted to
be from these volcanics, which are 3 to 5 km in thickness.
A zone transparent to seismic waves from 1.2 to 5 sec on the
seismic line is believed to be associated with a large gra-
nite pluton. The heat flow is high, about 63 mW/m?. The
high heat flow and negative gravity anomaly are both charac-
teristic of Alleghanian plutons in the southeastern U.S. At
Crisfield, east of -the Chesapeake Bay dgravity anomaly, a
pronounced negative Bouguer arnomaly is not observed; howev-
er, this is not a severe constraint because density con-
trasts 1n the basement and the percentage of mafic material
in the volcanic assemblage at depth are unknown. The source
of the high heat flow at Crisfield is interpreted to be from
unmetamorphosed granite of late Paleozoic age beneath low
grade volcanic rocks.

Limited hydrologic and heat flow data made available by
this program made it possible to estimate the thermal life-
time of a geothermal resource within the sediments beneath
the Atlantic Coastal Plain. Using the integrated finite
difference method (program CCC developed at Berkeley), num-
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erical modeling was done by Laczniak (1980) at VPI&SU to
predict the optimum spacing between a pumping well and an

injection well (a single dipole). Laczniak modeled the res-
ponse of a leaky doublet system to a single dipole using
aquifer parameters derived from the Crisfield tests. The

model was run for a simulated period of 15 years or until
steady-state thermal and fluid flow was reached. A doublet
with direct injection back into the reservoir was shown to
be a feasible method to extract heat from the low-tempera-
ture, liquid-dominated geothermal systems of the Atlantic
Coastal Plain.

Important conclusions of Laczniak's study were:

a) direct injection back into the reservoir may be ne-
cessary to maintain sufficient fluid pressure at
the production well for systems with a low perme-
ability,

b) temperature distribution within the system is only
slightly affected by changes in permeability in the
range 10-100 md (millidarcies),

c) resting the system for periods of six months does
not result in a significant recharge of heat at the
production well,

d) a doublet system with thermal and hydrologic condi-
tions similar to those encountered at Crisfield,
Maryland, a well spacing of 1000 m, a permeability
of 100 md, and a pumping-injection stress of 500
gpm (injection temperature 44°C) could produce 5.5
million Btu's per hour over a period greater than
15 years.

Preliminary results of the test at Crisfield, Maryland
were encouraging in that an adequate supply of water at a
temperature of 56°C was produced from aquifers at a depth of
1.2 km, but further testing of the temperatures and tran-
smissivity of the deep aquifers beneath the Coastal Plain
will be required before the geothermal resource potential
can be fully evaluated.
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PETROLOGY OF SYN- AND POSTMETAMORPHIC GRANITES
IN SOUTHEAST U.S.: BASIS FOR UNDERSTANDING HEAT
FLOW AND HEAT PRODUCTION

J. A. Speer, S. W. Becker, S. S. Farrar

Of 82 granitoid plutons examined by the Orogenic Stu-
dies Laboratory between 1976 and 1981, 56 are known in suf-
ficient detail to classify them on the basis of petrography
and field relations. These differences between the granite
types can be extended to their heat productions, modes, ma-
jor and trace element rock chemistries, mineral chemistries
and isotopic compositions. The petrographic distinctions
can also be applied to variations in heat flow if other fac-
tors such as pluton geometry, size, and lower crustal con-
tribution to the heat flow are similar. The plutons and
their locations are presented in Figure 1.

Our work has centered on the plutons' potential as
low-temperature, geothermal heat sources. Because metamorp-
hosed rocks tend to lose radioactive elements, we examined
mostly syn- and post-metamorphic granitoid plutons which
range in age from 420 to 254 Ma. The ages of metamorphism
and deformation tend to decrease to the southeast (Glover
and Russell, 1981; Glover et al., submitted). Therefore the
ages of syn-and post-deformational plutons vary according to
the local age of metamorphism and deformation. Figure 2 is
a map from Glover et al. (submitted) illustrating the re-
gional variations in ages of ductile deformation and meta-
morphism.

Petrography

The several pétrographic types of granites are:

1) coarse-grained, amphibole t pyroxene + biotite gra-
nites with accessory allanite, titanite, ilmenite
and magnetite, comprising one facies of composite

plutons.

PT Petersburg, Va. BC Butterwood Creek, N.C.
CS Castalia, N.C. RM Rocky Mt., N.C.

LD Landis, N.C. BR Bald Rock, S.C.

LH Liberty Hill, S.C. HB Harbison, S.C.

PG Pageland, S.C. WN Winnsboro, S.C.

GV Vaucluse, S.C.
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-grained, biotite granite with accessory alla-

titanite, ilmenite and magnetite. There are
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prising the entire pluton

Appling, Ga. PM Palmetto, Ga.

Town Creek, Ga. SM Siloam, Ga.

Sparta, Ga. DB Danberg, Ga.
Columbia, S.C. GC Grey Court, S.C.
Clover, S.C. OT Ott, S.C.
Springfield, S.C. YK York, S.C.

Gastonia, N.C. LV Lilesville, N.C.

Mooresville, N.C.

prising one facies of a composite pluton
Petersburg, Va. BC Butterwood Creek, N.C.
Castalia, N.C. CH Churchland, N.C.
Landis, N.C. BR Bald Rock, S.C.
Clouds Creek, S.C. LH Liberty Hill, S.C.
Pageland, S.C. WN Winnsboro, S.C.

to medium~grained, biotite granite with acces-

sory ilmenite, allanite, molybdenite, * REE fluor-

carbon
are ar
ations

ates, niobates, etc. Muscovite and epidote
guably primary igneous. There are two associ-

.
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A) comprising the entire pluton

EB

Elberton, Ga. NB Newberry, S.C.

B) comprising one facies of a composite, coarse-
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BC
CH
GV
LO
SM

~ The above

ined pluton

Butterwood Creek, N.C.

Churchland, N.C. BR Bald Rock, S.C.
Graniteville, S.C. LH Liberty Hill, S.C.
Lowrys, S.C. WN Winnsboro, S.C.

Silocam, Ga.

three types of granites are comparable to the

I-type granites of Chappell and White (1974). Their em-
placement occurred largely during and after the Alleghanian

orogeny. Fewe
orogeny.

4) coarse
granod
tourma

r were emplaced during or late in the Acadian

~grained, cordierite + biotite granites and
iorites with accessory ilmenite, monazite and
line. There are two associations:
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Figure 2: Map .illustrating the regional varia-
tions 1in ages of ductile deformation and meta-
morphism from Glover et al. (submitted). Num-

bers refer to specific localities discussed in
the text of that paper.




3)

.A) containing early crystallizing magnetite, which

has since reacted away

CC Clouds Creek, S.C.

'B) containing early crystallizing almandine, which

has since become unstable
SU Stumpy Point, N.C.

medium- to coarse-grained, muscovite + biotite gran-
itoid rocks. On the basis of texture, most people
would interpret the muscovite as primary igneous.
Accessory minerals include garnet, ilmenite, rutile,
monazite and xenotime. There are four associations:

A) two-mica, plagioclase-rich granitoids (granodior-
ites and trondhjemites) containing few accessory
minerals and having low heat productions. Garnet
is present in those that are syndeformational.
Some are associated with Sn and Li mineralization
and contain tourmaline.

RF Rockford, Al. BF Blakes Ferry, Al.
BS Bluff Springs, Al. AL Almond, Al.

STG Stone Mtn, Ga. PN Panola, Ga.

STN Stone Mtn, N.C. MA Mt. Airy, N.C.

CV Cherryville, N.C. TL Toluca, N.C.

B) two-mica granites containing modaliy more acces-
sory minerals and having higher heat productions.
Molydenite occurs in some.

WS Wise, N.C. SI Sims, N.C.
22 NC22, N.C. CW Catawba, S.C.
ED Edgefield, S.C.

C) leucocratic, two-mica granites with accessory
garnet, niobates, Li muscovite, fluorite, sul-
fates and carbonates. They have high Rb/Sr rat-
ios. These are evidently +the highly-evolved,
fluid-rich roofs of large plutons of type 1 or 2
granites.

CF Cuffytown Creek, S.C. PO Portsmouth, Va.

D) coarse-grained, two-mica granites resulting from
extensive interaction of type 1 or 2 granite with
the country rock.

LH Liberty Hill, S.C. Cs Castalia, S.C.
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Two mica granites range in age from Taconic through
Acadian to Alleghanian. Types 4B, 5A, and 5B are comparable
to the S-granites of Chappell and White (1974) whereas 4A,
5C and 5D are petrologic variants of I-granites. The S-type
granites are more concentrated in the Blue Ridge and Inner
Piedmont but occur in every geologic belt. Many are clearly
associated with major ductile thrust =zones that moved at
about the time of emplacement of the associated S-granites
and therefore may be related to elevated thermal gradients
in the crust associated with stacking of hot nappes.

6) gabbro-diorite-syenite complexes

CD Concord, N.C. CR Coronaca, S.C.
MC Mt. Carmel, S.C. AB Abbeville,S.C.
CA Calhoun Falls, S.C.

7) alkali feldspar granites

SA Salisbury, N.C. SO Southmont, N.C.
NL north of Lowrys, S.C.

The Concord and possibly the Mt. Carmel, Abbeville, and
Calhoun Falls appear to be nonorogenic Silurian granites and
gabbros. They show alkaline affinities and the mafic mem-
bers experienced extreme differentiation in a tectonically
quiet environment.

Heat Production

Heat production of several hundred granite samples from
the southeast, calculated from the U, Th, and K contents,
have been obtained by the VPI&SU Regional Geophysics Labora-
tory. The data are tabulated in the bottom histogram of
Figure 3. Heat production values in excess of 15 X 1071!3
cal/cm3-sec are from late-stage aplite and pegmatite dikes.
These can have heat productions as high as 27 cal/cm3-sec.
The volumetrieally important granitic facies have heat pro-
ductions between 1 and 15 cal/cm®-sec. U and Th are the
most important contributors to the heat production.

Individual histograms for a number of different granite
types and plutons are also included in Figure 3. The group
‘with the lowest heat productions are the two-mica granites
of the Inner Piedmont and Blue Ridge of Alabama, Georgia,
and western North Carolina. These granites lack significant
amounts of accessory minerals, minerals most likely to con-
tain U and Th. The Wise pluton, N.C., is also a two-mica
granite, but contains a modest amount of accessory minerals.
It has a slightly higher average heat production than the
other two-mica granites, but is still on the lower end of
the range for granites of the southern Appalachians.
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and central Appalachians. southern
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The third histogram is for the coarse-grained, amphi-
bole + biotite and biotite granites, the most abundant gra-
nite types in the southern Appalachians. The fourth histo-
gram is for the Castalia pluton, N.C., which is also a
coarse-grained, biotite +amphibole granite. The majority of
the Castalia heat production measurements are from a deep
drillcore in the center of the pluton and have values compa-
rable to other granites of that type. Last year, numerous
shallow holes were drilled which afforded a better areal
distribution of samples and, except at the center of the
pluton, the Castalia generally has a higher heat production.
This is believed to be a result of magma-wall rock interac-
tion, a process also reflected in the petrography of these
rocks. In a similar manner, the Siloam pluton, Ga., 1is a
coarse-grained, biotite granite with an uniformly higher
heat production (fifth histogram, Fig. 3) and is tentatively
concluded to have experienced magma-wall rock reactions.

The last two histograms are for rocks that are believed
to have crystallized from magmas containing the highest am-
ounts of U and Th. One group comprises the fine- to medium-
grained, biotite granites. The other group includes values
of four plutons: the evolved two-mica granites with abun-
dant accessory minerals (Cuffytown Creek and Portsmouth) and
the two-mica granites containing molybdenite (Sims and Ca-
tawba).

Heat Flow

A plot of heat production versus heat flow for drill
cores in the granites (Fig. 4) shows a generally linear
trend. The implications of the linear relation between heat
production and heat flow for the southeastern U.S.A. have
been discussed by Costain and Glover (1980). Most of these
plutons consist of coarse-grained, amphibole + biotite or
biotite granite. They show a reasonably strong, linear
trend over the limited range of heat productions exhibited
by these granites. The geology and petrology of the plutons
that fall away from the linear trend suggest the deviations.
The Palmetto granite is thinner than the others, cut off by
the Brevard zone fault (Costain and Glover, 1980). Recent
work on the Castalia granite shows a range of heat produc-
tion of 2.1 to 5.1 u W/m3. The Springfield drillcore en-
countered some U-mineralization. In both these cases, the
heat production of the freshest granite in the drillhole is
an underrepresentation of the heat production of that sec-
tion of the crust whose heat flow is sampled by the drill-
core. Based on the new work, an estimate of the heat pro-
duction of the entire Castalia pluton is 3.0 u W/m3. This
brings the Castalia nearly on the trend in Figure 4. The
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heat production may still be underrepresented because of the
greater number of samples near the center of this poorly ex-
posed pluton.

The three remaining drillcores, those with the highest
heat flows, Cuffytown Creek, Portsmouth, and Stumpy Point,
differ from the other granites in being either highly
evolved biotite + muscovite or cordierite-bearing granites.
Deviation from the linear relation may result from other
factors such as varying thickness of granite or differing
heat flow provinces, but underestimation of heat production
of the crustal section sampled by the heat flow measurement
may also be the cause. These particular granites are asso-
ciated with more abundant magmatic fluids which can be res-
ponsible for redistribution of the heat-producing elements.

Modes

The modes of these granite types vary systematically
(Fig. b5a). The two-mica granites, which can also contain
garnet and cordierite, are the most quartz- and plagioclase-
rich with the extreme being the trondhjemitic plutons of
Alabama. By contrast, the coarse-grained amphibole + biot-
ite and biotite granitoids are the most K-feldspar rich. As
mentioned above, heat production of the granites depends on
the amount of accessory minerals, the minerals most likely
to contain U and Th.

Chemistry

Major element chemistry of the granitoid rocks has been
previously reported by Butler and Ragland (1969) and Fulla-
gar and Butler (1979). Using these authors' average compo-
sitions, where the mineralogy of the rocks can be deter-
mined, and our unpublished chemistry, a clear distinction is
evident between the peraluminous (muscovite- or cordierite-
bearing) anhd metaluminous (amphibole-~ or biotite-bearing)
rocks (Fig. 5b).
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Figure 5a: Modal analyses of granitoid rocks of the -
southern Appalachians.

Figure 5b: (Ca)(Al-(Na+K)) (Fe + Mg) compositional tri-
angle for granitoid rocks of the southern Appalachians.

Figure 5c: Average biotite compositions for individual
plutons projected onto the phlogopite-annite-eastonite-
siderophyllite quadrilateral.

Figure 5d: Average biotite compositions for the various
granite types in the Liberty Hill pluton, S. C.

Figure 5e: Average compositions of garnets in granitoid
rocks of the southern Appalachians.

Figure 5f: Plot of initial Sr®7/Sr®€ versus age for
granitoid plutons of the southern Appalachians. Data is
largely from Fullagar and Butler (1979) with additional
unpublished OSL data.

STG Stone Mtn., Ga. CS Castalia, N.C.
CC . Clouds Creek, S.C. ED Edgefield, S.C.
PO Portsmouth, Va. MA Mt. Airy, N.C.

SU Stumpy Point, N.C.
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Mineral Chemistry

The mineral chemistry of the granites changes with pe-~
trographic type, reflecting rock chemistry and physical con-
ditions of <crystallization. The ubiquitous recorder of
these phenomena is biotite, which shows a continuous enrich-
ment in iron and tetrahedral aluminum in the series amphi-
bole + biotite -> biotite -> biotite + muscovite -> biotite
+ cordierite bearing granite plutons (Fig. 5c¢). The alumi-
num enrichment trend can also be developed within a single
pluton as in the Liberty Hill (Fig. 5d). In this case, the
biotite and biotite + muscovite granites are border facies
that have more extensively interacted with the wall rocks,
producing differences in temperature, water pressure, and
oxygen fugacity.

Garnet is an uncommon ferromagnesian phase in the gran-
itoid rocks of the southern Appalachians. It most commonly
occurs in later facies of the plutons; only in the Stumpy
Point is the garnet an early crystallizing phase (Speer,
1981). These two types of garnet occurrence are also dis-
tinguishable by their chemistry; the early garnets are al-
mandines whereas the late crystallizing garnets are spessar-
tine-almandines (Fig. 5e). Not included in Figure 5e are
the grossular-spessartine hydro garnets which form in the
subsolidus.

Isotopic Compostions

Sr isotopic compositions of the granites, which have
been summarized by Fullagar and Butler (1979), and oxygen
isotope compositions by Wenner (1981) have been used to det-
ermine the source regions for these granites. The granites
which would be considered "S-type" (4, 5A,5B) as well as the
evolved, two-mica granites (5c¢) have initial ®7Sr/®%Sr rat-
ios greater than 0.7055. The remaining granites, those con-
sidered to be "I-type" (1,2,3) or contaminated "I-type" mag-
mas (5d) lie in a tight cluster just below 0.7055 (Fig. 5f).
The oxygen 1isotope data are better resolved by the petro-
graphic characterizations alone:

delta O!®
muscovite + biotite granites 9.0 - 11.4
cordierite + biotite granite 8.9
biotite granites 7.0 - 8.4

amphibole + biotite granites 5.5 - 7.1

*
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AGES OF REGIONAL METAMORPHISM AND DUCTILE
DEFORMATION IN THE CENTRAL AND SOUTHERN
APPALACHIANS

Lynn Glover, III, J. Alexander Speer,
Gail S. Russell*, and Stewart S. Farrar
Orogenic Studies Laboratory

Abstract

A summary of available geochronology of deformational
fabrics formed at greenschist and higher grades in the cen-
tral and southern Appalachians 1is presented as a map showing
the ages of regional metamorphism and ductile deformation.
The ca. 480~435 Ma Taconic event affected most of the Pied-
mont and Blue Ridge provinces. The ca. 380-340 Ma Acadian
event was milder and was centered in the west central Pied-

" mont and eastern Blue Ridge. The 330-230 Ma Alleghanian

event exhibits an abrupt ductile deformation front in the
eastern Piedmont and extends an unknown distance eastward
below the Atlantic Coastal Plain. '

Introduction

Important constraints for orogenic models in the cen-
tral and southern Appalachians are provided by determining
ages and intensities of regional metamorphism and ductile
deformation. We believe that the data reviewed herein imply
a widespread Middle and Late Ordovician deformation that was
probably generated by closure of a back arc or other ocean
basin along the central Piedmont root zone. This event con-
solidated the entire Piedmont and Blue Ridge Provinces south
of New York. If this conclusion is true, post Ordovician
sutures can only exist east of the exposed Piedmont under
the Atlantic Coastal Plain or on the African plate.

*Department of Geology, University of Southern Mississippi,
Hattiesburg, Mississippi 39401
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In a milestone paper, Butler (1972) interpreted the age
of Paleozoic regional metamorphism from isotopic, structural
and petrologic data over much of the southern Appalachians.
An important conclusion of that paper was that the peak of
regional metamorphism was attained in the Blue Ridge at
about 470 Ma. 1In 1972, data in the Piedmont were inadequate
to closely bracket ages of regional metamorphism, although
Butler correctly perceived a tendency toward younger ages of
metamorphism eastward toward the Atlantic Coastal Plain. 1In
the decade that has passed, the data base has increased and
it is now possible to assemble a preliminary map of the ages
of regional metamorphism and ductile deformation for most of
the central and southern Appalachians.

In the approach adopted here, we have concentrated on
isotopic ages of regional metamorphic thermal maxima and
times of compressional ductile deformation. Thus, this is
.not a treatment of all the available isotopic data, but only
that pertaining to ages of deformation. Mineral -ages are
probably younger than the thermal maxima for regional meta-
morphism and represent cooling ages. Schistose, gneissic,
and mylonitic fabrics of ductilely deformed rocks -are inter-
preted to be the result of compressional deformation, and
the age of this deformation can be bracketed by the isotopic
age of these rocks and their structural relation to plutons
of known age. These are some of the methods that have been
tried and found useful. As outlined below, the onset of re-
gional metamorphism is not a brief event, and most of the
dating techniques only approximate the time of the thermal
maximum. Deformational events, on the other hand, may be
abrupt, brief, and more readily datable, as Naylor (1971)
. has shown for the Acadian of the northern Appalachians. In
the general case, regional metamorphism probably progrades
over tens or even hundreds of millions of years, whereas the
isotopically datable thermal maxima generally end with the
uplift and cooling, hastened by erosion, that attends com-
pressional regional deformation. While the upper parts are
abruptly cooled in response to uplift of the higher nappes
and folds during deformation, deeper parts of the orogen may
be depressed into regions of even higher pressure and temp-
erature, leaving little record of their earlier P-T history.
Thus much of the thermal history of an orogen is beyond
reading at the present state of our science.

In the following text, the Taconic orogeny is correlat-
ed with events within the time span of 480 Ma to 435 Ma or
Middle and Late Ordovician. This is consistent with the us-
age of Rodgers (1971) that the Taconic was a complex series
of orogenic events, varying in intensity through time and
along strike, that occurred in eastern North America during
the Middle and Late Ordovician. Clastic sedimentary se-
guences indicative of the Taconic orogeny occur in the Val-
ley and Ridge Province of the central and southern Appalac-
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hians and include the entire post-Knox and pre-Silurian
section from Maryland to Alabama. Nonorogenic quartz are-
nite and carbonate platform strata characterize the Silurian
and Early Devonian Systems.

The effects of a subsequent orogeny to the east are re-
corded in the Valley and Ridge of the central and southern
Appalachians (Fig. 1), by downwarp of the Early Devonian
carbonate platform and deposition of early Middle Devonian
black mudstone of the Milboro Formation. This is succeeded
by the pro-delta Brallier Formation and the rest of the
classical Catskill delta facies up through the Early Missis-
sippian Mccrady Formation. The time span for this orogeny

-is Middle Devonian through Early Mississippian (Meramecian)

or from approximately 380 Ma to 340 Ma. Traditionally this
orogeny has been correlated with the Acadian orogeny of the
Canadian Maritime provinces. More recently isotopic dating
(Naylor, 1971; Dallmeyer and Van Breeman, 1981) appears to
have restricted the type Acadian to a brief event in the
Early Devonian about 390-400 million years ago. This span
of time is distinctly older than the "Acadian" orogeny as
indicated from the sedimentary history of the Catskill delta
and suggests at least three possible relations: (1) the or-
ogeny started earlier in the. interior regions of the Appa-
lachian system; (2) the orogeny is diachronous along strike;
and (3) the central and southern Appalachian orogeny is a
distinct and younger event that we might call the Catskill
orogeny. The answers to these gquestions are beyond the
scope of this review, and until additional work is done, the
name Acadian is herein continued for central and southern
Appalachian orogenic events falling within the age range of
about 380 Ma to 340 Ma. Following the wanning Acadian oro-
geny, the continental platform was briefly capped by the
Early Mississippian (Meramecian) Greenbrier Limestone. Pre-
sumably this 1is a non-orogenic(?) deposit representing a
brief 1lull in deformation between about 340 and 330 million
years ago.

The Alleghanian orogeny (Woodward, 1958; and comments
by Rodgers, 1970, p. 30fn.) has its type region in the cen-
tral Appalachians where Pennsylvanian and Permian rocks were
folded by it. Sedimentologically, the clastic rocks attri-
buted to it range in age from Middle Mississippisan through
Permian or about 330 Ma to 230 Ma. As indicated below, duc-
tile deformation in the eastern Piedmont continued to pro-
duce schists, gneisses and mylonites from about 300 Ma to
250 Ma. We accept the age range of about 330-230 Ma for the
Alleghanian orogeny. This i1is slightly .larger than the
300-250 Ma range of Snoke et al. (1980) for the Kiokee belt
of South Carolina. We also prefer the term Alleghanian to
Hercynian (Snoke et al., 1980) because the latter has to be
correlated from another continent. As shown in the follow-
ing text, between about 340 Ma and 300 Ma, development of
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Figure 1. Generalized geologic map of the central and
southern Appalachians encompassing both the exposed rocks of
the folded Appalachians and Piedmont and rocks covered by
the Atlantic coastal plain. The light shading indicates Pa-
lezoic sedimentary rocks in the Valley and Ridge and in
northern Florida. The intermediate shading indicates rocks
with greenschist facies metamorphic mineral assemblages.
The unornamorphic mineral assemblages. The darkest shading
of the Kings Mtn. belt includes rocks of either greensc¢hist
or amphibolite facies. The gravel pattern indicates Trias-
sic to Jurassic sedimentary rocks.
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ductile deformation in the form of mylonite and regional
schistosity shifted from the southeastern Blue Ridge and
western Piedmont to the easternmost Piedmont. Thus most of
the ductile deformational effects of the Acadian are sepa-
rated from the Alleghanian in time and in area of occurrence
in the crystalline terrane of the central and southern Appa-
lachians. Although there are clear reasons for separating
the Acadian and Alleghanian in the central and southern Ap-
palachians, it also seems quite likely that they could be
two phases of one long protracted event.

High and low grade metamorphic belts, belt names, and
regional faults are shown on Figure 1. contains unmetamorp-
hosed platform and foreland basin sequences, ranging in age
from Cambrian through Pennsylvanian. Deformation occurred
chiefly in the Pennsylvanian and Permian according to Van
der Voo (1979), but earlier deformation may have affected
parts of the easternmost regions of the belt in northern
Virginia. The Blue Ridge belt contains granulite- and upper
amphibolite-grade, granitoid rocks belonging to the 1 Ga
Grenville Province. In the western Blue Ridge of northern
Virginia, Cambrian sandstone of the Valley and Ridge rests
directly upon Grenville basement or is separated from it by
less than a kilometer of Eocambrian(?) basalt. In contrast,
eastern outcrops of the Blue Ridge belt expose as much as 9
km of dominantly deep-water, Eocambrian submarine fans of
arkosic sandstone derived from the west with intercalated
basalts, all resting with profound unconformably upon Gren-
ville basement. The Ashland-Wedowee belt appears to be
largely a southern extension of the Eocambrian Blue’ Ridge
cover rocks. During the Ordovician and Devonian, parts of
the Blue Ridge basement experienced retrogressive metamorp-
hism while the cover rocks underwent prograde metamorphism
of greenschist to amphibolite facies. The Talladega belt
consists of epiclastic rocks with minor chert, carbonate and
basalt. The possible age range is Ordovician through Devo-
nian or younger. Only the Devonian age is certain and this
assignment is from fossil evidence. Only Devonian metamorp-
hism seems to have affected the Talladega belt. In all of
these belts, thrust faults dip southeast and folds verge
westward.

The Chauga belt (included here in the Inner Piedmont)
is a sequence of low-to medium-grade, epiclastic rocks with
intercalated basalt, lying along the west margin of the In-
ner Piedmont. These rocks are similar to -the Evington
Group, discussed below, and are probably mostly Cambrian in
age. The Inner Piedmont belt is at present the least known
belt of the central and southern Appalachians. It contains
mica schist, paragneiss and quartzite of probable epiclastic
origin, layered metavolcanic rocks and amphibolite, and
rarely, marble. The central and southern parts of the Inner
Piedmont are in the sillimanite zone of metamorphism, while
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the northwestern and southeastern flanks are Kkyanite-
bearing. Dated intrusive rocks suggest that the layered
rocks are pre-Ordovician. Subhorizontal recumbent folds and
thrusts are common near the center of the belt whereas
steeper dipping structures prevail on the margins. The Bre-
vard fault zone bounds the Inner Piedmont-Chauga belt on the
northwest and may reappear to the southeast at the boundary
between the Inner Piedmont and the Pine Mountain belt in
Georgia and Alabama. The Smith River allochthon is probably
an outlier of the Inner Piedmont now disconnected by erosion
across the Sauratown Mountains antiform. The Evington Group
and its extension northward into the Maryland and Pennsylva-
nia Piedmont consists of pre-Middle Ordovician, Cambrian and
Eocambrian(?) mica schist, quartzite, marble, and metaba-
salt. These rocks are repeated by layer-parallel thrusting
and along their eastern margin are in contact with melange.
The Pine Mountain belt is cored by Grenville granulite base-
ment rocks overlain by quartzite, marble and schist of un-
determined age. Thrust sheets or nappes of the Inner Pied-
mont, Smith River allochthon and Evington group/melange seem
to be rooted along the Central Piedmont Root Zone approxi-
mately as shown by the heavy line on Figure 1. Hatcher and
Zietz (1980) referred to the Carolinas portion of this zone
as the Central Piedmont Suture Zone, which Glover and Sinha
(1973, p. 249) earlier speculated might be a suture zone.

To the east of the Central Piedmont Root Zone several
named and unnamed belts of amphibolite and greenschist fa-
cies rocks (Kings Mtn., Charlotte, Carolina slate, Kiokee,
Raleigh, Eastern slate, Belair, Fountain, and other unamed

" belts) comprise the exposed Piedmont and its extension as

the basement under the Atlantic Coastal Plain. These belts
are of dominately calcalkaline volcanic origin with rhyoda-
cite, which is more abundant than basalt and andesite, pro-
bably comprising more than half of the sequence. The abun-
dance of rhyodacite and the presence of conglomerates
bearing gquartz-arenite boulders suggest eruption above a
subduction zone on a continental margin (Glover and Sinha,
1973). Grenville basement is exposed in the core of the Ra-
leigh belt and its extension into northern Virginia (Glover
et al., 1978, 1982; Farrar, 1982). In the Kings Mountain
belt, volcanic rocks believed to be extensions of the Char-
lotte belt appear to grade upward into mica schist with
quartzite and marble (Horton and Butler, 1982). Age range
of the volcanic sequences in the eastern Piedmont from
greater than 740 Ma to as young as 530 Ma, or Late Precam-
brian and Cambrian. Uncomformably overlying these rocks in
several narrow infolds in northern Virginia are Late Ordovi-
cian to Silurian(?) black slates and schists of the Arvonia
sequence. As discussed below, the belts east of the central
Piedmont Root Zone were probably widely affected by Taconic
ductile deformation and metamorphism, less widely by the
Acadian, and by the Alleghanian predominantly in the Keokee
and Raleigh belts.
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The superposition of three distinct orogenic maxima,
Taconic, Acadian and Alleghanian, on the area of Figure 2 is
established by the data summarized in the following sec-
tions. Decay constants, errors and type of isotopic analy-
sis for all data cited are given in Appendix 1.

Onset of Phanerozoic Metamorphism

A four to 12 kilometer thickness of Late-Precambrian to
Cambrian and possible Early Ordovician sediments (the
Ocoee-Murphy sequences in the Carolinas, the Lynchburg - Ca-
toctin - Evington segquences in Virginia, and the Araby-Fre-
derick/Grove Limestone sequences in the western Maryland Pi-
edmont) accumulated along the easterh margin of the Blue
Ridge. The top of the section is not known to be exposed on
the east side of the Blue Ridge. Intermittant sediment ac-
cumulation without major interruptions may have occurred
from Late Precambrian until Early Middle Ordovician time.
The thickness at the beginning of the Taconic Orogeny could
have been as much as 15 km. This is consistent with (1) the
emplacement of the Mount Airy granite into Cambrian(?) me-
tasediments of approximately 6 kbar pressure (de Rosset,
1978) before the Lower Devonian; (2) the ca. 3 kbar pressure
of Ordovician metamorphism recorded in Cambrian/Lower Ordo-
vician(?) Evington group northeast of Lynchburg, (R. D.
Tucker, pers. comm., 1980); and (3) the pressure required
for Taconic regional metamorphism in the upper greenscé¢hist
to lower amphibolite facies which affected rocks as young as
Early Ordovician on the west flank of the Blue Ridge. The
time during which the section accumulated was at least 250
million vyears.

Models of temperature distribution during sedimentation
(Birch et al. 1968) suggest that in 30-50 million vyears
after dep051tlon, temperatures of 100°C to 450°C can be pre-
sent at the base of a five to 15 km sediment pile without
extraordinary heat flow such as that which might be related
to rifting or magmatism. But it is generally thought that
the coarse turbidite and basalt sequences of the Late Pre-
cambrian-Cambrian in the western Piedmont and eastern Blue
Ridge did accumulate in rift generated basins (Rankin,
1975), an environment that can be characterized by as much
as three times normal heat flow (Lee, 1980). Four to twelve
kilometers of this rift-fill sediment accumulated just east
of the present Blue Ridge crest prior to the Cambrian
(Brown, 1970; Hadley, 1970). Undoubtedly, low thermal con-
ductivity of these rapidly accumulated and water-rich sedi-
ments, augmented by high heat flow and basalt injection as-
sociated with rift tectonics, contributed to temperature
gradients even higher than those suggested by Birch's model.
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Figure 2. Timing of metamorphism of the crystalline rocks in the central and
southern Appalachians. Intermediate shading indicates rocks metamorphosed during
the Taconic (480-440). Unshaded areas are rocks believed to be primarily meta-
morphosed in the Acadian. The ruled pattern indicates rocks subjected to regional

metamorphism during the Alleghanian (300-250 Ma). The numbers refer to localities
discussed in the text.
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Certainly by the end of the Cambrian much of the sequence
was experiencing greenschist metamorphism and the lower
parts may have reached the amphibolite facies.

Middle Ordovician turbidites (the Knobs Formation of
southwest Virginia) and conglomerates (Fincastle Conglomer-
ate of the Roanoke area of Virginia) contain metamorphic
pebbles and sand grains resembling Chilhowie and Candler or
Lynchburg (Kelberg and Grant, 1956; Cooper, 1960; Glover,
unpub. data) which were derived from eastern sources, in ac-
cordance with the suggested thermal history above. Thus,
Late Precambrian and Cambrian(?) rocks east of the Blue
Ridge were already metamorphosed and were being eroded by
Middle Ordovician time.

In the Carolina slate belt of Virginia and North Caro-
lina (Fig. 1), approximately seven to 13 kilometers (Glover
and Sinha, 1973) of pyroclastic debris, sills, dikes, and
-plutons accumulated between about 740 and 500 Ma. The base
of the sequence 'is not exposed or is obscured by metamorp-
hism and deformation in the adjacent high-grade belts. The
top of -the sequence is absent as a result of erosion. Alt-
hough accurate thicknesses cannot be determined because of
the ductile strain involved, a sediment thickness of about
13 km, that accumulated during Late Precambrian and Early
Cambrian time, seems to be a reasonable estimate. The posi-
tion of the accumulating Carolina slate belt in a region of
high thermal gradient on a volcanicly active continental
margin (Glover and Sinha, 1973), the effects of thermal
blanketing by water-saturated pyroclastic debris, and 200
million years of nearly continuous injection of the volcanic
pile by magmas, suggest that low to middle greenschist grade
metamorphic conditions existed a few kilometers below the
surface by Cambrian/Ordovician time.

The implication of this is that metamorphism accompany-
ing Taconic (ca. 480-435 Ma) deformation was not a brief,
transient event lasting a few million years, but had its in-
ception in the late Precambrian as much as 200 million years
earlier. The time of the thermal maximum is more difficult
to obtain. 'Isotopic dating techniques generally yield ages
on the cooling slope of the curve of temperature vs. time,
e.g. Dallmeyer (1975). Thus it becomes a difficult task to
identify the exact time at which rocks began to cool from a
thermal maximum. Because of the low thermal conductivity of
rock, uplift and erosion are generally considered to be the
principal means by which rocks cool. During the Taconic or-
ogeny compression-driven thrusting and folding probably ac-
complished the necessary uplift. In general the thermal
history curve should show a long slow buildup followed by a
more abrupt cooling phase driven by erosion caused by defor-
mation and uplift.
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Taconic Metamorphism and Ductile Deformation

The Taconic orogeny produced widespread regional meta-
morphism and ductile deformation throughout the Piedmont of
the central and southern Appalachians. In the Blue Ridge
only the westernmost basement rocks with a Grenville age me-
tamorphism locally escaped intense overprinting.

According to Muth et al. (1979), the Piedmont Wissah-
ickon Formation near Great Falls on the Potomac River (Fig.
2, No. 1) was intruded by mafic magma, multiply deformed,
metamorphosed and later intruded by lamprophyric dikes and
quartz veins. At the peak of metamorphism small granitic
and pegmatitic bodies intruded the Wissahickon after forma-
tion of early folds and cleavages and prior to the latest
folds and crenulation cleavage. Muth et al. dated muscov-
ites from the pegmatites and granites by the Rb-Sr method
and obtained ages from two samples of 469 * 20 Ma and 469 %
12 Ma, assuming an initial ratio of 0.707. The calculated
age of the muscovites would not change more than three mil-
lion vyears using the extreme range of initial ratios for
Phaneozoic rocks (0.70 to 0.74). Muth et al. state that
these dates probably record an age between intrusion and
cooling of the rocks below about 500°C and provide a minimum
age for the granites and high grade metamorphic¢ rocks that
they intrude. The age is interpreted as a cooling age from
Taconic metamorphism and the thermal peak of metamorphism in
this area may have been reached a few million years earlier
than 469 Ma.

: Although Fisher et al. (1979) have interpreted the
geologic framework of the Wissahickon Formation north of the
Potomac in terms of sedimentary facies and fold nappes,
Drake and Morgan (1981) report that thrusting and ophiolitic
melange comprise the dominant style of emplacement of the
Wissahickon terrane just south of the Potomac. These appa-
rently conflicting interpretations have not been resolved.
A further internal conflict in the sequence of thrusting and
intrusion implied by the Drake and Morgan model is that the
high grade rocks that contain the 469 Ma cooling age of Muth
et al. were thrust over cooler, low grade rocks prior to
intrusion into the package of the Occoquan Granite which has
a 494 + 14 Ma Rb-Sr whole rock age (Mose, 1979, Mose and Na-
gel, 1982). If this model is correct, the muscovites that
Muth dated should (and might) be older than 500 Ma in order
to be intruded by a granite of this age. Because the re-
gional structure and geochronology have not been brought
into agreement it seems reasonable to consider more than one
possible model: (1) that the muscovite ages indicate that
the Wissahickon metamorphic terrane along the Potomac River
was deformed and cooled during the Taconic orogeny a little
before 469 Ma; or (2) that some of the metamorphism and de-
formation in the Wissahickon terrane really is older than
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494 Ma and represents early deformation in a subduction
wedge (melange in the sequence) as the pre-Taconic basin was
closing. We tend to favor the second possibility.

Grauert and Wagner (1975) dated metamorphism of the
Wilmington Complex in Delaware and Pennsylvania (Fig. 2, No.
2), using U-Pb analysis of zircons from the granulite-facies
banded gneiss. The =zircons in the Complex are from high
grade metavolcanics(?) which are believed to be correlative
with the James Run volcanics (ca. 550 Ma. or older Higgins
et al., 1977) along strike to the south. The Pb-U ratios
all plot close to the lower concordia intercept of the dis-
cordia at 441 Ma. The smallest size fraction is concordant
within analytical error, and the upper intercept (ca. 1500
Ma) is interpreted as an inherited Precambrian zircon compo-
nent. The 441 Ma age plus their estimated error of 10 per-
cent due to '"possible later disturbances" suggests 440-480
Ma for the age of Taconic metamorphism in the Wilmington
Complex. Foland and Muessig (1978) have confirmed this me-
tamorphic age by the Rb-Sr mineral isochron method. The age
is broadly consistent with the data of Muth et al. above,
and is the basis for their statement that, "...the geochro-
nologic data currently available suggest that an area of the
Piedmont extending at least from the Potomac to the Delaware
River was affected by events associated with the Taconic or-
ogeny."

At the Piedmont-Blue Ridge boundary near Lynchburg,; Va.
(Fig. 2, No. 3), Robison (1978) determined conventional K/Ar
dates on biotite, hornblende, plagioclase, and muscovite in
rocks of the retrogressively metamorphosed Grenville base-
ment rocks, the Late Precambrian Lynchburg Formation and the
Late Precambrian(?)-Cambrian-Early Ordovician(?) Candler
phyllite of the Evington Group. Hornblende ages ranged from
484 to 356 Ma and biotite ages from 494 to 375 Ma. There
was little difference between the ages for biotite and horn-
blende in one mineral pair, and this was interpreted as re-
cording rapid uplift and cooling through the 500°C to 300°C
temperature range. Muscovite ages as young as 320, 314 and
208 Ma suggested to Robison that there was localized retro-
gression following the main phase of Taconic metamorphism.
Geologic reconnaissance of the Lynchburg area (L. Glover,
unpub.) and detailed studies of structure along strike north
of Lynchburg (Robert Tucker, pers. comm., 1980) show that
post-metamorphic faulting and mylonitization at greenschist
grade or lower is common in this area. It seems probable
that this has disturbed some of the K/Ar ages and would be
one factor to account for the scatter recorded by Robison.
We concur with Robison that the older mineral ages possibly
are the least disturbed and record evidence of Taconic meta-
morphic effects in the Blue Ridge and Piedmont near Lynch-
burg.
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North of latitude 36°52'N (Fig. 2, No. 4) in the
southern Blue Ridge of Virginia, Fullagar and Dietrick
(1976) found Rb-Sr whole rock isochrons of 520, 531 and 583
Ma in the Late Precambrian Lynchburg/Ashe metasedimentary
sequence. South of this latitude whole rock isochrons in
the same sequence are 350 to 402 Ma. Biotite-whole rock
ages on the south are 317, 329, 337 Ma and as far north as
37°N are 346 Ma (mu) and 332 Ma (bi). No mineral-whole rock

pairs were analyzed north of 37°N. Some of the whole rock
isochrons are from a single locality and others include sam-
ples 100 km apart. The mineral-whole rock pairs suggest

that the rocks cooled from an earlier thermal maximum older
than 346 Ma. (Acadian?). Additionally, mineral isotopic
equilibrium was affected at least 8?° north of latitude
36%52'N the boundary where whole rock isochrons responded to
an Acadian event on a regional basis. No whole-rock mineral
pairs were dated as far north as the Lynchburg area where
Robison (1978) worked. The results of Fullagar and Dietrick
suggest that Late Precambrian metasedimentary rocks from the
Lynchburg area south, approximately 65 km, to 36%52'N appear
to have preserved an isotopic event of dewatering or, more
probably, of metamorphism that was imprinted on these rocks
by Cambrian time during the interval 520 to 583 Ma. This is
consistent with the model of the thermal history of this re-
gion presented earlier, and may record dewatering and meta-
morphism in a back arc region of high heat flow. Metamorph-
ic facies of these rocks range from upper dgreenschist to
lower amphibolite.

Robison - (1978) speculated that in the Lynchburg area

‘Rb/Sr whole rock systems closed on a regional basis at about
583 Ma (from evidence of Fullagar and Dietrich, 1976) and

remained too hot for argon retention until relatively rapid
uplift attending the Taconic orogeny at about 480 Ma.

In the western Piedmont (Fig. 2, No. 5), just east of
the region studied by Fullagar and Dietrich (1976), Conley
and Henika (1973) described a major thrust sequence of sil-
limanite-grade gneisses and schists called the Smith River
Allochthon. They interpreted the metamorphosed sequence to
be cut by a pre-thrust igneous complex (Leatherwood Granite-
Rich Acres Gabbronorite). The granite was subsequently dat- -
ed by Odom and Russell (1975) who obtained a Rb/Sr whole
rock age of 464 * 20 Ma. Thus the pre-intrusion metamorp-
hism of the allochthon is pre-464 Ma. It was probably Ta-
conic because the allochthonous segence is similar to nearby
para-autochthonous Late . Precambrian-Cambrian rocks. The
rocks of the Smith River allochthon are probably rooted on
the east below the Danville Triassic basin (Fig. 1), because
they are unlike any rocks in the Piedmont east of the basin.
The plutonic and host metamorphic rocks are cut by the basal
Ridgeway thrust (Conley and Henika, 1973), making the thrust
a post-464 Ma structure. Both the Leatherwood Granite-Rich
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Acres Gabbronorite and the host rocks of the allochthon were
overprinted by a later, probable Acadian(?), possibly Alle-
ghanian metamorphism.

The root zone, which marks the eastern 1limit of the
Smith River Allochthon and similar units, is herein named
the Central Piedmont Root Zone (Fig. 1) and 1is extended
along strike to coincide with a boundary between dominantly
volcanic rocks on the east and terranes containing abundant
epiclastic rocks on the west. The line corresponds to the
root zone adjacent to the Kings Mtn. belt shown by Hatcher
et al. (1979, p. 3) and to the western thrust boundary of
the Baltimore Gabbro (Fisher et al., 1979) in Maryland. It
is the probable locus of Taconic suturing.

In the Inner Piedmont allochton (Fig. 2, No. 6) of
western North Carolina, Lemmon (1980) has mapped the Fruit-
land Mountain area. Rubidium-strontium whole rock isochrons
and zircon Pb/U dating of the granite and granitic gneisses
was done by Odom and Fullagar (1973) Odom and Russell
(1975), and Sinha and Glover (1978). One of the gneisses in
the Fruitland area, the pre-S; foliated Henderson Augen
Gneiss (535-595 Ma), is more deformed than a cross-cutting
biotite granitic gneiss dated at 438 t+ 22 Ma that intruded
it during the Late Ordovician or Silurian. The structural
history is similar to that along the nearby Brevard Zone at
Rosman, N.C., where S; and S, are nearly coplanar, as they
are near Fruitland. 1In the Brevard Zone S; and S, have been
shown by Clark et al. (1978), Sinha and Glover (1978), But-
ler (1973), and Roper and Dunn (1973), to be Taconic and
Acadian respectively. In the Fruitland area, Taconic meta-
morphism and deformation appear to have overprinted the Hen-
derson gneiss prior to emplacement of the 438 Ma biotite
granite gneiss. Subsequently, the biotite granite gneiss
was overprinted by the younger Acadian metamorphism and de-
formation.

Near Rosman, N.C. (Fig. 2, No. 7), the studies cited
above lead to the conclusion that Brevard mylonites formed
during D; are Taconic whereas those formed during D, are
Acadian. S; and S, are coplanar in the Brevard Zone and be-
gin to diverge outside of it. Zircon Pb/U studies by Sinha
and Glover (1978) date the Taconic event at about 460 Ma and
Rb/Sr whole rock studies of mylonites by Odom and Fullagar
(1973) dated the Acadian event at about 360 Ma. The D, Ta-
conic event occurred at amphibolite facies metamorphic con-
ditions and the D, Acadian event at greenschist to amphibol-
ite facies conditions. Sinha and Glover (1978) found that
the D, event apparently was sufficiently intense to homogen-
ize Sr isotopes but had little effect on the Taconic mylo-
nite =zircons. The mylonite zircons studied by Sinha and
Glover were recrystallized with reduction in grain size,
loss of zoning, increase in U content, and their ages reset
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from an earlier Cambrian crystallization age during the
first (Taconic) episode of mylonitization. Taconic and Aca-
dian metamorphism, deformation and mylonitization probably
occurred in the Brevard Zone rocks when they formed part of
the Piedmont-Blue Ridge sole thrust. Late brittle deforma-
tion (Alleghanian) brought them to the surface along with
exotic slices of carbonate autochthon at the time the Bre-
vard formed as a splay off of the decollement (Cook et al.,
1980).

Kish et al. ( 1976) dated the Cox No.l pegmatite at
Bryson City, North Carolina (Fig. 2, No. 8) by the whole
rock Rb-Sr method at 440 * 13 Ma. According to Kish et al.
the emplacement of the pegmatite followed the peak of defor-
mation and metamorphism, suggesting a Taconic age for the
metamorphism. Dallmeyer (1975) obtained *%Ar/3°Ar gas re-
lease patterns of biotite and hornblende from retrograded,
kyanite-grade basement gneisses in the Bryson City area of
the North Carolina Blue Ridge. Total gas ages of biotite
range from 343-350 * 15 Ma and for hornblende 415-421 + 15
Ma, and the youngest age of peak metamorphism must be older
than 421 Ma. Dallmeyer's data is consistent with that of
Kish et al. (1976) and supports an Ordovician (Taconic) age
for the peak of thermal metamorphism and deformation in this
part of the Blue Ridge. The Bryson City area appears to be
at or west of the edge of Acadian ductile deformation and
metamorphism discussed below.

Along the east side of the Inner Piedmont allochthon
(Fig. 2, No. 9) at the boundary with the Kings Mountain belt
near the N.C.-S.C. state line, Horton (1981) reports spodu-
mene pegmatite dikes along the newly mapped belt-boundary
fault zone. The dikes are confined to the Inner Piedmont
block. Some spodumene pegmatites in the zone are highly de-
formed with augen gneiss textures and others, presumably
slightly younger, show no evidence of deformation. Kish
(1977) gave a whole rock Rb-Sr age of 352 *+ 10 Ma for all of
these pegmatites. This Acadian age is therefore taken by
Horton as the approximate time of transition from ductile to
brittle deformation in the Kings Mountain shear at the belt
boundary. Horton (1977) believes that regional amphibolite-
facies metamorphism and the two deformation events in the
adjacent Kings Mountain belt preceded the pegmatites and
"were probably produced by an older Taconic(?) orogenic epi-

sode." Horton's data only requires that the earlier and
more intense deformation of the country rocks be pre-352 #
10 Ma. However a Taconic deformation is possible and con-

sistent with the other data from the Inner Piedmont and
Smith River Allochthon but is not required.

In the central and western Charlotte beit of North and
South Carolina (Fig. 2, Nos. 10,11,12,13,14), Fullagar
(1971) reported that five granitoid and syenitic plutons
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range in Rb-Sr whole-rock isochron age from 415 to 385 Ma.
From north to south they are: (1) Yadkin (No. 10) 386 * 39
Ma, (2) Salisbury (No. 11), 413 * 9 Ma, (3) Southmont (No.
12), 390 = 50 Ma, (4) Concord (No. 13), 413 * 21 Ma, and (5)
Lowrys (No. 14), discussed below. A sixth pluton, the Mount
Carmel (No. 15), should be older than 385 Ma based on three
biotite K-Ar ages discussed by Fullagar (1971). The unusual
gabbro-syenite composition and "post-metamorphic" nature of
the Concord and Mount Carmel suggested to Fullagar that they
are of similar age, "...very likely about 410 Ma." Fullagar
considered the Yadkin (386 Ma), Southmont (390 Ma) and Sal-
isbury (411 Ma) to be foliated and metamorphosed, but
thought the Lowrys, Concord and Mount Carmel to be post-me-
tamorphic. Reconnaissance field and petrographic work by
the authors suggests that these six plutons are all de-
formed, but less deformed and metamorphosed than their host
rocks.

The rock from the guarry used in dating the Lowrys plu-
ton (Fig. 3, No. 14) is a medium-grained, leucocratic biot-
ite alkali-feldspar granite to syenogranite with accessory
pyrite, titanite, magnetite, apatite and zircon. Muscovite
and chlorite are secondary. The rock has a recrystallized
cataclastic texture and in many respects is similar to the
Salisbury pluton. It is unlike any facies encountered in
other coarse-grained granites of the southeast and elsewhere
in the Lowrys itself. Therefore it is probable that a sepa-
rate, slightly metamorphosed (during Acadian?) pluton of
407 Ma age was dated. The Lowrys itself appears undeformed
and may actually be a post-metamorphic pluton. '

The Concord gabbro-syenite (No. 13) intrudes foliated
amphibolite facies gneisses and schist (Legrand and Bell,
1966) and is discordant to the country rock structure. It
is relatively undeformed. However, the Concord syenite 1lo-
cally displays mortar texture around feldspar grains. Thus
the Concord appears to have been through some compressive
deformation and metamorphism, but less than that of the host
rock. It is clearly not a syn-kinematic intrusive because
that would have prevented formation of the discordant, near-
ly circular, surface geometry of both the gabboric and syen-
itic facies. The available evidence suggests that the host
rock had already been deformed and raised to amphibolite fa-
cies prior to emplacement of the Concord during a non-com-
pressive, (pre-413 + 21 Ma) stage in the development of the
Charlotte belt terrane. The pre-Concord metamorphism and
deformation probably was part of the Taconic orogeny. Sub-
sequent lower grade metamorphism and deformation of the Con-
cord could have been Acadian because it shows deformation of
a 413 Ma or younger age and is adjacent to post-deformation-
al plutons of about 300 Ma.
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The Mount Carmel gabbro-syenite has been dated at 385
Ma by conventional K-Ar techniques on three biotites (Med-
lin, 1968). They place only a tentative younger limit on
its age. It is emplaced in low grade, Carolina slate belt
rocks and in higher grade, generally mafic, gneisses of the
Charlotte belt (Griffen, 1978). The pluton is considered to
be late syn-kinematic or post-kinematic. Some mortar tex-
ture and retrogressive mineral assemblages are present lo-
cally within the body but may possibly be late magmatic ef-
fects. A similar body to the west, the Calhoun Falls
gabbro, cuts fold structures and foliations of the Carolina
slate belt, but the country rock structures are deflected
(by deformation during emplacement?) around the Mount Carmel
body. There is a contact aureole around Mount Carmel. If
the biotite ages date cooling through about 300°C, then the
Mount Carmel is Early Devonian/Silurian or older and the
country rock metamorphic fabric could be as late as Taconic.
This is speculative but is consistent with the data from the
similar body at Concord, N.C.

Subsequent to the above studies, Fullagar (1981) re-
ported whole rock Rb/Sr ages of two more plutons in the same
age group. One of these, the Bald Rock (Fig. 2, No. 16),
lies in the Charlotte belt along the east boundary of the
Kings Mountain belt in north-central S. C.. It is reported
to be undeformed and has an age of 388 * 6 Ma. A second
body, the Gray Court Granite, (378 * 24 Ma) (Fig. 2, No. 17)
occurs just west of the Kings Mountain belt in the Inner Pi-
edmont of South Carolina. It is reported to be a metagra-
nite; however, thin section examination by us reveals only a
slight deformation in the rocks at the quarry from which the
dated samples came. In central South Carolina, the Newberry
Granite (Fig. 2, No. 18) is essentially undeformed and in-
trudes foliated amphibolite facies rocks of the Charlotte
belt. Fullagar (1981) reported a 415 + 9 Ma whole rock Rb-
Sr age from nine whole rock samples. In contrast to the
very low degree of metamorphism and deformation in the Gray
Court, Newberry and Bald Rock granites, the host rocks are
highly deformed and contain amphibolite facies assemblages.

From the information provided by these nine plutons, it
seems reasonable to conclude that the amphibolite facies me-
tamorphism in the eastern Inner Piedmont and western Char-
lotte belt of the Carolinas is pre-413 Ma and probably Ta-
conic in age. Kish et al. (1979) also favored pre-400 Ma
amphibolite facies metamorphism in the Charlotte belt of the
Carolinas.

The Elberton granite (Fig. 2, No. 19) was emplaced in
the eastern Inner Piedmont of northwest Georgia during the
interval 320 * 20 to 350 + 12 Ma. The first age is a zircon
Pb~-U date by Ross and Bickford (1980) and the second is a
whole rock Rb-Sr age by Whitney et al. (1980). The 350 Ma
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Rb-Sr data is inconclusive because of varying initial ratios
and is also unusual in recording an older apparent age than
zircon from the same pluton. The Elberton Granite cuts the
amphibolite facies ductile deformation fabric of the Inner
Piedmont but the granite itself is undeformed. The probable
320 Ma age of the Elberton permits interpretation that both
Taconic and Acadian deformation may have preceded its em-
placement. However, the lack of, or mild ductile deforma-
tion, in the Gray Court (378 Ma), Bald Rock (388 Ma) and
Newberry (415 Ma) granites only 100 km to the northeast of
the Elberton, suggest that the intensity of Acadian deforma-
tion may have been minimal in the Elberton area as well.

In the lower grade Carolina slate belt of South Caroli-
na, Bell et al. (1972) reported muscovite K-Ar ages of 430
+ 15 and 401 * 14 Ma from the Brewer Mine in Chesterfield
County (Figure 2, No. 20). The mine 1is about 2.5 miles
southeast of the 296 Ma Pageland granite. Both dated sam-
ples contain muscovite, quartz, and pyrophyllite. Among
other minerals previously reported from elsewhere in the
mine are topaz, kyanite and andalusite. Thus it seems like-
ly that the mineralogy indicates a complex hydrothermal and
metamorphic history, possibly beginning with pre-Taconic hy-
drothermal alteration related to the volcanic history of the
slate belt, and continuing through mid- to late-Paleozoic
time. The associated kyanite, andalusite, and pyrophyllite
suggest that the pyrophyllite (associated with the dated
muscovites) may have formed late by replacement of kyanite
or andalusite, and that the pyrophyllite-producing event
probably was below the approximately 350°C blocking tempera-
ture for loss of argon from muscovite. If this is true, the
430 Ma age may be near, but still younger than, the upper
greenschist or lower amphibolite grade metamorphism, proba-
bly Taconic, indicated by the mineral assemblages.

In the central Carolina slate belt near Albemarle, N.C.
(Fig. 2, No. 21), Kish et al. (1979) reported a 483 + 15 Ma
average K-Ar age for eight whole rock samples from Cambrian
strata. The samples span the stratigraphic sequence and are
metamorphosed to greenschist facies biotite zone or chlorite
zone assemblages. "The ages are the same within the analyt-
ical uncertainty and are independent of stratigraphic posi-
tion and potassium content (1.3 to 6.6% K,0)." Kish et al.
reported that metamorphic phengitic mica is the only potas-
sium phase present in the samples dated. Because the meta-
morphic temperatures did not greatly exceed the approximate-
ly 300°'C argon retention temperature for muscovite, they
believe that 483 Ma represents the approximate time of meta-
morphism, rather than a cooling age. This data supports a
Taconic age of metamorphism for the low-grade Carolina slate
belt in central North Carolina.
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North of Albemarle, the Carolina slate belt rocks are
older, being predominately Late Precambrian in age. In the
Durham-Chapel Hill, N.C. area metamorphic grade is chlorite
zone greenschist facies and the rocks have a weak foliation.
Near Chapel Hill (Fig. 2, No. 22), Rb-Sr whole rock and
whole rock-mineral data (Black, 1977) suggest Taconic as the
age of regional metamorphism. A whole rock Rb-Sr isochron
age of 459 t+ 5 Ma for Precambrian dacitic metavolcanic rocks
southeast of Hillsboro suggests a Taconic metamorphic age.
Additionally, a whole rock-hornblende age of 481 * 94 Ma was
found for the 705 * 15 Ma Chapel Hill pluton.

Finally, a Taconic unconformity (Fig. 2, No. 23) occurs
along the western edge of the Charlotte belt (as defined in
Fig. 1) in central and northern Virginia where the Late Or-
dovician-Silurian(?) Arvonia Slate unconformably overlies
464-550 Ma granites and older volcanics (Brown, 1969).

From the preceding summary and the map distribution of
Taconic metamorphism and deformation (Fig. 2) several con-
clusions can be drawn: Taconic regional metamorphism and
ductile deformation of greenschist to middle amphibolite fa-
cies occurs in the Blue Ridge, Inner Piedmont, Charlotte
belt and Carolina slate belt at least as far east as the
present western boundary of the Alleghanian ductile deforma-
tion front. 1In this area, many of the exposed high and low
grade rocks of the various belts had probably reached the
maximum metamorphic grades that they presently show by the
end of the Taconic. However their present map distribution
was modified by folding and thrusting during later orogenic

-events. Preservation of Taconic metamorphic mineral assem-

blages and regional fabrics in parts of the Blue Ridge and
eastern Piedmont suggests that these regions remained at re-
latively shallow crustal levels throughout the later oroge-
nies. The widespread distribution of Taconic ductile defor-
mation and metamorphism suggests that the entire exposed
Piedmont and Blue Ridge was involved in the initial orogenic
event. Collision probably-occurred along the Central Pied-
mont root zone, and may have involved closing of either (a)
a back arc basin, or (b) Iapetus, a major ocean basin (Glo-
ver et al., 1982).
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Acadian Metamorphism and Ductile Deformation

Acadian metamorphism and ductile deformation is mostly
confined to a lower grade overprint on Taconic fabrics in
the west-central part of the crystalline terrane. The Tal-
ledega belt of Alabama and Georgia is exceptional in that it
appears to have experienced only Acadian metamorphism. As
noted previously, future studies may show that the Acadian
of the central and southern Appalachians should be renamed
if it is unrelated to the apparently earlier, type-Acadian
event.

If Acadian ductile deformation and metamorphism affect-
ed the Maryland Piedmont its effects must be localized and
minimal. Fisher (1970) concluded that greenschist retro-
grade assemblages developed along the Potomac River (Fig. 2,
No. 1) in cleavages S; and S4 might be Carboniferous based
on regional mica dates. Hanan and Sinha (1976) reported an
approximately 300 Ma whole rock Rb-Sr isochron from the Wis-
sahickon schist, (Fig. 2, No. 24). This has been changed by
Sinha (1981, pers. comm.) to 340 Ma. Additional work will
be required to resolve the geologic significance of this
age.

In the Charlotte belt of the central Piedmont of Virgi-
nia (Fig. 2, No. 25), an amphibolite facies gneiss just east
of Farmville yields cooling ages by the *°Ar/3°Ar technique
of 300 + 3 Ma for biotite and 324 * 3 Ma for hornblende (J.
Sutter and L. Glover, unpublished data). The amphibolite
facies metamorphism of the host rock suggests a thermal max-
imum at or above the approximately 500°C temperature thres-
hold of argon retention in hornblende. Therefore, the age
of the thermal maximum must be at or slightly older than 324
Ma, suggesting an Acadian age. Because of the evidence for
a Taconic regional metamorphism in the Piedmont, the ques-
.tion remains of whether the metamorphic deformation fabric
"east of Farmville 1is Acadian or is inherited from Taconic
deformation in which case the age represents only cooling
during Acadian uplift. Sixteen kilometers west of this lo-
cation (Fig. 2, No. 23), the Late-Ordovician - Silurian
(Stose and Stose, 1948, Tillman, 1970) Arvonia Slate rests
unconformably upon rocks correlative with those at Farm-

ville. This post-Taconic graphitic schist and quartizite
formation is intensely foliated and is at least at upper
greenschist metamorphic facies. Therefore it seems that a

post-Late Ordovician and pre-324 Ma Acadian metamorphic and
deformational event occurred in the Charlotte belt of the
central Virginia Piedmont. Also, the unconformity indicates
that this Acadian event was superimposed on a terrane that
had cooled, uplifted and eroded after an earlier Taconic me-
tamorphism.



<)

4t

' 39
Just west of the Charlotte belt in southern Virginia,
the Leatherwood Granite within the Smith River allochthon
(Fig. 2, No. 5) was deformed subsequent to post-464 Ma
thrust emplacement (previously discussed) and apparently was
metamorphosed to upper greenschist or higher grade, based on
the petrographic descriptions of Conley and Henika (1973, p.
24). Muscovite from a pegmatite cutting the Ridgeway fault
was dated by Deuser and Herzog (1962) at 321 + 17 Ma. This
is a Rb-Sr mineral age on large (4 X 2.5 inch) muscovite
books from the Knight Mine pegmatite. Deuzer and Hezog also
reported a muscovite date of 276 * 15 Ma from the nearby
Spencer Mine. These place a minimum age on last movement of
the Smith River Allochthon along that fault. The dates also
suggest that emplacement, which could have begun during the
Taconic, was probably completed between 464 and 321 or 276
Ma, although it is difficult to evaluate these o0ld mineral
ages. Work near the north end of the Danville Triassic ba-
sin (A. Gates and L. Glover, in progress) suggests initial
Taconic movement of the Allochthon.

Most of the Smith River Allochthon lies just east and
south of the Blue Ridge Lynchburg/Ashe terrane shown by Ful-
lagar and Dietrick (1976) to have paragneiss whole rock Rb-
Sr ages of 350 to 402 Ma (Fig. 2, No. 4). Erosion has re-
duced the size and areal extent of the allochthon by an
undetermined amount. However it seems probable that the
once hot and more extensive allochthon extended onto the
Blue Ridge terrane and may be largely responsible for the
Acadian whole rock cooling ages in the Lynchburg/Ashe forma-
tions south of latitude 37°N. The cooling ages theréfore
were ©probably established during Acadian deformation(?),
uplift and erosion following Taconic hot nappe emplacement.
Considering that a cooling interval terminated Taconic ther-
mal events in the region, as evidenced by unconformity below
the Arvonia slate, it seems likely that post-Taconic defor-
mation of the Leatherwood granite indicates that some move-
ment of the allochthon occurred during early Acadian. North
of approximately 37°N latitude, the western Piedmont and
Blue Ridge, unlike the southern Appalachians, may never have
been buried by a deep pile of hot thrust nappes. This
northern limit of hot .thrust nappes is at the structural
junction between the central and southern Appalachians de-
fined in the Valley and Ridge (Rodgers, 1970) and suggests
that the structural differences between the two segments may
have already been established by the Taconic, and certainly
by the Acadian. Deformation and metamorphism of the Arvonia
appears to be related to reactivation of the Central Pied-
mont root zone and Charlotte belt during the Acadian.

-Kish et al. (1979) recognized that 400-300 Ma granites
in the Charlotte belt of the Carolinas were deformed less
than the older rocks that they intruded. In the previous
discussion of Taconic deformation and metamorphism in the
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Charlotte belt it was concluded that the 415-385 Ma granites
(Fig. 2, Nos. 10-18), gabbros, and syenites post-date an
earlier, amphibolite facies Taconic metamorphism. Those
plutons at locations Nos. 10-14, Figure 2 exhibit effects of
a lower grade of metamorphism and deformation imposed on
them, but as Fullagar (1971) pointed out, those to the south
are essentially undeformed. The undeformed Churchland (288
Ma), Landis (298 Ma) and York (322 Ma) granites, which occur
in the area of the 415-385 Ma group north of location 14,
Figure 2, are clearly post-kinematic with respect to ductile
deformation. These relations are interpreted to mean that a
mild Acadian ductile deformation, confined in the Charlotte
belt to the area north of South Carolina (Fig. 2, No. 14),
occurred between 322 and 385 Ma. The Charlotte belt in
South Carolina and probably in Georgia received only local-
ized ductile and, perhaps some brittle deformation during
this orogeny because the Bald Rock (Fig. 2, No. 16, 388 Ma)
and Newberry (Fig. 2, No. 18, 415 Ma) dgranites are unde-
formed.

An example of Acadian ductile deformation in South Ca-
rolina may occur along the Modoc fault zone at the west edge
of the Kiokee. belt (Fig. 2, No. 26) where Fullagar (1981)
reported a Rb-Sr whole rock age of 370 + 8 Ma for three sam-
ples of mylonite. However, this is only a three point iso-
chron and it is not clear how it escaped resetting during
Alleghanian metamorphism. Along the Bartlett's Ferry fault
zone (Fig. 2, No. 27) of Georgia in the Pine Mountain belt,
Russell (1978) also found a 375 Ma Rb-Sr whole rock age of
mylonites. At the Charlotte-~slate belt contact of central
and southern North Carolina (Fig. 2, No. 28) Butler and Ful-
lagar (1977) found that the semiductile or ductile Gold Hill
fault zone cuts and deforms the Gold Hill granite which they
consider, on the basis of petrographic similarity, to be the
age of the adjacent 400 Ma "Salisbury group of plutons."
The southern end of the Gold Hill fault zone in South Caro-
lina is intruded by the 329 * 14 Ma undeformed Catawba gran-
itoid (Butler, 1977; Fullagar and Butler, 1979). The major
movement of the Gold Hill fault zone is therefore loosely
constrained between 400 and 329 Ma, approximately Acadian.

From the forgoing, the evidence for Acadian deformation
and metamorphism in the Charlotte belt of the central and
southern Appalachians as far south as South Carolina sug-
gests that it was dominantly of low (greenschist) metamorph-
ic grade and tends to be localized near major fault and my-

lonite =zones that bound the belt. Except near marginal
fault and mylonite zones, the Carolina slate belt has yield-
ed no evidence of Acadian dynamothermal metamorphism. Both

the Charlotte and Carolina slate belts could contain semi-
ductile or brittle faults and folds of Acadian age but iso-
topic and field studies to date have not discovered them.
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At the South Carclina-North Carolina border, Horton
(1981) described the Kings Mountain shear zone (Fig. 2., No.
9) that separates Inner Piedmont and Kings Mountain belts.
As mentioned previously, Horton showed the Kings Mountain
shear to be a zone of mylonitic deformation in which late-
stage semi-brittle cleavage formed. Spodumene pegmatites,
that Kish (1979) dated by Rb-Sr whole rock techniques at 352
* 10 Ma, are only locally mylonitized where they occur in
the Kings Mountain zone. Horton interprets the field rela-
tions to suggest that 352 Ma is approximately the time of
last pegmatite deformation and that this time (Acadian)
marked the transition from ductile to semibrittle deforma-
tion along the eastern margin of the Inner Piedmont. Three
hundred Ma granites, the York, Clover, and Gastonia located
nearby, are undeformed.

Just west of the Kings Mountain belt in the Inner Pied-
mont of South Carolina the Gray Court granite (Fig. 2, No.
17, 378 * 24 Ma), (Fullagar, 1981) cited in the discussion
of Taconic deformation, is nearly undeformed at the quarry
from which the samples were collected. Thus Acadian ductile
deformation was also mild at this latitude. Farther south
in Georgia the 320 Ma Elberton granite (Fig. 2, No. 19)
(Ross et al., 1980) also lies at the eastern edge of the In-
ner Piedmont and is unfoliated according to Dallmeyer et al.
(1981), although it may be too young to record "Acadian" de-
formation.

In the central and western Inner Piedmont of South Ca-
rolina, Fullagar (1981) dated several foliated granitic
gneisses (Fig. 2, No. 29). Eighteen samples yielded a Rb-Sr
whole rock isochron of 421 + 3 Ma, believed to be the time
of igneous crystallization. The degree of deformation and

- the grade of metamorphism of these gneisses is not indicat-

ed, but apparently post-Taconic, Acadian(?) metamorphism and
deformation affected a large region of the Inner Piedmont in
South Carolina. Lemmon (1980), as previously discussed un-
der Taconic deformation, found similar granitic gneisses of
438 Ma age in the western Inner Piedmont of North Carolina
(Fig. 2, No. 6). The. gneissic fabric of these rocks was
probably formed during the Acadian. Just southwest of Lem-
mon's area, within the Brevard zone (Fig. 2, No. 7) at Ros-
man, N.C., Odom and Fullagar (1973) concluded from whole
rock Rb-Sr studies of the mylonite that deformation and me-
tamorphism homogenized Rb-Sr-isotopes at about 360 Ma also
during the Acadian.

Hatcher and Butler (1979) concluded that amphibolite
facies Taconic metamorphism .in the eastern Blue Ridge and
Piedmont (Fig. 2, No. ‘30) is overprinted by greenschist fa-
cies Acadian metamorphism. This is based on correlation of
structural elements S,, F,, and metamorphic grade with iso-
topic data discussed above for the Brevard zone.
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In the Ashland-Wedowee belt of Alabama, Russell (1978)
obtained a Rb-Sr whole rock isochron of 366 * 9 my. from the
Bluff Springs Granite (Fig. 2, No. 31). The Bluff Springs
has a poorly to moderately developed foliation (Russell,
1978), and the deformation in the Bluff Springs must there-
fore be Acadian or younger.

Russell (1978) also attempted to date Ashland (Fig. 2,
No. 32) and Wedowee (Fig. 2, No. 33) metasedimentary rocks
by whole-rock Rb-Sr techniques. They gave an age of 366 ¢
25 Ma. Russell interpreted this as the age of homogeniza-
tion of strontium isotopes during a regional metamorphism.
It is also consistent with the age of deformation deduced
from the Bluff Springs Granite. W. Russell (pers. comm.,
1981) dated mylonites from the Fort Mountain Gneiss (Fig. 2,
No. 34) by the Rb-Sr whole rock method at 359 Ma. This is
consistent with the dates of G. Russell and seems to confirm
both regional(?) metamorphism of the Alabama Piedmont (Blue
Ridge extension) and hot ductile thrusting (mylonite) during
the Acadian. Kish (1982), however, got an anomalously old
date of 397 Ma from seven K/Ar whole rock analyses of
greenschist grade Talledega slate in Chilton County, Alaba-
ma. No evidence has been found for Taconic regional meta-
morphism, but it is difficult to believe from the regional
relations farther north that Taconic metamorphism and defor-
mation did not extend into Alabama.

Dallmeyer (1978) reported Rb-Sr whole rock isotopic
studies of two Inner Piedmont metasedimentary localities in
Georgia, one near -Stone Mountain (Fig. 2, No. 35) and the
other near Athens (Fig. 2, No. 36). These samples suggest
homogenization of Sr isotopes at about 365 * 10 Ma. Dall-
meyer noted the similarity with Russell's data and suggested
metamorphic continuity during the Acadian across the Brevard
Zone. .Dallmeyer (1982, pers. comm. to Glover) states that
large Rb-Sr whole rock samples from the Lithonia and Athens,
Ga. guarries in the Inner Piedmont give 360-38C Ma dates.
Small thin-slab analyses of these samples yield much younger
"cooling-type" dates. He concludes that regional metamorp-
hism is Acadian and that slow-cooling (as reflected in K-Ar
studies) may be observed in Rb-Sr systematics on a small
scale. The relations of these ages to the age of the defor-
mational metamorphic fabric is not established by the data
presented, but these data are consistent with data farther
north that indicate regional metamorphism and deformation of
the Inner Piedmont and Blue Ridge terrane during the Acadi-
an. There is no evidence for Taconic dynamothermal meta-
morphism in the Georgia Inner Piedmont; if it occurred it
appears (1) to be obscured by an intense Acadian event or,
(2) we haven't dated granites old enough to reveal it.

Dallmeyer (1978) studied 4%Ar/3°Ar incremental release
ages of hornblende and biotite across the Georgia Inner Pi-
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edmont (Fig. 2, No. 37). From the Brevard Zone on the west
to near the eastern edge of the Inner Piedmont biotite ages
range from 317 to 236 Ma, and hornblende ages from 355 to
300 Ma. Variations are consistent and progressive, the
spectra are undisturbed, and no retrogression was noted in
the samples examined in the traverse. The westernmost part
of the traverse is in kyanite grade rocks and the eastern
90% of the traverse is in sillimanite grade. According to
Dallmeyer, the Stone Mountain granite, with a Rb-Sr whole
rock age of 291 Ma (or ca. 325 Ma based on zircon Pb/U dat-
ing, Atkins et al., 1980) and near the west central part of
the traverse, was emplaced in rocks that had already cooled
below the retention temperature of argon in biotite.
*0Ar/3°Ar ages of biotite and muscovite in the Stone Moun-
tain granite are nearly identical at 281 = 5 Ma and 283 * 5
Ma respectively, indicating rapid uplift and cooling. Min-
eral assemblages in the Inner Piedmont country rocks near
Stone Mountain indicate temperatures of 700-750°C and pres-
sures of 7-9 kb at the peak of regional metamorphism (Dall-
meyer, 1978). This pressure corresponds to depths of 23-29
km at about 365 Ma, the Rb-Sr whole rock ages cited above,
and slightly older than the 355 Ma ¢%°Ar/3°Ar age of oldest
the hornblende dated in the traverse. Although the biotite-
hornblende cooling ages suggest earlier or more rapid uplift
in the western Piedmont compared to the eastern Pied-
mont,this may be a result of reaching argon retention temp-
eratures earlier in the lower grade kyanite zone. Dallmeyer
did not believe that this effect of metamorphic grade was
large. »

Dallmeyer's study specifically addresses the thermal
and uplift history of the Georgia Inner Piedmont; it does
not examine the nature or existance of compressional tecton-
ics during the Acadian. It is important though to note that
at a time (Acadian) when much of the Blue Ridge, Inner Pied-
mont, Charlotte and Carolina slate belts farther north were
undergoing only greenschist or lower grade metamorphism and
deformation, the Georgia Inner Piedmont was at pressures of
7-9 kb and temperatures between 700-750°C which is equiva-
lent to sillimanite zone metamorphism. Development of com-
pressional mylonite 2zones and folds along the Blue Ridge
Fault, Bartletts Ferry Fault, Kings Mountain Fault and Modoc -
Fault at this time in Alabama, Georgia and South Carolina
indicate that the region was probably undergoing compres-
sion. This should and may have affected the Inner Piedmont
block also, but there is no evidence yet as to whether the
regional schistosity is Taconic and cooled during Acadian or
whether it is mostly Acadian. The indicated temperature and
depth of the present Georgia Inner Piedmont surface at 365
Ma would provide conditions that could mask Taconic effects
that might have been present. Metamorphic remobilization of
an earlier Taconic terrane or even maintenance of high grade
conditions from Taconic into Acadian time seem to be reason-
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able possibilities on the basis of Dallmeyer's study.
Perhaps future studies will show that a similar explanation
applies to the lack of evidence for Taconic orogeny in the
higher grade belts in Alabama west of the Brevard =zone.
This would not include the low grade (greenschist) belt of
Talledega rocks of Alabama and Georgia (Fig. 2) which is be-
lieved to contain Early Devonian fossils (Thomas et al.,
1980) and therefore could have been metamorphosed no earlier
than Acadian.

In summary, the effects of Acadian ductile deformation
and metamorphism in the northern Virginia and Maryland Blue
Ridge and western Piedmont (Fig. 2) are cryptic or absent.
Parts of the westernmost crystalline Appalachians in North
Carolina, Tennessee and Georgia (Fig. 2) also seem to have
escaped Acadian metamorphism. Additionally, much of the low
grade Carolina slate belt and Charlotte belt of South Caro-
lina and Georgia, and Carolina slate belt of North Carolina
and Virginia was probably not overprinted by Acadian meta-
morphism. Acadian metamorphism probably extended east of
the Alleghanian ductile deformation front in Virginia (Fig.
2), but its effects are presently unknown because of Alle-
ghanian overprinting. In the northern Charlotte belt, east-
ern Inner Piedmont, and Blue Ridge north of Georgia, Acadian
effects at the outcropping surface appear to reflect low me-
tamorphic grade and relatively lower strain overprinted on
an earlier Taconic fabric of higher strain and metamorphic
grade. In the western Inner Piedmont of Georgia, South Ca-
rolina, and perhaps North Carolina, and in the higher grade
Ashland-Wedowee terrane of eastern Alabama, Acadian meta-
morphism probably reached the kyanite and sillimanite zone
or was held at these conditions from the Taconic orogeny
In southern Virginia the northern margin of the Smith River
Allochthon occurs near latitude 37°N at the southward tran-
sition from pre-Acadian to Acadian metasedimentary whole
rock Rb-Sr ages. Higher grades of Acadian regional meta-
morphism in the Blue Ridge and Inner Piedmont also occur
south of 37°9N. This suggests that imbricated hot Taconic
and Acadian nappes deeply buried the presently outcropping
Piedmont/Blue Ridge surface. Burial occurred to depths and
temperatures that could sustain metamorphic recrystalliza-
tion and strontium isotope equilibration until deforma-
tion(?), isostatic rebound, erosion, and cooling during the
Acadian dropped temperatures below the threshold of daughter
product retention in the respective isotopic systems. The
northernmost appearance in Virginia of western Piedmont and
Blue Ridge hot ductile nappes at 37°N coincides with the
junction between the central and southern Appalachians and
suggests that this structural transition was probably estab-
lished during Taconic and Acadian orogenies.
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Alleghanian Metamorphism and Ductile Deformation

Prior to 1978 (Snoke et al., 1980 and references ther-
ein) it was generally believed that the youngest regional
metamorphic fabric in the crystalline Appalachians south of
New England was Acadian. . Since that time, Alleghanian am-
phibolite facies regional metamorphism has been documented
along most of the eastern Piedmont (Fig. 2). Along the
eastern margin of the Piedmont in South Carolina (Fig. 2,
No. 38), Snoke et al. (1980) found Alleghanian ductile de-
formation and amphibolite facies regional metamorphism in
the Kiokee belt. According to Snoke et al. (1980) and Ful-
lagar and Butler (1979), four granite plutons and orthog-
neisses (Lake Murray, Lexington, augen gneiss, lineated
gneiss) along the west edge of the Kiokee belt have Rb-Sr
whole rock ages between 313 +* 24 Ma and 284 * 17 Ma and all
contain D, lineations or S-surfaces. A fifth granite, the
254 + 11 Ma Edgefield granite, contains weakly to moderately
developed late Alleghanian structures consisting of a folded
foliation the axis of which is said to be parallel to Dj
structures (crenulation cleavage and folds with nearly ver-
tical axes) in the Kiokee belt. The evidence indicates that
Alleghanian deformation and metamorphism continued from
about 300 to 250 Ma. D, and D3 deformation locally can be
seen overprinting an earlier D, penetratiave foliation of
Acadian or Taconic age in the adjacent Carolina slate belt
along the western boundary with the Kiokee belt. The 319 =
27 Ma Clouds Creek granite intruded regionally foliated Ca-
rolina slate belt and the granite was mostly deformed along
its boundary with the Modoc fault zone. Apparently Allegha-
nian ductile deformation was mostly confined to the Kiokee
belt infrastructure. The gently-southeast-dipping Augusta
ductile fault thrust low grade rocks of the Belair belt over
high grade rocks of the Kiokee belt. Both the Augusta and
Modoc faults were subsequently reactiviated by brittle frac-
ture (Snoke et al. 1980). Dallmeyer (1981) reported
49Ar/39Ar ages of Thornblende and biotite in the Kiokee belt
of 315-285 Ma that are similar to the ages of the deformed
Alleghanian granites, and this is broadly consistent with

- the age of deformation given by Snoke et al. (1980). Dall-

meyer (1981) also reported *°Ar/3°Ar whole rock (mostly mus-
covite as Ar-bearing minerals) ages of 315-215 Ma in the Ca-
rolina slate belt just west of the Kiokee belt. These ages
would confirm that the previously (Taconic) metamorphosed
Slate belt was at temperatures a little above 300°C during
the Alleghanian. However, nearby dated plutons including
the Clouds Creek, Cuffytown Creek, and Newberry granites of
the Slate belt and adjacent Charlotte belt suggest by their
lack of regional foliation that the foliation is probably
Taconic in the Slate belt and Charlotte belt of South Caro-
lina.
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Alleghanian tectonism and metamorphism has been docu-
mented in the Raleigh belt of North Carolina by Farrar et
al. (1981). Granitic plutons in the amphibolite facies Ra-
leigh belt (Fig. 2, No. 39) give Rb-Sr whole rock ages of
315-285 Ma an all record an S; cleavage. Some of these gra-
nites also intrude the adjacent greenschist facies Eastern
slate belt, and in this host they are not foliated. As in
the case of the Clouds Creek granite to the south (Fig. 2,
No. 38) Alleghanian ductile deformation was largely confined
to the amphibolite facies Raleigh belt infrastructure, and
the Eastern slate belt which had coocled from a Taconic meta-
morphic event was sufficiently rigid to shield the vyoung
granites from deformation. The 292 * 30 Ma Butterwood Creek
granite (Fig. 3, No. 44) straddles the Raleigh belt-Eastern
slate belt contact. Rb-Sr biotite-whole rock cooling ages
indicate that the Raleigh belt country rock and that portion
of the Butterwood Creek which intruded the Raleigh belt re-
mained above about 300°C until 250 Ma; whereas, the adjacent
Eastern Slate belt had already cooled below 300°C when it
was intruded by the Butterwood Creek. Thus the Dj; event,
which formed the S; tectonic foliation in the 315-285 Ma
plutons, as well as regional F3; folds and adjacent mylonite
zones, was an Alleghanian event. Ductile deformation proba-
bly ceased with regional cooling by about 250 Ma as it did
in the Kiokee belt.

Along the northern extension of the Raleigh belt near
Richmond, Virginia (Fig. 2, No. 40), Wright et al. (1975)
dated the Petersburg granite by the zircon Pb-U method. At
that time the Petersburg was described as having a single
weak foliation of uncertain origin possibly resulting from
igneous flow. Therefore the granite was considered to be
largely post-kinematic. Subsequently, one and possibly two
tectonic foliations (Bobyarchick and Glover, 1979) have been
found in the Petersburg complex of granites indicating that
deformation did continue later than about 330 Ma. Durrant
et al. (1980) found that *°Ar/3°Ar plateau ages of horn-
blende and biotite in the amphibolite facies gneiss complex
just west of the Petersburg granite (Fig. 2, No. 40) average
262 and 241 Ma respectively. They extrapolated the data to
suggest a maximum metamorphic thermal peak at about 300 Ma,
based on estimated P-T conditions for sillimanite zone meta-
morphism. Subsequently we have learned that the sillimanite
may be relict from an earlier granulite facies metamorphism,
and that the highest grade reached in the last metamorphism
is more probably kyanite =zone. Thus the age of the last
thermal peak is about 262 Ma or older, but younger than 300
Ma. It seems reasonable to conclude that Alleghanian amphi-
bolite facies metamorphism and ductile deformation affected
the Petersburg Granite and adjacent gneisses as it did in
the Raleigh and Kiokee belts farther south.
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Near Fredericksburg, Virginia (Fig. 2, No. 41) Pavlides
et al. (1979) and Pavlides (1980) reported strongly to im-
perceptibly foliated rocks in the granitic Falmouth Intru-
sive Suite. These rocks have been dated by zircon Pb-U and
whole-rock Rb-Sr methods at 300-340 Ma. The Falmouth in-
trudes the Late Ordovician-Silurian(?) Arvonia slate. Near
Baltimore, Md. (Fig. 2, No. 42) the work of Sinha et al.
(1980) and Grauert (1973) indicates that the Gunpowder Gra-
nite is a foliated pluton of 300-330 Ma age. These rela-
tions provide evidence for extending the Alleghanian meta-
morphic and ductile deformation zone through the northern
Virginia Piedmont into the easternmost Piedmont of Maryland.

Constraints on the Alleghanian metamorphic conditions
elsewhere in the Piedmont are provided by the 320 to 269

‘Ma-old granites. A string of these occur immediately to the

west of the Alleghanian metamorphic front and intrude into
the low-grade rocks of the Carolina slate belt. Most have
contact metamorphic aureoles (Speer et al., 1980; Speer,
1981). The metamorphic mineral assemblages and mineral
chemistries indicate that the present erosional surface was
at depths corresponding to 4.5 to 5.5 kbar at the time of
intrusion. Ambient country rock temperatures were those of
the greenschist facies or lower. These temperatures and
pressures correspond to normal continental geothermal gradi-
ents. These granite plutons, as well as others in this age
range farther west, contain zones of ductile deformation.
The most strongly deformed are the Palmetto and 269 Ma-old
Siloam plutons, Georgia (Speer et al., 1980) which are adja-
cent to regional ductile deformation zones. This would sug-
gest that in the Inner Piedmont during the Alleghanian, duc-
tile deformation was only possible in local shear zones.

Dallmeyer et al. (1981) presented a revised model for
the Late Paleozoic - Early Mesozoic cooling history of the
central Inner Piedmont of Georgia. They used *°Ar/3°Ar data

on country rock hornblende and bioctite which they combined
with petrologic constraints on P-T history from host gneiss-
es and from the Stone Mountain and Elberton granites. They
suggested that the peak metamorphic mineral assemblages of
the eastern Inner Piedmont correspond to temperatures of 725
* 25%C and 7-9 kbars. After some uplift these gneisses were
intruded by the Stone Mountain Granite at a depth of 10-12
km while the country rock was maintained at a temperature
above 550°C (hornblende *%Ar/3°Ar data). Their calculations
suggested that the geothermal gradient increased from about
30°C/km at the peak of regional metamorphism to 40°C/km at
the time of Stone Mountain intrusion (325 Ma). They related
this increase in geothermal gradient to Hercynian (Allegha-
nian) tectonothermal activity in the eastern Piedmont. Pos-
sible problems with this interpretation include: (1) Some
of the P-T constraints are broad limits that do not yield
convincing gradients; (2) uplift and erosion could easily
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outstrip deep cooling of the Inner Piedmont, in which case
geothermal gradients would increase without addition of new
heat sources; and (3) geothermal gradients can wvary sharply
from area to area because of local variations in thermal
conductivity and heat generation of rocks.

From the foregoing, an Alleghanian ductile deformation
front exists along most of the eastern Piedmont of the cen-
tral and southern Appalachians. West of the front (Fig. 2)
localized zones of mild Alleghanian deformation are imprint-
ed on at least two ca. 270-350(?) Ma granites (i.e., Siloam
and Palmetto) principally where they are cut by ductile
shears. Additionally, the %°Ar/3°Ar biotite and hornblende
ages of 236 and 300 Ma, respectively, reported by Dallmeyer
(1978) along the eastern margin of the Inner Piedmont in
Georgia suggest that the Inner Piedmont was passing through
a temperature range of 300-5009C at that time. However, the
mild strain effects displayed in the Siloam (269 Ma) and the
Palmetto granites suggest that the amphibolite facies Inner
Piedmont and Charlotte belt terranes, although still quite
hot, had already cooled to a sufficiently rigid state so
that the Alleghanian stress field was inadequate to develop
much strain in them. Apparently even high grade rocks lose
much of their ductility in cooling below their prograde
thermal maximum. This is probably due to their inability to
recrystallize freely in the drier and lower energy environ-
ment that results from cooling.

Farther north along the Va.-N.C. State line (Fig. 2,
No. 43) in Charlotte belt rocks G. Russell (unpub. data) has
found ca. 260 Ma biotite-whole rock ages of biotite gneiss.
These are interpreted as cooling ages when the biotite
passed through about the 300°C isotherm. The data of Dall-
meyer and Russell suggest that west of the Alleghanian duc-
tile deformation front, relatively hot rocks in the crystal-
line terrane were deforming by differential uplift and
perhaps by broad folding during the Alleghanian. As dis-
cussed previously, the Brevard splayed off of the sole fault
at this time and the Blue Ridge and the Valley and Ridge
stratigraphy farther west was deformed by folding and
thrusting under subgreenschist conditions. Thus the Pied-
mont and Blue Ridge west of the Alleghanian ductile deforma-
tion front transmitted stress to the Valley and Ridge large-
ly as a semibrittle block.
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Summary

Summaries of each orogeny follow the sections on Tacon-
ic, Acadian and Alleghanian. In this summary we mention
some generalities for the system as a whole. .” =7 -

The Taconic was the most widespread metamorphic event
affecting rocks at the present level of exposure. It seems
probable that it affected rocks now overprinted by the Alle-
ghanian event and it is possible that rocks even farther
east, under the Atlantic Coastal Plain, were metamorphosed

‘at this time. Given the present data base, this seems to be

the most intense thermal and deformational event experienced
by the central and southern Appalachians during the Paleo-
zoic.

The Acadian is a more localized and generally lower
grade event at the present level of exposure. It seems pos-
sible that Acadian thrusting, uplift and cooling may have
localized its effects, and that no large, additional incre-
ment of heat from deep subcrustal sources was available.
This is strongly suggested by the data of Dallmeyer (1978)
which indicate that the high temperatures of the Georgia In-
ner Piedmont may have been carried over from the Taconic Or-
ogeny.

Alleghanian amphibolite facies regional ductile fabric
development and metamorphism is localized along the eastern
margin of the Piedmont and extends in the basement an undet-
ermined distance under the Atlantic Coastal Plain. It pre-
sents a rather abrupt ductile deformation front against low
to medium grade rocks that cooled during Taconic¢ and Acadi-
an(?) orogenies. Upwelling of a deep hot infrastructure or
renewed crustal heating may be required to explain its de-
velopment. :

The general southeastward migration of thermal meta-
morphic events with time is consistant with the trend of
ages of emplacement of Appalachians plutons. This apparent
migration is mitigated to.some extent by the extensive west-
ward transport of Piedmont and Blue Ridge rocks during suc-
cessive orogenies. This transport allowed the western mar-
gins of thrust plates to move out of the zone of succeeding
ductile deformations.
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GENERALIZED GEOLOGIC MAP OF BASEMENT BELOW
ATLANTIC COASTAL PLAIN

Richard J. Gleason

A generalized geologic map of the basement rocks below
the Atlantic Coastal Plain sediments has been drawn (Figure
1), based on an interpretation of drill core sample descrip-
tions (Gleason, 1979a,b), and aeromagnetic (Daniels and
Zietz, 1978; Zietz et al., 1977) and Bouguer gravity data
(VPI&SU, unpub.). This map is a preliminary version; addi-
tional drill hole data and refinement of the interpretation
of potential field data will result in continuing modifica-
tions of the map.

Because of the limited number of basement samples avai-
lable for direct analysis and the unreliabililty of many of
the published sample descriptions, which include drillers'

logs, the map is schematic. Areas indicated as "low meta-
morphic grade" include rocks characterized by greenschist
facies or lower grade metamorphic assemblages. "High meta-

morphic grade" areas include rocks with metamorphic assem-
blages above the "biotite-in" isograd. The areas of meta-
morphic rocks are shown as long, continuous belts, but parts
of these belts may exhibit structural complexities which

juxtapose high and low grade rocks. Areas indicated as
"granitic rocks" include plutonic rocks of granitic to to-
nalitic composition. These areas have been mapped on the

basis of drill samples and Bouguer gravity data. The grani-
tic rocks are probably more extensive in the Coastal Plain
basement than indicated on the map, but their presence is
undetectable due to lack of density contrast with surround-
ing country rocks. A major positive aeromagnetic anomaly
produced by basement rocks beneath the coastal plain in Ma-
ryland and Virginia (Zietz et al., 1977) has been interpret-
ed as a belt of mafic rocks. Drill samples from this area
include "soapstone," metagabbro, and amphibolite. Areas of
"Triassic-Jurassic rocks" are believed to be underlain by
volcanic and sedimentary rocks in rift basins similar to
those exposed along eastern North America, west of the Coas-
tal Plain onlap. The large region of Triassic-Jurassic
basement in Georgia and South Carolina, as well as the "fel-
sic volcanic rocks" of Georgia and the "Paleozoic sedimenta-
ry rocks" of southern Georgia and northern Florida are dis-
cussed by Gleason (in press).
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COMPARISON OF HEAT FLOW IN HIGH AND LOW GRADE
METAMORPHIC BELTS BELOW THE ATLANTIC COASTAL
PLAIN

Richard J. Gleason

The Piedmont province and its eastward extension buried
below the Atlantic Coastal Plain sediments is composed of
alternating belts of high-grade and low-grade metamorphic
rocks. Glover (pers. comm.) has postulated that the high-
grade belts evolved as synmetamorphic antiformal upwarps and
that adjacent low-grade belts formed as synformal downwarps.
In this model, the high-grade upwarps would have acted as
loci for the lateral and vertical migration of large grani-
tic masses. If such a theory is correct, it implies that
there may be higher background heat flow in high-grade belts
than in low-grade belts, due to the presence of large grani-
tic masses within the cores of the high-grade belts.

To test this hypothesis, heat flow values measured from
drill holes in the Atlantic Coastal Plain were compared to
crystalline basement lithologies which were predicted based
on a generalized Atlantic Coastal Plain basement geology
map . Locations of heat flow sites are superimposed on this
basement map in Figure 1. Heat flow sites overlying syn- to
post-metamorphic granites have been omitted from the corre-
lation. The average heat flow value from sites assumed to
overlie low-grade rocks is 55.8mW/m? (n = 15, SD = 9.6).
Average heat flow from sites assumed to overlie high-grade
rocks is 53.8 mW/m2 (n = 18, SD = 13.8). These values imply
no significant difference in heat flow between high-grade
and low-grade metamorphic belts below the Atlantic Coastal
Plain.

The validity cf this conclusion is limited by the accu-
racy of the generalized Atlantic Coastal Plain basement map.
As is discussed elsewhere in this report, the basement map
is based on interpretation of available basement samples,
magnetic, and gravity data. Heat flow values, on the other
hand, were obtained from measurements of thermal conductivi-
ties and geothermal gradients in sedimentary sections over-
lying the basement. Basement samples were available for
only ten of the heat flow sites. Therefore, inaccuracies in
the lithologic predictions obtained from the basement map
for the other heat flow sites would bias the results of the
high-grade/low-grade comparison.
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The comparison of average heat flow in contrasting
metamorphic belts has not been confirmed as yet in the Pied-
mont province. Unfortunately, nearly all of the VPI&SU heat
flow measurements in the Piedmont were obtained from gra-
nites and not from metamorphic country rocks. Until a con-
certed effort is made to collect heat flow data directly
from high- and low-grade metamorphic belts, it will remain
impossible to confirm or refute a correlation between these
contrasting metamorphic belts and heat flow.







STRUCTURE CONTOUR MAP OF BASEMENT BELOW
NORTHERN ATLANTIC AND SOUTH CAROLINA COASTAL
PLAINS

R. J. Gleason

A factor in the evaluation of geothermal resource po-
tential in the Atlantic Coastal Plain is the thickness of
Coastal Plain sediments at any given location. Sediment
thickness is one criterion in the determination of the insu-
lating capability of the sedimentary blanket overlying a
basement heat source. The thickness of Coastal Plain sedi-
ments is also an important consideration in the calculation
of the cost of drilling to basement. Sediment thickness may
be obtained from a structure contour map of the crystalline
basement surface by calculating the difference between the
elevation of the ground surface and that of the basement
surface. Structure contour maps of the basement surface be-
low the North Carolina and Georgia Coastal Plains were pre-
sented in a previous report (Gleason, 1979). Similar maps
of the basement in the northern Coastal Plain (New Jersey to
Virginia) and in South Carolina are presented in this report
as Figures 1 and 2, respectively.

In the northern Atlantic Coastal Plain (Fig. 1), base-
ment drill-hole data is most abundant along the shallow
western edge; only 69 of 391 drill-holes are located where
basement elevations are less than -500'. Seismic refraction
data (Ewing et al., 1937, 1939, 1940; Hansen, 1978) and re-
flection datg-(ﬁﬁi&SU, unpub.; Jacobeen, 1972; Hansen, 1978)
augment the drill-hole data in the deeper parts of the Coas-
tal Plain. In South Carolina (Fig. 2), only 37 basement
drill-holes were obtained from the literature. An addition-
al 42 basement data points were obtained from seismic re-
fraction studies of Bonini and Woollard (1960).

The structure contour maps presented as Figures 1 and 2
represent updated versions of earlier maps such as those of
Flawn (1967), Maher (1971), and Brown et al. (1872). The
sparseness of data points on these maps requires that the
basement structure contours be generalized and commonly in-
ferred. The addition of drilling and seismic data will re-
sult in continuous updating and modification of these maps
in the future.
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Figure 1. Structure contour map of basement surface below
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BASEMENT ROCKS BENEATH ATLANTIC COASTAL PLAIN:
ISLE OF WIGHT, VIRGINIA

Richard J. Gleason

Introduction

The rationale for locating geothermal test drilling
sites 1in. the Atlantic Coastal Plain is based on a model
(Costain et al., 1980) which predicts that granitic plutons
with high contents of radiocactive trace elements relative to
surrounding country rock underlie the Coastal Plain sedi-
ments. As a test of this model, a drill-site (C25A) was lo-
cated over the center of a circular negative Bouguer gravity
anomaly near Portsmouth, Virginia (Fig. 1), thought to indi-
cate the presence of a buried, low-density granitic pluton.
The basement core obtained from site C25A is a post-meta-
morphic granite giving a whole-rock Rb-Sr isochron age of
263 * 24 m.y. (Russell and Russell, 1980).

A second drill site (C26) at Isle of Wight, Va. (lati~
tude 36°54.5', longitude 76°42.2') was located 20 kilomeéters
from the center of the Portsmouth gravity anomaly (Fig. 1)
in order to sample and measure the heat flow of the country
rocks surrounding the buried pluton at Portsmouth. Drill
site C26 was drilled to 325 m (1065 ft.) by Gruy Federal,
Inc. between September 20 and 26, 1978. From April 1, 1980
to May 6, 1980, the hole was deepened to 512 m (1680 ft.)
by VPI&SU. Core samples were obtained from 406-413 m and
from 424-512 m.

The core samples of the interval from 406 to 413 m re-
semble saprolitized granitoid or heterogeneous arkosic sand-
stone. Drilling resistance increased noticeably at 424 m
(1390 ft.), corresponding to a sharp spike in the gamma log
(Fig. 1), and crystalline basement was cored beginning at
this depth. The base of the Coastal Plain sediments has
therefore been picked tentatively at 424 m.




72

20 30Km
77°
37°~+—
Atlantic
Ocean

Virginia X\ En
N North Carolina “tﬁﬁiiiziiikRKER

Figure 1: Location of drill sites C25A ad C26, in SE
Virginia, super imposed on Bouguer gravity contours from
Johnson (1977).
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Macroscopic Description

Lithologic and gamma logs are presented in Figure 2.
The basement consists primarily of a fine- to medium-grained
(1-4 mm) foliated biotite granitoid which is cut locally by
a more leucocratic facies. There are several fine-grained
(<1 mm), weakly foliated melanocratic sections of the core
ranging from 25 cm to 7 m in length, but contacts with the
granitoid generally are fractured, and any intrusive rela-
tion to the granitoid is not readily apparent.

Figure 2 also shows the =zones of alteration in the
core. The core 1is weathered from 424-427 mn. Below this
zone, alteration is controlled by intricate fine fractures
along which the feldspar in the core has been colored a
pinkish-red. The core 1is brecciated along many of these
fractures, and quartz or carbonate veinlets are associated
with the fractured, altered zones.

Granitoid Rocks

The granitoid rocks of the drill core range modally
from tonalite to monzogranite (Fig. 3). The tconalite is
composed of quartz, turbid plagioclase, chloritized biotite,
and accessory titanite, zircon, and opaques, with traces of
microcline perthite. Color index ranges from 13 to 20. The
granodiorite is mineralogically similar but contains 8-21%
microcline and less biotite, with color index ranging from 3
to 107. The monzogranite is composed of quartz, turbid pla-
gioclase, microcline (20-32%), and accessory biotite, ru-
tile, and opaques. Color index is 4-5.

Microscopic textures and mineral assemblages of the
granitoid rocks were modified during a post-emplacement,
lower greenschist facies metamorphism. Quartz grains dis-
play undulatory extinction under polarized illumination, and
subgrain development in quartz and feldspar reduced micro-
scopic grain size to 0.25-1.0 mm. Randomly oriented biotite
was mostly altered to chlorite, which crystallized in a pre-
ferred orientation, imparting a weak to moderate foliation.
Feldspars were sericitized and saussuritized and are turbid
because of inclusions of dusty hematite(?). Porphyroblastic
epidote and white mica up to 1 mm in size were produced dur-
ing metamorphism. Quartz and carbonate veinlets up to 1 mm
in width postdate the greenschist metamorphic assemblage.
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Mafic Dikes

The intrusive relation of the mafic sections to the
host granitoid rocks is visible microscopically. Locally,
these sections show chill textures near contacts with the
granitoid, with feldspar microlites set in micro- to crypto-
crystalline groundmass, whereas rocks from the centers of
the wider sections coarsen to 0.5-1.0 mm in grain size.
- Rare small (1-2 mm) pods of the granitoid are present as xe-
noliths in the mafic dikes.

The dikes are pre-metamorphic and were subjected to the
same greenchist facies metamorphism that affected the grani-
toid. The original mineralogy was partially obscured by
this metamorphism, but relict mineralogical and textural ev-
idence suggests that the dikes were basaltic, composed of
calcic plagioclase, pyroxene, and hornblende, with pyrite,
apatite, ilmenite-magnetite, quartz, calcite, and spinel as
accessories. Subsequent metamorphism altered the plagioc-
lase microlites to tremolite and the coarser plagioclase to
turbid mats of white mica and epidote. Hornblende and py-
roxene were altered to chlorite, actinolite, and epidote
porphyroblasts; in scarce occurrences, the pyroxene was al-
tered to serpentine and talc. Minor zeolite-adularia vein-
lets less than 1 mm in width postdate the greenschist over-
print and reflect a later hydrothermal event.

Discussion

_ The granitoid rocks which form the basement beneath the
Atlantic Coastal Plain in Isle of Wight, Virginia, originat-
ed as a deep-seated intrusion of biotite tonalite-granodior-
ite. With progressive crystallization of this magma, the
last phase was a leucocratic monzogranite-granodiorite which
intruded the earlier phases. The lack of sharp contacts
between the earlier and later phases suggests that the gran-
itoid was not fully crystallized until after the 1ntru51on
of the late monzogranlte

Following crystallization of the granitoid, the basal-
tic dikes were intruded. The presence of spherical, cal-
cite~filled features resembling amygdules in one of the
dikes (sample from 452 m) suggests that the emplacement of
the dikes was shallow, requiring an uncertain time interval
between the granitoid plutonism and the dike emplacement, in
order for uplift or erosion to expose the formerly deep-
seated pluton to near-surface conditions.

The greenschist metamorphic overprint evident in both
the granitoid and mafic dikes shows that the basement rocks
were subjected once again to burial sufficient to produce an
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epidote-chlorite-white mica assemblage in the granitoid
rocks and an actinolite-epidote-chlorite assemblage in the
mafic dikes. Strained quartz and feldspar and a weak folia-
tion of metamorphic chlorite and white mica in the granitoid
rocks indicate that the greenschist metamorphic overprint
was a result of a progressive dynamothermal event and not a
retrograde deuteric or hydrothermal effect following the in-
jection of the basaltic dikes. Following. the greenschist
facies metamorphism, minor zeolite-facies hydrothermal al-
teration formed veinlets of an unidentified zeolite and a
low-temperature potassium feldspar in the dikes and quartz-
carbonate veinlets in the granitoid rocks. The macroscopi-
cally visible alteration indicated in Figure 2 was a result
of this hydrothermal activity.

~ .The basement at Isle of Wight is lithologically dis-
tinc¢t from the Portsmouth granite and has undergone deforma-
tion "and greenschist metamorphism assumed to have predated
the 263 * 24 Ma age of the Portsmouth pluton. Heat produc-
tion from the Portsmouth granite was measured as 4.09 * 0.3
uW/m3, and heat flow through the sedimentary section overly-
~ing the granite was measured as 83.5 * 10 mW/m2? (Perry,
pers. comm., 1981). The heat production of the Isle of
Wight basement rocks averages 1.1 * 0.5 uW/m3, corresponding
to a heat flow measured in the overlying sedimentary section
as 54.6 + 6.6 mW/m? (Perry, pers. comm., 1981). These lower
heat production and heat flow values of the metamorphosed
country rocks contrast with the higher values of the post-
metamorphic Portsmouth granite, and provide verification of
the radiogenic heat model of Costain et al. (1980).
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DESCRIPTION OF THE BASEMENT GRANITOID ROCKS OF
DRILLHOLE C25A, NEAR PORTSMOUTH, VIRGINIA

J. Alexander Speer

A -40 mgal Bouguer gravity anomaly near Portsmouth,
Virginia (Fig. 1) was believed to indicate the presence of a
granitic body beneath the Atlantic Coastal Plain. A drill-
site (CP25A) was located near the center of the circular
anomaly at latitude 36°51.01' and longitude 76°29.83' to ob-
tain heat flow and granite samples. The hole was drilled
through the coastal plain sediments to 557 m (1828 ft.) by
Gruy Federal, Inc. during December 1978. From January to
April 1979, the hole was deepened to 611 m (2005 ft.) and a
continuous, 1-1/2 inch diameter core obtained from 557 to
611 m (1828-2005 ft.). The basement rock obtained from
drillcore CP25A is a post metamorphic granitoid which is de-
scribed here as the Portsmouth granite. A whole-rock, Rb-Sr
isochron age of 263 * 24 Ma and initial Sr®6/Sr®7 ratio of
0.7076 + 0.0012 for this core have previously been reported
by Russell and Russell (1980). Two biotite-whole rock iso-
chrons give ages of 267 * 7 and 267 = 5 Ma.

The CP25A basement core is composed of a massive, or-
ange-pink, coarse-grained, inequigranular granitoid rock. A
point count of a slabbed and stained core shows the rock to
be a monzogranite, with 28.6% quartz, 30.5% K feldspar,
37.8% plagioclase, and 3.1Y% biotite + accessory minerals.
The color index of the monzogranite, based on visual esti-
mates, varies from less than 1 to 5 along the length of the
core. The alkali feldspars are an- to subhedral orange
crystals up to 15 mm long. The plagioclases are euhedral to
subhedral crystals up to 7 mm long and are either orange or
white. The gquartz is grey and anhedral, with grains less
than 6 mm in diameter. Biotite flakes, 5 mm or less in
length, are the most abundant mafic mineral. Primary acces-
sory minerals of the granite include apatite, zircon, alla-
nite, ilmenite, magnetite, pyrite, molybdenite, thorite,
fluorite, and monazite. Secondary minerals are chlorite,
muscovite, rutile, titanite and epidote. Average density of
the granite is 2.63 gm/cm®. The U, Th, and K contents and
the calculated heat productions are given in Table 1 (Fig.
2).

The granite is cut by abundant quartz, carbonate, and

muscovite veins occupying lengths of the core up to 7 cm.
Disseminated replacements of the granite termed "veined gra-

- 79 -




80 ’ ‘

Cﬁ%b 10 0 10 20 30 Km

)
[ @c2é
Isle of .
Wight
th Atlantic
Ocean
Virginia NP 2\

- - Nc;Th Ccrolir?c B ﬁ%\ki

77°

370+

Figure 1. Location of Drill site CP25A, located in Nanse-
mond Co., Virginia, superimposed on the Bouger gravity cont-
ours from Johnson (1977).
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82

Table 1. U, Th, and K contents and heat generation
for Portsmouth granite (CP25A},
Portsmouth, Va. (Perry et al., 1980).

sample heat generation
number interval U,ppm Th,ppm K,wt.% 10 !3cal/ 10°6/W/m3-
: cm/sec

562 1843-1847 9.0 24.1 4.0 10.3 4.3
566 1857-1861 9.1 20.6 3.4 9.6 4.0
569 1866-1870 8.0 20.6 3.7 9.1 3.8
573 1880-1884 7.8 17.9 4.0 8.5 3.6
586 1922-1926 9.8 19.1 3.5 9.8 4.1
591 1940-1945 9.6 23.8 3.7 10.5 - 4.4
599 1964-~-1968 9.2 24.8 3.4 10.4 4.4
602 1974-1979 8.5 20.9 3.5 9.4 3.9

average 8.9 21.5 3.6 9.7 4.1
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nites" range in length up to 10 cm. The muscovite veins or
veined granites consist largely of muscovite up to 2 c¢m
across with lesser amounts of albite and quartz and variable
amounts of fluorite, pyrite, pyrophanite, chalcopyrite, and
thorite. The carbonate-veined granites contain calcite,
Mn-Fe calcite, siderite, barite, Ni-pyrite, and uraninite.

Mineralogy
Biotite. The biotite, pleochroic tan to brown, is ex-
tensively replaced by chlorite, rutile, and muscovite. Mi-

croprobe analyses (Table 2, Fig. 3) show the biotites to be
aluminous, intermediate phlogopite-annite solid solutions
with Fe(total)/(Fe(total) + Mg) between 0.48 and 0.58. The
biotites are fluorian with F/(F + Cl + OH) between 0.17 and
0.27. '

Feldspar. The alkali feldspar in the Portsmouth gra-
nite is microcline with locally developed microperthite.
The average composition is Or(94) with a range of 0r(96) to
0r(92) (Table 3). Ca contents are less than An(0.2Z) and Ba
contents range up to Cn(1l.18). The plagiocclase has weak os-
cillatory zoning with local albite rims. Compositions vary
between An(2l1) and An(7), potassium content is less than
Or(l1l.3). Plagioclase 1in the veined granite 1is albite,
An(2.7) to An(0.5). Most plagioclase in the Portsmouth gra-
nite is replaced by variable amounts of muscovite * epidote
+ carbonates.

Muscovite. Muscovite has a variety of occurrences in
the granite: in the matrix, as replacement of plagioclase,
and in the muscovite veins and veined granite. They are

phengites (Table 4) with Fe/(Fe + Al(VI) + Mg + Ti) up to
0.17 and Mg/(Fe + Al(VI) + Mg + Ti) of 0.13. They contain
only a minor paragonite component with Na/(Na + K) less than
0.05. The muscovites' low totals and low alkali sums indi-
cate that they are hydromicas in part or, more likely, Li-
muscovites, which is suggested by their opitcal zoning. The
muscovites contain variable amounts of F, ranging between
0.2 and 1.48 weight percent.

Accessory minerals. The apatites are fluorapatites.
The chlorites (Table 5) are pycnochlorites and ripidolites
(Hey, 1954) with Fe/(Fe + Mg) of 0.44 to 0.50. An analysis
of an epidote from CP25A 1959.3 yields Pistacitez, (Table
6). Ilmenites in the granites are nearly ideal composi-
tions. An ilmenite from a veined granite is pyrophanite
with 629 MnTiOj;.
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Discussion

The well-defined, <c¢ircular gravity anomaly of the
Portsmouth granite, its undeformed texture, and concordant
biotite-whole rock ages suggest that it is a postmetamorphic
pluton. The evolved nature of the granite, indicated by its
leucocratic nature, F-rich silicate minerals, extensive late
magmatic or subsolidus reactions and mineral assemblages,
abundant quartz veins and high U contents, suggests that the
drillhole encountered the late crystallizing and fluid-rich
portion, or cupola, of the magma chamber.
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SUPER RECAL TABLE 3. FELDSPAR ANALYSES

1 2 3 Uy 5 6 7
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SUPER RECAL TABLE 3. FELDSPAR ANALYSES

17 18 19 20 21 22 23 24
St02 68.06 69.65 63.62 64.14 65.59 62.69 63.96 63.
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SUPER RECAL

TABLE 4. MUSCOVITE ANALYSES

9 10
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SUPER RECAL TABLE 4. MUSCOVITE ANALYSES

17 18 19 20
S102 47.94 L2.31 48.05 Lb7.42
T102 1.14 0.12 0.16 0.u46
A203 28.92 33.36 27.97 28.65
FEO 5.25 3.90 5.70 6.04
MNO 0.04 0.07 0.13 0.06
MGO 1.86 1.47 2.06 1.95
CAO 0.0 0.13 0.0 0.0
BAO 0.0 0.39 0.0 0.0
NA20 0.1 0.18 0.11 0.15
K20 8.24 9.96 8.95 8.37
F 0.48 0.26 0.82 0.48
CL 0.0 0.02 0.01 0.0
H20 4.17 4,12 3.96 .12
SUM 98.15 96.29 97.92 97.70
-0= F+CL 0.20 0.11 0.35 0.20
SUM 97.94 96.18 97.57 97.50
Sl 6.508 * 5.946 * 6.571 * 6.502 *
AL 1.492 8.000 2.054 8.000 1.429 8.000 1.498 8.000
AL 3.135 * 3.470 * 3.079 * 3.131 *
Ti 0.116 *® 0.013 * 0.016 * 0.047 *
FE 0.596 * 0.458 * 0.652 * 0.693 *
MN 0.005 * 0.008 * 0.015 * 0.007 *
MG 6.376 L.228 0.308 4.257 0.420 4.182 0.399 4.277
CA 0.0 * 0.020 * 0.0 * 0.0 *
NA 0.029 * 0.049 * 0.029 * 0.040 *
K 1.427 * 1.785 * 1.561 # 1.464 *
BA 0.0 1.456 0.021 1.875 0.0 1.590 0.0 1.504
CL 0.0 * 0.005 * 0.002 * 0.0 *
F 0.206 * 0.116 * 0.355 * 0.208 *
H 3.794 4.000 3.880 4.000 3.643 4.000 3.792 L.000
o 2L, 000 * 24,000 * 24.000 * 24,000 *
F/M 1.596 1.516 1.588 1.755
F/FM 0.615 0.602 0.614 0.637
17 CP25A 1920, PORTSMOUTH, VA, 19 CP25A 1959.3, PORTSMOUTH, VA,
18 CP25A 1956, PORTSMOUTH, VA, 20 CP25A 1959.3, PORTSMOUTH, VA,
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SUPER RECAL TABLE 5. CHLORITE ANALYSES
1

2 3 L 5 6
S102 27.52 27.21 26.42 27.05 27.51 26.59
T102 0.12 0.10 0.09 0.10 0.12 0.09
A203 19.25 18.60 18.73 18.86 19.14 ) 18.58
FEO 24,59 24.17 24,60 24 .45 24.65 24.25
MNO 0.68 0.65 0.66 0.66 0.68 0.65
MGO 16.03 16.31 15.46 15.93 16.29 15.58
CAO 0.0 0.0 0.0 0.0 0.0 0.0
BAO 0.0 0.0 0.0 0.0 0.0 0.0
NA20 0.01 0.0 0.02 0.01 0.02 0.00
K20 0.01 0.0 0.0 0.00 0.01 =-0.00
F 0.20 0.16 0.09 0.15 0.20 0.10
CL 0.0 0.0 0.0 0.0 0.0 0.0
H20 11.40 11.27 11.11 11.26 11.42 11.10
SUM 99.81 98.47 37.18 98.49 100.03 96.94
-0= F+CL 0.08 0.07 0.04 0.06 0.08 0.04
SUM 99.73 98.40 97.14 98.42 99.95 96.90
Sl 2.862 #* 2.869 * 2.836 * 2.856 * 2.857 2.855 *
AL 1.138 4.000 1.131  4.000 1.164 L4.000 1.144  4.000 1.143  4.000 1.145 4,000
AL 1.221 * 1.180 * 1.205 * 1.202 * 1.198 * 1.206 *
T 0.009 *® 0.008 * 0.007 * 0.008 * 0.009 * 0.007 *
FE 2.139 * 2.131 * 2.208 * 2.159 * 2.111 * 2,178 *
MN 0.060 * 0.058 * 0.060 *® 0.059 * 0.059 * 0.059 *
MG 2.485 * 2.563 * 2.473 * 2.507 * 2.520 * 2.493 *
CA . 0.0 5.917 0.0 5.940 0.0 5.958 0.0 5.938 0.0 5.933 0.0 5.944
NA 0.002 * 0.0 * 0.004 * 0.002 * 0.004 * 0.000 *
K- 0.001 * 0.0 * 0.0 * 0.000 * 0.001 * -0.000 *
BA 0.0 5.917 0.0 5.940 0.0 5.958 0.0 5.938 0.0 5.933 0.0 5.944
CL 0.0 #* 0.0 . * 0.0 * 0.0 * 0.0 W 0.0 *
F 0.066 * 0.053 * 0.031 * 0.050 * 0.064 * 0.036 *
H 7.934 8.000 7.947 8.000 7.969 8.000 7.950 8.000 7.936 8.000 7.964 8.000
0 18.000 * 18.000 * 18.000 * 18.000 * 18.000 * 18.000 *
F/M 0.885 0,854 0.917 0.885 0.873 0.897
F/FM 0.469 0. 461 0.478 0.469 0.466 0.473
1 CP25A 1831.8, PORTSMOUTH, VA, 4 AVERAGE
2 CP25A 1831.8, PORTSMOUTH, VA, 5 AVERAGE PLUS Si1GMA
3 CP25A 1831.8, PORTSMOUTH, VA. 6 AVERAGE MINUS SiGMA
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SUPER RECAL
1

TABLE 5. CHLORITE ANALYSES

S102 26.13
T102 0.03
A203 20.64
FEQ 22.49
MNO 0.87
MGO 16.88
CAO 0.0
BAO 0.0
NA20 0.01
K20 0.0
Fo 0.34
cL 0.01
H20 11.26
SUM 98.66
-0= F+CL 0.15
SUM 98.52
St 2.729 *
AL 1.271 4.000
AL 1.269 *
Tl 0.002 *
FE 1.964 *
MN 0.077 *
MG 2.627 *
CA 0.0 5.942
NA 0.002 *
K 0.0 *
BA 0.0 5.942
CL 0.002 #*
F 0,112 *
H 7.886 8.000
0 18.000 *
F/M 0.777
F/FM 0.437

1 CP25A 1959.3, PORTSMOUTH, VA,

L6
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SUPER RECAL TABLE 6. EPIDOTE ANALYSES

1 2 3 4 5
S102 37.04 : 36.86 36.95 37.04 36.86
T1O2 0.16 0.02 0.09 0.16 0.02
A203 22.07 21.88 ) 21.98 22.07 21.88
F203 15.77 16.30 16.03 16.30 15.77
MNO 0.31 0.24 0.27 0.31 0.24
MGO 0.0 0.0 0.0 0.0 0.0
CAO 22.92 22.75 22.83 22.92 22.75
BAO 0.0 0.0 0.0 0.0 0.0
NA20 0.02 0.01 0.02 0.02 0.01
K20 0.0 0.0 0.0 0.0 0.0
F 0.17 0.12 0.14 0.17 0.12
0.0 0.0 0.0 0.0 0.0
H20 1.79 1.81 1.80 1.80 1.80
SUM 100.25 99.99 100.12 100.79 99.45
-0= F+CL 0.07 0.05 0.06 0.07 0.05
SUM 100.18 99.94 100.06 100.71 99.40
Sl 2.963 * 2.961 * 2.962 * 2.952 * 2.972 *
AL 0.037 3.000 0.039 3.000 0.038 3.000 0.048 3.000 . 0.028 3.000
AL 2.04Y4 * 2.032 * 2.038 * 2.024 * 2.051 *
Ti 0.010 * 0.001 * 0.005 * 0.010 * 0.001 #
MG 0.0 * 0.0 * 0.0 * 0.0 * 0.0 *
FE3+ 0.949 * 0.985 * 0.967 * 0.977 * 0.957 *
MN 0.021 3.024 0.016 3.035 6.019 3.029 0.021 3.032 0.016 3.026
CA 1.965 * 1.958 * 1.961 * 1.957 * 1.966 *
K 0.0 * 0.0 * 0.0 * 0.0 * 0.0 *
NA 0.003 * 0.002 * 0.002 * 0.003 * 0.002 *
BA 0.0 1.968 0.0 1.960 6.0 1.964 0.0 1.960 0.0 1.967
CL 0.0 * 0.0 * 0.0 * 0.0 * 0.0 *
F 0.043 0.0 0.030 0.0 0.037 0.0 0.043 0.0 0.031 0.0
H 0.957 1.000 0.970 1.000 0.963 1.000 0.957 1.000 0.969 1.000
0 13.000 * 13.000 * 13.000 * 13.000 * 13.000 *
PS 31.12 32.07 31.59 31.83 31.35
074 68.19 ~67.40 67.80 67.49 68.11
PD 0.69 ' 0.53 0.61 0.68 0.54
1 CP25A 1959.3, PORTSMOUTH, VA L AVERAGE PLUS SIGMA
2

CP25A 1959.3, PORTSMOUTH, VA. 5 AVERAGE MiINUS SIGMA
3 AVERAGE
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LILESVILLE CONTACT AUREOLE, NORTH CAROLINA

Nicholas H. Evans

Contact metamorphism associated with the Lilesville
granite near Rockingham, N.C. is under investigation. Re-
connaissance mapping has delineated an aureole of metamorph-
ic rocks surrounding the pluton which range from greenschist
regional grade in the Carolina slate belt country rocks to
(andalusite + K feldspar)-bearing hornfels adjacent to the
granite contact. 1In addition, mapping has revealed a region
of high grade pelitic gneisses within the pluton. These in-
terior gneissic rocks bear granulite facies mineral assem-
blages and in some places show extensive partial melting.
Mineral assemblages and chemistry are being studied in the
aureole rocks and in the interior gneiss in order to:

1) evaluate intensive parameters P, T, and fH20 for em-
placement of the Lilesville pluton, and

2) evaluate the degree and nature of interaction of the
granite with the country rocks during emplacement, a
process which often increases heat production of
granites. ‘

The generation of the partial melt phase as a product
of continuous reactions among solid phases may better ap-
proximate the mechanism of granite formation than does the
generation of an eutectic or cotectic ‘minimum melt as mo-
deled by experimental studies. The reactions and mechanisms
involved in generating a partial melt have important impli-
cations for the partitioning of radionuclides between the
melt and solid phase and thus for the concentration of heat
producing elements in granitic bodies. The migmatitic inte-
rior gneiss affords a good opportunty to evaluate the role
of partial melting in granite production.

Systematic sampling of the aureole and interior gneiss
was carried out in conjunction with reconnaissance mapping.
Thin sections made from the sample set have been studied pe-
trographically in order to characterize the sequence of pro-
grade metamorphic reactions. The petrology of the aurecle
and interior gneiss has been further investigated by elec-
tron microprobe analysis of selected mineral phases. Whole
rock chemical analyses are being carried out on melt and
restite Carolina slate belt in order to study partitioning
of major elements during partial melting.
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HEAT FLOW IN THE SOUTHEASTERN UNITED STATES

J. K. Costain, J. A. Speer, L. Glover, III, L. Perry,
S. Dashevsky, and M. McKinney

Introduction

Heat flow determinations reported here are primarily
the result of a geothermal program at VPI&SU supported dur-
ing 1976-82 by the Department of Energy to evaluate the
low-temperature geothermal potential of the eastern U.S.
from New Jersey to Georgia.

Previous Work

Diment et al. (1972) summarized published heat flow
values for the eastern U.S. At that time, only eight heat
flow values were available in Virginia, South Carolina, and
Georgia. Sass et al. (1976) compiled a revised heat flow
map which included new values in Virginia and one in South
Carolina. No determinations had yet been made in North Ca-
rolina. Sass et al. (1981) summarized crustal heat flow in
the United States. Smith et al. (1981) reported values in
North Carolina, South Carolina, and Georgia.

Birch et al. (1968) showed that wvariations in heat
flow in New England and New York are caused primarily by
differences 1in crustal concentrations of the radioactive,
heat- producing isotopes of uranium, thorium, and potassium.
As shown here, a similar conclusion holds for the southeast-
ern U. S. Many of the heat flow values reported here were
determined in granites. Initial differences in concentra-
tions of U and Th at the time of granite emplacement depend
upon the composition of the granite source rock, but heat
flow in the eastern U.S. and elsewhere is also affected by
the metamorphic redistribution of U and Th. In both the
northeastern and southeastern U.S., the highest heat flow
values are associated with unmetamorphosed granites. In the
northeastern U.S., the genesis, age, and mode of emplacement
of many of the granites have been studied in detail. In the
southeast, Speer et al. (1980) discussed the field rela-
tions, petrology, and chemistry of the post- and late synme-
tamorphic 254-330 Ma granite plutons exposed in the Piedmont
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of the southern Appalachians. These are the youngest
exposed granitic plutons known in the southeastern U.S.
They are also sites of high heat flow, and are therefore im-
portant for an evaluation of regional heat flow.

A linear relationship, g = g* + DA, between surface
heat flow, ¢, and surface heat generation, A, was discovered
by Birch et al. (1968) from heat flow determinations in New
England and the Adirondacks. This discovery led to the de-
finition of continental heat flow provinces, characterized
by g* (Roy et al., 1968). The gquantity g*, defined by Roy
et al. (1968) as the "reduced heat flow", is assumed to be
the flux from the lower crust and upper mantle. Lachenbruch
(1968) simultaneously described a similar relation in the
Sierra Nevada. The empirical relationship has been observed
on several continents (Sass et al., 1981). Determinations
of heat flow and heat generation in the southeastern U.S.
reported by Smith et al. (1981) do not define a linear re-
lation; however, core samples were not always available for
the determination of representative values of heat genera-
tion, and the drill holes used may not have been deep enough
so that geothermal gradients were undisturbed by groundwater
flow. These are often difficult conditions to satisfy.

The simplest models that result in a linear relation
between g and A are:

I) The distribution of heat-producing elements is
constant from the surface to a depth D; lateral
variations in A will not significantly affect 1li-
nearity. The numerical value of D is equal to the
thickness of crust containing the heat-producing
elements.

II) The distribution of heat-producing elements de-
creases exponentially downward from the surface. D
is not a thickness parameter. Lateral variations
in A will not significantly affect linearity.

A distinction made by Lachenbruch (1968) between the
two models is that Model II will survive differential ero-
sion between heat flow sites, but Model I will not.

Model I implies an uninterrupted, uniform distribution
of U and Th down to a depth D. Model II would have to imply
an uninterrupted, exponentially decreasing distribution of U
and Th to a depth of approximately 3D. These models place
severe constraints on crustal structure wherever a linear
relationship is observed (Costain and Glover, 1980a,b).
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Geothermal Gradients and Thermal Conductivity

All geothermal gradients reported here are based on
temperature measurements made at discrete depths in bore-
holes while the sensor was moving down the hole. Tempera-
tures in holes in the Piedmont of Georgia and beneath the
Atlantic Coastal Plain of New Jersey, Delaware, Maryland,
Virginia, North Carolina, South Carolina, and Georgia were
measured by a thermistor assembly moving at a speed of 30
m/min. Temperatures were sampled at intervals of 0.5 m by
microcomputer and digitally recorded on magnetic tape. All
other temperatures measured in the Piedmont, Blue Ridge, and
Valley and Ridge Provinces were determined manually at in-
tervals of 2.5 m or greater using a Mueller resistance
bridge with the thermistor assembly stationary in the bore-
hole. In both methods a rapid~response thermistor with a.
time constant of approximately 1 sec was used. The thermis-
tors are precise to better than 0.01°C, and are believed to
be accurate to aproximately 0.1%C. Thermal gradients deter-
mined by each system in a 300-m hole at thermal equilibrium
agree to within 0.33°C/km over the entire hole and typically
to within 0.87°C/km over a 25 meter interval.

Geothermal gradients were computed from a least-squares
fit of a straight line to linear intervals of the tempera-
ture versus depth curves. No corrections to the geothermal
gradient for the effects of topography, topographic or geo-
logic evolution, refraction of isotherms, or climatic change
have been applied. Except for one site (SP3 at Spruce Pine,
N.C.) in the Blue Ridge, topographic relief did not exceed
100 m. The correction is not important for the region of
study.

Heat flow determinations reported here are based on
equilibrium gradients measured in undisturbed fluid-filled
drill holes. Due to the confined and semi-confined nature
of agquifers beneath the Atlantic Coastal Plain, holes
drilled for this program in Coastal Plain sediments were
cased, and the annulus around the casing cemented to prevent
vertical circulation between aquifers via the bore hole. 1In
spite of this, deep circulation of water between fractures
or aquifers was detected at sites Cl1l5 and Cl1.

In every case, care was taken to determine heat flow
only for intervals over which the gradient was linear and
apparently unaffected by groundwater flow, and which were
adequately sampled for thermal conductivity. The heat flow
values are, except where noted, believed to belong to Cate-
gory I as defined by Sass et al. (1971). Category I values
are accurate to within 5%.
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Thermal Conductivity

Samples for determinations of thermal conductivity were
selected from core from the holes. Core diameters ranged
from AQ (2.7 cm) to NQ (4.76 cm). Each sample was machined
to a right circular cylinder of thickness 0.197 cm. All
samples were saturated with water while in an evacuated con-
tainer. :

Measurements were made in a divided bar apparatus using
fused quartz as a reference standard. The entire fused
quartz-sample stack was insulated with styrofoam. Contact
resistance at the gquartz-sample interface was minimized by
using Vaseline petroleum jelly on the interface and axial
pressures of about 1500 psi. A stack correction of 1-29 was
determined by calibrating with fused quartz.

A 10°C temperature gradient was imposed across the

quartz-sample stack by two constant-temperature baths. The
temperature of the sample was kept within 1 C° of its in
situ temperature. Temperatures within the stack were mea-

sured with copper-constantan thermocouples and a Leeds and
Northrup Type K-3 potentiometer.

Heat Generation

Samples of core over selected depth intervals were ana-
lyzed for U, Th, and K content by comparing in a least
squares sense the gamma ray spectrum of the sample to the
spectra of standards with known concentrations.

Core samples were crushed and the material placed in a
15 cm diameter by 2.5 cm high plastic container, which was
sealed and set aside for at least 30 days to allow radon gas
(Rn222) to accumulate. In general, the container was com-
pletely filled with the crushed material (approximately 700
gm) to insure that the counting geometry of the sample du-
plicated that of the reference standards.

Gamma-ray spectra over the energy band 100 Kev to 2.8
Mev were acquired with a 10 x 12.7 cm Nal (Th) crystal and a
Nuclear Data 2200 system. The computer program ALPHA M,
(Schonfield, 1966) was used to resolve the spectra. Concen-
trations of U, Th, and K determined assume equilibrium in
the decay schemes of both the standards and the samples.
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Geologic Framework

The divisions and belts of the Appalachian Mountain
System have been summarized elsewhere (King, 1955; Fullagar,
1971; Hatcher, 1972; Rankin et al., 1973; Glover and Sinha,
1873; Glover, 1979). Aspects of the geologic framework im-
portant for the interpretation of heat flow have been dis-
cussed by Glover (1979), Speer et al. (1980), Glover et al.
(in press), and elsewhere in this report. New heat flow va-
lues are reported here for all of the divisions of the Appa-
lachian orogen.

An important focus of the VPI&SU geothermal program was
the distribution and petrography of the post- and late syn-
metamorphic (254-330 Ma) granite plutons exposed in the Pi-
edmont. Variations in heat generation and heat flow can be
correlated with mineralogy and chemistry of the Piedmont
granites, features which reflect the source of the magma and
the physical conditions during and subsequent to crystalli-
zation. The several petrographic types of granites from
which new heat flow values were obtained in the Piedmont and
basement beneath the Atlantic Coastal Plain include:

1) coarse-grained, amphibole * pyroxene + biotite gra-
nites with allanite, comprising one facies of compo-
site plutons.

Hole Location

pT-1,2,3 Petersburg, Va.

Cs1 Castalia, N.C.

RM1 Rocky Mount, N.C.

DO1 Dort, N.C.

KR3 Liberty Hill, S.C.

PGl Pageland, S.C.

2) coarse-grained, biotite granite with allanite, tita-
nite,

PM1 Palmetto, Ga.

SM1 Siloam, Ga.

SL1 Springfield, S.C.

3) fine- to medium-grained, biotite granite comprising
one facies of a composite pluton. Muscovite is pos-
sibly primary igneous.

SM1 Siloam, Ga.
WN1 Winnsboro, S.C.

4) Syndeformational plutons containing granites compa-
rable to facies 1-3 above.

RL2,4,5 Rolesville, N.C.
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The above four types of granites are comparable to the
I-type granites of Chappell and White (1974). Their em-
placement occurred largely during and after the Alleghanian
orogeny.

5) coarse-grained, cordierite + biotite granites and
granodiorites with ilmenite and monazite:

suU Stumpy Point, N.C.

6) medium- to coarse-grained, (primary?) muscovite +
biotite granitoid rocks that are evidently the high-
ly-evolved, fluid-rich roofs of large plutons of
type 1 or type 2 granites:

ED1 Cuffytown Creek, S.C.
C25A Portsmouth, Va.

The cordierite-bearing granite SU is comparable to the
S-granites of Chappell and White (1974). ED1 and C25A are
petrologic variants of I-granites. Heat flow determinations
were obtained from holes drilled into granites at the above
sites except at Stumpy Point, N.C. (SU). The Stumpy Point
core was recovered from basement by others a few tens of ki-
lometers from our heat flow site C19 at Stumpy Point.

Results

Valley and Ridge and Blue Ridge Provinces

Only one new value is reported from the Valley and
Ridge province, at Pearisburg, Va., in the folded Appalachi-
ans (Table 1). The heat flow is approximately 123 mW/m2.
Although no detailed structural mapping was done in the
area, the high heat flow is probably the result of shallow
circulation of warm water in a structural setting similar to
that described by Perry et al. (1979). The wvalue is not
regionally representative, but does appear to support their
model. The single new heat flow value in the Blue Ridge
(SP3 at Spruce Pine, N.C.) was from a hole approximately
1300 m in depth and is believed to be regionally representa-
tive of the background heat flow.
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Piedmont

Our new data in the Piedmont support the assumption of
a single heat flow province. Heat flow and heat generation
values are summarized in Table 1. Although our heat flow
sites (Figs. 1 and 2) are biased toward the younger synmeta-
morphic and unmetamorphosed granites, enough data are avai-
lable to identify a background heat flow of approximately 40
mW/m2 in the Piedmont. The Piedmont heat flow and heat gen-
eration values, determined in granites (ED1, KR3, PT1l, PT2,
PT3, RL2, RL4, RL5, RM1l, SM1l, SM2, WN1l), metagranites (RX1,
RX2, RX3), and one Slate Belt site (SBl), lie in a belt ap-
proximately parallel to major structural trends in the Appa-
lachians. These values fall on or near the regression line
(Fig. 3):

g=29.8 1.5 + 7.8 £ 0.475 A (R = 0.97477)

The postmetamorphic granites fall on the high heat
flow-heat production end of the line whereas the metamorp-
hosed granites and country rocks fall on the low heat flow-
heat production end of the line. Three exceptions to the
linear relation defined by Piedmont granites are the Page-
land granite (PGl; N.C.), Castalia pluton (CS1l; N.C.), and
the Palmetto granite (PM1l; S.C.) Data from these sites were
not used to determine the constants (g*, D) in the linear
relationship.

The temperature gradient determined in the Pageland
hole was not a conduction gradient, and a reliable heat flow
determination could not be made. In addition, much of the
recovered drillcore was intensely altered at low tempera-
tures and its average heat production of 3.12 uW/m3 is high-
er than the average heat production of 2.48 uW/m3® found
throughout the rest of the pluton. The higher heat produc-
tion of granites altered at low temperatures occurs in sev-
eral granite plutons of the southern Appalachians and sug-
gests that the heat production of the Pageland drillcore is
not representative of the pluton as a whole. Using the low-
er, average heat production of the Pageland pluton would
move the point closer to the linear relation.

The heat production of the granite from the Castalia
(CS1) drillcore is 2.34 uW/m3® whereas an estimate of the
heat production of the entire Castalia pluton is 3 uW/m3,
which brings the Castalia into closer agreement with the 1li-
near relationship established from other granite sites. The
CS1 drillhole is located in the center of the pluton. A num-
ber of additional holes, too shallow for heat flow determi-
nations, were drilled in the Castalia to obtain a better
distribution of samples from this poorly exposed pluton.
Except for the center of the pluton, the Castalia generally
has a higher heat production. The heat production may still
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be under-represented because of the greater number of
samples near the center of the pluton. Redistribution of U
and Th to the periphery of the Castalia pluton would not
change the heat flow value (Green's theorem) but would raise
the heat generation wvalue.

The redistribution of U and Th in the Castalia pluton
is indicated by a gamma-log of the CS1 drillhole. It shows
a Yremarkably uniform distribution of heat-producing ele-
ments. With the exception of the Castalia, gamma logs of
all the granite plutons register a high-level of radioactiv-
ity in aplite dikes. The Castalia is the only pluton for
which a log of relatively constant activity was obtained,
even across aplite dikes, implying a degree of uniformity of
distribution of U and Th not found in other plutons of this
age group. The uniformity of the gamma log, the absence of
radicactivity from the aplite dikes, the enrichment of U +
Th at the rim of the pluton, and the relatively high heat
flow from the Castalia suggest that late magmatic fluids re-
distributed U + Th from the center of the pluton toward its

rim.

The Palmetto granite is apparently sheared off at depth
by the Brevard fault zone (Speer et al., 1980). The lower
heat flow value from the Palmetto is consistent with an in-
terpretation of D as a thickness parameter (Costain and Glo-
ver, 1980a,b).

Atlantic Coastal Plain

Fifty heat flow values were determined at sites located
on the Atlantic Coastal Plain (Table 1). At nine of these
sites, a minimum of 100 m of core was obtained from base-
ment, and the heat flow value was determined over the cored
basement interval. At all other sites on the Atlantic Coas-
tal Plain, heat flow values were determined over an interval
in the sedimentary section. All thermal conductivity deter-
minations were made on core samples. Attempts were made to
recover two 16-m cores, one sand, one clay, from each 300-m
hole in Coastal Plain sediments. Core recovery was approxi-
mately 50%. Results are summarized in Table 1.

Drill holes from which basement core was recovered
(BG1l, DOl, LMl1, SL1, Cl4A, Cl4, C15, C25A, C26, C32A) are of
particular interest because of the relationship between heat
flow and heat generation. Results from six of these holes
(BG1l, DO1, SL1, C14A, C25A, C26) define a second linear re-
lation (Fig. 4) with a slope (D = 8.0 #* 0.380 km; R =
0.99550) approximately parallel to the Piedmont relation,
but with an intercept of 48.2 * 0.8 mW/m2.
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Drillholes in postmetamorphic granites, DOl (Dort,
N.C.), SL1 (Springfield, S.C.), and C25A (Portsmouth, Va.)
lie at the high heat production-heat flow end of the line
whereas the drillholes in metamorphosed rocks (C1l4, C1l4A,
Cl5, C26, C32A, LM1l) lie in a large scatter at the low end
of the line. The drillcore sites for the granites were lo-
cated in the centers of gravity minima and, presumably, are
located in the centers of the granite plutons. The geologi-
cal settings of these holes are fairly well understood, and
the heat production and heat flow are believed to be repre-
sentative of that section of the crust. By contrast, the
drillcores in the metamorphosed rocks have generally unknown
geological settings and it 1s not clear whether they are re-
presentative of that section of the crust. For example, the
Lumberton, N.C. (LMl) drillhole penetrates metavolcanic rock
but may be underlain by a granite (Pratt et al., 1982) and
this would account for its lying above the line.

Discussion

Our preferred interpretation of the linear relation ob-
served for the post- and synmetamorphic granite plutons in
the Piedmont is that an essentially constant distribution of
heat-producing elements extends uninterrupted to a depth, D.
The granites have a homogeneous distribution of heat-produc-
ing elements across their surfaces, and evidently this same
homogeneocus distribution continues at depth.

Other evidence for D as a thickness parameter can be
inferred from the results of recent seismic data. Clark et
al. (1978) recorded large-amplitude reflections from be-
neath the Brevard fault zone near Rosman, N.C., approximate-
ly 150 km northwest of the Carolina slate belt. These ori-
ginated from a depth of approximately 6 km and were
interpreted to be from an unmetamcrphosed Cambrian sedimen-
tary sequence similar to sediments that crop out in the Val-
ley and Ridge Province of northeastern Tennessee. According
to this interpretation, below the Brevard fault 2zone are
roots of Blue Ridge thrust nappes above a master sole fault
that overrides a gently southeast-dipping autochthonous se-
quence of lower Cambrian carbonates and clastics. This in-
terpretation was subsequently supported in Georgia by Cook
et al. (1980). The root zone, if projected eastward, could
be a major sole thrust at a depth of 6-8 km that truncates
the post- to late-synmetamorphic granite plutons.

The COCORP seismic line of Cook et al. (1980) crosses
the Elberton Granite in Georgia. Strong seismic events at
about 2.5 sec are apparent on their record section. No
events were recorded at earlier times (shallower depths)
from within the Elberton Granite. For an assumed velocity
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of 6 km/sec for the Elberton Granite, the reflected events
would originate at a depth of approximately 7.5 km in this
area. A recent reinterpretation after reprocessing of the
COCORP data in the southern Appalachians (Iverson and Smith-
son, 1982) shows a thrust fault at a depth of approximately
8 km beneath the Elberton. We have no heat flow data from
the Elberton, but heat flow-heat generation values from the
Siloam in Georgia and from the Winnsboro-Rion in South Caro-
lina are from sites northeast and southwest of the Elberton
and do fall on the regression line that defines the linear
relationship. The age of the Elberton is 320 £+ 20 m.y.
(Ross and Bickford, 1980). The youngest regionally penetra-
tive deformation that affected the Piedmont occurred near
the end of the Paleozoic (Secor and Snocke, 1978; Kish and
Fullagar, 1978; Snoke et al., 1980). Post-penetrative brit-
tle deformation occurred, but the magnitude of displacement
is unknown. The nature and timing of structural deformation
as known to date in the Piedmont are consistent with possi-
ble truncation of post- and late-synmetamorphic granites by
a master sole fault at a depth of about 8 kn. Talwani
(1982) notes a distinct velocity discontinuity at a depth of
about 10 km in the meizoseismal area of the 1886 Charleston,
S.C. earthquake, and suggests that the discontinuity may be
associated with a decollement.

A sole fault at 8-9 km is indicated by recent VIBROSEIS
data in central Virginia (Glover et al., 1982). This fault
may truncate the Petersburg granite beneath site PT3 in Vir-
ginia, although the seismic line does not extend to PT3, nor
far enough to the east to examine the crust beneath PT1 and
PT2.

It is proposed that the occurrence o¢of a master sole
thrust that truncates granites in the allochthonous plate is
directly responsible for the linear relation between heat
flow and heat generation from the eastern Piedmont. The use
of heat flow data to support an interpretation of D would be
strengthened by seismic data at other heat flow sites in
young granites. It is reasonable to expect some scatter in
the linear relationship if the wvalue of D is controlled by
thickness of granite. Less scatter might be expected paral-
lel to major structural trends of the Appalachians than
across strike if large-scale allochthony of crystalline
sheets is a valid explanation of the linear relationship in
the southeast.

In support of D as a logarithmic decrement, the postme-
tamorphic granites in the southeastern U.S. are generally
similar in appearance and form a subset of plutons whose
field relations, mineralogy, petrography, chemistry, and
crystallization histories are similar (Speer et al., 1980).
Therefore, geochemical differences which might be expected
to affect the value and interpretation of D as a logarithmic
decrement should also be minimized. However, the
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interpretation of D as a logarithmic decrement would require
an uninterrupted exponential decrease of U and Th to a depth
of approximately 3D or about 20 km (Costain and Glover,
1980a,b). An uninterrupted exponential distribution of U
and Th to a depth of 20 km is inconsistent with interpreta-
tions of COCORP seismic data beneath the Elberton granite in
Georgia (Cook et al., 1981; Cook et al., 1980; Iverson and
Smithson, 1982).

The heat flow-heat production of the basement drill-
holes of the Atlantic Coastal Plain could imply a different
heat flow province (province I1I?) with a higher heat flow
from the mantle and lower crust. It will be important to
confirm this second linear relationship because the higher
value of g* could imply a chemically different lower crust
and upper mantle. Pollack and Chapman (1977) proposed a
correlation between mean heat flow, g, and g*,

g* = 0.6q,,

suggesting that 60% of the mean flux comes from the lower
crust and upper mantle. If applicable to the southeast,
this would suggest that the mean heat flow for province
II(?) is approximately 80 mW/mZ2. The high heat flow (102
mW/m?) at Stumpy Point, N.C. is consistent with this in-
terpretation.

Piedmont gravity gradient, crust beneath Carolina
slate belt and Charlotte belt, and relevence to heat flow.
The Appalachian gravity gradient, approximately 100 km in
width (Griscom, 1963) probably marks an abrupt fundamental
change in the crust for the entire length of the Appalachi-
ans between the Gaspe Peninsula and Alabama (Gravity Anomaly
Map of the United States, 1982). Perhaps the least under-
stood aspect of the gradient is its steep slope, approxi-
mately 10 km in width. Analysis of the steep part of the
gradient by Griscom indicates that the top of the source of
the anomaly is in the upper crust. For much of the distance
between the Gaspe Peninsula and Alabama, the gradient is ap-
proximately coincident with the western exposed margin of
billion-year-old basement rocks (Rankin, 1975). East of the
gravity gradient, the largest Bouguer anomalies are over the
exposed Carolina slate belt in North Carolina.

A number of plate tectonic models have been proposed for the
southern Appalachians. Glover et al. (1978) interpret the
Carolina slate belt volcanics in the eastern Piedmont of
Virginia as continental margin volcanics deposited on Gren-
ville basement much like that in the Blue Ridge of Virginia
and North Carolina. Butler and Fullagar (1978) and Whitney
et al. (1978) argue for a mafic crust and an island arc or-
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igin for the volcanics. Hatcher and Zietz (1980, Fig. 6)
propose that mafic crust underlies the Charlotte belt and
Carolina slate belt east of the Kings Mountain belt, that
the Inner Piedmont is allochthonous, but that the slate belt
and Charlotte belt are autochthonous. The large (+25 mgals)
positive gravity values over the Charlotte belt and Carolina
slate belt are taken to indicate a thick, mafic, presumably
non-Grenville, crust. Long (1979) used gravity data to in-
terpret the Carolina slate belt in Georgia and South Caroli-
na as the axis of a continental rift or rift system, but his
model did not incorporate the later reflection seismic data
of Cook et al. (1980) that suggests allochthony west of the
Charlotte belt and possibly beneath the Charlotte belt.
Black (1980) showed that the chemical characteristics of me-
tavolcanics in the Carolina slate belt suggest a crustal
thickness "similar to that present beneath the Carolina
slate belt today"; however, if the slate belt is allochtho-
nous, then the nature of the crust beneath the developing
slate belt may be no indication of the composition of the
crust beneath the slate belt today. In any event, Black
presents several lines of geochemical evidence that the Ca-
rolina slate belt volcanic pile developed on a continental
margin 20 to 25 km in thickness, rather than as an arc on
oceanic crust.

The discovery of Grenville basement in the eastern Pi-
edmont of Virginia by Glover et al. (1978) and Black's
(1980) geochemical data suggest that orogenic models involv-
ing oceanic crust beneath the developing slate belt in the
Piedmont of Virginia and North Carolina are less probable.
The problem is whether the crust beneath the slate belt to-
day is continental or mafic. None of the tectonic models
proposed to date has been constrained by heat flow data
which might help to choose between models with either mafic
or granitic crust beneath the present Carolina slate belt.

The prominent Appalachian gravity gradient in the east-
ern U.S. extending from Alabama to New England has been in-
terpreted by Hatcher and Zietz (1980) as the eastern edge of
the North American craton. The steepest part of the gradi-
ent is located at about the -25 or -20 mgal contour, but
varies locally. The steep part of the gradient is approxi-
mately over the southeastern boundary of the Inner Piedmont
(Kings Mountain belt) in Georgia, extends to the northeast
over the northwestern edge of the Charlotte belt in North
and South Carolina, and is approximately coincident with the
northwestern margin of the Carolina slate belt in North Ca-
rolina and Virginia. Significantly, the steep part of the
gradient obliquely cuts across structural trends exposed in
the Piedmont of North Carolina. Thus, the source of the
gradient cannot be determined from surface exposures.
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Additional geophysical data are now available to sup-
port the interpretation of the coincidence of the steep part
of the Piedmont gravity gradient with the edge of a wveolcanic
pile which, in some locations if not all, has been thickened
by overthrusting. In central Virginia in Goochland County,
VIBROSEIS data indicate that Chopawomsic (continental mar-
gin?) volcanics are thrust over pre-Cambrian Catoctin (rift)
metamorphosed basalts and Lynchburg graywackes; the sole
fault is at a depth of approximately 9 km (Glover et al.,
1982). According to Nelson (1962) the thickness (duplicated
by faulting) of Catoctin reaches 7 km where the steep part
of the Piedmont gravity gradient coincides with the Catoctin
exposed on the Southwestern Mountains in Albermarle County,
Va. The James River seismic data confirm that the thickness
of the volcanic pile is approximately 8 km, and that the
volcanics are thrust over Grenville basement (Glover et al.,
1982). East of the steep part of the gravity gradient,
Reilly (1980) interpreted the more regional Piedmont gravity
high (gravity field greater than +10 mgals) as resulting
from crustal thinning following the crustal model of James
et al. (1968).

Best et al. (1973) concluded that the steep gradient.
in North Carolina near the surface contact of rocks of the
Charlotte belt on the northwest and Carolina slate belt on
the southeast could not be caused by an anomalous mass dis-
tribution located near the base of the crust. Gradients cal-
culated for such a body were clearly not steep enough to ac-
count for the observed slope (Best et al., 1973, Fig. 3).
They concluded that the source of the steep gravity gradient
in North Carclina near Lexington must be located within the
upper crust, that their best model consisted of a steep-sid-
ed (90°) semi-infinite slab 7.6 km thick located at the sur-
face of the ground with a density contrast of + 0.213 gm/
cm®, and with the higher density rocks causing the anomaly
in the Carolina slate belt; however, they also note that the
surface geology of the slate belt-Charlotte belt in this
area seems to contradict their inferred density contrast of
+0.213 gm/cm®. Best et al. (1973) note that the anomalous
high density mass could be buried several kilometers without
disturbing the fit of the model data to the actual data as
long as a constant thickness-density contrast was main-
tained.

We suggest that the source of the steep part of the
gravity gradient northeast of Lexington and elsewhere in the
eastern United States is an edge of rift-related metabasalts
and metasandstones (Catoctin and Catoctin equivalents), si-
milar to those along the James River traverse in Virginia.

Eastward-dipping reflections (and same data reprocessed
by Iverson and Smithson, 1982) from the Georgia COCORP line
from beneath the Elberton granite (Cook et al., 1982, Fig.
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7) could also originate from a thick (12 km?) sequence of
thrust-duplicated rift-related(?) volcanics. The seismic
signature of the COCORP reflections from beneath the Elber-
ton on Georgia Line 1 is similar to that recorded 360 km to
the northeast at Lumberton, N.C. (Pratt et al., in prepara-
tion) where drill core has tied excellent reflections to a
thick (minimum 4.5 km) sequence of low-grade metavolcanics
similar to those exposed in the slate belt to the northwest.
The seismic data of Pratt et al. suggest that the slate
belt volcanics have been thrust over another sequence of
volcanics(?) (rift-related?). The sole fault postulated by
Pratt et al. 1is at a depth of approximately 17 km. No es-
timate is available of the thickness of volcanics(?) below
the sole fault.

Although heat flow is relatively insensitive to changes
of a few km in crustal thickness, the reduced heat flow (30
mW/m?) for the southeastern U.S. 1is essentially the same as
that computed by Slack (1974) for the mantle heat flow be-
neath the North American craton and shield (28.5 mW/m?).
The linear relation between heat flow and heat generation
discovered by Birch et al. (1968) defines g* and D as 35
mW/m? and 6.3 km, respectively. The locations where this
relation was developed encompass northeastern New York (Adi-
rondacks) as well as south central Vermont and central New
Hampshire. Current interpretations of the meaning of g*
would thus imply that no significant differences in chemical
composition of the lower crust and upper mantle that would
affect the distribution of heat-producing elements occur
over this region, and that Grenville crust therefore under-
lies these heat flow sites in New York and New England. The
sites are located both east and west of the gravity gradi-
ent. Grenville basement, possibly thinned, can therefore be
expected to underlie that part of the southeastern U.S. whe-
re the reduced heat flow is about 30 mW/m2.

Conclusions

- Seismic and gravity data suggest that the source of the
steep part of the Piedmont gravity gradient, at least in
central Virginia, is an edge of Catoctin rift-related meta-
morphosed basalts and metasandstones, thickened by over-
thrusting. Crustal thinning at the Moho cannot explain the
steepness of the gravity gradient, but is consistent with
the higher regional gravity values east of the gradient. A
linear relationship between heat flow and heat production is
observed at sites east and west of the steep part of the
gravity gradient in the northeast and southeast U. S. Be-
cause of the occurrence of the linear relationship between
heat flow and heat production, the heat flow data suggest
that the Carolina slate belt, Charlotte belt, and Raleigh

Yy
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belt are allochthonous (because of the value of D), and that
Grenville crust underlies these areas {(because of the value
of g*).

A single value of g* may not be appropriate for the
southeastern U. S. Deviations from g = 30 + 7.8 A at sites
on the Atlantic Coastal Plain may not be attributed every-
where simply to changes in crustal thickness, D, but may in-
stead indicate one or more heat flow provinces. Our new
heat flow data support the interpretation of a second heat
flow province for the southeast United States.

Acknowledgements

This work was supported by Department of Energy Con-
tract No. ET-78-C-05-5648 to J. K. Costain, L. Glover, III,
and A. K. Sinha during the period November 1, 1977 to June
30, 1979, and Contract No. DE-AC05-78ET27001 to J. K. Cos-
tain and L. Glover, III during the period October 1, 1979 to
June 30, 1982.

The heat flow determination at Lumberton, N.C. (LM1)
resulted from research sponsored by the U.S. Geological Sur-
vey during 1981 under a grant to L. Glover, III and J. K.
Costain to examine basement trends in metamorphism, pluton-
ism, structure and heat flow under the Atlantic Coastal
Plain.

References

Albarade, F., 1975, The heat flow/heat generation relation-
ship: An interaction model of fluids with cooling in-
trusions, Earth Planetary Science Letters, 27, 73-78.

Best, D. M., W. H. Geddes, and J. S. Watkins, 1973, Gravity
investigation of the depth of source of the Piedmont
gravity gradient in Davidson County, North Carolina,
Bulletin Geological Society of America, 84, 1213-1216.

Birch, F., 1954, Heat from radioactivity, 'in H. Faul (Ed.),
Nuclear Geology, John Wiley, New York, pp. 148-174.

Birch, F., R. F. Roy, and E. R. Decker, 1968, Heat flow and
thermal history in New England and New York, in E-an
Zen, W. S. White, F.J. B. Hadley, and J. B. Thompson,
Jr. (Eds.), Studies of Appalachian Geology, Intersci-
ence, New York, pp. 437-451.




122

Black, W. W., 1980, Chemical characteristics of metavolcan-
ics in the Carolina Slate Belt, in D. R. Wones (Ed.),
The Caledonides in the U.S.A., Department of Geological
Sciences, VPI&SU, Memoir No. 2, 271-278.

Butler, J. R. and P. C. Ragland, 1969, A petrochemical sur-
vey of plutonic intrusions in the Piedmont, southeast-
ern Appalachians, U.S A., Contributions to Mineralogy
and Petrology, 24, 164-1S0.

Butler, J. R. and P. D. Fullagar, 1978, Petrochemical and
geochronological studies of plutonic rocks in the
southern Appalachians: III. Leucocratic adamellites of
the Charlotte belt near Salisbury, North Carolina, Geo-
logical Society of America Bulletin, 89, 460-466.

Chappell, B. W., and A. J. R. White, 1974, Two contrasting
granite types, Pacific Geology, 8, 173-174.

Clark, H. B., Costain, J. K., and Glover, III, L., 1978,
Structural and seismic reflection studies of the Bre-
vard Ductile Deformation Zone near Rosman, North Caro-
lina, American Journal of Science, 278, 419-441.

Cogbill, A. H., 1977, Gravity and magnetic data in the
southeast, in J. K. Costain, L. Glover, III, and A. K.
Sinha (Eds.), Evaluation and Targeting of Geothermal
Resources in the Southeastern United States, Progress
Report VPI&SU-5648-1 to the U. S. Department of Energy
under Contract ET-78-C-05-5648, pp. C2-C27.

Cook, F. A., D. S. Albaugh, L. D. Brown, S. Kaufman, and J.
E. Oliver, 1980, The Brevard fault: A subsidiary thrust
fault to the southern Appalachian sole thrust, in D. R.
Wones (Ed.), The Caledonides in the U.S.A., Department
of Geological Sciences, VPI&SU, Memoir No. 2.

Cook, F. and J. Oliver, 1981, The Late Precambrian - Early
Paleozoic continental edge in the Appalachian orogen,
American Journal of Science, 281, 993-1008.

Costain, J. K., 1979, Geothermal exploration methods and re-
sults: Atlantic Coastal Plain, in A Symposium on Geoth-
ermal Energy and its Direct Uses in the Eastern United
States, Special Report No. 5, Geothermal Resources
Council, P. 0. Box 98, Davis, CA 95616.

Costain, J. K., and L. Glover, III, 1980a, Review of heat
flow in the southeast United States: Tectonic implica-
tions, Annual Meeting of Geol. Soc. Amer., Abstracts
with Programs, p. 407.

)



123

Costain, J. K., and Glover, III, L., 1980b, Heat flow in
granites - implication for crustal structure in the Ap-
palachians, in D. R. Wones (Ed.), The Caledonides in
the U.S.A., Department of Geological Sciences, VPI&SU,
Memoir No. 2, 215-220.

Diment, W. H., T. C. Urban, and F. A. Revetta, 1972, Some
geophysical anomalies in the eastern United States, in
The Nature of the Solid Earth, edited by E. C. Robert-
son, McGraw-Hill, New York, 544-572.

Fullagar, P. D., 1971, Age and origin of plutonic intrusions
in the Piedmont of the southeastern Appalachians: Geo-
logical Society of America Bulletin, 82, 2845-2862.

Dunbar, J. A., Jr., 1979, Temperature and heat flow modeling
of three-dimensional bodies in a two~-layered half
space, M.S. thesis, Virginia Polytechnic Institute and
State University, Blacksburg, 109 pp.

Glover, L., III, and A. K. Sinha, 1973, The Virgilina defor-
mation, a late Precambrian to early Cambrian(?) orogen-
ic event in the central Piedmont of Virginia and North
Carolina, American Journal of Science, 273-A, 234-251.

Glover, L., III, D. G. Mose, A. R. Bobyarchick, and W. C.
Bourland, 1978, Geological Society of America Abstracts
with Programs, 10, 169.

Glover, L., III, 1979, General geology of the east coast
with emphasis on potential geothermal energy regions: A
detailed summary, in A Symposium on Geothermal Energy
and its Direct Uses in the Eastern United States, Spe-
cial Report No. 5, Geothermal Resources Council, P. O.
Box 98, Davis, CA 9561l6.

Glover, L., III and G. S. Russell, 1981, Tectonic implica-
tions of 480 to 300 Ma, southeastward decreasing ages
of plutonism and amphibolite-grade metamorphism in the
central and southern Appalachians. Terra Cognita (Cal-~
edonide Symposium, Uppsala, Sweden) 1, 45-46.

Glover, L., III, L. Pavlides, L. D. Harris, K. Klitgord, J.
Grow, M. J. Bartholomew, R. B. Mixon, A. J. Froelich,
J. K. Costain, D. Elliott, K. C. Bayer, W. deWitt, Jr.,
1982, Geodynamics Transect E~-3: Ohio to Baltimore Ca-
nyon Trough, Geological Society of America Abstracts
with Programs, p. 498.

Glover, L. III, J. A. Speer, G. S. Russell, and S. S. Far-
rar, in press, Ages of regional metamorphism and duc-
tile deformation in the central and southern Appalachi-
ans, Lithos.




124

Glover, L., 1III, J. K. Costain, and C. Coruh, 1982,
VIBROSEIS reflection seismic structure along the Blue
Ridge and Piedmont James River profile, north central
Virginia, Geological Society of America Abstracts with
Programs, p. 497.

Gravity Anomaly Map of the United States, 1982. Scale:
1:2,500,000; Society of Exploration Geophysicists.

Griscom, A., 1963, Tectonic significance of the Bouguer
gravity field of the Appalachian system (abs.), Geol.
Soc. Amer. Special Paper 73, 163-164.

Hatcher, R. D., Jr., 1972, Developmental model for the
southern Appalachians, Geological Society of America
Bulletin, 83, 2735-2760.

Hatcher, R. D., Jr., 1978, Tectonics of the western Piedmont
and Blue Ridge, Southern Appalachians: Review and spe-
culation, American Journal of Science, 278, 276-304.

Hatcher, Jr., R. D., J. R. Butler, P. D. Fullagar, D. T. Se-
cor, and A. W. Snoke, 1980, Geologic synthesis of the
Tennessee-Carolinas-northeast Georgia Southern Appalac-
hians, in D. R. Wones (Ed.), The Caledonides in the
USA, Department of Geological Sciences, VPI&SU, Memoir
No. 2, 83-90.

Iverson, W. P., and S. B. Smithson, 1982, (expanded ab-
stract) Termination of southern Appalachian overthrust,
Tech. Program, Soc. Explor. Geophys., 52nd Annual In-
ternational Meeting, pp. 89-92.

James, D. E., T. J. Smith, and J. S. Steinhart, 1968, Crus-
tal structure of the Middle Atlantic States, Journal of
Geophysical Research, 73, 1983-2007.

King, P. B., 1955, A geologic section across the southern
Appalachians: An outline of the geology in the segment
in Tennessee, North Carolina, and South Carolina, in R.
J. Russell (Ed.), Guides to Southeastern Geology,, Geo-
logical Society of America, Boulder, CO, pp. 332-373.

Kish, S. A., and P. D. Fullagar, 1978, Summary of geochrono-
logical data for Late Paleozoic plutons from high grade
metamorphic belts of the eastern Piedmont of North Ca-
rolina, South Carolina, and Virginia, in Snoke, A. W.,
ed., Geological investigations of the eastern Piedmont,
southern Appalachians: Carolina Geol. Soc. 1978 Guide-
book, South Carolina Geol. Survey, Columbia, S.C.,
State Devel. Board, 61-64.



125

Lachenbruch, A. H., 1968, Pfeliminary geothermal model for
the Sierra Nevada, Journal of Geophysical Research, 73,
6977-6989.

Lachenbruch, A. H., 1970, Crustal temperature and heat pro-
duction: Implications of the linear heat flow rela-
tion, Journal of Geophysical Research, 75, 3291-3300.

Lachenbruch, A. H., and C. M. Bunker, Vertical gradients of
heat production in the continental crust, 2, Some esti-
mates form borehole data, Journal of Geophysical Re-
search, 76, 3852.

Long, L. T., 1979, The Carolina slate belt - Evidence of a
continental rift zone, Geology, 7, 180-184.

Nelson, W. A., 1962, Geology and mineral resources of Albe-
marle County, Virginia, Va. Division of Mineral Re-
sources, Bulletin 77, 92 pp.

Perry, L. D., J. K. Costain, and P. Geiser, 1979, Heat flow
in western Virginia and a model for the origin of ther-
mal springs in the folded Appalachians, Journal of Geo-
physical Research, 84, 6875-6883.

Pollack, H. N., and D. S. Chapman, 1977, On the regional
variation of heat flow, geotherms, and 1lithospheric
thickness, Tectonophysics, 38, 279-296.

Pratt, T., C. Coruh, J. K. Costain, L. Glover, III, and E.
S. Robinson, 1982, Confirmation of a buried granitoid
at Lumberton, N.C. and its relation to metamorphic
belts. Geological Society of America Abstracts with
Programs, 14, p. 74.

Rankin, D. W., G. H. Espenshade, and K. W. Shaw, 1973, Stra-
tigraphy and structure of the metamorphic belt in nor-
thwestern North Carolina and southwestern Virginia: A
study from the Blue Ridge across the Brevard fault zone
to the Sauratown Mountains anticlinorium, Amer. Jorn.
Sci., 273-A, 1-40.

Rankin, D. W., 1975, The continental margin of eastern North
America in the southern Appalachians: The opening and
closing of the proto-Atlantic Ocean, Amer. Journ. Sci.,
275-A, 298-336.

Reilly, J. M., 1980, A geologic and potential field investi-
gation of the Central Virginia Piedmont, M. S. Thesis,
Virginia Polytechnic Institute and State University,
110 pp.




126

Ross, C. R., II and M. E. Bickford, 1980, The U-Pb age of
zircons from the Elberton Granite, Piedmont of Georgia,
52-62, in Stormer, J. C., Jr. and Whitney, J. A.
(Eds.), Geological, Geochemical, and Geophysical stu-
dies of the Ellberton Batholith, eastern Georgia.
Georgia Geological Survey Guidebook 19.

Roy, R. F., D. D. Blackwell, and F. Birch, 1968, Heat gener-
ation of plutonic rocks and continental heat flow pro-
vinces, Earth Planetary Science Letters, 5, 1-12.

Sass, J. H., A. H. Lachenbruch, R. J. Munroe, G. W. Greene,
and T. H. Moses, Jr., 1971, Heat flow in the western
United States, Journal of Geophysical Research, 76,
6376-6413.

Sass, J. H., D. D. Blackwell, D. S. Chapman, J. K. Costain,
" E. R. Decker, L. A. Lawver, and C. A. Swanberg, 1981,
Heat flow from the crust of the United States, in Y. S.
Touloukian, W. R. Judd, and R. F. Roy (Eds.), Physical
Properties of Rocks and Minerals, McGraw-Hill CINDAS
Data Series on Material Properties, Volume II-2,
503-548.

Sass, J. H., W. H. Diment, A. H. Lachenbruch, B. V. Mars-
hall, R. J. Munroe, T. H. Moses, Jr., and T. C. Urban,
1976, A new heat flow map of the conterminous United
States, U. S. Geological Survey Open-File Report
76-756, 24 pp.

Schonfield, E., 1966, ALPHA M - An improved computer program
for determining radioisotopes by least-squares resolu-
tion of gamma-ray spectra, Oak Ridge National Laborato-
ry - 3875.

Secor, D. T., Jr., and A. W. Snoke, 1978, Stratigraphy,
structure, and plutonism in the central South Carolina
Piedmont, in Snoke, A. W., ed., Geological investiga-
tions of the eastern Piedmont, southern Appalachians:
Carolina Geol. Society 1978 Guidebook, South Carolina
Geol. Survey, S. C. State Development Board, 65-123.

Slack, P. B., 1974, Variance of terrestrial heat flow bet-
ween the North American craton and the Canadian shield,
Bulletin Geological Society of America, 85, 519-522.

Smith, D. L., R. J. Gregory, and J. W. Emhof, 1981, Geother-
mal measurements in the southern Appalachian mountains
and southeastern Coastal Plains, American Journal of
Science, 281, 282-298.

Snoke, A. W., S. A. Kish, and D. T. Secor, Jr., 1980, De-
formed Hercynian granitic rocks from the Piedmont of



127

South Carolina, American Journal of Science, 280,
1018-1034. :

Speer, J. A., S. W. Becker, and S. S. Farrar, 1980, Field
relations and petrology of the postmetamorphic,
coarse-grained granites and associated rocks in the
southern Appalachian Piedmont, in D. R. Wones (Ed.),
The Caledonides in the U.S.A., Department of Geological
Sciences, VPI&SU, Memoir No. 2, 137-148.

Speer, J. A., 1981, Petrology of cordierite- and almandine +
cordierite-bearing biotite granitoid plutons of the
southern Appalachian Piedmont, U.S.A. Canadian Miner-
alogist, 19, 35-46.

Vittoporello, 1., and H. N. Pollack, 1980, On the variation
of continental heat flow with age and the thermal evo-
lution of continents, Journal of Geophysical Research,
85, 983-995.

Whitney, J. A., T. A. Paris, R. H. Carpenter, and M. E.
Hartley, III, 1978, Volcanic evolution of the southern
slate belt of Georgia and South Carolina: a primitive
oceanic island arc, Journal of Geology, 86, p. 173.

Wright, J. E., A. K. Sinha, and L. Glover, III, 1975. Age
of zircons from the Petersburg Granite, Virginia with
comments on belts of plutons in the Piedmont, American
Journal of Science, 275, 848-856.




HOLE LAT I TUDE LONG | TUDE DEPTH
(North) {West) INTERVAL,
(m)

CUFFYTOWN CREEK PLUTON, SC

ED1 33°55'11"  82°07'10"™ 182.5-285.

LIBERTY HILL PLUTON, SC

KR3 34°32'20" 80°u4u4's51"  351.8-384.

PETERSBURG GRANITE, VA

PTI 36°49'45"  77°19'15"  190.0-251

P72 37°05'u44"  77°35'37" 70.1-210.

PT3 37°45'11"  77°33'02" 107.3-201

CASTALIA PLUTON, NC

Ccst 36°04" 15" 78°07'15"  142.2-209.

ROLESVILLE BATHOL!TH, NC

RL2  35°47'28" 78°25'0o4"™ 192.2-204.
104.7-114.

RL3 35°43'36" 78°19'45" y2.u- 94,
97.4-129.

RLY 35°57'05"  78°19'45" 155.2-192.

RL5 35°51'17" 78°28'54" 174.8-209.

ROXBORO METAGRANITE, NC

RX1 36°23'12"  78°58'00" 149.3-169.
229.3-246.

RX2 36°25'31"  79°01'53" 131.8-209.

RX3 36°25'39™  78°53'u2"  139.9-194,

SLATE BELT, NC

sB1 36°18'u42"  78°50'00"™ 124.2-209.

SPRUCE PINE, NC (Blue Ridge province)

SP3 35°54' 50"  82°07'18"

SI1LOAM PLUTON, GA

SM1 33°32'31"  83°06'40" 172.6-199.

SM2 33°28'41" 83°02'03" 104.5-205.

WINNSBORO PLUTON, SC

WN1 34°18'u8"  81°08'42" 166.7-316.

Table 1.

SUMMARY OF HEAT FLOW and HEAT PRODUCTION DATA
(Scriptfile HFTABLE)

February 23,

1983

Piedmont, Blue Ridge, and Valiey and Ridge Provinces
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°C/Km
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THERMAL HEAT FLOW, Q
CONDUCTIVITY, q,mW/m? U
W/m-°C A
L
L2) 3.84 + 0.10( 29) 67.7 + 1.7 1 5
14) 3.08 + 0.30( 12) 45.9 + 4.5 1 2
123) 2.75 = 0.31( 23 52.0 + 5.9 1 2
276) 3.28 + 0.18( 61) 56.8 * 3.2 1 3
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HEAT
PRODUCT | ON,
A, uW/m?3
2 +0.4(17)
.3 +0.8(15)
.6 +0.2(10)
'3 %0.7(18)
‘7 ¥0.7(16)
.3 %0.1(15)
5 +0.3(11)
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3 +0.5(10)
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7 ¥0.1(7)
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SOUTHPORT, NC
C14A 33°56'52"

WILMINGTON, NC
Cis 34°13'46"

SNEADS FERRY, NC
C15A 34°31'36"

JACKSONVILLE, NC
C15  34°39'07"

KINSTON, NC
C16A 35°14'11"

BEAUFORT, NC
c17  34°u6'1g"

ENGELHARD, NC
c18 35°31' 12"
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SP19 (near C19) - heat production from core recovered by others
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OCEAN CITY AIRPORT, MD
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BRIDGEVILLE, DE

Cc54 38°46'43"  75°37'u9" 289.1-300.8 51.18 #0.31(.999 24) 1.00 *0.12 ( 5) 51.2 #6.3 S 1
TASLEY, VA
C55% 37°42'32"  75°42'51"  164.4-173.6  32.26 #0.43(.997 19) 2.05 +0.23 (81) 66.1 +7.5 S 1
EASTVILLE, VA
C56  37°21'16" 75°59'34™" 118.1-124.7 24.79 10.96(.982 14) 2.24 +0.28 (30) 55.5 +7.3 S
121.1-125.7 25.77 *+1.84(.961 10) 2.41 %0.16 (17) 62.0 *6.0 S
Best value for C56 58.7 4.6 1 .
ATLANTIC, VA '
C57 37°53'14"  75°30'02" 175.0-186.7  41.96 +0.45(.997 2u) 1.63 +0.34(110) 68.3 *14.5 S 2
SMITH POINT, VA
€59  37°53'01" 76°15'05" 144.1-155.3  51.18 20.73(.996 23) 1.24 +0.09 (77) 63.3 4.9 S 1
HAMPTON, VA
C60 37°02'13"  76°18'54" 278.5-285.2  30.07 #1.11(.984 14) 1.95 +0.38 (31) 58.5 *11.7
251.6-291.8 27.53 #0.06(1.000 80) 1.95 +0.38 (31) 53.5 +10.6
Best value for C60 ) 56.0 £3.5 1

1) Values in parentheses are the coefficient of linear regression and the number of data pairs in the interval.
The regression coefficient of a least squares fit can be loosely interpreted as the percentage of variation in the dependent
variable due to variation in the independent variable.

2) Value in parenthesis is the number of thermal conductivity values used to compute the mean.

B) Indicates a heat flow value from the basement (core) of the Atlantic Coastal Plain.

S) indicates a heat flow value from the sediments (core) of the Atlantic Coastal Plain.

3) The standard deviation of a heat flow value calculated from two . or more intervals is the standard deviation calculated from the
mean of the heat flow values rather than the mean of the standard deviation of the heat flow values.

L) Category 1. Heat flow determinations of the highest quality. Temperature profiles are linear over intervals of heat flow
calculations with no sign of hydrologic disturbances. Sufficient samples of rock or sediment core are available to characterize the
effective conductivity of the measured section, and no variations that cannot be explained and corrected are apparent. I £
conductivity stratification is present, component heat flows for the various individual strata are in good agreement,. Typical
.uncertainties for category 1 are less than x10%.

Category 2. Heat flow values in which the uncertainty is greater than for category 1, but it probably is no greater than + 20%.
inctuded here are temperature profiles in which there are suggestions of local hydrologic disturbances. Also included are cases

¢l




where the conductivity sample is unsatisfactory,

owing to either too few samples
values.

or an unusually larger scatter in conductivity

Category 3. Heat flow values which are little more than rough estimates, and taken individually, do not not yield much information.
Uncertainty in heat flow is greater than +20%, but when combined with higher-quality data on a regiona! basis, these heat flow
values can be quite useful. (Excerpted from Sass and others, 1971, J. Geophys. Res., v. 76, p. 6383.)

1 HFU (heat flow unit) = 10-6 cal/cm?-sec = 41.84 X 10-% W/m?

1 HGU (heat generation unit) = 10-13 cal/cm®~-sec = 0.4184 X 10-6W/m?

vel



RESULTS FROM RADIOACTIVE DISEQUILIBRIUM STUDIES
L. D. Perry

A 1500 mm? intrinisic germanium detector (IGT) was re-
ceived in the summer of 1980. In November 1980, an ND568
Gated Analog Router was purchased which allowed the IGT to
be operated simultaneously with the two 4 X 5 inch Nal crys-
tals currently used for heat production studies. A smaller
3 x 3 inch Nal crystal was also added to detect higher ener-
gy gamma rays from the same sample as the IGT. Previously,
data from the two 4 x 5 Nal crystals were stored in 1024
channels of memory each. Now the data from the four detec-
tors are stored in 512 channels of memory each. Changing
from 1024 channels to 512 channels per detector required the
preparation of a new library of standard spectra and some
modification to the analysis software. The accuracy (+ 1
ppm or 10%) of the U, Th and K measurements did not change.

The installation of the IGT was delayed when a leak in
the liquid nitrogen Dewar was discovered. The Dewar was re-
turned to Princeton Gamma Tech for repairs. When the IGT
was returned in January 1981, work continued and various in-
strument calibrations were examined. Figure 1 shows the
gain and threshold calibration currently in use for the ap-
proximate energy range 10 Kev to 300 Kev. Figure 2 shows
the IGT resoultion as a function of energy.

Several FORTRAN subroutines which fit a non-linear
equation to the spectrum data were obtained from the VPI&SU
Research Reactor Lab and were used as the foundation for the
development of an interactive graphics program for the dis-
play and analysis of the spectra from both the Nal crystals
and the IGT. Figures 3 and 4 show standard U and Th spectra
acquired with the IGT. Table 1 is from Szoghy and Kish
(1978) and identifies the peaks in Figures 3 and 4. Figures
5 and 6 show the analysis of the 46.5 Kev peak from 210Pb in
Figure 3. Figure 5 is the spectrum data and Figure 6 is the
best-fitting equation determined by the analysis program.

Figure 7 is a spectrum from a sample which has been de-
pleted in uranium and its daughters down to 226Ra. Disequi-
librium to this degree is extreme and the differences bet-
ween Figures 3 and 7 are obvious, but the difference would
not be detected in the conventional analysis of spectra from
the Nal crystals. Quantifying the degree of disequilibrium
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is difficult because it involves knowing the efficiency of
the detector which is a function of both energy and sample
geometry. Also, the absorption characteristics of the sam-
ple must be known. The techniques described by Szoghy and
Kish (1978) and Ostrihansky (1976) are being employed at
present. Determining an efficiency function is further com-
plicated by a lack of agreement (see Table 1) on the number
of gamma-rays emitted by any particular istope.

In conclusion, conventional determination of U and Ph
with Nal spectroscopy will not yield correct values of heat
production if disequilibirum is present. Disequilibrium can
be detected using a germanium detector. The precision to be
expected in determining the degree of disequilibrium has not
yet been established.
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A table from Szoghy and Kish (1978) listing pertinent data for

Peak Group or
number Serics no. mother isotope
Ac 1 133y
Ac 1 1 Th
Th 311p;
1 U 6 210pp
2 U 1 R
Ac 3 TR
Ac 3 13
3 U 2 134
U 5 1i4ph
4 U ! Rk ol
U | SR O
Th ?
5 U K} - 430Th
6 U 5 PbK,,
Th PbK,,
7 U 5 BiK.;
U 5 PbK,,
Th BiK,;, PbK,,
8 U 5 BiK,y, PoK,,
Th BiK,,
9 U 5 PoK,,
10 Ac¢ 3 RnK,;
11 U 5 PbK,,
Ac 1 #31Th
Ac 3 RnK,,
Th IlaTh
Th PbKg,
12 9) 5 BiKgy
u h PhKy,
Th BiKy;, PbKy,
13 U 5 BiK,;, PoKy,
Th ThK,:
Th BiK,,
14 U 1 1MTh
2.\4Th
U 5 PoK,,
Th ThK,,
15 U I UK,,
Ac 3 RnK,,
16 U I UK,
Ac 3 RnKg;
Th II"AC
17 Th ThKy,
18 U ! UKy,
AC 1 235U
Th ThKs,
19 U 1 UKa,
Th 21),)b
20 Th 1A
21 Ac | 1y
Ac 3 oRa
22 Ac 3 22'pa
Th IZBAC
23 Ac ! 2y
24 [} 4 e
A¢ 1 EERE Y]
Th 1INAL
25 Ac l 33y
26 Th ERLY
27 Ac 3 2277
Table 1.

spectra in Figures 3 and 4.
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Table 1 coqt.

X-ray cmitter Relative Photons per 100 x decay
Peak Group or F ynotan delection
number Scrics no. mother isotope (keV) efficiency® Published Present©
28 ~ Th darpy 23K.62 (1) 14.5 43,14 38 - (1)
29 U 5 214ph 241.92(3) 14 7.64 7.8(6)
Th 114Ra 240.98 (3) I 3.6 (2
Th 118 c . 270.3 (3) 10 3.2¢
Ac 3 1R 209.4 14¢
Ac 3 119Rn 271.0 114

*See also Table | and its footnote.

*S mm thick sample close to the beryllium window of a 5 mm rthick, 130 mm? surface Ge (L) detector.
‘Nased on the previows column and nlso on the present photan infensitics obtained fram numeraous old rock samples believed ta be in radioequilibrium.
‘Bowman and MacMurdo (1974).

#Taylor (1973). Arbitrary normalization of photon intensitics.

/Martin and Blichert-Toft (1970).

el lhs (1970h).

*Orocinating from lead content.

iNonlinear dependence on mother element concentration.

ISampyon (1973). Arbitrary pormalization of photon intensities.

*Chne (1971).

'Cohen (19714).

=Wapstra and Gove (1960).

*Ellis (1976).

4



®)

////,/’ 210Pb

46.5Kev
L O-‘E—-—
Figure 5. Blowup of the 210Pb peak at 46.5Kev in Figure 3.
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Figure 6.

The best fitting function from the analysis program plotted using the same channel
locations as in Figure 5. (The function is actually smoothly continuous.
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Figure 7. Spectrum from a sample in disequilibrium containing Radium in equilibrium with its
daughters but from which the Uranium has been removed. Note the absence of 234Th
at 63Kev and 230Th at 68Kev (and others).
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GRAVITY MAPS: EASTERN UNITED STATES

J. K. Costain and L. D. Perry

Heat flow sites chosen by VPI&SU for the purpose of
targeting heat-producing granites in the basement rocks be-
neath the sediments of the Atlantic Coastal Plain were 1lo-
cated primarily on the basis of gravity data. The relative-
ly vyoung (254-420 Ma), vunmetamorphosed, heat-producing
granitoids generally cause hegative gravity anomalies be-
cause of their relatively low density (2.65-2.67 gm/cm3).
Excellent examples of anomalies are the Portsmouth, Dort,
and Chesapeake Bay (Smiths Point, Va.) gravity anomalies
(Fig. 1). Heat flow values have been obtained from basement
granite at Portsmouth and Dort (see chapter on heatflow,
this report). The basement rocks beneath the Chesapeake Bay
gravity anomaly have not yet been sampled by the drill; how-
ever, the highest geothermal gradient (50°C/km) discovered
to date in the eastern United States is at Smith Point, Va.
(Fig. 1). The basement rock is most probably granite, per-
haps similar to the Petersburg Granite exposed near Rich-
mond, Va.

Negative gravity anomalies over easternmost North Caro-
lina are probably also associated with heat-producing gra-
nite, but the geochronology and petrography of the basement
rocks are poorly known. The heat flow is high (see Stumpy
Point heat flow site, chapter on heatflow, this report).

Gravity data constitute the most important type of geo-
physical data for exploration of areas of high heat flow be-
neath the Atlantic Coastal -Plain. A negative gravity anoma-
ly will not be well defined, however, over a heat-producing
granite emplaced in host rock that is also granitic in chem-
ical composition. Careful three-dimensional gravity model-
ing and attention to the geologic framework will be required
before drill sites for heat flow determinations can be se-
lected with confidence.

Dr. Allan Cogbill developed software for the interpre-
tation of gravity data, and interpreted gravity data from
the southeastern United States (Cogbill, 1978, p. C-65 to
C-123).

Dunbar (1979) developed a general modeling technique

based on the gravity and magnetic effects of polygonal
prisms, and applied the theory to modeling of the exposed

- 147 -
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Rollesville batholith and Castalia pluton in North Carolina.
His results are presented in detail elsewhere in this re-
port. Dunbar's approach and computer programs (Dunbar,
1979) are appropriate for detailed gravity and heat flow mo-
deling of the basement beneath the Atlantic Coastal Plain.

Figures 2-6 are contour maps of the gravity field from
New Jersey to Georgia. Contouring was done at VPI&SU using
the IBM computer program GPCP. The map projection is Lam-
bert conformal. The contour interval is 5 milligals.
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TEMPERATURE AND HEAT FLOW MODELING OF THREE-
DIMENSIONAL BODIES IN A TWO-LAYERED HALF-SPACE

John A. Dunbar, Jr.

Introduction

Steady-state heat flow and temperature anomalies in the
earth's crust can be caused by lateral variations in heat
production and thermal conductivity. In many respects the
problem of interpreting thermal anomalies is identical to
the problem of interpreting gravity and magnetic anomalies.
Heat production and thermal conductivity wvary with rock
type, as do density and magnetic susceptibility. As a re-
sult, geologic features such as folds, faults, and igneous
intrusions can produce thermal anomalies in the same way
that they produce gravity and magnetic anomalies. There are
also strong mathematical similarities. Temperature fields
satisfy the same governing equations as do gravity and mag-
netic problems. Solutions to gravity and magnetic problems
then, differ from solutions to analogous temperature field
problems only in the nature of the boundry conditions im-
posed and by constant coefficients. 1In particular, the heat
flow anomaly caused by a body of constrasting heat produc-
tion is analogous to the gravitional attraction of the same
body (Simmons, 1967). Likewise, the heat flow anomaly
caused by a body of contrasting thermal conductivity in a
uniform heat flow field is mathematically equivalent to the
magnetic anomaly caused by a body of contrasting suscepti-
bility in a uniform inducing field (Carslaw and Jaegar,
1959, p. 425). Temperature anomalies caused by bodies of
contrasting heat production and conductivity are respective-
ly analogous to gravimetric potential and gravitational at-
traction anomalies. ‘

Because of these 51m11ar1t1es it is poss1ble to model
heat flow and temperature anomalies using the same techni-
ques used to model gravity and magnetic anomalies. In many
cases the same computer: programs can be used with only minor
modifications. Simmon (1965), for example, suggested a
method based on the gravitational attraction of a polygonal
lamina (Talwani and Ewing, 1960) for modeling heat flow ano-
malies due to heat production contrasts in a half space.
Thermal modeling techniques of this type are faster computa-
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tionally and less cumbersome to implement than the numerical
techniques such as the method of finite differences and the
method of finite elements. These advantages become particu-
larly important in situations which require repeated model-
ing such as in solving inverse problems by trial-and-error
methods.

The model proposed by Simmons does not account for the
effects of contrasts in thermal conductivity between the
anomalous body and the half space. It also does not account
for the effects of a layer of contrasting conductivity over-
lying the half space. This more general problem is of cur-
rent interest in the exploration for low-temperature geoth-
ermal resources. The objectives of this exploration are
temperature anomalies in low-conductivity sediments overly-
ing radioactive granites in the crystalline basement (Cos-
tain et al., 1980). In principle the sedimentary layer
would act as an insulator, causing higher temperatures to
occur closer to the surface. The problem is also important
in the interpretation of heat flow determinations made in
sea floor sediments. The latter case was considered by Lee
and Henyey (1974) who used the method of finite elements to
correct marine heat flow values. An analytical treatment of
temperature and heat flow anomalies in a two-layer half
space does not exist in the literature.

A more general modeling technique than that proposed by
Simmons (1965), based on the gravity and magnetic effects of
polygonal prisms (Plouff, 1976), 1is developed in Dunbar
(1979). The technique is suitable for modeling temperature
and heat flow anomalies associated with three-dimensional
bodies of contrasting heat production and conductivity in a
two-layered half space, and is summarized below.

Assumptions and Approximations

This study is concerned with the steady-state heat con-
duction problem for anomalous bodies in a half space over-
lain by a layer of contrasting conductivity (Fig. 1). In
general, both the heat production and thermal conductivity
of the body differ from that of the surrounding medium.
Heat enters the system either as uniform vertical heat flow
(g*) from the base of the model region or is generated with-
in the anomalous body and surrounding medium. Heat produc-
tion in the surrounding medium extends to a finite depth.
The surface of the two-layered half space is maintained at a
constant temperature. All other factors which influence the
terrestrial temperature field are ignored.

In lieu of an exact solution to this problem the temp-
erature and heat flow effects of the body's heat production
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Figure 1. Schematic diagram of an anomalous body of arbi-
trary shape in a two-layered half space. The vertical heat
flow g* enters the system at the base of the model region.
The surface is held constant at temperature Ty.
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and conductivity contrasts are calculated seperately and
then added. The temperature field is thus approximated by
the superposition of three independently calculated tempera-
ture fields: (1) the anomalous field due to a body of con-
strasting heat production in a two-layer half space (TA);
(2) the anomalous field due to the disturbance in g* by a
body of contrasting conductivity in a two-layered half space
(TK); and (3) a regional field which varies only in the
vertical direction (TR).

The effects of arbitrarily shaped three-dimensional
bodies are approximated by summing the effects of horizontal
polygonal prisms as in Plouff's (1976) gravity modeling
method. Expressions for the temperature and heat-flow ano-
malies due to anomalous polygonal prisms in a uniform space
are developed and summarized in Dunbar (1979). Expressions
for the temperature and heat-flow anomalies in a uniform
half space and a two-layered half space are then found by
the method of images, a standard method in heat conduction
(Carslaw and Jaeger, 1957, p. 273) and in electrostatics
(Kellogg, 1957, p. 207). The mathematical derivations are
not repeated for this report.

Thermal Conductivity Contrasts

The distortion of a uniform heat flow field by a body
of contrasting conductivity is mathematically the same as
the distortion of a magnetic field by a body of contrasting
magnetic susceptibility. The latter problem as been dealt
with by Talwani (1965) and Plouff (1976). In these studies
the contribution to the magnetic field by an infinitesimal
volume element in the anomalous body is assumed to be the
same as a similar volume element alone in free space. The
total effect of the anomalous body is then found by inte-
grating the effects of all such volume elements which make
up the body. This is not an exact solution because the mag-
netic field induced in a given volume element will act as an
additional inducing field in neighboring volume elements.
This interaction between neighboring volume elements is ig-
nored. :

The same method can be applied to the analogous heat
conduction problem. The temperature effect of a single vo-
lume element can be found by considering the temperature
anomaly due to a sphere of contrasting conductivity, cen-
tered in a uniform heat flow field gq, (Carslaw and Jaeger,
1959, p. 426).
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The temperature anomaly due to a spherical volume ele-
ment V at an arbitrary position in a region V; is given by
Dunbar (1979). The approximate temperature anomaly associ-
ated with a region V; of contrasting conductivity is then
given by letting V become infinitesimal and intergrating the
effects of all such volume elements in V.

This will be an approximation because, as in the analo-
gous magnetic problem, the interaction between volume ele-
ments is ignored. Numerical results using this method are
compared with those from exact solutions by Dunbar (1979).

For a realistic representation of the terrestrial temp-
erature and heat flow fields, the thermal effects of the
earth's surface must be accounted for. This can be done by
the method of images if the earth is represented by a half-
space with a constant surface temperature. Simply stated,
the method of images involves constructing a system of
sources and sinks in a medium with uniform material proper-
ties in such a way as to duplicate the temperature field in
a region with discontinuous material properties. The com-
bined effect of all the sources and sinks is required to sa-
tisfy the governing equation throughout the region of inter-
est and to behave in a specified manner at the boundaries of
the region.

The geometry of the source-sink system for a point
source in a half-space with a uniform conductivity (one-lay-
ered half-space) is shown in Figure 2. The uniform half
space model of the earth is not applicable where a layer of
contrasting conductivity overlies the source region. Such a
situation occurs in the Atlantic Coastal Plain, where the
conductivity of the basement complex can be twice that of
the overlying sediments (Costain et al., 1979). The effects
of the sedimentary layer can be accounted for by placing a
layer of thickness h and conductivity K, over the uniform
half space with conductivity K;.

Up to this point only the problem of heat production in
a two-layered half space has been considered. A similar de-
velopment for the problem of contrasting conductivities is
given by Dunbar (1979).
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The Regional Temperature Field

The portion of the temperature field which varies only
in the vertical direction will be termed the regional field,
TR(z). Because 1t does not vary laterally it is governed by
Poisson's equation for one-dimensional heat conduction.

For the general case of a body of contrasting heat pro-
duction and thermal conductivity the approximate total temp-
erature field is given by the algebraic sum of T(x,y,z) = TA
(x,¥y,2) + TK (xX,y,2) + TR(z).

Dunbar (1979, Figs. 17 and 18) shows that the applica-
bility of one-dimensional theory to - three-dimensional
sources is governed by the aspect ratio of the source and by
the heat production and conductivity of both the source and
the surrounding medium. For irregularly shaped bodies po-
lygonal prism models can be used to generate sets of curves
analogous to those in Figures 17 and 18 of Dunbar (1979).

Interpretation of Heat-flow Anomalies

Heat flow anomalies can be modeled by using a trial-
and-error method similar to that used in gravity and magnet-
ic modeling. The heat production and conductivity of the
body and surrounding medium and the regional heat flow field
are normally estimated first. The geometry of the body is
then varied until a satisfactory agreement between thé ob-
served field and theoretical field is reached. As in gravi-
ty and magnetic modeling the resulting solution is not uni-
que, but is a member of a family of possible solutions.

To illustrate the modeling process a family of heat
flow models was prepared for the Rolesville batholith and
adjacent Castalia pluton, in Franklin and Nash Counties,
North Carolina. These granitoids were the focus of a major
effort by the petrology group in the Orogenic Studies Labo-
ratory during the DOE geothermal program at VPI&SU (Farrar,
1980). Both bodies are coarse-grained granitic intrusions
emplaced in metamorphic rocks of the Raleigh belt (Fig. 3).
The Raleigh  belt has been interpreted as a south-plunging
antiform and has a trend of increasing metamorphic grade
from south to north (Farrar, 1980). Both characteristics
suggest differential uplift and erosion between the southern
and northern portions of the belt. The locations of five
heat flow stations in the area are shown in Figure 3. The
heat production, thermal conductivity, and heat flow at
these sites are given in Table 1 (Costain et al., 13879).
Because there is no sedimentary layer in the region the
problem was treated as a one-layered half space problem. At
the time of this writing data for a two-layered case are not
available.
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Table 1. Preliminary data from heat flow sites in the
vicinity of the Rolesville batholith and Castalia pluton
(from Costain et al., 1979).

Hole Heat Production Conductivity Heat Flow
Cs 1 5.6 HPU 7.64 TCU 1.44 HFU
RL 2 6.0 7.22 : 1.30
RL 3 -—- 8.03 1.13
RL 4 6.7 6.84 1.05
SB 1 3.3 8.03 0.94

The data in Table 1 were collected as part of a study
of heat flow and heat production for plutonic rocks. As a
result, heat production and thermal conductivity are rela-
tively well determined for the granites but still almost
unknown for the country rock. In the current study a range
of hypothetical country rock models was considered in order
to determine if one-dimensional heat conduction theory ap-
plies to the region or if the three-dimensional aspects of
the granitic bodies (edge effects) must be considered.

If the Rolesville batholith was emplaced before or dur-
ing deformation as Farrar (1980) suggests, erosion following
the differential uplift would cause the body to be thickest
down plunge. The lack of wvariation of heat production and
conductivity at the surface of the batholith, despite the
proposed differential erosion, suggest that these two param-
eters are nearly uniform throughout the body. In the heat-
flow models both granites have a uniform heat production of
6.0 HPU and conductivity of 7.5 TCU.

The heat flow (0.94 HFU) at station SB-1 in the volcan-
ics of the adjacent Carclina Slate Belt is typical of back-
ground (country rock) heat flow in the southeastern United
States (Costain et al., 1979). The heat flow from the lower
crust and upper mantle in the southeastern United States is
approximately 0.65 HFU (Costain and Perry, 1979). The re-
gional heat flow field was then assumed to be made up of a
0.65 HFU component derived from heat production in the upper
crust. The heat production of non-granitic surface samples
in the southeastern United States range from near 1.0 HPU to
near 6.0 HPU (L. D. Perry, pers. comm., 1978). The average
country rock heat production was assumed to be in this
range. The thermal conductivity of the country rock was as-
sumed to be 6.5 TCU; this 1is a representative wvalue for
schist, gneiss, and volcanics (Clark, 1966) which are the
dominant rock types of the Raleigh belt country rocks.

Four heat-flow models were developed which are consis-
tent with the surface geology (Fig. 3) and Farrar's struc-
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tural interpretation and based on the four country rock heat

production models shown in Figure 4.  Each of the country
rock models produces the required 0.29 HFU contribution to
the regional heat flow. The horizontal outlines of the
prisms which make up the four heat-flow models are the same
for each model (Fig. 5). Only the vertical dimensions of
the prisms were changed from model to model. Vertical di-

mensions for the prisms in models 1, 2, 3, and 4 are given
in Tables 2, 3, 4, and 5, respectively. The theoretical
heat flow fields produced by the four models agree with the
observed heat flow to within 2.5% at the five heat flow sta-
tions. The theoretical heat~flow fields for models 1 and 2
are shown 1in Figures 6 and 7, respectively. Theoretical
heat flow profiles and temperature cross-sections along
lines A-A' and B-B' in the second model are shown in Figure
8.

Table 2. Vertical dimensions of the polygonal prisms
which make up heat flow model 1, of the Rolesville batholith
and Castalia pluton

Prism ‘ Depth to Top Depth to Base
1 O km 1 km
2 1 10
3 10 20
4 o 2
5 2 8
6 8 22
Table 3. Vertical dimensions of the polygonal prisms

which make up heat flow model 2, of the Rolesville batholith
and Castalia pluton.

Prism Depth to Top Depth to Base
1 O km 1 km
2 1 10
3 10 14
4 0 2
5 2 6
6 6 18
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Table 4. Vertical dimensions of the polygcnal prisms
which make up heat flow Model 3, of the Rolesville batholith
and Castalia pluton.

Prism Depth to Top | Depth to Base

Table 5. Vertical dimensions of the polygonal prisms
which make up heat flow Model 4, of the Rolesville batholith
and Castalia pluton.

Prism Depth to Top Depth to Base
1 - -
2 4.8 km 20 km
3 20 30
4 — o
5 4.8 15
6 15 30

A comparison between the thicknesses of the polygonal prism
models and granite thickness estimates based on one-dimen-
sional heat conducticon (Costain and Perry, 1979) is givén in
Table 6. The model thicknesses are highly dependent on the
lateral heat production contrast between the granite and the
country rock. Heat conduction is then three-dimensional in
the region and edge effects must be considered.

Table 6. Thicknesses of one- and three-dimensional mo-
dels of the Rolesville batholith and Castalia pluton at
three heat flow stations. The thicknesses given by one-di-
mensional analysis are from Costain and Perry (1979).

Model Thickness at Stations

Model Csl RL2 RL4
Model 1 22 km 20 km 1 km
Model 2 18 14 1
Model 3 15 12 1
Model 4 30 30 1
1-D Model 14 11 6




166

Model thicknesses are also expected to depend on the
conductivity contrast between the granite and the country
rock. The maximum heat-flow anomaly due to the conductivity
contrast of 6.5 TCU, for the four models considered is 0.11
HFU. If the average conductivity of the country rock is
greater than 6.5 the model thicknesses (Table 6) would have
to be increased to explain the observed heat flow. If the
average conductivity is less than 6.5, thinner models could
be used to explain the observed heat flow.

In all four polygonal prism models the Rolesville ba-
tholith is thickest in the south and thins northward. This
northward thinning is consistent with the structural in-
terpretation given by Farrar (1980). The large difference
is the thicknesses of the Castalia pluton and the northern
part of the Rolesville batholith is not supported by the
gravity expression of the two bodies, however. The Bouguer
gravity map of the model region (Cogbill, 1978) (Fig. 9) .
shows a -30 mgal anomaly at the site of RL4, where the heat
flow is 1.05 HFU and the models are all 1 km thick. There
is also a -30 mgal anomaly at the site of CS1l, where the
heat flow is 1.44 HFU and the models are 15 km to 30 km
thick. Simmons (1967) gives the relationship between the
vertical heat flow and gravity anomalies at the surface,
caused by volume sources with both contrasting density and
heat production. Heat flow varies significantly between
stations RL3 and CS1 but the gravity field does not. It can
be concluded that variations in gravity and heat flow over
the model region cannot be explained by sources with the
same shapes. A possible explanation can be found in the low
density country rock in which the batholith was emplaced. In
hand specimen, the densities of the dominant metamorphic
rock types in Raleigh belt are not significantly different
from the density of the main phase of the Rolesville gra-
nite. The gravity field is then indicative of the thickness
of the entire Raleigh belt rather than the thickness of the
granite alone. The heat flow field would reflect only the
thickness of the granite. ‘

Summary

New analytical solutions have been developed for temp-
erature and heat-flow anamolies caused by a polygonal prism
source in a two-layered half space. An approximate solution
to the problem of a polygonal prism with contrasting conduc-
tivity in a two-layered half space was also given.

A comparison was made between the exact and approximate
heat flow over an infinite semi-circular cylinder of con-
trasting conductivity. The two heat flow fields agree to
within 5% for conductivity ratios between 0.25 and 1.5.
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Figure 5. Outlines of the six prisms used to represent
the Rolesville batholith and Castalia pluton in all four
heat-flow models.
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Figure 6. Theoretical heat flow map for Model 1 of the
Rolesville batholith and Castalia pluton. The vertical
country rock heat production distribution for Model 1 1is

given in (Fig.4). The polygonal prism model is shown in
(Fig. 5).
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Figure 7. Theoretiéal heat flow map for Model 2 of the
Rolesville distribution for Model 2 is shown in (Fig. 4).
The polygonal prism model is shown in (Fig. 5).
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Figure 9. Bouguer gravity field (contoured in mgal) (from
Cogbill, 1979) and heat flow (HFU) (from Costain and Perry,
1979) in the vicinity of the Rolesville batholith; dots in-
dicate locations of heat-flow stations.

Comparing this error range with that for a semi-spheroid of



173

contrasting conductivity indicates that the error level does
not change rapidly with changes in the shape of the anoma-
lous body. A survey of thermal conductivities of different
rocks types (Clark, 1966) suggests that this range of con-
ductivity ratios is sufficient for modeling many geologic
problems. The uncertainty in the five heat flow values (Ta-
ble 1) used is about 0.05 HPU or approximately 10} of the
total heat flow anomaly in this region. This error level is
typical of other heat flow determinations made in crystal-
line rocks (Costain and Perry, 1979). The 5% error level in
the component of heat flow due to contrast in thermal con-
ductivity is then not excessive.

The modeling technique based on these solutions was
used to interpret a localized heat flow anomaly. The in-
terpretation was carried out in the same way a gravity ano-
maly would be analyzed using Plouff's method (1976). Temp-
erature on cross-sections through the model region was
estimated by computing the temperature field associated with
the heat-flow model. This method of estimating the ampli-
tude and spacial extent of temperature anomalies could be
useful in the exploration for low-temperature geothermal re-
sources.

The modeling technique is also applicable to regional

heat flow studies. In many regional studies (see for exam-
ple Roy et al., 1968; Lachenbruch, 1970; Costain and Perry;
1979), one-dimension heat conduction is assumed. Lateral

variations in heat production and conductivity cause devia-
tions from one-dimensional conduction. The modeling techni-
que presented in this study can be used to estimate the heat
flow effects of variations in heat production and conductiv-
ity in the vicinity of a heat flow station. The heat flow
value can then be adjusted accordingly.

These problems can also be solved with numerical tech-
niques such as the method of finite differences. However,
computer storage requirements of detailed three-dimensional
models may exceed the space available at most computer ins-
tallations. Computation time requirements can also become
prohibitive, particularly when trial-and-error fitting meth-
ods are used. In the modeling technique presented in this
study unknowns are calculated at points of interest only.
Storage requirements are therefore not a problem. The mo-
deling technigue is also computationally efficient; the
heat flow models of the Rolesville batholith and Castalia
pluton required 0.26 msec computation time per field point
per polygonal edge on an IBM 370/158 computer.




174

References

Carslaw, H. S., and Jaeger, J. C., 1959, Conduction of heat
in solids: Oxford, Clarence Press, 510 p.

Clark, S. P., 1966, Thermal Conductivity: Geological Socie-
ty of America Memoir 97, section 21, p. 459-482.

Cogbill, A. H., 1978, Gravity data in the southeast United
States: Progress report VPI&SU-5648-3 J. K. Costain,
L. Glover III and A. K. Sinha, DOE contract No.
ET-78-C-05-5648, p. C65-C110.

Costain, J.K., Glover II, 1., and Sinha, A. K., 1979, Re-
search objectives: Progress report VPI&SU-5648-5, DOE
Contract no. ET-78-C05-5648,

p. 10-11.

Costain, J. K., Perry, L. D., Dashevsky, S., Mclung, W. S.,
and Higgins, S. P., 1979, Heat flow and heat genera-
tion: Progress report VPI&SU-5648-5 J. K. Costain, L.
Glover III, A. K. Sinha, DOE contract no.
ET-78-C-05-5648, p. C139-C153.

Costain, J., and Perry L. D., 1979, Linear relationship bet-
ween heat flow and heat generation: Progress report
VPI&SU-5648-5 J. K. Costain, L. Glover and A. H. Sinha,
DOE contract no. ET-78-C-05-5648, p. C154-C157.

Edwards A. L., (1969), TRUMP: a computer program for tran-
sient and steady-state temperature distributions in
multidimensional systems; NTIS publication UCRL-14754
Rev. II, 257 p.

Farrar S. S., 1980, The RAleigh block: a preliminary in-
terpretation of the northeastern piedmont of North Ca-
rolina (in preparation): Progress report VPI&SU-5648-6
J. K. Costain, L. Glover and A. H. Sinha, DOE contract
no. ET-78-C-05-5648.

Fehn, U., Cathles, L, M., and Holland, H. D., 1978, Hydroth-
ermal convectionand uranium deposits in abnormally ra-
diocactive plutons: Economic Geology, v. 73, p.
1556-1566.

Kellogg, O. D., 1929, Foundations of potential theory: Ber-
lin, Julius Springer, 384 p.

Lachenbruch, A. H., 1968, Preliminary geothermal model of
the Sierra Nevada: Journal of Geophysical Research, v.
73, no. 22, p. 6977-6989.



175 |76

—————————— , 1970, Crustal temperature and heat producation:
implications of the linear heat-flow refraction across
dissimilar media, Geophysical Research, v. 75, no. 17,

p. 3291-3300.

Lee, T, and Henyey, T., 1974, Heat flow refraction across
dissimilar media, Geophysical Journal, v. 39, no. 2, p.
319-333.

MacKenzie, M. V., 1967, A digital computer model of terres-
trial heat flow refraction: Unpublished Masters the-
sis, University of Utah.

Plouff, D., 1976, Gravity and magnetic fields of polygonal
prisms and applications to magnetic terrain correc-
tions: Geophysics, v. 41, no. 4, p. 727-741.

Roy, R.F., Blackwell, D. D., and Birch, F., 1968, Heat gen-
eration of plutonic rocks and continental heat flow
provinces: Earth and Planetary Science Letter, v. 5,
p- 1-12.

Simmons, G., 1967, Interpretation of heat flow anomalies 1.
contrasts in heat production: Reviews of Geophysics,
v. 5, no. 1, p. 43-52.

Talwani, M., 1965, Computation with the help of a digital
computer of magnetic anomalies caused by bodies of ar-
bitrary shape: Geophysics, v. 30, p. 797-817.

Talwani, M., and Ewing M., 1960, Rapid compution of gravita-
tion attraction of three-dimensional bodies of arbi-
trary shape, Geophysics, v. 25, no. 1, p. 203-225.




-4




ON THE USE OF COMPLEX REFLECTION COEFFICIENTS
TO DETERMINE BASEMENT ROCK TYPE

John K. Costain and Cahit Coruh

Introduction

When a longitudinal or transverse elastic wave strikes
at non-vertical incidence the boundary between two media
within which the wave velocities and/or densities are diffe-
rent, four derived waves come into existence: a reflected
longitudinal wave, a reflected transverse wave, a transmit-
ted longitudinal wave, and a transmitted transverse wave.
The energy of the incident wave is divided among the four
derived waves in proportions which depend upon the elastic
constants and densities in the two media, and on the angle
of incidence. Zoeppritz (1919) derived equations for the
relative amplitudes of the derived waves with respect to the
amplitude of an incident plane wave. The equations comprise
a system of four linear equations which can be solved simul-
taneously. The physical conditions assumed for the deriva-
tion of the equations are: ‘

1) The vector sum of the displacements due to all
waves along the boundary in one medium must equal
the corresponding sum in the other medium. Other-
wise there would be relative slip between the two
media.

2) The corresponding stress components must be equal
on the two sides of the interface.

The solution of these equations (Fig. 1) gives the reflec-
tion and transmission coefficients. The coefficients are
sensitive to the angle of incidence, and a relatively small
change in the angle of incidence can result in a large

change in a coefficient. It is apparent from Figure 1 that
increasing the angle of incidence of an incident P wave
could eventually result in two critical angles. The first

occurs when the angle of refraction of the transmitted P
wave reaches 90°%; the second occurs when the angle of re-
fraction of the transmitted S wave reaches 90°. Similarly,
-inspection of the figure for an incident S wave shows that
three critical angles are possible. When a critical angle
is exceeded, the wave type associated with that critical an-
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Incident P

Incident SV

U, u,
Y, 2 | Y,
| \e E
|f
F
|
Velocity Amplitude Angle with Normal
Incident P U A a
Incident S v B b
Reflected P U C c
Reflected S v D d
Refracted P Y E e
Refracted S z F f
Incident P wave
(A-C)sina+Dcosb-Esine+ Fcos £=20
(A+C)cosa+Dsinb~-Ecose~-Fsinf =20

~(A + C) sin 2a + D(U/V) cos

~(A - C) cos 2b + D(V/U) sin

Incident S wave
(B+ D) sin b+ Ccos a-~-E
(B -D) cos b+ Csina+ E
(B + D) cos 2b - C(V/U) sin

-(B - D) sin 2b + C(U/V) cos

2b + EK(Z/V)2 (U/Y) sin 2e - FK(Z/V)Z(U/Z) cos 2f = 0

2b + EK(Y/U) cos 2f + FK(Z/U) sin 2f = O

0

cos e - F sin f

#

sin e - F cos f 0
2a + EK(ZZ/VY) sin 2e - FK(Z/V) cos 2f = 0

2b + EK(Y/V) cos 2f + FK(Z/V) sin 2f = O

Figure 1. Notation associated with Zoeppritz equations
for incident P and incident S wave.
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gle disappears, and the incident energy is distributed among
the remaining waves. After the first critical angle is ex-
ceeded, all reflection and transmission coefficients for the
remaining wave types become complex. The physical amplitude
corresponding to a remaining wave type is the square root of
the sum of the squares of the real and imaginary parts of
the complex coefficient.

Physical Significance of a Complex Reflection Coefficient

Plane wave reflection and transmission coefficients for

a single interface are independent of frequency. The coef-
ficients apply to a single sinusoid of a single frequency
incident at some angle on an interface. Before a critical

angle is reached the only phase change possible for the in-
cident sinusoid is a phase shift of 180°%, which is simply a
polarity reversal. However, after a <critical angle 1is
reached one of the reflected or transmitted P to S waves ex-
ists no more (which one depends on the P velocity ratio, the
S velocity ratio, the density contrast and the angle of in-
cidence). All reflection coefficients for remaining re-
flected and transmitted P or S waves become complex after
any critical angle is reached. This simply means that the
reflected or transmitted P or S sinusoid is shifted in phase
(time) with respect to the incident sinusoid. This is ac-
companied by a change in the amplitude of the reflected or
transmitted sinuscid. Changing the phase of a sinusoid me-
ans shifting its peaks one way or the other (toward positive
or negative time). The direction is given by the "time-
shifting theorem" and is unambiguous.

Because any source wavelet can be decomposed into its compo-
nent sinusoids, we can use the complex reflection coeffi-
cient and thus the phase change, which is the same for each
component sinusoid, to compute the change in shape after re-
flection for any wavelet. In the frequency domain the Four-
ier spectrum of the original wavelet can be multiplied by
the complex reflecticn coefficient (Fig. 2). This adds or
subtracts the phase shift to the phase angle spectrum. The
modulus of the complex reflection coefficient scales the or-
iginal modulus for that same frequency up or down. An in-
verse Fourier transformation then shows the effect on the
original wavelet.

A positive phase shift (counterclockwise into gquadrant 1I
from the positive real axis, or counterclockwise in quadrant
III from the negative real axis) means a shift into negative
time, i.e., the wavelet arrives earlier than would be ex-
pected. P.N.S. O'Brien (1963) notes that:
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"It has been objected that a phase lead, which ne-
cessitates a time lead, is physically impossible.
There seems to have been no discussion of this
point in the literature, but a possible explana-
tion is as follows. When a plane pulse is inci-
dent on a boundary it acts as a line source and
generates a disturbance which travels along the
interface with the velocity of the lower medium.
For angles of incidence greater than critical this
velocity is greater than the trace velocity of the
incident wave and, therefore, the interface dis-
turbance will generate a wave in the upper medium
which travels ahead of the reflected pulse pred-
icted by ray theory. Because a plane wave means
that the source lies at infinity, the interface
wave will provide an infinite forerunner to the
pulse traveling along the reflected ray path.

In real systems, of course, the source emits
curved wavefronts from a local source and in this
case a head wave exists. As this always arrives
earlier than the reflected pulse the phase lead
associated with wide angle reflections merely me-
ans that the disturbance between the two events
never completely dies away."

There is considerable distortion of the wavelet depending on
the phase shift. If the signal to noise ratio is adequate,
then the observed distortion of the wavelet can be used to
advantage. '

Application

"Basement" beneath the Atlantic Coastal Plain, from the
standpoint of possible applications for geothermal energy,
is either crystalline rock (granite, gneiss, etc.) or sedi-
mentary strata of Triassic-Jurassic age. It is well known
that the velocity. of Triassic rocks is considerably less
than that of crystalline rocks (4-5 km/sec versus 6-7 Kkm/
sec). In addition, the density of Triassic sediments is
less than that of crystalline rocks. Therefore, the onset of
the critical angle for reflected P-waves will be considera-
bly different for Triassic sediments than for crystalline
basement. This is important information because although
crystalline rocks offer no geothermal resource potential
(other than hot-dry-rock) in the eastern United States, the
possibility exists that Triassic sediments might have a
permeability high enough in some areas to be considered as a
possible hydrothermal target. Triassic-Jurassic sediments
do not look favorable for this purpose at the present time,
but Triassic basins are poorly exposed and studied, and are
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completely concealed beneath the sediments of the Atlantic
Coastal Plain. Only drilling associated with the explora-
tion for hydrocarbons offers hope in the near future of re-
vealing the intrinsic permeability and degree of consolida-
tion of Triassic-Jurassic sediments. Until such time as
actual core samples become available, it might be possible
to predict lithologies and the degree of consolidation by
investigating pulse shape distortion beyond the critical an-
gle, as described in this summary.

Comparison of Theoretical Waveforms with Seismic Data from
Portsmouth, Virginia

Plane wave reflection coefficients computed from the
Zoeppritz equations are shown in Figure 3 for the geologic
model of Coastal Plain sediments over Triassic and granite
basement. It is clear that the onset of the critical angle
is quite different for an assumed Triassic basement versus a
granite basement.

Figures 4a and 4b show typical VIBROSEIS 100% seismograms as
recorded on the Atlantic Coastal Plain near Portsmouth Vir-
ginia by VPI&SU. This site is one of the best known to date
in the eastern United States for confirmation of the radiog-
enic model (Costain et al., 1980). Data quality is excel-
lent and allows direct examination of the 100% correlated
field data for pulse distortion. Preliminary results of
pulse distortion after the critical angle were given by Cos-
tain and Coruh (1980).

The theoretical basis for comparison of the real data with
synthetic data is as follows. The Fourier transform of the
pilot sweep is computed. This is multiplied by the constant
complex reflection coefficient computed from the Zoeppritz
equations. The reflection coefficient depends upon the an-
gle of incidence of the Klauder wavelet on the basement sur-
face. The angle of incidence is, of course, a function of
the depth to basement, the spread geometry, and the velocity
distribution of the overlying sediments. Synthetic data
were generated using a ray tracing program that rigorously
obeys Snell's law at all interfaces. The output of the ray
tracing model is shown in Figure 5. The real and complex
reflection coefficients corresponding to the angles of inci-
dence of each raypath at the sediment-basement interface
were determined by the ray tracing program, which incorpo-
rates the Zoeppritz equations.

The synthetic seismogram output from the ray tracing program
is shown in Figure 6. Two characteristics of the synthetic
data are (1) significant pulse distortion caused by the com-
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plex reflection coefficient, and (2) significant difference
in the onset of the critical angle for a granite basement
versus Triassic basement. Comparison with the real data of
Figure 4 shows a similar distortion in the real data. It is
important to note that, if a source wavelet is minimum delay
before reflection beyond the critical angle, it cannot be
minimum delay after reflection because the (plane wave) re-
flection coefficient is independent of frequency.

Conclusions

Rather than avoiding a recording geometry that pre-
cludes recording reflections after the critical angle, such
large-amplitude reflections could be used to advantage to
determine basement rock type where drill control is absent
or sparse. The method does require a good signal-to-noise
ratio, but it apparent from the data shown in Figure 4 that
this is not a problem on the Atlantic Coastal Plain. The
method shows great promise for tracking major changes in
basement rock type from the surface.
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RELATIONSHIP BETWEEN HYDROTHERMAL ENERGY OQUTPUT
AND WELL SPACING IN A TYPICAL ATLANTIC COASTAL
PLAIN GEOTHERMAL DOUBLET

R. J. Laczniak

Introduction

The geothermal resources of the southeastern United
States are classified as liquid-dominated low-temperature
systems (Costain et al., 1980), characterized by tempera-
tures less than 90°C (White and Williams, 1975). The devel-
opment of an efficient method of obtaining thermal energy
from low temperature systems requires an in-depth study of
each unique system (Johns Hopkins University, 1981).

Major problems facing the utilization of geothermal en-
ergy in the southeastern United States are land subsidence,
aquifer collapse, and the disposal of large quantities of
highly saline waters. One solution is to inject the water
back into the aquifer. This maintains piezometric pressures,
and thus prevents subsidence and insures a continuous supply
of water. Of concern is the possibility of adverse chemical
and physical reactions caused by the injected fluid.

Two basic methods of reinjection are: (1) the forward
and return flow method, and (2) the flow-through method (In-
genjorsbyran, 1978). The first method utilizes a single
pumping-injection well. Water is pumped, stored, and later
reinjected by way of a single well (Lippman et al., 1977;
Claesson et al., 1978). The flow-through method uses sepa-
rate pumping and injection wells which comprise a sink-
source, or doublet system. The energy extracted from either
system by a heat exchanger is directly proportional to the
temperature of the water at the production well.

The subject of this paper is an evaluation of the ther-
mal energy output and longevity of a doublet system. As the
well spacing between the sink and source increases, engi-
neering costs increase and land acquisition may become more
difficult. Because economic considerations are crucial to
the success of any energy producing system, well spacing
should be minimized. The topic of well spacing has been
discussed by OGringarten and Sauty (1975) for the Dogger
aquifer near Paris, France, where the optimum well spacing
was found to be 900 m.
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As additional hydrologic and geothermal data become
available for the aquifers of the Atlantic Coastal Plain, it
becomes possible to investigate by means of numerical model-
ing on the computer, the relationship between the energy ex-
tracted and the distance between the source and sink well in
a doublet system. Such modeling can aid in the evaluation
of a particular doublet by defining such limiting character-
istics as the thermal lifetime of the system, and the opti-
mum well spacing for the specific application.

The subject of this paper is the relationship between
well spacing and the amount of energy extracted from a "typ-
ical™ Atlantic Coastal Plain geothermal system. Various
well spacings, aguifer permeabilities, and pumping-injection
rates are considered in the numerical simulations over a
period of 15 years. The numerical method is based upon the
method of Lippmann et al. (1877) and uses computer code CCC
(compaction-convection-conduction) developed at Lawrence
Berkeley Laboratories. Program CCC is used to calculate the
thermal and fluid-flow fields for a three~dimensional rec-
tangular liquid-dominated low-temperature systen.

The Numerical Model

CCC is is a computer program written in FORTRAN IV for
execution on the CDC 7600 system at Lawrence Berkeley Labo-
ratories. It was modified by Laczniak (1980) for execution
on the IBM 370 computer at VPI&SU. '

Program CCC uses the "integrated finite difference
method" for the numerical solution of the heat and mass flow
equations (McNeal, 1953; Todd, 1959; Tyson and Weber, 1964;
Cooley, 1971; Narasimhan and Witherspoon, 1976). The equa-
tions of mass and flow are coupled by interlacing them in
the time domain. A complete and detailed discussion of the
derivations is found in papers by Narasinham and Witherspoon
(1976, 1978) and Sorey (1975).

The basic concept of the IFDM is to discretize a region
into a number of smaller subregions (Fig. 1). Each element
of the system 1is then described by a finite difference ap-
proximation to the partial differential equation governing
confined transient groundwater flow (Laczniak, 1980, p.
5-6).

-
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Figure 1. Illustrative representation of a descretized

region showing a typical nodal element, m,
neighboring nodal element, n.

and typical
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General Hydrogeology of the Atlantic Coastal Plain

The sediments beneath the Atlantic Coastal Plain (Brown
et al., 1972) consist of a seaward-thickening wedge of in-
terbedded sands and clays deposited by fluvial, deltaic, and
marine processes. These strata consist of a sequence of
moderate to highly productive aquifers overlying a pre-Cre-
taceous basement complex (Brown et al., 1972). The princi-
pal water-bearing units are relatively unconsolidated sands.
The less permeable clays act as confining beds and subdivide
the system into numerous semi-independent aquifer systems
with minimally dependent values of hydraulic head.

The sediments beneath the Atlantic Coastal Plain are
divided into three general subsystems according to geologic
age: (1) the Quaternary system; (2) the Tertiary system;
and (3) the Cretaceous system. The uppermost hydrologic
unit, the Quaternary system, overlies the first major clay
layer, and is a water-table, or unconfined aquifer. Produc-
tion is low to moderate, and the aquifers are seldom used
for anything other than domestic purposes. Aquifer thick-
ness is generally less than 30 m.

The Tertiary and Cretaceous systems underlie the Qua-
ternary system, and are a series of confined and semi-con-
fined aquifers. Both are moderate to highly productive and
are major sources of water for domestic and industrial use.
Aquifer thickness varies from 30 to 120 m.

Regional recharge is by direct precipitation and ru-
noff. Recharge to the underlying aquifers occurs east of
the Appalachian Mountains, the major groundwater divide.
Local recharge is by direct vertical leakage from precipita-
tion. The relative contribution of regional (horizontal)
recharge to vertical recharge is not well known. Vertical
recharge by leakage to any particular aquifer is controlled
by the vertical permeability of the sediments above the
aquifer. The low permeability of the clays of Tertiary and
Cretaceous age retard vertical recharge; therefore, without
reinjection the potential yield of the aquifers is limited.

Water quality depends upon the mineral constituents and
the chemical properties of the host formation. These vary
with location. One general trend is the presence of high
concentrations of total dissolved solids along the eastern
shore; for example, concentrations of total dissolved solids
were measured at 72,039 ppm in a deep test well near Cris-
field, Md. (Hartsock, 1979).
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Description and Discussion of a "Typical" Atlantic Coastal
Plain Geothermal System

The following characteristics of a "typical" Atlantic
Coastal Plain geothermal system are taken from data and in-
formation obtained from the Crisfield, Md., geothermal test
well drilled during June, 1979 (Dashevsky and McClung, 1979)
and supplemented with information from the literature (Brown
and Silvey, 1972; Cedarstrom, 1945; U.S. Geological Survey,
1967). A schematic diagram of the system is shown in Figure
2.

The homogeneous aquifer is bounded on top by an aqui-
tard consisting of semi-permeable sands, clays, and shales.
The aquitard is overlain by another aquifer. The bottom of
the principle aquifer is assumed to be bounded by imperme-
able material represented by either well consolidated sedi-
ments or crystalline rocks. In the horizontal direction,
the system is unbounded (i.e., horizontally infinite). The
vertical thickness of the aquifer is 50 m.

The hydraulic operation of the system is kept simple.
Water is pumped out of the agquifer at the production well
where it is passed through a heat exchanger. Reinjection of
the cooler water takes place through an injection well lo-
cated at a distance, d, from the production well.

Water entering the aquifer at the injection well flows
at a rate, v(d), toward the production well. Heat is trans-
ferred by forced and natural convective and conductive pro-
cesses. Cooler water flowing in the direction of the pro-
duction well gains heat due to the higher ambient
temperatures in conjunction with the heat flow through the
system. The surrounding temperatures are lowered due to the
loss of heat to the cooler injected fluid.

The point in time when the injected water lowers the
temperature at the production well by 1°C is called "break-
through." Breakthrough depends upon the well spacing and
the pumping-injection rate. At some distance, d, and some
pumping-injection rate, Q(p), the temperature of the inject-
ed water will recover totally, and thus inhibit break-
through. In this special case, the geothermal resource is
classified as a totally renewable resource.

The system is located at a depth centered around 1375
m. The system is artesian with an initial total hydraulic
head producing a slight flow at the surface in a well tap-
ping the reservoir. The overlying sediments are assumed to
have an average geothermal gradient of 40°C/km, which re-
sults in a temperature of the system of 55°C. The heat flow
entering the system depends upon the thermal conductivity
and thermal gradient and is about 75 mW/m2.
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Figure 2. Schematic diagram of the doublet geothermal sys-
tem used in the simulations. Hatched region shows perforat-
ed (pumping-injection) zones.
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. The amount of energy extracted from a geothermal system
using a heat pump depends upon the thermal output and the
pumping rate. Energy output in Btu's per hour is calculated
by

Btu's/hour = Qp x 907.2 x AT
(1)

from Paddison et al. (1978). Q(p) is in gallons/minute.

A geothermal system which is pumped at 500 gpm, has an
output temperature of 55°C, and an input temperature of 43°C
(AT = 12°C) produces 5,443,200 Btu's per hour. The amount
of energy extracted from the geothermal water could be
raised considerably by inputting enough electrical energy to
power a special type of heat pump called a temperature am-
plifier (Neiss, 1979).

Description and Development of Simulation Model

A general simulation model was constructed to simulate
the pressure and temperature fields in a "typical" Atlantic
Coastal Plain geothermal system. The integrated finite dif-
ference method was used to solve the mass and heat flow
equations. The model makes use of the symmetry present in a
doublet system by modeling one-half of the whole system.

Mesh Design

The model consists of a three-dimensional layered mesh
(Fig. 3) containing 1342 three-dimensional elements each de-
fined by a nodal point. The nodal elements are intercon-
nected via 4172 element interfaces. Temperatures and pres-
sures are obtained at the nodal points during the
simulations. :

The mesh design subdivides the geothermal system into
three hydrologic units based upon the geoclogy. The upper
and lower hydrologic units each consist of one grid layer
and have a vertical thickness of 25 m. The upper grid layer
represents a semi-permeable unit and the lower grid layer a
confining unit. The main reservoir 1is represented by the
central five grid layers, each grid layer having a thickness
of 10 m.

The design utilizes the natural convection present
within the geothermal system due to water density and vis-
cosity variations with temperature (Lippman et al., 1977).
Thus, the production well is located in the upper portion of
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Figure 3. Mesh design used to simulate a typical At-
lantic Coastal Plain geothermal system. Distance, d, repre-
sents the desired well spacing.
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the reservoir with the injection well located in the lower
portion of the reservoir.

The horizontal dimensions are scaled according to the
horizontal distance, d, between the production and injection
wells. Well spacings of 100, 250, 500, and 1000 m are test-
ed in the simulations.

Fluid and Material Properties

Fluid and material properties used in the simulation
model are chosen to describe a "typical" Atlantic Coastal
Plain geothermal system. Values for these properties are
obtained from the Crisfield geothermal test well (Dashevsky
and McClung, 1979) and from literature pertaining to deeper
wells in the Atlantic Coastal Plain (Brown and Silvey, 1972;
Cedarstrom, 1945; U.S. Geological Survey, 1967).

Material properties used in the simulation are given in
Table 1. The model consists of a caprock, a bedrock, and an
aquifer defining an aquitard, an aquiclude, and a reservoir,
respectively. Permeabilities are varied in the test simula-
tions from 9.862 X 10°!5 to 9.862 X 10°!'3 m? (10 to 1000
millidarcys).

The fluid properties (Table 2) are based upon a total
dissolved solid content of 15,000 ppm. Fluid properties of
the saline water are estimated from those of pure water us-
ing the equations developed by Wahl (1977) and are listed in
Table 3.

The values for density, specific heat, and viscosity
are functions of temperature and are calculated by the pro-
gram. Density varies with temperature according to:

p = po{l - X(T—To) - (T—TO)Z}
(2)

Variations with temperature in specific heat and vis-
cosity are determined linearly from upper and lower limits
supplied as inputs to program CCC.

Initial and Boundary Conditions

The initial and boundary conditions are determined us-
ing geothermal and hydrologic data obtained from the Cris-
field well site (Dashevsky and McClung, 1979; Hartsock,
1979). The conditions are based upon the system being lo-
cated at an average depth of 1.375 km. Initial wvalues for
fluid pressures and temperature are shown in Figure 4.
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Figure 4. Inital pressure and temperature conditions used
in the simulations. Values shown are input at the nodal
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Fluid pressures are chosen to simulate an artesian sys-

tem. Initially, water is assumed to be under sufficient
pressure to cause the piezometric surface to be located at
ground level in a well tapping the aquifer. Initial pres-

sure gradients describe a system where water velocities are
zero because the value of hydraulic head 1is constant
throughout the system. The initial temperature at the upper
boundary 1s determined wusing a geothermal gradient of
40°C/km for the overlying sediments. The initial tempera-
tures within the system are determined using the thermal
gradients listed in Table 1. The initial temperature gradi-
ents are chosen in conjunction with the thermal conductivi-
ties of each hydrologic unit to produce a heat flow of 75.38
mW/m? (1.8 X 10% cal/cm®-sec).

The criterion used to determine the location of the up-
per and lower boundary nodes relative to the rest of the
system is that no more than a 10% change in heat flow should
take place through the lower boundary-system interface. This
criterion was satisfied in all simulations with the greatest
change in heat flow being +7.2%. The boundaries enclosing
all sides of the system are placed at a distance two times
the distance Dbetween the production and injection wells.
The boundary conditions used are:

a) the upper and lower boundaries are constant pressure
(11648852 and 12608247 Pa, respectively) and cons-
tant temperature (53.875 and 56.875°C, respectively)
boundaries; '

b) the vertical boundaries along the caprock and be-
drock are adiabatic and impermeable;

c) the reservoir boundaries along the wvertical sides
perpendicular to distance, d (well spacing), are
constant pressure and temperature boundaries equal
to the initial conditions defined for each respec-
tive layer;

d) the reservoir boundary along the vertical sides par-
allel to distance, d, are impermeable and isothermal
with values defined by the initial conditions.

The upper constant pressure boundary simulates an over-
lying system of aquifers and serves as the source for rec-

harge by leakage through the semi-confining unit. Leakage
is induced only when pumping induces a hydraulic gradient
across this interface. The constant pressure boundaries

along the vertical sides of the reservoir perpendicular to
distance, d, act as a line source or sink depending upon the
hydraulic gradients across these interfaces. There is no
flow through the lower boundary-system interface because of
the zero permeability of the material.
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Discussion of the Simulation Procedure

Well spacings of 100, 250, 500, and 1000 m are com-
pared. Each individual well spacing is modeled using intrin-
sic permeabilities of 9.862 X 1075, 9.862 X 10°!'*, and
9.862 X 10°!'3 m2 (10,100 and 1000 millidarcys, respective-
ly). Pumping and injection rates of 6.31 X 102 and 3.15 X
10"2 m3/sec (100 and 500 gallons/minute) are considered. The
water is injected into the system at a temperature of
43.50C. Individual doublet systems are pumped for 15 years
or until thermal and fluid flow steady-state conditions are
reached.

. This procedure is used to investigate the relationship
between the temperature at the production well (energy out-
put) and well spacing. The results produced by this proce-
dure are also used to evaluate, in detail, a "typical" At-
lantic Coastal Plain geothermal system by:

a) analyzing the temperature field to evaluate the
thermal lifetime of each individual doublet system;

b) analyzing the pressure field to evaluate the ability
of each system to supply adequate amounts of water;

c) analyzing the response of the system to different
permeabilities; and

d) analyzing the pressure and temperature fields under
relatively low and high pumping-injection stresses.

A final group of simulations considers the effect of resting
on the system. A period of rest is defined as an interval
of time in which the system is allowed to recover from pre-
viously-applied pumping-injection stresses. To mimic heat-
ing demands during the winter and summer seasons, six-month
periods of production-injection are alternated with six-
month periods of rest over a five-year interval. One well
spacing of 100 m and permeabilities of 100 and 1000 md are
considered. A pumping-injection stress of 100 gpm with an
injection temperature of 43.5°C is applied.

w6
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Results and Discussion

Results of the simulations are displayed graphically by
contour and time versus temperature in Laczniak (1980). Se-
lected results from Laczniak are reproduced here.

Analysis of the Pressure Field

The pressure field was assumed to have reached steady-
state when the change was "small," i.e., less than 2.5Y% of
the maximum allowed pressure change over a specified number
of consecutive time steps (Laczniak, 1980). Figure 5 shows
a map view of the final pressure distribution through the
center of the reservoir, between the grid layers containing
the source and sink wells for a permeability of 100 md, a
pumping stress of 100 gpm, and dipole separations of 100,
250, 500, and 1000 m. Figure 6 shows the same conditions
except that the pumping stress is raised to 500 gpm. Re-
sults for permeabilities of 1000 md can be found in Laczniak
(1980), but such high permeabilities are not representative
of deep Coastal Plain aquifers. As expected, an increase in
the pumping-injection rate or a decrease in the permeability
produces a greater pressure differential within the system.

A cross-sectional view of the hydraulic head for all
four well spacings is shown in Figure 7 for a permeability
of 100 md and a pumping stress of 500 gpm. The influence of
the injection well on the production well is displayed by
the pattern of the contour lines of equal hydraulic head.
The effect is less pronounced in the large separations where
there is a geater independence between the production and
injection wells.

Analysis of the Temperature Field

Map views of the steady state thermal distribution
through the center section of the reservoir are shown in
Figures 8 and 9 for a permeability of 100 md and pumping-in-
jection rates of 100 and 500 gpm and a well spacing of 1000
m.

Figure 10 shows temperature versus time plots comparing
output temperatures (temperature at the production well) in
four well spacings for a permeability of 100 md and pumping-
injection rates of 100 and 500 gpm. The results clearly il-
lustrate the effect of well spacing on the temperature dis-
tribution. The general trend 1is an increase in the output
temperature with an increase in the distance bewteen the
production and injection wells. The amount of energy ex-
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Figure 5.

Pressure distribution map.

'Y



. 203

PRESSURE MAP (PRSCALS / 1000}
CONTOUR INTERVAL-SDO {PRSCALS / 100D}

500 M. SEPRRRTICON

TIME= 2341.0 DARYS

PERMERBIL1TY= 100 HD. 1000 H. SEPARATION

PUMPING RATE= 100 GPM. TIME= 4164.3 ORYS
PERMERBILITY= 100 MO.
PUHPING RATE= 100 GPN.

-

Figure 5 (continued).
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Figure 6. Pressure distribution map as in
the permeability is raised to 1000 md.
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ity of 1000 md and a pumping-injection stress of 500 gpm.
Crosses indicate location of nodal points and the values in-
terpolated between the nodal points. Typical flow paths are
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tracted from the system, assuming no pipe loss, is
calculated using equation (1). The results are 1listed 1in
Table 4. For all pumping-injection rates and permeabili-

ties, breakthrough in the 100-m spacing occurs rapidly (less
than two years), while in the 1000-m separation breakthrough
is altogether absent.

Differences in the pumping-injection rate also affect
the temperature distribution and the time of breakthrough
within the system. As expected, a greater pumping-injection
rate lessens the time it takes for breakthrough to occur.
The result is a decrease in the temperature differential
between the pumping and injection wells.

The - response of the temperature field to different
permeabilities is shown through a comparison of the various
temperature plots (Laczniak, 1980). A lowering of the
permeability by one order of magnitude results in only a
small gain in the final output energy (Table 4). This inde-
pendence between the temperature field and the permeability
is understood by analyzing heat transfer in conjunction with
Darcy's law. Heat is transferred by conduction and convec-
tion. Conduction depends upon the physical conduction of
the materials which are held constant throughout the simula-
tions. Convection is controlled by the fluid velocity field.
Darcy's law states that the velocity is proportional to both
the permeability and the hydraulic gradient. For a given
pumping stress, increasing the permeability decreases the
hydraulic gradient; therefore the change in the magnitude of
the velocity is small. The combined effect of conduction and
convection results in a similar net heat transfer among sys-
tems in which all parameters except permeability are Kkept
constant.

The placement of the pumping and injection well is re-
inforced by the results of the modeling. Although the pump-
ing well is located in the coolest portion of the reservoir,
warmer temperatures migrate gquickly to the perforated zone
of the production well. This phenomenon is displayed by the
initial increase in the temperature at the production well
(Laczniak, 1980, Figs. 15-18) and is due to recharge of
warmer waters from the lower portions of the reservoir.

Analysis of the Effect of Resting on the System

Aside from a simple doubling of the life span, subject-
ing the system to alternating six-month periods of continu-
ous pumping and resting produces only neglible changes in
the overall temperatures at the injection and production
wells. Laczniak (1980) compared the temperatures at the in-
jection well in a rested system to the temperature at the
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Figure 10. Plot of production temperature versus time for

various well spacings in a system with a permeability of 100
md and pumping-injection stresses of 100 and 500 gpm. Pro-
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corded at both pumping elements. Note the occurrence of
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injection well in a continuously pumped system over a period
of five years. The recovery of heat from terrestrial heat
flow at the injection well over the six-month rest period
was minimal. Varying the permeability has little effect on

the system.

Conclusions

Engineering data about fluid transmission, drilling,
pumping equipment, and land acquisition costs are needed for
a complete evaluation of the economics of the system. Excel-
lent studies of this type have been carried out by the Ap-
plied Physics Laboratory of the Johns Hopkins University
(1981). The results of the numerical modeling gquantify,
without doubt, the existence of potentially useful geother-
mal resources beneath the Atlantic Coastal Plain. Heat from
a groundwater source (the aquifers beneath the Atlantic
Coastal Plain) is adequate to run heat pumps at a high coef-
ficient of performance (Neiss, 1979). A doublet system with

direct injection back into the reservoir is shown by the

numerical simulations to be a feasible method of extracting
heat in the low-temperature liquid-dominated geothermal sys-
tems of the Atlantic Coastal Plain. The doublet system with
a spacing, d, of 1000 m pumped at 500 gpm produces approxi-
mately 5.5 million Btu's per hour. Assuming a value of
70,000 Btu's per hour for energy expenditure to heat an av-
erage insulated home, the system would support over 75 hou-
seholds. If pumped for only six months a year, the thérmal
lifetime of the system is shown to be at least 30 years.

The optimum geologic environment for the implementation
of a groundwater geothermal system is one in which the high-
est temperatures are encountered at the shallowest depths.
Throughout much of the Atlantic Coastal Plain there exist
areas where 1isotherms are warped upward over radioactive
heat-producing granites within the crystalline basement be-
neath the Coastal Plain sediments (Costain et al., 1980).
In the future, aquifers over these "radiogenic" sources may
be located. At such locations, drilling costs would be re-
duced and the use of lower energy output systems might be
economically justified. Systems with close well spacings
and/or low pumping-injection rates could then be implemented
depending upon the application.

Modifications of the injection scheme intended to in-
crease the thermal lifetime of the system; for example, in-
jection into an independent reservoir or injection into a
zone separated by a low permeability lens should be careful-
ly analyzed before being implemented. In the low permeabil-
ity deeper reservoirs of the Atlantic Coastal Plain, the in-
fluence of the injection well is shown by this study to be
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necessary 1in order to maintain adegquate fluid pressures
within the system to prevent aquifer collapse. This influ-
ence of the injection well is required, and must be taken
into account in the design of a successful heat extraction
system.

Reinjection of the thermally spent cooler water back
into an independent or semi-independent reservoir may cause
adverse chemical or physical reactions within that reser-
voir. In this case, extensive modeling of the total system
should be performed. Such modeling must incorporate not
only the equations of heat and mass flow, but must simulta-
neously solve for hydrodynamic dispersion and heat produc-
tion due to the decomposition of reactants. The sensitivity
of the reservoir water to the injected water and the result-
ing chemical reactions should be completely understood and
incorporated into the model.

In-depth studies of each proposed Atlantic Coastal
Plain geothermal system are strongly recommended before any
application. ©Such studies should include extensive hydrolo-
gic and heat flow data collection. The data should then be
used in numerical models to analyze various system designs.
Program CCC is applicable and appropriate for the evaluation
of the low-temperature geothermal systems of the Atlantic
Coastal Plain. If financial 1limitations inhibit adequate
data collection or if computer funds are limited, it 1is
hoped that the results of the present study will contribute
to the development and design of reliable heat extraction
systems beneath the Atlantic Coastal Plain.
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Table 1. Material properties used to simulate a "typical"
Atlantic Coastal Plain geothermal system.

PROPERTIES* AQUITARD AQUIFER AQUICLUDE
Heat capacity

(J kg-ttCc-1) 0.921 X 108 0.103 X 104 0.803 X 103

(cgs units) 0.220 0.246 0.192
Density

(kg m3) 2.60 X 103 2.65 X 103 2.60 X 103

(cgs units) 2.60 2.65 2.60

Thermal conductivity

(J/m-day °C) 1.63 X 105 2.60 X 105 2.17 X 10°
(cgs units) 4.50 X 10°% 7.20 X 1073 6.00 X 10°3

Temperature gradient

(°C/Km) 40 25 30
(cgs units) 0.004 0.00025 0.0003
Permeability
(m2) K X 10-% K K X 10-25
(cgs units) K K X 10% K X 10-2!1
Porosity
0.20 0.15 0.20

Specific storage

(m~1) 3.00 X 1075 1.50 X 10°¢ 4.00 X 1075
(cgs units) 3.00 X 1077 1.50 X 10°°% 4.00 X 1077

*The first entry for each property 1is in the units used by
the program and the second is in cgs units.
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Table 2. Fluid properties used to simulate a "typical"
Atlantic Coastal Plain geothermal system. The first entry
for each property is in the units used by the program and
the second is in cgs units.

FLUID PROPERTIES

Compressibility
(m2N~1) 5.000 X 10°1°
(cgs units) 5.000 X 10-11

Thermal expansivity
(°c 1) 3.170 X 10-%
Reference density

(kg-m~3) 1003.17
(cgs units) 1.00317

Reference temperature
(°C) 40
** Viscosity

(Pa-sec) 6.750 X 10-*
(cgs units) 6.75 X 10°3

** Specific heat

(J-kg~! 0fCc™1) 4.115 X 103
(cgs units) 0.983

**Jalue varies linearly with temperature.
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Table 3. Equations approximating physical properties
of brines using properties of pure water (Wahl, 1977).

Density: p = Py + .00073 (wt)

Specific heat: HC = Hc,w(l - wt/IOO)

o 2)
Viscosity: u = uw(l + .Olet + .00027wt
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Table 4.

Amount of energy extracted in Btu's per hour

for the various well spacings in the simulated typical At-

lantic Coastal Plain geothermal system.

1000

100

1000

100

md

md

md

md

100 250 500 1000 m spacings
Btu's/hr. q
521640. 869097. 1087732. 1088640. 100 gpm
522542, 903571. 1087732. 1088640. 100 gpm
2204496. 2644488. 3982608. 5438664. 500 gpm
2281608. 2726136. 4150440. 5443220. 500 gpm

«
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