NOTICE CONCERNING COPYRIGHT
RESTRICTIONS

This document may contain copyrighted materials. These materials have
been made available for use in research, teaching, and private study, but
may not be used for any commercial purpose. Users may not otherwise
copy, reproduce, retransmit, distribute, publish, commercially exploit or
otherwise transfer any material.

The copyright law of the United States (Title 17, United States Code)
governs the making of photocopies or other reproductions of copyrighted
material.

Under certain conditions specified in the law, libraries and archives are
authorized to furnish a photocopy or other reproduction. One of these
specific conditions is that the photocopy or reproduction is not to be "used
for any purpose other than private study, scholarship, or research.” If a
user makes a request for, or later uses, a photocopy or reproduction for
purposes in excess of "fair use,” that user may be liable for copyright
infringement.

This institution reserves the right to refuse to accept a copying order if, in
its judgment, fulfillment of the order would involve violation of copyright
law.



11909

VPI-SU-5648-3
Distribution Category UC-66a

EVALUATION AND TARGETING OF GEOTHERMAL ENERGY RESOURCES

IN THE SOUTHEASTERN UNITED STATES

Progress Report

John K. Costain, Lynn Glover ITI, and A. Krishna Sinha

Principal Investigators

Department of Geological Sciences

Virginia Polytechnic Institute and State University

Blacksburg, VA 24061

April 1, 1978 - June 30, 1978

PREPARED FOR THE U, S. DEPARTMENT OF ENERGY UNDER
CONTRACT NO. ET=-78-C-05-5648



TABLE OF CONTENTS

ABSTRAﬂ A"D OVERVIEH ..Q‘.....Q.’.'...l.......‘Ol.l..

RESE!RCH OBJECTIVES ..‘........l..................l...

PERSCN"BI’ Or PROGRAH .......QI"I..'.....‘....‘.l..l.

TALKS PRBSENTED To DATE .........‘.‘..........0....‘..

ABSTRACTS pUBLISHED To DATB .l..............'l...‘....

PAPERS SUBMITTED FOR PUBLICATION scoeecocosacscccssness

PROGRESS .‘.......I.............'..l...........l.....

A.

B.

GEOLOGY ..........l....."....'..........l...l.

operations 0...'.........IQ.....O...O......O...
Petrology of the Cuffytown Creek Pluton eceese.

Progress in Fission Track ANalySeS eceeoesvasnss

Petrographic and Petrologic Description of a

Sub-Coastal Plain Basement Core from near
Jessup' Georqia .....‘.'.l.l.....l‘l...l.l...

SEOCHERTISTEY anasassioss vhe ks iahs sasssansnssis
Siloam Granite tesstsescesscecsssnsesrtnne s
EORChing EXPATERERE cunssssssnnasssasiensinness
U-Th=Pb Disequilibrium StudieS.eecesseecocceess
The Granitic Rocks of the Maryland Piedmont ...

Distribution of Uranium, Thorium, and Potassiun
in the Weakly-Poliated Granitic Rocks of the
Hary1‘nd Piedmont Se v e serssecsecssvessssssn e

Blue Ridge Gneisses as Possible Source Material
for Gr&hites 00.0...ll..l..l.“.l....OQOIIOCO

Origin of the Winnsboro Granite by Crustal

Anatexis $ 0000000000000 OBNORONONONLOROIONOERGLES

Chemical Pile Systen e v 0s0s00000000sesessnn 0

Page 3

Page
5

8

10
12
13
13
14
A- 1
A- 2

A- 4

B-21
B=-26

B-33
S

B-46

B=-59

B=66



Page 4

GEOPHYSICS ® 900 29 00 00 90 5O OO0 O PO D OISO L OON SNBSS

The Lithologic Character of Atlantic Coastal
Sediments in Georgia, South Carolina, and
North Carolina with Special Reference to
the 1978 Drilling PrOQIrAM .eececessccsscscscsasns

Geothermal Gradients in the Southeastern
United States ® 0D O 09 9 0 9O T B O P SV O ODP OO OSSO DDDTT PN

Heat Flow and Heat GeneratioN eceesscesccscosscse

Linear Relationship Between Heat Flow and
Heat Genp-ration @ 2 00 0 0 09 559 8 VP OO PO PO S OSSO DN

Gravity Data in the Southeastern United States .
Thernal Hodelinq ® 9 P 02 0 0 PO OB PO PO PP OO OIS NN

Structural Controls of Thermal Springs in the
Warm Springs Anticline sc.eecevsccecscccscsnncae

C=-24
C=36

C~58
C-65

C-11

c-124



Page S

ABSTRACT AND OVERVIEW

Costain and Perry report a newv heat flow value from the
Petetsburg granite of 1.24 x 10-% cal/cm2-sec. This value
lies above that predicted by the linear relation as do the
Rolesville 2 and Castalia values. The interpretation of the
linear heat production-heat flow relation continues to
receive close attention. In this report, the points lying
above the line are interpreted as resulting from increased
thicknesses of the granite layer. If this is true, it is an
important result in enumerating areas of high heat flow.
The condition can bhe satisfied by rock bodies of high U and
Th contents or by much thicker rock bodies of lower U and Th
contents,

The behavior of the heat flow and temperature fields
with different granite country rock heat production
contrast, geometries, and presence and absence of an
insulating cover are modeled by Dunbar, His results
summarize our expectations of the shape and size of the
thermal anomalies associated with the radiogenic source
ancmalies both in the Piedmont and in the Coastal Plain.

If the interpretation of the lirear relation by Costain
and Perry is correct, gravity modelirg is the best method of
locating low density granites and determining their relative
thicknesses, Cogbill again reports on assembling existing
gravity data as well as reporting on new readings taken

during the last quarter in the Coastal Plain and Piedmont.
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The location and behavior of U and Th has always been a
central npart of understanding the variation of heat
production among rocks of the soutteast, The problem is
inextricably bound up with geologic setting. Six of the
reports from various areas andAdifferent points of view deal
with ¢the problenm, Sinha and Merz's preliminary U-Th-Pb
disequilibrium studies demonstrate the 1labile behavior of U
vhereas Th acts as a closed system. The most likely time of
U loss appears to be the Mesozoic, a time of extensé
fracturing and hydrothermal activity throughout the
Piedmont. Merz's 1leaching experiments supplement these
results, revealing that the existing U and Th are in fairly
retentive sites, Becker and Speer find that for the Liberty
Hill pluton the Th is present in allanite as well as in
anorthite, The Th is present in fairly substantial amounts
in the ubhiquitous allanite and this may be the major Th site
in the granite. Sans discusses in two separate reports the
distribution of K, U, and Th in the granitic rocks of
Maryland. He finds a depletion of U and preserQation of Th
contents, In the Woodstock granite he finds a concentric Th
distribution.

In attempting to predict areas where the granitic rocks
have high heat  productions, knowing the probable source
areas would facilitate this search, Aanan explores the
possibility of the origin of the Winnsboro pluton by crustal
anatexis, Hall examines the evidence for the Blue Ridge

gneisses as the possible source material for the granites.
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In order to have any basis for any of the work in the
southeast, a description of the rocks that are present is
essential. This continues and includes the petrography and
petrology of the Cuffytown Creek pluton. A highly
differentiated granite with a high heat production and an
unusual mineralogy--including Bi and Te phases. Merz has a
discussion of the chemistry of the Siloam pluton, a granite
vhose petrography was discussed in the previous report by
Speer, Both of Sans' reports _contain descriptions of the
granitic rocks of Maryland.

The coastal plain drilling program has only begun but
- tvo reports concerning the program are given, Lambiase
discusses the 1lithologic character of the Atlantic coastal
plain sediments, The nature of these sediments are
important for they serve as the insulating cover as well as
control the hydrology in the coastal plain, Roth determine
the extent of any geothermal resources in the coastal plain.
Gleason reports on the nature of the baéement core recovered
in the Jessup, Georgia, drill hole, It is core such as this
that provides the only tangible evidence of what underlies
the coastal plain.

While most of the reports are concerned with heat flow
by conduction, heat flow by mass transfer is of 1leccal
importance in several areas of the southeast, Geiser
reports on the structural controls of the thermal springs at

Varm Springs, Viraginia.
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RESEARCH OBJECTIVES

The objective of this research 1is to develop and apply
targeting procedures for the evaluation of low-temperature
radiogenically-derived geothermal resources in the eastern
United States utilizing geological, geochenical, and
geophysical data.

The optimum sites for geothermal development in the
tectonically-stable Fastern United States will probably be
associated with areas of relatively high heat flow derived
from crustal igneous rocks containing relatively high
concentrations of radiogenic heat-producing elements. The
storage of commercially-exploitable geothermal heat at
accessible depths (1-3 km) will also require favorable
reservoir conditions in rccks overlying a radiogenic heat
source, In order to systematically locate these sites, a
methodology employing geblogical, geochemical, and
gecphysical propspecting techniques is being developed and
aprlied. The distribution of radiogenic sources within the
igneous rocks of various ages and magma types will be
determined by a correlation between radioelement composition
and the bulk chemistry of the rock, Surface sampling and
measurement of the radiogenic heat-producing elements are
kncwn to be unraliable as they are preferentially reyoved by
grcund-wvater circiulation and weathering. The correlation
between the bulk chemistry of the rock (which can bhe

peasured reliably from surface samples) and radiogenic heat
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generation is being calibrated by detailed studies at a
number of locations in the eastern Urited States,

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

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

(2) thermal conductivity of the sedimentary

insulator;

(3) thickness of the sedimentary insulator; and

(4) reservoir conditions in the permeable

sedimentary rocks overlying the radiogenic

heat source.
Because it is not economically feasible to selact drilling
sites on the Atlantic Coastal Plain without geophysical and
geclogical models, it is advisable to bhase the development
of these models on a substantial and accurate data base

which can be partially derived from the exposed rocks of the
Piedmont and enhanced by basement studies beneath the

Atlantic Coastal Plain.
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OPERATIONS

puring the period 1-1-78 to 3-31-78, 44 man days wvere
spent in the field. Speer completed field work at the
Liberty Hill and Siloam plutons ard conducted reconnaissance
sampling of the Town Creek, Georgia, pluton., He is working
on a paper concerning the contact aureole of the Liberty
Hill plutor., PFarrar continued mapping the structure and
lithclogies of the northern half of ¢the Raleigh belt and
eastern Carolina slate belt. In addition, he wrote the
‘results of a reconnaissance survey of the southern Raleigh
belt and adjacent slate belt. Becker continued field work
and analysis of the Cuffytown Creek pluton and its contact
aureole; preliminary results are presented in this report.
Gleascn began study of the geology of the basement rocks
underlying the Coastal Plain.

puring the period 4-1-78 to 6-30-78, 61 man days were
spent in the field. Farrar investigated the relations of
geologic structure and lithologies to the location of hot
springs in Warm Springs, Virginia and Wwarm Springs, Georgia
as wvell as a suspected hot spring in Pearisburg, Virginia.
Becker finished field work for the Cuffytown Creek pluton of
South Carolina and undertook a gamma-ray spectrometer survey
of the granite and its country vtock. Speer and Becker
finished field work for the Palmetto pluton of Georgia.

speer also began some field work in the Petersburg granite.
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Baldasari completed a gamma-ray spectrometer survey of the
Siloam, Georgia and Liberty Hill, South Carolina plutons as
well as the adjacent country rock., Rock and so0il samples
vere also collected in order to better understand the
results of the portable gamma-ray spectrometer.

other activities of the petrology group included a talk
by Becker at the Southeastern Geological Society of America
meeting at Chattanooga, Tennessee on the Cuffytown Creek
pluton. Speer and Becker spent a good deal of time working
vith the Radiation Safety Office of the University to
determine and satisfy the requlations concerning fissiorn
track samples. The Siloam 1 {(688'), Siloam 2 (688'), and
Palmetto (692') drill holes were completed during this
quarter and were logged. A drill Lole at Pearisburg,
virginia was located and drilling begqun.

Gleason's work on the completion of thé basement
geology underlying the Coastal Plainr is well underway, vith
Georgia being the first state completed during this period.
He has also studied in some detail the basement core
recovered from the Jesup, Georgia, drill hole and which is

described in a section of this report.
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PETROLOGY OF THE CUFFYTOWN CREEK PLUTON

S. W. Becker

Introductjon

The Cuffytown Creek pluton, 1located in western South
Carolina, is one of a belt of ca. 300 m.y., unmetamorphosad
plutors in the eastern Piedmont. This pluton was selected
for study because of its high heat production, averaging
11.3 x 10—-t3cal/cm3-sec (five samples, Table A-1). Detailed
vork on a granite with high heat production should
facilitate determination of the locatior of U and Th in the
granite and identification of petrologic factors affecting
the distribution of these elements, In addition,
reconnaissance studies of the granite indicated the presence
of an unusual mineralogy--garnet and fluorite are common
accessory phases--vwhich suggested that the exposed Cuffytown
Creek pluton is appreciably different in composition and
petrogenesis from préviously studied post-metamorphic
granites. Work on several types of granite should allow

identification of a variety of processes affecting the

distribution of radiogenic elements.
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TABLE A1

U, TH, K CONTENTS AND HEAT PRODUCTION OF
THE CUFFYTOWN CREEK PLUTON

CB7-15 9.1 32.2 L 11.8
S7-50A 10.8 35.7 3.4 12.9
§$7-53 9.1 33.2 345 1.7
S7-54 4.4 26 .6 3.5 7.8
$7-55 10.2 33.2 3.3 12.4
AVERAGE 8.0 30.0 3.8 10.6

*HGVO = x 10—13 CAL/CN3-SEC
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Previous ¥Work

The Cuffytown Creek pluton has previously been referred
to as the Edgefield granite, one of two Edgefield granites
in South Carolira. The other Edgefield granite, which has
been studied by Metzgar (1977), crops out near the town of
Edgefield, along the northern border of the Kiokee belt. To
eliminrate the duplication of names, several workers in the
area agreed that the granite discussed in this study should
be renamed because it is the farther of the ¢two granites
from the town of Edgefield, The pluton has been named
(Becker, 1978) after the largest geographical feature in the
area, the creek that runs just northwest of the pluton.

The outcrop area of the Cuffytown Creek pluton is shown
by Overstreet and Bell (1965, Plate I), wvho note its quartz-
rich nature, Butler and Ragland (1969) include it in their
group of miscellaneous, mainly syntectonic plutons. Wagener
(1977) includes a map of the pluton in his report and
provides descriptions of a sample in hand specimen and thirn
secticn, A Rb-Sr isotopic age for the pluton of 299 ¢+ 14
m.y. was obtained by Fullagar and Butler (1977). The
initial Sr®7/sr®¢ wvwas not determined because of the very
high rubidium to strontium ratio; it was assumed to be

0.705,
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Geologic Setting

Low-grade metamorphic rocks of the Carolina slate bhelt
surround the pluton (Fig, A-1). Bbundaries of lithologic
units within the slate belt are bhased on reconnaissance
mapping. The granite intrudes a belt of mafic metavolcanic
rocks, predominantly ¢tuffs, bordered ¢to the northwest and
southeast by meta-argillite. The 1location of the contact
betveen the meta-argillite and metavolcanics southeast of
the rpluton coincides with that mapped by Pirkle (1977).
Along the contact in the country rocks northwest of the
pluton, abundant quartz occurs and supports the steep ridge
northwest of Cuffytown Creek, suggesting that this contact
may be a fault zone, The regional foliation trends
consistently N4S°F, parallel to the lithologic contacts, and
dips vertically (Pig. A-2)., It was apparently not disturbed
by intrusion of;the granite. |

The Cuffytown Creek pluton occupies a topographically
high area, 20'Ikm2, vhere the granite is generally well
exposed, cropping out as pavements and boulders. Most

natural exposures are extensively veathered, and fresh
samples were obtained only from an abandoned quarry, blasted
roadcuts, and a core, 316 m deep, drilled for this project.
Practures and joints pervade the rock, and wvhere one joint
set predominates, the outcrop weathers into elongate mounds

parallel to the joint direction. Pegmatite veins are rare,
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EXPLANATION

Q Cuffytown Creek pluton

Carolina Slate Belt

mar Greenschist grade meta-argillite, phyllite, and quartz-
muscovite schist

myv Greenschist grade metavolcanic rocks

-~ Contact, dashed where inferred

P Maximum extent of granite at depth, inferred from
Lo geophysical data
B8-56 o Sample locality

ED-I Drill hole site
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EXPLANATION

9 Cuffytown Creek pluton

Carolina Slate Belt

Greenschist grade meta-argillite, phyllite, and
mar
quartz-muscovite schist

myv Greenschist grade metavolcanic rocks

-~ Contact, dashed where inferred

S Maximum extent of granite at depth, inferred from
o geophysical data
25
> Strike and dip of bedding
80
P Strike and dip of foliation

45
» Strike and dip of joints
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and an aplite dike wvas found at only one location. Quartz

veins up to 3 cm across are common,

Gegphysical Model

A large gravity low with a residual Bouguer anomaly of
-27 wmgal is centered over the pluton, Modelling of the
anomaly, discussed by Cogbill in a previous report
(VPIESU-5648-1), indicates that the pluton is approximately
6 km deep and has a much greater diameter at depth than at
the surface (Fig. A-3). At a depth of 1 km, for example,
the mcdel proposes a diameter of 13 to 20 km, in contrast
with the surface diameter, which varies from 3 to 5 km (Fig.
A-1). The model suggests that the exposed granite is the
uppermost part of the pluton, comprising rocks formed in the

top of a magma chamber,

Petrography and Microprobe Analyses

Fresh samples of the granite are grey to pink. The
rock is unfoliated, and contains quartz, potassium feldspar,
and plagioclase grains 1-5 mm 4in diameter, and white mica
flakes about 1 mm across., Scarce phenocrysts of quartz and
potassium feldspar range up to 1 cm long. Some samples are

spotted by small, red-brown specks of hematite.
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HIGHLY .
DIFFERENTIATED

COUNTRY
ROCKS

Pigure aA-3, Schematic cross-section of the Cuffytown
Creek pluton, showving hypothetical position of exposed
granite, at top of magma chanber.
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Modal analyses (Table A-2) show that quartz and the tvo
feldspars constitute 96-97% of the rock. OQuartz occurs as
large, anhedral grains with wundulose extinction. Subhedral
to anhedral microcline microperthite is unzoned and highly
kaolinized; a small percentage of grains are twinned
according to the Carlsbad law. Some grains are poikilitic
and contain blebs of quartz. Plagioclase grains, also
unzoned, have albite twinning. They are generally euhedral
parallel to (010), the compositicn plane of albite twins.
Along grain boundaries perpendicular to (010), the crystals
are usually anhedral, sharing irregular grain boundaries
with neighboring quartz or microcline. Most grains are
highly sericitized, containing numerous small inclusions of
vhite mica, although some grains' are nearly entirely
replaced by a single crystal of white nmica.

Microprobe analyses show that the feldspars are near
end-member compositions (Table A-3). Plagioclase ranges
from An9Ab900r1 to an0Ab990r1, and microcline from
AnOAb110r89 to An0OAb20r98. Additional work is needed to
detersine whether this compositional variation is
characteristic of all samples.

The vhite mica, which occurs as large crystals and as a
sericitization product of plagioclase, is a phengite
containirg 2-3% fluorine (Table A-4) . Phengite is
intermediate in composition between end members muscovite,
K2A14 (A12S16020) (OH,P)4, and celadonite,

K2(Mg,Fe2+) 13 (A15i7020) (OH,F) 4. The samples analyzed
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TABLE A2
CUFFYTOWN CREEK MODAL ANALYSES

R R T T o T T T T o o o S o o o e o o o= o= = oo e i e e o0 o e o e o e e o e e e o o
I e e 2 ¥ L ¥ T T ¥

CB7-15  S§7-50A  S7-50D  S7-52 57-53
36.1 33.9 39.5 41.8 32.6
27.8 30.0 24.0 25.1 32.2
33.4 34.7 32.4 30.7 32.2

2.6 2.6 3.4 28 1.5
0.4 - - a .
- - 0.1 - -
0.2 0.5 0.4 0.1 0.6
0.4 0.2 0.2 - 1.0
0.1 0.1 TR TR TR
1732 1356 1502 1553 1502

——--————-——-—-——---———-—_-——-——_——-—————————--——_—
e R A



Page A-16

TABLE A3

MICROPROBE ANALYSES, CUFFYTOWN CREEK FELDSPARS

— ———————— Y —— - —— ————— A — - —— = M EEAmASEEESAE AT — O EmEmTTIEZI=ZTE==
F T Tt T T Tt e R

$7-50C
PLAG. PLAG. PLAG. ALK. FSP.
SI02 68.34 67.87 66.88 65.86
AL 203 21,15 20.81 21.73 18.71
CAC 0.63 0.62 1.86 0.0
NA20 11.28 11,39 10.37 0.24
K2C 0.17 0.18 0.27 16.27
son 101.57 100.87 101.11 101,08

NUMBER OF IONS ON THE BASIS OF 8(0)

SI 2,94 2.94 2,90 3.00
AL 1.07 1.06 1.1 1.00
CA 0.03 0.03 0.09 0.00
NA 0.94 0.95 0.87 0.02
K 0.01 0.01 0.02 0.95
IZ* 4,01 4.00 4,01 4.00
X 0.98 0.99 0.98 0.97
AN 2,07 2.89 8.88 9.0

AB 96,08 96.11 89.59 2.19
OR 0.95 1.00 1.53 97.81

#32 = SUM OF IONS IN TETRAHEDRAL SITE; IX = SUM OF CA, NA,
AND K IONS,
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TABLE A3, CONTINUED

MICROPROBE ANALYSES, CUFFYTOWN CRFEK FELDSPARS

§7-55 S7-50A
PLAG. ALK. FsSP, ALK, PSP, ALK. FSP,

SI02 69.73 64.90 63,30 6U4.64
AL203 20.23 18.85 19.79 19.21
CAO 0.13 0.0 0.02 0.0
NA20 11.55 1.27 0.23 0.51
K20 0.13 14.96 15.66 16.19
son 101.77 99.98 99.00 100.55
SI 2.98 2.98 2,94 ’ 2.97
AL 1.02 1.02 1.09 1.04
CA 0.01 0.0 0.0 0.0
NA 0.96 0.11 0.02 0.04
K 0.01 0.88 0.93 0.95
Lz 4.00 4.00 4.03 4.01
X 0.98 0.99 0.95 0.99
AN 0.61 0.0 0.10 0.0
AB 98.66 11.43 2,18 4.57
OR 0.73 88.57 97.71 95.43
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TABLE A4
MICROPROBE ANALYSES, CUPFYTOWN CREFK WHITE MICA

SI02 48, 41 46.63 48,20 45.40 49,05 47.43
TI02 0.31 0.76 0.14 0.57 0.47 0.64
AL203 31.63 31.36 32.42 31.42 30.57 31.02
FEO* 5.40 6.20 6.43 7.96 6.59 7.61
MGC 1.84 1.82 1.02 1.88 2.09 1.73
MNO 0,45 0.58 0.63 0.98 0.60 0.83
CAC 0.0 0.0 0.0 0.03 0.0 0.01
NA20 0.19 0.24 0.14 0.31 0.0 0.15
K2C 8. 11 9.59 7.99 7.90 7.49 7.58
H20%* 4.53 4,48 3.44 3.13 4,54 4,50
P N.D. N.D. 2.37 2.81 N.D. NeDe.
O-F - - 1.00 1018 - it

SOUM 100, 87 101.66 101.78 101.01 101.40 101,50

NUMBER OP IONS BASED ON 24 (O,H,F)

ST 6.41 6.23 6.22 5.98 6.47 6.31
AL 1.59 1.77 1.78 2.02 1.53 1.69
AL 3.34 3.17 3.16 2.83 3.22 3.18
71 0.03 0.08 0.01 0.06 0.05 0.06
FE 0.60 0.69 0.69 0.88 0.73 0.85
MG 0.36 0.36 0.20 0.37 0.41 0.34
MN 0.05 0.07 0.07 0.11 0.07 0.09
CA 0.0 0.0 0.0 0.0 0.0 0.0

NA 0.05 0.06 0.04 0.08 0.0 0.04
K 1.37 1.64 1.32 1.33 1.26 1.29
IH*** 1. 42 1.70 1.38 1. 41 1.26 1. 31

LY 4.38 4,37 4,13 4,25 4.48 4.52
IZ 8.00 8.00 8.00 - 8,00 8.00 8.00
=S TS= TS =CSSSSS S === =SS SSSESSSS==SSSESSSSSTTTSSEISISSS=ES

*ALL IRON AS FEO.
**H20 CALCULATED.
***IW = SOM OF IONS IN 12-COORDINATED SITE; :Y = SUM OF IONS
IN OCTAHEDRAL SITE; £Z = SUM OF IONS IN TETRAHEDRAL
SITE.



Page A-19

average about 40% celadonite end member, and less than 0,05
paragonite component.

Brown biotite is scarce, and generally partially
altered to chlorite and hematite.

Accessory and opaque minerals form clusters between the
feldspar and quartz grains, The stable opaque assemblage is
rutile plus hematite, pseudomorphed after ilmenite and
magnetite, Pormer ilmenite grains are composed of
intergrown rutile and hematite: euhedral magnetite grains
have been replaced to varying degrees by hematite.

Fluorite is present in all samples examined, comprising
1/2 to 1 modal percent of the rock. Other accessory
minerals thus far identified are garnet, zored allanite,
titanite, zircon, and a rare earth phosphate.

The garnet in the granite (Table A-5) is an almandine-
spessartite. Garnets have the formula X3Y223012, where X is
8-coorinated, Y is 6-coordinated, and 2z is in tetrahedral
coordination, Calculated formulas for the Cuffytown Creek
garnets do not fit the standard garnet confiquration. An
excess of Al appears in the octahedrally coordinated site
(Y, average 2.56 instead of 2.0), so that a deficiency
appeats in the 8-coordinated site (average 2.32 instead of
3.0). A possible explanation for this is the presence of an
additional, undetected element, which is also suggested by
the sums of the analyses, Microprobe analyses of garnets

generally sum to 103-104 wt. %, probably because of the high
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"TABLE AS
MICROPROBE ANALYSES, CUFFYTOWN CREEK GARNET

S7-54 B7-210

SI02 35.99 36.69 36.44 37.u8
TIO2 0.27 0.26 0.17 0.18
AL203 25.48 26.26 25.42 26.20
FEC* 10.69 11.12 12.37 12.63
NGO 0.0 0.0 0.0 0.0

MNO 26,69 27.19 24,70 24,94
CAO 0.75 0.65 0.48 0.60
NA20 0.0 0.0 0.0 0.0

K20 0.01 0.02 0.02 0.02
sSon 99.88 102,19 99.60 102,05

NUMBER OF IONS ON THE BASIS OF 12(0)

SI 2.88 2.87 2.92 2.92
TI 0.02 0.02 0.01 0.01
ALz 0.10 0.11 0.07 0.07
ALx 2.30 2.31 2+33 2.34
FEX 0.0 0.0 0.0 0.0

PEy 0.72 0.73 0.83 0.82
MG 0.0 0.0 0.0 0.0

MN 1.81 1.80 1.67 1.65
CA 0.06 0.06 0.04 0.05
NA 0.0 0.0 0.0 0.0

K 0.0 0.0 0.0 0.0

IX % 2.30 2.31 2.33 2.34
Y 2459 2.59 2,54 2492
2 3.00 3.00 3.00 3.00
AL 27.63 28.16 32.55 32,67
PY 0.0 0.0 0.0 0.0

SP 69.88 69.73 65.83 65.34
GR 2.4u8 2.1 1.62 1.99
P 2 2 3t P F P 2t A A A 2 - 2 2 - At A 2 L 2 P A A F 2 P P P 2 2 2 b 2 5 B 4

*ALL IRON AS FEO,
**%IX = SUM OF IONS IN TRIVALENT OCTAHEDRAL SITE; IY = SUM OF

IONS IN DIVALENT OCTAHEDRAL SITE; IZ = SUM OF IONS IN
TETRAHEDRAL SITE.
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density of the mineral. The sums shown in Table A-S are
therefore actually 1low. Yttrium is the most probable
candidate for the undetected element, The Cuffytown Creek
garnet may be an almandine-spessartite with 1limited solid
solution toward yttrogarnet (Y3A12A13012), which would
account for the unusually high concentration of aluminum,
The phosphate 4is surrounded by radiation damage halos
noticeably larger than those surrounding zircon.
Qualitative analyses vwith a Kevex so0lid state detector show
that the nmineral is composed of Ce, La, Th, and P, with
iesser amounts of U and Sm. It is probably monazite.
Further optical and microprobe analyses will help to
identify the mineral. Scans of zircon shoved no large
apounts of elements other ¢than Zr and Si, although the
presence of small quantities of U or Th is indicated by the

radiation damage halos.

Eracture Assemblages

The pluton is cut by numerous, steeply dipping
fractures, vhich probably formed during cooling and
contraction of the granite. Several types of fracture
fillings, up to several cm thick, were observed in core from
the drill hole. Some fractures are filled by quartz; a few
are filled by fluorite or quartz ¢ fluorite. Others contain

carbonate ¢ chlorite ¢ sulfides. Pyrite is the sulfide most
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commonly associated with the fractures; sphalerite and
chalcopyrite were found in one sample (305.2 m); in another
(267.5 m), intergrovn Bi-Pb and Bi-Te sulfides were
identified by microprobe analysis.

Also occurring in the fractures are conspicuous black
dendrites, Microprobe analysis shows they are conposed
predominantly of Mn oxides, Mn occurs in -a variety of
oxidation states, and its oxides are difficult to
distirguish, preventing mineral identification. .In thin
secticn, the dendrites appear as opaque linings along

Cleavage traces and grain boundaries.

Shole Rock Chemistry

Major element, whole rock analyses of five samples by
x-ray fluorescence are listed in Table A-6. The high sums
are protably due to silica analyses that are 1-2% too high.
The rock is high in silica ard low in Fe, Mg, and Ca. All
samples are slightly peraluminous. Corundum appears in the
norm, and molecular (K20+#Na20+Ca0)/A1203 = 0.91 (average,

five sawmples).

contact Aureole

The Cuffytown Creek pluton is bounded by a contact
aurecle, approximately 0.5 km wide, which is best exposed on

the northvest side of the pluton. Outside the aureole, the
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TABLE A6
CHEMICAL ANALYSES OF THE CUFPPYTOWN CREEK PLUTON

3 ¥ 3 3 1+ 5 3 3333333+ 3 1 3t T -t Tt -t -ttt

CB7-15 57-53 S$7-55 S7-50A S7-54
SIO02 76.85 76.65 76.35 76.51 76.41
TIO02 0.06 0.06 0.06 0.07 0.06
AL203 14.12 14.61 14.65 14.40 15.12
FPEO* 0.60 0.60 0.50 0.62 0.45
MGO 0.06 0.06 0.06 0.06 0.07
MNO 0.09 0.06 0.06 0.14 0.05
CAO 0.58 0.53 0.61 0.58 0.15
NA20 4,28 4,53 4.23 4,19 4,20
K20 4.98 5.02 5.04 4.88 4,99
P205 0.02 0.02 0.02 0,02 0.02
SUM 101.64 102.14 101.58 101. 47 101.52
Q 30.59 28.80 30,22 31.15 31.66
C 0.67 0.79 1.16 1.20 2.55
OR 28.95 29.04 29.32 28,42 29,05
AB 35.63 37.53 35.24 34,94 35.01
AN 2.70 2.45 2.85% 2.71 0.60
EN 0.15 0.15 0.15 0.15 0.17
FS 1.15 1.09 0.92 1. 27 0.81
& 9 0.11 0.11 0.11 0.13 0. 11
AP 0.05 0.05 0.05 0.05 0.05
AY 1.30 1.24 1.06 t: 01 0.98
HY-EN 0.15 0.15 0.15 0.15 0.17
P 95,17 95.37 94,77 94,51 95,71

—— v ————— - ——— — —— Y — ——— ———— ——— e - . S ————————————— e —— — ——
33 3 3+ 3 T 3+ 2t Tt 2T i3ttt T e E

*A1L IRON AS FEO.
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assemtlage of the wafic metavolcanic rocks is in the
greenschist facies (Pig. A-4a): quartz + vplagioclase
{probably albite) + epidote ¢+ chlorite + opaques ¢
carbonate., Rocks collected from the aureole (Pig. A=-4bh)
contain gquartz + plagioclase + epidote + <chlorite +
hornblende ¢ opaques, Samples that were collected as float
vithin the granite boundary, and that probably represent
xenoliths, contain quartz + plagioclase (An%3) + hornblende

+ clinopyroxene + opaques (Fig. A-Uc).

Skarn

A skarn, approximately 10-20 m wvide, crops out locally
along the northwest contact of the pluton. The rock is
composed mainly of quartz, fluorite, anrd an andradite-
grossular garnet containing 5-6 wt. % MRO. Also present are
actinrclite, bearing 2% Mno, and epidote, Ps23Cz76Pd1. Some
amphiboles grains enclose a core of ferrosalite,

Wo50FPs2SEn22Mn3.

Retrogenesis of the Cuffytown Creek Pluton

Twvo lines of evidence suggest that the presently
exposed granite represents the top of a much larger pluton
(Fig. A-3): the large gqgravity anomaly centered over the

pluton, and the highly differentiated nature of the gramite,
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Pigure A-84. AFM diagrams illustratina assemblages in
the country rock. a--Greenschist facies assemblage outside
the contact aureole; b--assemblage in contact aureole;

c--assesblage in presumed xenoliths collected as float
vithin the granite boundary.
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with its large proportion of quartz and low concentrations
of Fe, Mg, and Ca. The ubiquitous presence of fluorite in
the granite, and its abundance in the skarn, support the
hypothesis that the granite crystallized in the cupola of a
magma chamber, because volatiles, as well as the nmost
differentiated 1liquid, would collect near the top of a
crystallizing granite mush.

To estimate the pressure of crystallization, normative
vhole rock compositions were plotted on a ternary diagram
showing compositions of wminimum melting for varying
pressures at PH20 = 0 and PH20 = Ptot (Fig. A-5).
Conpositions of the granite plot near the wet nminima for
anorthite-free systenms, The discrepancy between the
experimentally determined granite minima and the composition
of the granite may be due to the influence of fluorine on
the system, or to the effect of anorthite. Approximately
2.6 percent normative anorthite is present, and the addition
of anorthite to the Q-Ab-Or system moves the minima toward
the Q-0r Jjoin, in the direction that the Cuffytown Creek
samples are displaced from the anorthite-free minima. The
pressure suggested by the diagram is about 2.5 kb.

After crystallization of the magma and during cooling,
the minerals continued to re-equilibrate, aided by
interactions with 1late stage magrmatic fluids., Plagioclase
and wmicrocline compositions indicate that equilibration

betveen the feldspars persisted to low temperatures.
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0.5kb
2.|o o\
WET 3¢ ® °5 pry
Qe 0|0

Composition of the
Cuffytown Creek Granite

. L.\

Or

Pigure A-5., Normative guartz-albite-orthoclase diagranm
showing compositions of Cuffytovn Creek granite, and
experimentally determined minima for wet (PH20 = Ptot;
Tuttle and Bowen, 1958 and Luth et al., 1964) and dry

systems (PH20 = 0; Luth, 1969).
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Exchange of alkalies would be facilitated by the high
concentration of volatiles (Orville, 1963). To determine
the temperature of crystallization, the value of 2.5 kb was
used in Whitney and Stormer's (1977) geothermometer for low
temperature feldspars. The range of equilibration
temperatures is 350-440°C, similar to the ca. 400°C
temperature determined by Whitney and Stormer (1977) for
perthites in the Danburg, Siloam, and Stone Mountain plutons
in Gecrgia.

The vhite mica may also have changed composition during
cooling., Phengitic micas more typically occur as a
constituent of rocks metamorphosed at low temperatures and
moderate pressures than as a primary phase of igneous rocks.

The oxides reacted from ilmenite + magnetite to
hematite ¢ rutile, Rumble (1976) showed that increasing
oxygen fugacity, in this case supplied by the late stage

fluids, would drive the reaction (Pig. A-6):

1/2 02 + FeTiO3 + FeFe204 =-> Ti02 + 2Fe203

During solidification, contraction probably caused the
extensive fracturing of the rock, creating passages for the
percolating fluids. Quartz, fluorides, and sulfides,
enriched in the late differentiates, were deposited along
these paths of easy migration. Much later, after uplift and
erosion, leaching of overlying rock allowed deposition of

manganese oxides along the fractures by meteoric water.
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Rutile + Hematite |
A [--HM

} Ru’rile+Magne’rite\
log f02

i / lImenite
Rli'flle + _NNO

limenite |  Magnetite  -QFM
X T Fe,O

atémic proportions

TiO,

Pigure A-6. X-f02 diagram from Rumble (1977). Arrow
shows the direction of reaction produced by increasing f02,
from magnetite + ilmenite to hematite + rutile,
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Location of Radiogenic Elements

Work completed to date on the Cuffytown Creek pluton

indicates that U and Th are concentrated in the accessory

minerals monazite and =zircon. Purther work, including

autoradiographs, microprobe analyses, and fission track

studies, are needed to determine if these elements are

present in other sites, The drill core should provide good

samples for studying the effects of alteration on the

location of T and Th; the

fresh to severely altered.

granite from the hole varies from

In fresh rocks, U and Th appear

to be concentrated in the accessory phases.

The reaction seen in
evidence for a

crystallization of

change in oxygen fugacity

the granite,

the iron-titanium oxides provides
subsequent to the
oxidized

In highly rocks,

uranium will be highly mobile as US+; in environments of low

£f02, uranium will be relatively immobile as [§e+, It may be

possibtle in future studies to correlate the level of oxygen

fugacity determined from silicates and iron-titanium oxides

vith the amount of uranium lost after crystallization.
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PROGRESS IN FISSION TRACK ANALYSES

S. W. Becker and J. Alexander Speer

Introduction

Three elements contribute to the heat generated in
rocks by radioactive decay: K, Th, and U. According to
data collected thus far, X generally creates less than 10%
of the heat produced. Even 1in highly potassic rocks, the
contribution from K is no greater than 2.6 HGVU, about one
third of the total. Thus for nearly all rocks, U and Th
produce most of the heat. PRelative contributions from U and
Th can be calculated from Rybach's (1976) equation:

H=0,7180 ¢ 0.193Th + 1,262K
(H in mass units, wucal/gm-yr, U and Th in ppm, K in wt %).
When Th/U is greater than 4.0, Th contributes more than half
of the heat produced. The average Th/U for samples from the
southeastern U. S. is 3.8, so that a significant proportion
of the heat generation comes from Th. Questions concerning
the quantity and distribution of heat-producing elements in
the crust settle on the behavior of U and Th.

Understanding the behavior of U and Th should aid in
locating areas vhere their concentrations are high,
resulting in higher heat generation, Because of the
different geochemical characteristics of U and Th, and the

various processes affecting their distribution, bulk U and
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Th analyses do not significantly contribute to understanding
their behavior, Progress can be made by 1learning the
locations of the elements, the textural relation between the
mineral phases involved, and the abundance of the elements.
Knowledge of these factors allows the behavior of U and Th
to be correlated with the petrologic evolution of the rocks,
vhich can be more readily determined from a study of the
major mineralogy.
our work on the granites in the southeastern U. S. has
identified at least four episodes subsequent to the original
crystallization which could provide suitable conditions for
the sclution, transport, and redeposition of uranium, which
would complicate the understanding of the U and Th
distribution resulting from igneous crystallization, The
episodes are deuteric alteration during the last stage of
magmatic crystallization, hydrothermal activity during the
Mesozoic(?), the supergene stage, anrd weathering. The
country rocks have been subjected to the 1last three
episodes, as vell as the effects of contact metamorphisa,
vhich complicates the understanding of the distribution of
the radiogenic elements achieved during an earlier
metamcrphic event(s). Such intricate geologic histories
make uncertain the choice of criteria that should be used to
locate areas of high heat production if the only information

available is bulk rock U and Th contents,
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Previous Work

Data from fission track studies in the 1literature
indicate variable amounts of U in minerals and along grain
boundaries. Quantitative studies show that U and Th occur
primarily in accessory minerals, Qualitative fission track
vork shovs significantly more U distributed along cleavages,
grain boundaries, and cracks, and associated vith diron and
manganese minerals, The location of U is probably variable,
and depends on the effects of deuteric and hydrothermal
alteration and qgroundwater leaching superimposed on the
original 4igneous or metamorphic distribution. Samples
chosen for quantitative work generally have the least
complex geologic history; hence, a large percentage of the U
and Th in these studies is found in the original
crystallographic sites. Samples examired by qualitative
methods have usually been subject to post-crystallization
pProcesses, and thus shov a more varied distribution. The U
lining grain boundaries, microcracks, ard Fe-Mn minerals has
been probably been leached, transported, and redeposited.
Because Th does not form readily soluble complexes, as does
U, it is believed to remain in sites reached during

crystallization.
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Progress

During the past two months, progress was made toward
deterrining the distribution of U in granitic rocks by
fission track ahalysis. Several thin sections were
irradiated at the U. S. Geological Survey in Denver and have
been returned to the Radiation Safety Office at VPI & SU.
Steps are currently being taken tc comply with the
University safety requlations concerning the use of
radioisotopes. J. A. Speer and S. W. Becker have passed the
course and test required of all personnel involved in the
study of radioactive material. An application for using an
area in Dr. A. K. Sinha's laboratory to examine the
irradiated samples has been submitted and is awaiting
approval by the University Radioisotope Committee.

Preliminary work on the distribution of U and Th has
been performed using the electron wmicrprobe to test the
applicability of this approach. Figure A-7,a-e, are x-ray
scanning photographs of overlapping grains of uraninite and
apatite in a biotite matrix. Each photograph shows the
relative concentrations of one element in the various
minerals; high concentrations appear as light-colored areas.
The uraninite, in addition to uranium, contains significant
amounts of thorium and lead. Calcium in the biotite is
concentrated in a ring surrounding the uraninite grain,

apparently as a result of radiation damage.
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Figure A7. X-ray scanning phcotcgraphs of uraririte and
Apatite grains ancleosed ir bictite:; field- width = 0.11 mm,
(a) Map showing grain bourdaries, {t) scan for U, {(c) scarn
for Ca, showirg zone of Ca-enrichment in radiation-damaged
area of tiotite, (d) Th scan, (e) Fe scan, (f) Pb scan.
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Similar scans of an allanite grain adjacent to
potassium feldspar (Fig. A-8,a-c) show that thorium is
highly concentrated irn allanite, at 1-2 wt %. Uranium vas
not present in detectable amounts.

Piésion track work will allow more detailed study of
uranium concentrations than the microprcbe x-ray scans., Not
only shculd it be possible to determine the absolute uranium
contents of the various phases, but small amounts located
along grain boundaries, cleavage traces, ard cracks should
be detectable as well.

Study of thorium will require more complex methods.
The decay of Th-232, the naturally occurring isotope, is too
slov to use fission track techniques analogous to those used
for U detection. Thorium distributions will be studied by a
combination of microprobe, particle +rack mapping, and
neutron activation techniques. Combined with the fission
track work, these studies should provide an accurate guide
to the distribution of radiogenic elements in granitic

rocks.
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EETROGRAPHIC AND PETROLOGIC DESCRIPTION OF A SUB-COASTAL
PLAIN BASEMENT CORE FROM NEAR JESUP, GFORGIA

Richard J. Gleason

Introduction

The Atlantic Coastal Plain geologic province is
composed of a sequence of Cretaceous to PRecent sediments,
predominantly continental clastics north of southern
Georgia, though becoming progressively marine toward the
coast, and predominantly marine carbonates in southern
Georgia and Florida (Maher, 1971). In general, the Coastal
Plain sediments thicken toward the Atlantic Coast, with
overall structure contours approximately parallel to the
predcminant Appalachian trends to the west (Fig. A-9).
Locally, subsurface structures interrupt this trend, most
notably the Salisbury Embayment and Southeast Georgia
Emtayment, vhere onshore thicknesses of sediment exceed
10,000 feet and 5,000 feet, respectively, and the Cape Fear
Arch, vhere the sediment thickness at the coast thins to
just over 1,000 feet. Offshore, +the Coastal Plain
cortinues to the edge of the Continental Shelf. At the
vestern limit of the Coastal Plain province, Cretaceous and
Tertiary sediments overlie the Piedmont province, composed
of metamorphic rocks and igneous plutons. The Piedmont is
interrupted by deep, early Mesozoic (Triassic-early

Jurassic), fault-bounded troughs of immature cortinental
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basement core #Je 1. (Adapted from Maher, 1971.)



Page A-U3

clastics and mafic volcanics; for example, the Newark Basin
of Newv Jersey, the Richménd Basin of Virginia, and the
Durham-Wadesboro Basin of North Carolina (Pig. A-9).

“"Basement" as defined for the DOE geothermal project
consists of any material underlying Coastal Plain sediment,
and thus may be generalized as "pre-Cretaceous" in age.
Current knowledge and understanding of this pre-Cretaceous
basement is dependent on existing data for wells which have
penetrated the entire Coastal Plain sequence, as well as on
magnetic and gravity data. Because of the considerable
depth of nuch of this sequence, well data is somevhat
scanty, consisting of wells drilled for local water supply,
and a very few deeper oil test wells.

Because any potential heat source for low-temperature
gecthermal energy along the Atlantic Coastal Plain will be
part of the underlying pre-Cretaceous basement, it is
essential that the 1level of understanding of this basement
be vastly improved. To meet this objective, research has
been ongoing at VPI & SU and consists of two parts. The
first aspect of this research is a compilation from
literature of all existing data for wells which penetrate
basement. This vork is being performed for each state and
vill provide existing data points as well as an indication
of areas wvhere data are scarce. The second aspect consists
of direct observation of drill-core samples obtained from
vells vhich have penetrated and reccvered basement material

frcm beneath the Coastal Plain.
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The first such core obtained for study vas recovered
frcm a vell drilled near Jesup (Wayne County) in
southeastern Georgia (Fig. A-9), This well wvas 1located
approximately 130 miles southeast of the edge cf the Coastal
Plain province, and basement paterial was cored from 4341°
to 4371 below the drilling datum, The following discussion
concerns the state of the research concerning this core, and
is intended primarily as a descriptive summary, though some
mention will be made of its relation to other basement data

frcm the area.

Previous Investigations

Because of its proximity to ¢the highly productive

petroleum province of the Gulf Coast, Georgia has benefitted
from considerably more deep drilling activity than any of
the other states 1lying along the Atlantic Coastal Plain to
the nor th. A literature survey has provided a list of 80
deep wells which penetrate pre-Cretaceous basement below the

Georgia Coastal Plain, A number of articles referring to
this basement, based on well-data have been published.
Perhaps the most complete descriptive summary of basement
vell data was prepared by Milton and Hurst (1965), who
provided general petrographic summaries of basement material

frcm 39 wells in Georgia.
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A general interpretation of the basement geology in the
vicinity of the Jesup drill hole was discussed by Applin
(1951). Ross (1958) gave a petrographic aeséription of
uelded tuff obtained in a well fronm Clinch County,
arrroximately 70 miles to the southwest of Jesup. Bass
(1969) described crystalline basement rocks of Florida and
southeastern Georgia, with specific attention to regional

age relationships and tectonic implications.

Rrilling and Recovery of Core

Basement core #Je 1 vas obtained from the State of
Georgia C, D. Hopkins et al. vell, vhich was located
approximately 8.5 miles southeast of Jesup (Wayne County),
Georgia. This well vas completed on December 12, 1977 and
basement material was cored between #4341' and 4371" below
the dr;lling datume. From this 30' interval, approximately
27.5' of core was recovered. The core was then split by the
USes, and half of the core wvas sent to VPI & SU for

analysis.

Magroscopic Description

The core is an extremely fine-grained, dark gray to
black rock with interbedded, light gray beds and laminae.
The 1light gray units range in thickness from a few

millimeters up to approximately three centimeters. The
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darkest portions of the core locally contain well-defined,
fine laminations of less than a millimeter in thickness apd
elsevhere appear massive, The light gray zones have no
internal bedding within given units, Much of the core is
composed of rock which is intermediate between these tvwo
extremes, both in color and development of 1laminations.
This implies that the material in the core may represent a
full range of depositional conditions between those
respensible for the formation of darker, well-bedded
material and the light gray, massive units,

Perhaps the most notable characteristic of the core is
its deformational fabric, Bedding orientation of the gray
layers varies from subhorizontal to subvertical, with
perhaps 25-30% of the core having dips steeper than 609,
Much of the core has a chaotic appearance, with abrupt dip
variations and numerous fin er-scale deformation features
reseebling drag folds and crenulations, This pervasive
deformation resembles slumping of sediments in a semi-
consclidated state, with larger slump blocks deforming
relatively coherently and retaining features such as
bedding, This presumed slumping was rtesponsible for small-
scale faults which 1locally offset laminae by up to several
millimeters. Softer, less consolidated portions of +the
sedimentary sequence appear to have deformed somewhat more
plastically, causing such fine-scale features as "“drag

folds" and fine crenulations of bedding laminae. Figure
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A-10 is a schematic representation of the core, indicating
bedding as vell as fracture orientations. The high degree
of deformation is evident from this fiqure.

In addition to the apparent slump deformation, the core
is cut by a large number of fine fractures, host of which
are filled by calcite., These fractures range from barely
fisible on the macroscopic scale up to a few millimeters in
vidth, In a fevw areas the calcite veinlets open into
irreqular pods approximately one cnm long. Texturally, the
calcite veinlets crosscut the apparent slump deformation
features described above, although several of the calcite
veinlets, particularly the coarser ones, were formed along
fracture zones related to the earlier deformation.
Macroscopically visible fractures, many of which are filled
by calcite, are also depicted on Figure A-10.

On the macroscopic scale, the mineralogy of the core is
sosevhat indeterminable, due to the fine-grained nature of
the core material, Pyrite is visible as disseminated
euhedral grains finer than 0.1 mm and as amorphous blebs
oriented both along bedding and long some of the 1larger
veinlets. A mineralogical difference between the dark and
light units is suggested by the difference in hardness--the
considerably softer nature of the light gray laminae implies
a higher clay/mica content than in the gray-black sections.
Calcite is identifiable in most of the coarser fractures in

the core. Apart from these minimal observations, no
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further identification of the minreralogy is possible on the

macroscopic scale.

Petrography

Iexture

The entire core is composed of extremely fine-grained
material, most of which is groundmass finer than .01 mm,
Much of this groundmass may be as fine as .002-.005 mm. The
core exhibits a well-developed pyroclastic texture,
primarily defined by a variable but considerable content of
angular phenocrysts ranging up to ,05-.06 mm in size, which
are most abundant in the light gray layers. A few local
features resembling shard structures were also identified,
particularly in the light gray layers. The fine grain size
and pyroclastic texture of much of the core imply that much
of it may have originated as volcanic ash which vas erupted
frcm vents and deposited as ash-fall tuffs,

The variability in darkness of the core material is
identifiable in thin section as a function of the opaque
content, The darkest sections of the core generally contain
the highest amount of pyrite and brown iron oxide stain,
vhile the light gray layers have a much lower mafic content.

The darkest sections of the core commonly exhibit well-
developed Rmicroscopic 1laminations resembling fine-scale

bedding features. These laminations are largely a result of
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the concentration of opaque grains and contrasting degrees
of brown staining in lenticular zones. The sections that
exhibit the best-developed 1laminations correspondingly
contain the 1lowest amount of phenocrysts. Conversely, the
light gray layers characteristically contain the highest
pyroclastic content in the form of phenccrysts, but are
almost alvays massive within the layers.

As the macroscopic appearance of the core suggests,
much deformation is visible in thin section. Microscopic
lapinations exhibit micro-folds and crenulations, and
offsets of these structures indicate the presence of
microscopic faults, These deformational features resemble
the macroscopic ones which were attributed to soft-sediment
slumping of the core sequence., Microscopic features related
tc a later deformation episode(s) are also recognizable;
felsic apophyses and veinlets of feldspar or quartz are
ubiguitous throughout the core and are crosscut by later

carbonate veinlets.

Biperalogy

The mineralogy of the core is relatively constant, with

slight variations between the light gray layers and the
dark, laminated Trock. The groundmass of the core is
composed primarily of felsic material and sericite. The

sericite blades have a maximum length of approximately .005
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mm, vhile the felsic grains are finer than .002 mm and are
unidentifiable in thin section. Sericite content increases
visibly in the light gray layers, where it composes the bulk
of the groundmass; hovever, in the darkest and best-
laminated sections, the sericite content decreases to a
grcundmass accessory, with the groundmass instead being
ccmposed almost exclusively of felsics, X-ray diffraction
analyses of both the 1light gray and dark material verify
this mineralogical contrast, as the diffractograms indicate
that the predominant mineralogy of the light gray mataerial
is a 10 angstrom vhite mica phase with subordinate quartz
and albite, while the dark material is composed primarily of
quartz and albite.

The phenocryst population of the core is comprised
mostly of quartz and .altered feldspar. The relative
abundances of these two phases vary between tuff units.
Feldspar phenocrysts are commonly altered to fine-grained
calcite, sericite, quartz(?) and occasionally are stained
brcwn by iron oxide and locally rutile, Accessory
phenocrysts are apatite, chloritized biotite, and =zircon.
Although phenocrysts are most abundant in the light gray
tuff units, compositionally the phenocryst population is
apparently constant throughout the core.

A mineralogical feature peculiar to the light gray tuff
layers is the presence of anhedral calcite of approximately

the same size range as the phenocrysts. The occurrence of
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these grains disseminated through the groundmass of these
layers and their porphyroblastic appearance implies a
possible origin during a post;depositional
recrystallization.

The mafic phases of the core are predominantly
contained in the darker sections. Minor disseminated
eubhedral pyrite finer than approximately .01 mm 4is present
in the 1light gray units; the darker sections of the core,
hovever, contain considerable pyrite, both as euhedral
crystals up to .1 mnm and as anhedral, flattened lenses
localized between apparent bedding laminations. Chlorite is
a minor constituent of the groundmass of all but the
lightest sections of the core. A few well-bedded sections
of the core contain small masses of egg-shaped grains,
approximately .005 am in size which appear to be
concentrated along bedding. Later microprobe vork
identified these as chlorite. Semi-opaque masses qf
calcite, rutile, and leucoxene are disseminated through the
cote, presumably from alteration of titanite, Dark brown,
hydrated iron oxides are the remaining mafic phases present
and are to a large degree TrTesponsible for the dark color of
much of the core.

Much of the core is cut by irreqular, somewhat
discontinuous veinlets of gquartz, albite, and quartz with
albite, indicative of several episodes of veinlet formation.

These veinlets are crosscut by later carbonate veinlets,
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some of wvhich contain subordirate subhedral to euhedral

quartz or accessory pyrite.

Miperal Chemistry

Feldspars. Microprobe analyses were run on five

veinlet feldspar grains and over 50 feldspar phenocrysts.
The recalculated mole percent analyses of An-Ab-Or are
listed in Table A7 and are plotted on a feldspar ternary
diagram in Figure A-11, The five veinlet feldspars
(analyses 1-5 in Table A7) show a mean composition of 96.7
mol % albite, with values ranging from 94.5% to 98.9%. The
An content of these feldspar grains ranges froe .6% to 3.1’,
vith a mean value of 1.7%.

The phenocryst analyses varied from nearly albite to
nearly orthoclase composition. Figure A-11 gives .an
indication of the complete range of phenocryst compositions.
To test whether the wide range of compositions was a result
of grouping phenocrysts from separate, possible unrelated

tuff units into one analytical population, the phenocrysts

wvere reanralyzed by including numerous grains from each of
several tuff wunits, The results showed that the range of
compositions of phenocrysts within a given tuff unit was

nearly as extreme was was that of the total phenocryst
porulation as a whole, In fact, several phenocrysts vere

analyzed in several locations, and compositional variation
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Al
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TABLE

A7

RECALCULATED ARB-AN-OR COMPOSITIONS OF PFLDSPARS FROM MICRCPFOBF ANALYSES

(@)
Gayzd> 1-15%a
2.18
97.76
0.06

(7)
Ga/Jd= 1-15d
1.41
27.29
71.30

(13
Gaszde 1-157
1.68
56.16
42.20

(19
Ga/J= 1-15p
5.89
Al.41
10.70

(25)
Ga/Jde 1-15v
2.41
95.10
2.49

(@R
GasJde 1-16f
2.02
£8.25
29.73

(2)
Gi/zJd= 1-15b
3.1
95.77
1.12

(8)
Ga/de 1-15e¢
2.26
81.79
15.95

(1)
Ga/Jd= 1-15k
2523
85.84
11.93

(20)
Ga/Jds 1-15¢q
1.00
91.75
7.25

(26)
Ga/Jd= 1-162
0.€66h
79.62
19.7

(32)
GasJde 1-16q
2+37
87.56
10.07

3
Ga/Jd= 1-20a
2.00
94,52
1.48

9
Ga/Jde 1-1sf¢
5.25
1.33
93.42

(15)
Ga/Je 1-151
0.71
98.81
0o.u83

(27)
Ga/Jde 1-1Sr
6.55
87.87
5.58

(27)
Ga/Jde 1-16b
9.16
70.39
20.45

33)
Ga/Je 1-18a
3.14
28.32
£8.54

4)
Ga/J2 1-25a
0.60
96.323
3.06

(10)
Ga/Je 1-15g
2.46
84.88
12.66

(16)
Ga/J= 1-15m
0.38
98.82
0.80

(22)
Ga/Je 1-15s
.35
76 .99
16.66

(28)
Ga/Ja 1-16¢c
3.30
76.31
20.39

(34)
Ga/Je 1-18b
4.01
63.35
32.63

(&3]
Ga/Jde 1-25:k
0.87
98.RS
0.28

()]
Ga/Jd= 1-1Sk
1.93
0.73
97.34

(1
Ga/Je 1-15p
2.73
66.61
30.F6

23)
Ga/Jde 1-15+
3.16
61.82
35.02

(29)
Ga/Jc 1-164
4,18
1.47
94, 35

(3%)
Ga/Je 1-18c¢c
0.69
46.65
52.66

(6)
Ga/Je 1-15c
11.20
2.43
86.39

(12)
Ga/Jde 1-15i
2.41
AS. 86
31.73

(18)
Ga/Jde 1-150
2.26
64,02
33.72

(2u)
Ga/Jd2> 1-15u
2.34
90,02
7.64

(30)
Ga/Jde 1-1A2
0.4y
99.32
0.28

(36)
Ga/J2 1-184
1.67
32.87
65.46

ng-V @beg
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AN
AB
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AN

OF

AN
AB
OF

AN
AB
OF

AN
AB

(a7
Gasadz 1-20b
1.640
28,98
9.62

(43)
Gay/Jd=2 1-20q
1.46
83.70
14, 84

(49)
Gay/J> 1-20i
0.54
6.57
92.89

(55)
Ga/J> 1-20m
1.68
47,74
50.58

(51
Ga/ds 1-224
1.7
77.49
20.80

(38)
Gay/Jds 1-20c
1.37
97.74
0.8a

(uu)
Ga/Jde 1-20q
0.63
90,14
9.23

(590)
Ga/d= 1-20i
0.u48
7.68
91.84

(56)
Ga/Jde 1-20n
0.23
6.15
93.62

. (62)
Ga/Je 1-22e
1.48
52.01
46.52

TABLF A7 (CONTINUFED) .

(39)
Ga/de 1-204
5.96
82.58
11.46

(u5)
Ga/Jde 1-20qg
3.3%
85.60
11.09

(51)
Ga/Je 1-20:
0.31
5.19
94.50

(57
Gay/Jde 1-200
N.u9
9.u6
90.05

(63)
Ga/Jde 1-25c
1.28
97.08
1.65

(49)
Ga/Jd> 1-20e¢
0.91
12.47
86.61

(46)
Ga/Je 1-20q
2.64
90.44
6.92

(52)
Ga/J> 1-20j
0.31
10.94
A8.74

(58)
Ga/Js 1-22a
0.10
85.82
14,08

(CRY))
Ga/Je 1-20¢
0.0
4,53
95.47

(47)
Ga/Jde 1-20t
0.57
27.10
72.33

(53
Ga/Jdrs 1-20k
0.80
96. 35
2.85

(59)
Ga/Je 1-22t
3.04
58.41
38.55

(82)
Ga/Jes 1-20q
0.61 .
33.83
h5.56

(u8)
Ga/Je 1-20h
3.19
83.81
12.99

(51)
Ga/de 1-201
0.92
46.99
52.09

(60)
Ga/Je 1-22¢
0.40
55.28
44,32

G-y @8eq
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even within the individual phenocrysts was extreme (see
analyses 42-46, 47-48 in Table A7).

Although the majority of phenocrysts have predominatly
sodic compositions, the variation is too extreme to predict
phenocryst compositions, No distinction can be made between
feldspars of contrasting composition based on optical
properties alone, due to the state of alteration of the
phenocrysts., It is concluded then that the compositional
variation is a reflection of the alteration of the original
phenocrysts. Virtually all (12 of 15) of the phenocrysts
with Or content greater than 52% shov wt % apalyses of
oxides vhich are deficient in silica and enriched 1in
aluminum, and therefore appear to be better represented as
phengitic mica analyses instead of feldspar analyses. The
analyses of these same phenocrysts exhibit enrichment in
comrbined iron plus magnesium, supporting this idea. The
three analyses which did not show silica enrichment and
aluminum deficiency (analyses, 9, 11, 29 in Table A7) were
instead enriched in calcium and titanium by two to three
times the amount contained in the rest of the feldspars
analyzed.

The feldspar phenocrysts vere probably originally
alkali feldspars of anorthoclase tc sanidine composition.
Sukjected to post-depositional me tamorphism, they vwere

altered primarily to ablite, phengite, and quartz.
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Upon microprobe analysis, a given phenocryst shows a
cosposition reflecting the bulk composition of the fine-
grained alteration products located under the beanm. The
three K-rich phenocrysts which were enriched in calcium and
titanium may represent phepocrysts containing more calcite
and rutile than the other more sericite-rich phenocrysts.

some of the chemical comporents taking part in the
alteration of the original phenocrysts may have been
contributed from alteration of the surrounding groundmass.
Nonetheless, the original phenocrysts vere Aprobably
ccrpesitionally alkali feldspars.

Chlorite. sSix microprobe analyses of chlorite appear
in Table A8. Three wvere analyses of chlorite nucleation
"eqgs" (analyses 1-3), one was of a chloritized biotite
(analysis 4), and two were of groundmass chlorite (analyses
S=6) . A1l chlorite analyses indicate intermediate Fe-HNg
varieties, and the "eqgs" are the most iron rich.

Rhite Mica. Microprobe analyses were obtained for six
grcundmass micas (analyses 1-6 in Table A9). In addition,
tvc K-rich feldspar phenocryst analyses were recalculated to
fit a wmica formula (analyses 7-8). All aralyses indicate
micas of .phenqitic composition with slight aluminum
deficiency in the octahedral sites caused by enrichment of
ircn and magnesium (up to combined Fe + Mg = 0.8-0.9 per 24
oxygen structural formula). As expected for phengitic
picas, they are also enriched ir silica in the tetrahedral

sites, causing aluminum deficiency in these sites. In



TABLE A9

HICFOPROBE ANALYSES OF CHLORITES

Q) (2) 3) (#) (5) (6)

OXIDE/SAMPLE# Gayzde 1-15a GasJde 1-15b Gaysde 1-15¢ Ga/J>» 1-153 Ga/Jd= 1-0a Ga/Je 1-20b
5302 26.480 29.20 26.98 28.86 29,30 29,08
Al203 21.00 22.82 22.17 21.08 20.45 21.63
F=0 32.86 29,04 31.10 27.29 21.138 22:2%
Tin2 0.0 0.0 0.0 1.47 0.0 0.0
MnC 0.92 0.82 0.86 0.85 0.R8 0.77
cao 0.02 0.09 0.10 0.10 0.14 0.12
Mao 9.54 9.32 8.4¢€ 11.91 13.14 14.89
Nz 20 0.01 0.19 0.04 0.06 0.24 0.05
K20 0.0 1.05 0.40 0.55 0.11 0.16
20 11.35 11..85 11.38 11.90 11.42 11.82
SN 102.18 104 .29 101.49 104,07 27.06 100.73

Fcrmulas basrd on 18 oxygers
Si 2.796 2.952 2.842 2.906 3.074 2.9u48
Al 1.204 1.048 1.158 1.094 0.926 1.052
SuN 4.000 4,000 4.000 4.000 4.000 4,000
Al 1.408 1.670 1.594 1.408 1.603 1.532
Ti 0.0 0.0 0.0 0.111 0.0 0.0
Fe 2.901 2.45% 2.740 2.298 1.876 1.8R13
M 0.082 0.970 0.077 0.073 0.078 0.066
Mq 1.501 1.404 1.328 1.788 2.055 2.250
Ca 0.002 0.010 0.011 0.011 0.016 0.013
Na 0.002 0.020 0.008 0.012 0.049 0.010
K 0.0 0.135 0.054 0.071 0.0915 0.021
SuM 5.898 5.765 5.812 5.77% 5.692 5.774
] 8.000 8.000 8.000 8.000 R.000 8.000
0 18.000 18.900 13.000 18.000 18.000 18.000
F/H 1.987 1.79¢ 2.120 1.326 0.951 0.846
F/FN 0.665 0.6417 0.680 0.570 0.487 0.464

6S-¥ ®begd
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TABLE A9

MICROPRCAF ANALYSES OF WHITF MICAS

() (2) (3 %)

OXIDE/SAMPLF# Ga/zde 1=-22a fa/Je 1-22h Ga/lde 1-22¢ Gaszde 1-224
5402 50, %0 1,89 54,51 R, n%
AL 202 30,18 32,10 30,51 30,52
Fe 0 1619 1.53 2,28 1,40
102 2,R2 0.0 0.0 0.0
Mno 0.04 0.06 0.09 0.07
can 0.05 0,05 0.07 0.04
g0 171 1.79 2.58 1,68
¥ 20 0.03 0.02 0.03 0.03
K20 7,55 8,14 7,40 7,95
H20 4.56 .62 4,73 4. 35
snm 98.82 100,20 102, 22 94, 49

Ferrulas hasad on 24 oxyaqens

s i 6.636 €,723 6,908 6.672
Al 1.364 1.277 1.092 1.327
SUM 8.000 7,000 8.000 8,000
Al 3,340 ) 2.624 J.u63 3.625
T 0.279 0.0 0.0 0.0

Fe 0.130 0.166 0.242 0.161
Mn 0.004 0.007 0,010 0.008
rq 0.335 0. 346 0.4R7 0.345
SUM 4,087 u,1u2 4,201 4,140
Ca 0,007 0.007 0.010 0,006
Na 0.008 0.005 0.007 0.008
K 1.265 ' 1.345 1.196 1.396
SUM 1,280 1,357 1.213 1.410
H 4,000 4,000 4,000 4,000
0" 24,000 24,000 24.000 24,000
/N 0.400 0,499 0.516 0.491

F/Fm 0.2R6 0,333 0,340 0.329
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TANLE A9 (CONT!‘IUED)
(5 (6) (7 (8)

OXIDE/S AMPLE# Ga/de 1-15a Gaszle 1=-15h Ga/de 1=15¢ Ga/de 1-20a
5102 47,37 46,93 51.52 49,98
Al2n3 32,139 32.61 35,36 35.75
Fa0 b,64 : h,94 2,01 1.61
Ti02 0.23 0.31 0,0 0.0
Hno °|13 ¥ 0117 0. 12 0.06
ca0 0,14 0.0 0.06 0.0
Mg o 1.79 1.67 1.07 1.2
Na 20 0.14 0.12 0.59 n.38
K20 8.67 10.20 7.66 8,12
H20 4,49 4,50 4,75 4,68
suM 99.99 101,45 103, 14 101.81

Formulas based on 24 oxygens

st 6,322 6,243 6.497 6.395
M 1.678 1,757 1.503 1,605
suN 8,000 8,000 8.000 8,000
Al 3016 3,355 3,751 3,784
™ 0.023 0,031 0.0 0.0

ve 0.518 0,550 0,212 0.172
Mn . 0,015 . 0.019 G.013 0.007
g 0. 356 0.331 0,201 0.235
sun u, 328 u, 28¢ 4171 4,198
ca 0.020 0.0 0,008 0.0

Na 0.036 0,031 0,144 0.094
K 1,476 1,731 1,232 1.325
sum 1,532 1.762 1,384 1,419
H 4,000 4,000 4,000 4,000
0 24,000 24,000 24,000 24,000
F/8 1,496 1.718 1.118 0.762

F/Pm 0.599 0,632 0,528 0,433
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addition, the interlayer charge (K + accessory Na + Ca) is
reduced to less than 1.8 per 24 oxygen structural formula,

as ccmpared to a value of 2.0 for ideal muscovite.

Interpretation of Origin and Deformation

Textural and mineralogical contrasts between the

extreme types of <rock in the core--the 1light gray, massive
layers and the dark, laminated sections--imply that
depositional conditions fluctuated during the formation of
this sequence of volcaniclastic material. In the 1light gray
units, the poorly developed to massive internal bedding and
high pyroclastic phenocryst content, along with local shard-
like structures, support an interpretation of these units as
ash-fall crystal tuffs, The contrasting dark, vell-
lapinated sections of the core exhibit fine sedimentary
bedding features and a reduced phenocryst component,
seeingly representing reworked volcaniclastic or epiclastic
detris probably derived from a subaerial source. The
preservation of fine textural features such as tuff
larinations and apparent bedding laminations, as well as the
extremely fine grain size, imply deposition in a deep basin
in which bottom currents would have been too gentle to have
disrupted the seguence.

This deep basin was probably located in close proximity

tc a volcanic province. Eruptive vents would have provided
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volcaniclastic material which would have included occasional
bursts of tuffaceous debris carried out over the basin as
ash-clouds and subsequently deposited as ash which would
settle out rapidly on the floor of the basin as fairly pure
ash units, presently represented by the light gray sections
of the core., During periods of relative quiescence,
revorking of a previously existing, possibly subaerial
terrain would provide an influx of fine clastic debris which
presently comprises the bulk of the darker sections of the
core, The mineralogical and grain-size similarity of the
darker sections and 1light gray 1layers of the core imply
similarity of source material; therefore, it is probable
that the darker sections were derived from reworking of
pyroclastic debris. The presence of pyroclastic phenocrysts
in the darker rock, although in 1lesser quantity than in the
light gray tuff units, imélies that semicontinuous though
less voluminous or more distal eruptions of tuffaceous
debris occurred during much of the period of deposition.

The large proportion of opaques present in the dark,
laginated, reworked volcaniclastic sections might be related
to the chemical erosion of volcanic debris: iron might be
taken into solution, to later slowly precipitate out as
pyrite or hydrous oxides during the sedimentary sequence.
Alternatively, the high opaque content may instead have been
caused by exhalations of 4iron alorg with sulfur from a

subterranean vent (or vents). The relatively slow build-up
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of the sedimentary sequence as opposed to the rapid
deposition of the ash-fall tuff units would allow more time
for the precipitation of pyrite and hydrated oxides, thereby
accounting for the great difference in mafic content of the
dark, bedded material as compared to the 1light gray
tuffaceous units,

The first deformational episode to affect the core
sequence apparently was the result of slumping of the
material while in a semi-consolidated state. This
deformation may have occurred during the interval of
deposition or may have continued after the end of
deposition, The environment of deposition as visualized in
the above description would have beer conducive to slumping.
The sediments would have been vater-saturated, and the slope
of the basin floor could have been quite irregular. In a
volcanotectonic setting such as has been proposed for the
formation of the material in the core, considerable seismic
activity could be expected to cause earthquakes, leading to

instability and slumping of the sedimentary sequence.

Betaporphisn

The mineral assemblages present in the core have re-

equilibrated at conditions different from those prevailing
during deposition., It is not possible to determine vhether

metamorphism wvas imposed by conditions accompanying deep
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burial or by the existence of a high geothermal gradient
related to a local thermal event. The original detrital
assemblage vas probably composed of clay minerals (perhaps
mixed layer illite-montmorillonite), quartz, and alkali
feldspar with accessory minerals such as titanite, apatite,
and zircon. With metamorphism, the current assemblage was
obtained., Clay minerals were transformed to phengitic mica
and chlorite, a portion of which is present as ‘"eggs"
apparently representing the initial stages of chlorite
grovth, Titanite was altered to rutile, calcite, and
quartz, and alkali feldspar vas altered to albite, phengitic
mica, and calcite. Calcium released during the alteration
of titanite and feldspar appears to have been scavenged to
form calcite porphyroblasts concentrated in many of the ash-
fall tuff units, while albite and gquartz were recrystallized
and mobilized during several episodes of veinlet formation.
X-ray diffractograms of mica-rich material from the
core vere obtained in an attempt to determine a
"crystallinity index" as an index of metamorphic conditions
(Kubler, 1968; Weaver, 1960). Kubler®'s indexing method was
not applicable in this case because it relies upon a half-
peak width of the 10 angstrem nmica peak, a criteria
dependent upon 1laboratory and apparatus conditions. No
attempt to standardize such parameters was made for this
study. Weaver's method of crystallinity indexing is to
divide the height of the 10 angstrom peak at 10.0 angstroms

by the height of the side of the peak at 10.5 angstroms.
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This ratio from four separate diffractoqrams resulted in a
value of 2.82, midway between Weaver's "incipient"™ and
wincipient to wveak" metamorphism categories.

A transformation from a 1Md to a 1M to a 24 structural
polymorph during the structural rearrangement that occurs in
changing illite to muscovite is well documented (Reynolds,
1963; Velde and Hower, 1963, Hower and Mowatt, 1966; Maxwvell
and Hower, 1967). A ratio of the intensities of the 2.80
angstrom and 2.57 angstrom mica peaks wvas used to determine
the degree of development of the 2M polymorph (Maxwell and
Hower, 1967). According to guidelines set by Maxwell and
Hower, the values of this ratio from four diffractograms
indicated that the phengitic micas of the core were
approximately 75-77% converted to the 2M polymorph.

The crystallinity index measurements and polymorph
determination, along with the 10 angstrom basal reflection
of the mica, indicates that it obtained a moderate to high
level of transformation from illite to a metamorphic mica,
No interlayered montmorillonite is present and the polymorph
type is nearly a metamorphic 2M rather than a 1low-grade
diagenetic 1Md polymorph.

The mica polymorph data, its phengitic ccmposition, the
presence of chlorite "eggs® implying formation at an
incipient nucleation stage, the alteration of alkali
feldspar to albite, sericite, and calcite, the presence of

altite-quartz veinlets, and the coexistence of rutile,
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calcite, and quartz all provide an indication of the facies
conditions under which the core was metamorphosed.
Conditions were likely similar to those of Winkler's (1976)
"very low grade." This category corresponds to conditions
Just belov or at the lower boundary of the greenschist
facies.

Experimental data on the stability fields of several
reactions pertinent to the mineral assesmblage of core #Je
1 provide rough constraints on the pressure and temperature
attained during metamorphism. Conditions exceeded those
necessary for a conversion from analcime + quartz to albite
(Liou, 1971) but were below those necessary for the
formation of biotite. Other 1limiting reactions are the
ccnversion of albite to jadeite + quartz (Newton and Fyfe,
1976), the conversion of muscovite + calcite + quartz to
andalusite + K feldspar + vapor (Hewitt, 1973), and the
conversion of rutile ¢ calcite + gquartz to titanite + CO2
(Hunt and Kerrick, 1977).

The location in P-T space of these reaction curves will
vary depending upon the partial pressures of H20 and CO2
prevailing during metamorphism. The Treaction transforming
rutile ¢ calcite ¢ guartz to titanite + CO02 is particularly
dependent on pC02. The assemblage present in the #Je 1 core
indicates that both C02 and H20 were present in unknown but
substantial amounts. 1In order to relate the above reactions

to the mineral asssemblage of the core, it would be
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necessary to assume a specific partial pressure for both H20
and C0O2, PFigure A-12 is adapted from Thompson and Thompson
(1976) and schematically depicts the bounding reactions and
the stability field of the core assesmblage assuming Ptotal
equal to Pfluid for an intermediate CO02-H20 fluid.

Combining the facies interpretation with the
experimental constraints, it remains difficult to speculate
on specific pressure and temperature co: ‘itions. A
temperature range is perhaps 225-330°C, and pressure likely
vas belov a maximum of 2-3 kb.

Formation of 1late-stage carborate veinlets occurred
after the metamorphism of the core. Hicroproﬁe analyses
indicate that the veinlets are filled by carbonates of both
calcitic and zoned iron-magnesium-manganese-rich ankerite
varieties, probably reflective of wmultiple episodes of
veinlet-filling.

Most of the carbonate veinlets present in the core
cross-cut the earlier albite-quartz veinlets, though a minor
amcunt of carbonate veinlets may have been generated during
the earlier metamorphisnm, Most are related to a later,
perhaps separate phase of hydrothermal activity, however. A
few of the coarser calcite veinlets contain euhedral quartz,
implying that these veinlets filled fractures which were
prcbably subjected to minimal and hydrostatic pressure.
some of these later, coarser calcite veinlets are localized

alcng minor faults, apparently representing the final
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ProraL = PrLuip

Temperature

Figure A-12. Schematic pressure-temperature diagram
for metamorphic reactions in a system similar to that of
basement core #Je 1., The shaded area represents the
stability field of the wmineral assemblage of the core.
Ptotal is equal to Pfluid, which is assumed to have an
intermediate H20-C02 composition. Figqure adapted from
Thompson and Thompson (1976) wvith ¢the exception of the
rutile + calcite + quartz -> titanite, which is estimated
frcm Hunt and Kerrick (1977), for an intermediate H20-CO2
fluid composition.
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>

episode of deformation affecting the core sequence; thus, it
possible that some hydrothermal activity accompanied this

episode.

Geperal Tectonic and Regiopal Implications

The Jesup, Georgia basement core #Je 1 is located in a
section of Georgia where several other wells have penetrated
pre-Cretaceous basement and have exhumed similar material.,
This material has variously been described as rhyolitic
lavas and pyroclastic rocks (Applin, 1951), rhyolitic tuffs,
volcanic ash, and altered granite (Milton and Hurst, 1965),
and welded <tuff (Ross, 1958). Further to the northwest,
vells have penetrated basement rocks more similar to those
of the exposed Piedmont (Milton and Hurst, 1965) . The
relationship between the volcanic basement province
rerresented by core #Je 1 and the Piedmont-type basement

rccks is not known and is beyond the scope of this report.

Taylor, Zietz, and Dennis (1968) have discussed the

East Coast magnetic anomaly which approximately parallels

the edge of the continental shelf from the Canadian
Maritimes south to about 319N latitude, where it bends
abruptly, trending perpendicular to the coast, and crosses
the shoreline at Brunswick, Georgia, approximately at the
southern boundary of the basement volcanic province

discussed above, South of this boundary, undeformed lower
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Paleozoic clastic sediments have been encountered in
basement wells, and although it has been postulated that
these sediments overlie a continuation of the volcanic
prevince to the north (Applin, 1951), the nature of the
contact zone between the volcanics and the clastic sediments
is unclear.

The basement province represented by core #Je 1
therefore represents a region of considerable tectonic
uncertainty., The very low-grade metavolcanic rocks such as
those discussed in this report may simply be a southeast
cortinuation along strike of Slate Belt  rocks of the
Piedmont wvhich dip below the Coastal Plain in central North
Carolina. Alternatively, they might be representative of a
separate region of very low metamorphic grade pre- or lower
Paleczoic volcanic rocks which are onlapped to the south by
lover Paleozoic sediments, A third possibility might relate
these volcanic rocks to the East Coast magnetic anomaly,
vhich may bear some relation to +the Triassic-Jurassic
breakup of North America and Africa. A conclusion regarding
the full tectonic implication of the southeast Georgia
basement volcanic province is not possible at this time;

further research may shed light on the subject.
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¥ork in Progress

At this time, research is continuing on basement core

tJe 1, Several samples of variable 1lithologies from the
core have been given to Dr. Dewvey MclLean of VPI & SU for
palynological study. In addition, samples have been sent to
Dr. ‘John Sutter of Ohio State University for ¢OAr/3%ar
vhecle-rock age determinations. Completion of research on
core #Je 1 also avaits the results of wvhole-rock and trace
element chemistry analyses being performed on six
characteristic samples by the USGS in Reston, Virginia. The
results of these final analyses will supplement the research
presently completed and discussed in this report, and the
palynology and *9Ar/39Ar analyses may provide some age-
dating criteria which could aid in a tectonic and genetic
interpretation of both the core material and the surrounding

basement province.

conclusions

In-depth research of basement core material such as

core #Je 1 provides a considerable amount of data useful in
the interpretation of the basement geology and tectonics of
the sub-Coastal Plain surface. Information such as that
contained in this report will be valuable during later

preparation of a map of this basement surface., In addition
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to the data provided specifically concerning the #Je 1
basement material, the information gleaned will be
additionally valuable in helping to interpret other basement
data from nearly vwells discussed in the literature or
available at the state Geological Survey. The goal of the
basement research ongoing presently at VPI &€ SU then is to
formulate as complete an understanding as possible of the
pre-Cretaceous basement below the Coastal Plain and
ultimsately, to use this data in the interpretation of likely

heat sources for future geothermal target areas.
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SILOAM GRANITE

BeA. Merz

Fourteen (14) samples from the Siloam, Georgia pluton
have been analyzed for major element chemistry. According
to the fetrology section of report VPIESU -5648-1, seven (7)
of these samples were from the porphyritic phase, four (4)
from the mafic, "possibly contaminated®™, phase, two (2) from
the s®sedium grained phase, and one (1) from the garnet
bearing phase, However, two of the "possibly contaminated™
sanples vere not cheamically contaminated and vere
indistinguishable chemically from the porphyritic samples.
In the average compositions presented ir Table B-1 these two
(2) samples are included with the porphyritic phase. The
porphyritic and medium grained phases are very similar in
composition, This was to be expected since they are
"mineralogically identical" (petrology section cited above).
The single gamma-ray U and Th analysis available for the
medium grained phase is not sufficient evidence to suggest a
contrast in U contents between the two phases. Areal
chemical variations, such as the increase in
K20/ K2C+Na20+Ca0) from the margin +to the core of the
pluton as observed by Radcliffe and Humphrey (1971), were
not found in this study, but we have analyzed less than half

‘'as many samples as they did.
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In common with the FRolesville samples, (geochemistry
secticn report VPI&SU-5103-5) the Siloanm porphyritic and
medium grained samples, which all have >17% normative Qz,
plot cn the boundaries of the syenogranite and monzogranite
fields of Strekeisen's (1976) Or=-Ab-An normative
classification diagram. The one garnet bearing sample plots
on the alkali-feldspar granite, syenogranite boundary and
this reflects the more felsic mnature of this phase as
described in the petrology report. The two mafic, possibly
contaminated samples, have <17% normative 0z and are defined

as calcalkaline syenites.

Figure B-1 shows the Siloam normative Qz-Ab-Or data
Flotted on the wvater saturated phase diagram. Plotting only
the porphyritic and medium grained samples results in a
field occupying the right half of that shown. It can be
seen that the Siloam field extends towards lower pressures
than do the Liberty Hill or Winnsboro fields. The latter
plutons are believed to have pressures of emplacement of 4-5
Kb (geochemistry section report VPI&ESU-5103-5). The Siloam
samples, other than the two mafic and one garnet bearing
ones, have Ab/An ratios of 2-4, The effect of an An
component on the Qz-Ab-Or 2 Kb saturated system is shown in
Figure B-2 and it can be seen that, for the appropriate
Ab/An ratios, the Siloam field 1lies at pressures a little
higher than 2 Kb, A pressure between 2 and 4 Kb is

suggested and this is in good agreement with the results of
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Page B-5

Winnsboro Liberty Hill

o,
LI

........

..........................

Ad

—— Surface
—-—=Core
EETEEES Castalia

Figure B-2, Normative Qz-Ab-Or diagrams for P H20 = 2
Kb showing the effect of an An component.
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Whitney and Stormer (1977) who suggest, on the basis of two
(2) feldspar compositions, a depth of emplacement of 7-10

km.
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TABLE B-1. SUMMARY OF EXPERIMENTAL CONDITIONS

CHEMICAL COMPOSITIONS OF SILOAM SAMPLES

-t + 2+ 2 : 2+ 3 2 2 2 2+ 3+ + + F + 2 2+ 3 B+ -+ 2+ > 2+ 4 2 &+ S 3+ 3 3 3+ 3 3 3 R L+ 3+ 533 31 5
Phase Porphyritic Medium Grain GA Bearing Mafic
No. Sasples 9 2 1 2
No. U & Th 5 1 0 2
Si02 71.15 70.42 75.60 64.06
(st. dev.) (2. 1) (0.65) (0.91)
(st. dev.) (0.06) (0.03) (0.19)
Cao . 1.88 1.63 1.85 3.18
(st., dev.) {0.4) (0.01) (0.24)
0 0.96 0.82 0.88 2.58
(st. dev.) (0.48) (0.12) {0.27)
K20 5.17 S.72 5.29 4.67
{st. dev.) (0.6) (0.23) (0.35)
PeO 2.20 2.26 2,11 4,62
(st. dev.) (0.5) (0.23) (0.21)
Na20 3.35 3.19 3.24 3.14
(st. dev.) {0.2) (0.11) (0.01)
MnoO 0.05 0.04 0.04 0.08
(st. dev.) (0.01) (0.00) (0.01)
Tio2 0.41 0.40 0.39 1.08
(st. dev.) (0.09) (0.03) (0.11)
P205S 0.19 0.16 0.20 0.56
(st. dev.) (0.05) (0.01) (0.12)
0 ppe 7.0 4.9 6.6
(st. dev.) (2.8) (0. 8)
Th ppnm 33.0 33.3 25.3
(st. dev,) (5.5) (6.3)
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LEACHING EXPERINMENTS

B.A. Berz

Abstract
The results of early radioelement leaching experiments

in wvhich crushed rock samples were leached with strong
sineral acids are difficult to interpret for two reasons.
rirstly, the locations within the rock from which the
radioelenments were leached are not well known and, secondly,
since the action of a strong acid over a short period
probably is not egquivalent to to the action of groundvater
during wveathering, the results cannot be related to
processes occurring in nature,

In this series of experiments, portions of a sample
from the Rion, South Carolina, pluton vere leached with
dilute acid and alkali solutions as well as with natural
groundvater, No appreciable 1loss of eithef U or Th was
observed and this is believed to he due to prior loss of the
readily removable radioelement fraction.

The hypothesis that the most easily removed fraction of
the radioelement content is that held on grain boundries is

being tested,
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I. Previous Work

Puring the 1950's | ard early 1960's there vas
considerable interest in the use of leaching experiments as
a vay of determining the location of U and Th within rocks.
A fevw examples of such experiments are presented here. The
methods used varied widely as did the results.

Tilton et al. (1955) leached a Precambrian granite,
with 2.7 ppm U and 41.9 ppm Th, for five minutes in cold, 6N
HC1l and found that 34% of the U and 42% of the Th were lost.
A series of samples, ranging in composition from tonalite to
granite, were leached by Brown and Silver (1955). 1N HNO(3)
vas used to leach the samples for fifty minutes at room
temperature, Up to 40% of both the U and Th were removed.
Larsen and Gottfried (1961) leached gquartz monzonites and a
granodiorite from the Southern <California batholith for
tventy-four hours in approximately 2.5N HCl on a steam bath
and found that 72% to 83% of the U from the quartz monzonite
vas lost while the 'granodiotite lost 52%. Th was not
determined in their study.

A fresh sample of granodiorite from Boulder ‘Creek,
Colorado, was leached by Pliler and Adams (1962) és part of
their study of a weathering profile on that body. They
found that 67% of the U and 90% of the Th were removed by
leachking for twenty hours at 80-100°C in 2N HCl.

French geologists routinely report U contents in the

form cf "U total" and "U fixe" where the fixed U is the
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content after leaching a sample twice with 1N HCl on special
filter paper, For example, Barbier and Ranchin (1969) found
that 65% of the U content of a weathered sample and zero to
about 50% of the U from fresh samples of the St., Syvestre
granite (France) could be leached in this vay. In a more
recent experiment, Harshman (1972) used a solution, made up
to resemble groundwater, to leach crushed granitic samples
from the mountains adjacent to the Shirley Basin, Wyoming.
FPifty millilitres of the solution were dripped through each
5g sasple ir a 10-hour period. It appears that the solution
itself was analyzed, after use as the leaching agent, to
determine the quantity of U leached, but the method used is
not specified. Losses of 0.2 to 0.9% of the original U
contents, which were 1 to 7 ppm, are reported but with the U
concentrations in the solution being extremely low,
experimental error, vwhich is not discussed, could be
considerable.

Problems arise when the interpretation of such data is
attempted. The material which has been leachéd could be
either intergranular, i.e. grain boundary material, acid
soluble mineral grains such as allanite or apatite or
mineral grains whose solubility has been increased by
metamictization, Brown and Silver (1955) used alpha track
studies as an aid in the interpretation of their leaching
study and concluded that most of the radioactive element

content was to be found in accessory minerals with less than
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10% to rarely more than 25% being located on grain
boundaries, On the other hand, Tilton et al. (1955) cited
auvtoradiographic evidence that showed ¢that a large fraction
of the radioactive element content was to be found in
"mineral interstices and intracrystalline fractures" and
used this to conclude that the 1leached U and Th came from
such locations.

Ancther problem in the interpretation of leaching data
is in relating the exerimental results to processes which
right be expected to occur in nature. The concept of total
and fixed U as used by French geologists carries with it the
implication that "non-fixed" U can easily be leached from a
rock in nature. However, if U and Th behavior under near
surface weathering conditions is to be investigated, the
results of the leaching experiments described above might
not have direct applications. Pliler and Adams, in their
study of the Boulder Creek granodiorite, found a drop of 25%
in Th and 60% in U going from fresh granodiorite to that
vhich had undergone the first stages of weathering. At no
point in the entire wveathering profile was the Th content
less than 65% of the original and, in fact, the uppermost,
most weathered rock material had corcentrated U and relative
to the fresh material. In contrast, leaching, as described
above, removed more of the Th (90% of the total) than of the
U (67% . The authors point out that the behavior of U was

essentially the same under weathering and laboratory
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leaching conditions while that of Th was very different.
Many authors (e.g. Adams et al., 1959, Whitfield et al.,
1959) have stated that U is more soluble than Th since U is
readily oxidized from U¢*+ to U¢+, which is commonly found as
the scluble U022+ jon. Th has no hexavalent state. 1In the
leaching experiments described above, ¢the proportion of the
Th content removed was equal to or greater than that of U.
This shows clearly the contrast that might exist between the
effects of laboratory 1leaching experiments and those

occurring in nature.

1I. 1leachipg of a Rion Granite Sample.

Introduction

A series of leaching experiments was undertaken with
tvo aims: firstly, to investigate the behavior of U and Th
under conditions more closely resembling weathering
conditions than did earlier leaching experiments and
secondly to provide data which, in connection with fission
track and other investigations, could help determine the
distribution of U and Th within a rock.

In most leaching experiments, strong mineral acids are
used as the 1leaching agents. Such acids, even in
concentrations as 1low as 1N, have pH values less than 1.

Groundwater commonly has a pH in the range S to 8, where the

groundvater found in granitic areas has a slightly acid pH
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and that in more mafic terrains a slightly alkaline pH (Le
Grand, 1958). Only rare exceptions suck as hot springs have
pPH values significantly outside this range. Leaching for
short periods with strong acids might not be equivalent in
effect to the leaching action of groundwater over a long
period, For this reason it was decided to perform a series
of experiments using relatively dilute mineral acid and

alkali solutions as well as natural groundwater, as the

leaching agents.

sample Description
The sample used was a medium grained granite from the

quarry in the main Rion part of the Winnsboro-Rion complex
(see map Fiqure A-5, Progress Report VPIESU-5103-2), The
quarry location vas preferred because of the ease with which
a large, fresh sample could be obtained and because, at the
time, samples from the area had amongst the highest
radioelement conentrations determined. A sanmple, in one
plece, wveighing about 26 Kg together with more than 20
litres of groundvater from a nearby vell, were collected by
S.W. Becker,

The Rion pluton has been described (see petrology
secticn, Progress Report VPIESU-5103-2) as a medium grained
biotite wmonzogranite. Two modes, from samples S6-10 and
S6-13 from the Rion quarry, vere published in the above

report and vere: S6-10 quartz 23.2%, plagioclase 28,9%, K-
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feldspar 46%, others 1.9%, S6-13 gquartz 28.9%, plagioclase
29.4%, K-feldspar 39:%, others 2.7%. Secondary chlorite,
vhite wmica and epidote were present and the accessory
minerals were opaques, zircon and apatite with allanite
being found in S6-10. The leaching sample is believed to be
similar to these samples.

Experimental Procedure

A handspecimen of about 1 Kg was retained and all the
other wmaterial was crushed using a Jaw crusher and
rollermill until a sand, with grains ranging from fine dust
up to 5 mm in diameter, was obtained. It was not crushed
further in order to avoid the powdering up of the majority
of mineral grains, The sample was then divided into 31
perticns of 700 g each, numbered M1 to M31.

Three different leaching solutions were used. The
groundvater collected with the sample was found to have a pH
of 6, this slight acidity agreeing with the findings of Le
Grande (1958) concerning the pH of groundwater in acid rock
terrains., A 0.1N solution of hydrochloric acid wvas made up
from analytical grades HCl and deionised water and this had a
pH of 1.2. A 0.1N sodium hydroxide solution prepared from
analytical grade NaOH pellets and deiorized water had a pH
of 12.8. Theoretically 0.1N HCl1l should be pH 1,07 and 0.1N
NaOH pH 13.07 (Gordon and Ford, 1972).

Samples were leached by mixing the 700 g sample with

700 m1 of the leaching solution and allowing the mixture to
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stand for the specified time. The solution was then
filtered off and the sample was rinsed twice with deionized
water which wvas also filtered off. The sample wvas dried
under heat lamps, In the cases vhere leaching tock place at
temperatures above room temperature, the beaker containing
sample and solution, covered by a watchglass, was heated in
a vaterbath. Table B-1 gives a summary of the conditions
under which leaching took place.

Results

Prior to leaching, each 700 g sample vas analyzed for U
and Th by gamma-ray spectrometry. The twelve 1leached and
one unleached sample, which appear in Table B-1, all had
gapma-ray U values in the range 7.3 to 7.8 ppm and Th 29.3
to 31.2 ppm. The reproducibility of the data was good,
U40.2 ppm and Tht1 ppm suggesting that the starting material
for the different leaching experiments was homogeneous.,

It wvas decided not to use the gamma-ray method to
analyze for U and Th after leaching because it was suspected
that disequilibrium between radon, whose decay produces the

measured gamma-rays, and the parent U and Th would lead to

erroneous results, The dried samples were, therefore, coned
and quartered down to about 100 g, wvhich was powdered in a
tungsten carbide shatterbox. The fine powder was further
coned and gquartered to 10 g. These small samples were then

analyzed by the delayed neutron activation method by H.T.

millard, Jr. at the U.S. Geological Survey in Denver. The
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TABLE B-1., SUMMARY OF EXPERIMENTAL CONDITIONS.

T T Tleaching T e sssssssaeaas

Sample Solution Time Temperature U(ppm) Th(ppnm)

=zzsEssssssss=ssssssssssssssssssrozzzsssssszs=zzzzzs=zzsssss====
M Groundwater 2400kt room 8,03 38.8
M2 Goundvater 1 hr room 7.83 36.3
u3 0. 1N HC1 1 hr roem 6.44 31.8
n6 0. 1N HCl 2400hr room 6.96 34,2
M8 0. 1N NaOH 2400hr rocm 7.18 37.1
LR R 0. 1N NaOH 1 hr room 7.23 35.5
M16 Groundvater 1 hr 60°cC 8.16 35.3
M20 0. 1N HC1 1 hr 60°C 6.32 35.4
n24 -« 1N NaOH 48 hr room 6.85 4.4
M25 0. 1N NaoH 1 hr 600C 6.92 34,5
M27 Groundvater 720hr 700C 7.35 37.4
M21 UOnleached 6.59 33.4

The U and Th values are those after leaching.
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results are given in Table B-1, It can bhe seen that, in
comparison with the data from the unleached sample, none of
the leached samples show any appreciable loss of either U or
Th. The scatter in the data and the fact that wmany of the
leached sampleé have higher U and Th values than the
unleached one, are probably due largely to splitting error.
In splitting the sample from 700 g to 10 g it is likely that
slightly non-representative sample was chtained.

Discussion

There are several possible reasons why U and Th were
not leached in this experiment, Pirstly, leaching with
dilute solutions simply did not remove the U and Th whatever
its 1location. Alternatively, the U and Th in this
particular sample could be in stable locations. This would
be the case if the readily removed U and Th had already been
lost by interaction with groundwater during weathering.
There is some evidence to suggest that the second
explanation is ¢true. Lead isotopic investigations show
disequilibrium between radiogenic Pb isotopes and their
parent U and Th, when an age for the granite (300 m.y.) is
assumed (see report by Sinha and Merz). Further experiments
should bte carried out on a sample which shovs equilibrium
betveen Pb and parent U and Th.

It is possible that the most readily leached part of
the radioelement content of a sample is that part held on

grain boundaries, Currently we are using the fission track
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method to test the hypothesis the samples displaying
disequilibrium U, Th, Pb isotopes have lost grain boundary
radioelenents vhereas samples in equilibrium have
appreciable grain boundary U and Th, Leaching experiments

will be used to provide additional evidence.
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U-Th-Pb DISEQUILIBRIUM STUDIES

A.K. Sinha and B.,A. Merz

Becent investigations in the Granite Mountains of
Wyoring have documented the labile nature of uranium in
surface veathering regimes (Stuckles and Nkomo, 1978). The
importance of such loss/gain of uraniaum cannot be
underestimated because extensive loss +to significant depths
may have a direct bearing on the measured values of heat
production, Therefore, evaluation of the mobility of

uraniom/thorium in drill cores is necessary in understanding
the magnitude of loss of uranium as correlated vwith depth.

In this section we present preliminary data on some
selected samples from three plutons (Liberty Hill-core,
Winnsboro surface and core and Rolesville-surface). The U
and Th concentrations were determined by gamma rvay
spectrometry, vhile lead concentrations vere determined by
gamma-ray fluorescence. Therefore, the analytical
uncertainty is rather large (approx. 10% and we are
currently in the process of determining the concentrations
by isotope dilution using the 35 cm radius nass
spectrometer.

Pigure B-1 shovs graphically the plot of U238/ph20e
versus Pb206/pph20¢ and Th232/ph204 vyersus Ph208,/ph20s, The
interpretation of the diagram is similar *to that used for

Rb=Sr isochron diagrams, although initial ratios in U-Th-Pb
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systepatics cannot be uniquely determined because of
variations in models as related to evolution of common lead
(Sinha and Tilton, 1973; stacey ard Rramers, 1975).
Usually, the lead isotopic composition of potassium
feldsrars gives a close approximation of the common lead
fatios during magma formation bhecause the U238/ph20s apg
Th232,pb204 ratios are invariably less than 0. 1.

As shovwn in Figure B-1, the U-Pb isochrons can be
integrated both as open and closed systems for the Kershaw
drill core data. The choice is based on vhether one uses
the weasured lead isotopic composition of the potassiunm
feldspar from the rock, or the theoretical value of common
lead (300 m.y. o0ld) from Stacey and Kramer (1975). Because
the Winnsboro data would not fit the Stacey and Kramer ratio
and the isochron indicates an age of nearly 208 nm.y., we
prefer to interpet +the Kershaw core data similarly. It
means that both plutons suffered redistribution of uranium
nearly 220 m.y. ago and have acted as a closed system since
that time. The Kershav core from 72' indicates uranium
enrichment and is probably related to reprecipitation in the
sample by ground waters. The two surface samples from the
Winnstoro pluton show significant loss of uranium at recent
times, suggesting that even non-labile uranium can be lost
by surface weathering.

In the Th-Ph isochron | diagram, the approximate

colinearity of the data suggests that Th has acted as a
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closed system since the crystallization of the magma. This
observation is in agreement with that of Stuckless and Nkomo
(1978). In an earlier report (VPI§SU-5103-3) wve had
mentioned possible loss of thorium; ve believe that the lead
concentrations as determined then were in error. As such,
consideration of the closed system behavior of thorium vith
respect to uranium is justified.

A point of interest to note is that the apparent
isochrons of 220 m.y. for the U-Pb systems suggest no
significant loss since the disturbance in the Traissic. VWe
intergret this to mean that these two plutons were exposed
to meteoric waters to facilitate removal of uranium at that
time and as all the labile uranium was removed, subsequent
ground water interaction has had no observed effects. This
timing of wuranium loss can be correlated with the uranium
deposits in the Triassic basins of New Jersey and perhaps in
others., With additional high precision data, it is
conceivable that we can demonstrate for individual plutons
the timing of nwuranium 1loss and develop a predictive
capability of where it wmight be concentrated along the
eastern U.S. Additionally, the kind of data presented here
will permit a much better correlation of the distribution of
granium as determined by fission track mapping, i.e. if ‘the
labile uranium ({presumably from grain boundaries) wvas lost

during the Triassic, then there should be no primary uraniuam

left along grain boundaries.
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THE GRANITIC ROCKS OF THE MARYLAND PIEDMONT

John R. Sans

Introduction

puring the contract period from January 1, 1978 ¢to
march 131, 1978, ¢the geochemistry section initiated 1its
comprehensive study of the granitic rocks of the Maryland
Piedmont, The purpose of the study is to determine the
chemical and isotopic parapreters wvhich characterize a
uranium-rich granite. At present it is thought that uranium
shoulé be concentrated in the most highly differentiated,
unnetamorphosed granitic bodies. Hence ve have begun the
study with those granites which appear least deformed or
metancrrhosed.

The Geologic Map of Maryland (Cleaves and others, 1968)
shows nine rock units under the ™Granitic Series" as
fomulated by Hopson (1964) . Two of the units located in
Harford County have no formal name. In any case, they are
strongly-foliated, metamorphosed units and wvwill not be
considered further in the present report. On the map, seven
of the units are identified by the folloving names:
Woodstock Quartz MNonzonite, Guilford Quartz Monzonite,
Ellicott City Granodiorite, Norbeck Quartz Diorite, Port
Deposit Gneiss, Kensington Quartz piorite, and Gunpowder
Granite. Three of the units, namely Norbeck, Port-Deposit,

and Kensington are strongly-foliated, synmetamorphic bodies.
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They bave not been examined in the initial phase of the
study. The remaining four named units are: Woodstock,
Guilford, Ellicott City, ard Gunpowder. These four are the
best candidates for the initial phase of the study because
they are wveakly foliated, postmetamorphic granitic units.
Figure B-1 is a sketch map of Baltimore County, Maryland,
and vicinity. This map shows the location and approximate
areal extent of the four granitic bodies considered in this
report,

Petrology has long been burdened vith confusing and
contradictory rock nanmes. Consequently, we feel that the
classification and nomenclature recommended by the
Subcommission on the Systematics of Igneous Rocks of the
International Union of Geological Sciences (IUGS) should be
supported with vigor. Streckeisen (1973) summarized the
I0Gs recommendations, According to that systenm of
nomenclature, the four granitic bodies under consideration
would be renamed: Woodstock Granite, Guilford Granite,

Ellicott Ccity Granodiorite, and Gunpowder Granite.

Pield Relations of the Hoodstock Grapite

The Woodstock Granite is a small oval-shaped pluton
located in wvesternmost Baltimore County, Maryland. See
Figure B-1 for the exact location, The pluton is about 2.6

kilometers long and 1.9 kilometers wide. Pigure B-2 is a
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Figqure B-2., Geological sketch map shoving the shape of
the Woodstock Granite. The area inside the heavy black line
is granite. Outside the line is the part of the Baltimore
Gneiss known as the Woodstock Dome. The numbered dots
indicate locations of samples for chemical analysis. For
example, 45 indicates sample MJBOU4S.
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geological sketch map of the Woodstock Granite showing the
actual shape of the pluton. As far as can be determined
from surface exposures, all of the area enclosed by the
heavy line is Woodstock Granite and all of the area outside
the line consists of the part of the Baltimore Gneiss known
as the Woodstock Dome, The numbered dots on the sketch map
indicate the location of samples for cherical, petrologic
and radioelement analyses. The 1location of the contact
between granite and gneiss can be established fairly vell on
the basis of saprolite and float, but the actual nature of
the contact is obscure, because it is not exposed anywhere.
since it cannot be directly demonstrated that the
Woodstock Granite intrudes the Woodstock Gneiss Dome, one
must rely on several indirect lines of evidence. Keyes
(1895) reported xenoliths of gneiss vithin the Woodstock
Granite. He only devoted a few lines to the subject: "They
(the xenoliths) are chiefly of gneiss, and occur in huge
irregular blocks 6 to 8 or even 10 feet (1.8 to 2.4 or even
3.0 meters) in size. Some of the included masses are
beautifully puckered and vrinkled., Being wmuch richer in
ferromagnesian silicates than the granite itself, their
irregular outlines contrast sharply vith the light
background, These inclusions furnish further evidence of
the eruptive nature of the granite. The contact phenomena
are essentially the same as in the Sykesville examples of
greissic inclusions, described fully further on; and the

metamcrphosed zone is, as in those cases, quite narrow."
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Keyes (1895) also provides ¢two illustraions of the
xenoliths, One is a 1line draving of a xenolith with no
locality given, The second illustration is a photograph of
a xenolith reportedly from the Waltersville quarry. The
quarry vas visited but no xenoliths could be found. The
quarry has been abandoned for mary years, hence, it is
flooded and overgrown by vegetation, The xenoliths must be
obscured. Even though eight man-days were devoted to
intensive examination of the entire areal extent of the
Woodstock Granite, no xenoliths were found.

Since we are unable to describe any of the gneissic
xenoliths ourselves, Keyes' description (p. 278) of the
contact effects is the only evidence available. "Biotitic
and hcernblendic gneiss fragments are distributed through the
granite. The margins are usually changed considerably for a
distance of 1 cm, The interior of the gneiss pieces is
practically unmetamorphosed. It is much lighter in co;or
than the contact border, The constituents have undergone
ruch crushing, and the feldspars are scarely recognizable.
The biotite is nearly all bleached, and chlorite is very
abundant. Considerable secondary epidote and muscovite and
a few large decomposed cubes of pyrite are also present.
The margins of +he gneiss blocks are dark-colored and much
finer in grain, No traces of pressure are observable, and
apparently complete recrystallization has taken place.

Biotite is very abundant in small flakes oriented in the
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direction of foliation., A little plagioclase and orthoclase
and sprall guanitites of pyrite occur."

Little work has been done on +he geology of the
Woodstock Granite since Keyes (1895). Mathews (1925)
published a geologic map of Baltimore County which showed
the Wcodstock Granite. Hopson (1964) reported one chemical
analysis and some petrographic information. Crowley (1976)
showed the Woodstock Granite on his map of the crystalline
rocks near Baltimore, Crowley has mapped the Woodstock for
his forthcoming geologic map of the Fllicott <city 7 1/2
minute quadrangle.

The one recent development of interest is that five
wvater-supply vells have been drilled within the area mapped
as Wocdstock Granite, These wells are identified by numbers
assigned by the State of Maryland Water Resources
Administration, Two of the wells BA-73-4967 and BA-73-5036
brought up granite chips. These chips correspond to our
sample numbers MJB8025 and MJB8028 respectively. The
remaining three wells brought up gneiss chips., Chips from
wells B-73-4870, BA-73-4733, and BA-73-5525 correspond to
our saegples MJ8024, MJI8029, and MJB0US respectively.
Apparently these three wells pierced a finger of gneiss
similar to the ones vhich extend into the westerh boundary

of the Woodstock Granite.
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DISTRIBUTION OF URANIUM, THORIUM AND POTASSIUM
IN THE WEAKLY-FOLIATED GRANITIC ROCKS
OF THE MARYLAND PIEDMONT

John R, Sans

Fifty-eight rocks samples from the Maryland Piedmont
vere analyzed for wuranium, thorium, and potassium by means
of gasma-ray spectroscopy. The implications of this data
for heat flow are discussed in the geophysics section of the
report, This chapter is devoted to geochemical
interpretation of the information. The four weakly-foliated
granitic plutons of the Maryland Piedmont are: the
Woodstock Granite, the Guilford Granite, the Ellicott City
Granodiorite, and the Gunpowder Granite. The Wocdstock was
analyzed in detail (thirty-nine samples). The Guilford (six
samples), Ellicott City (three samples) and Gunpowder (ten
samples) were analyzed on a reconnaissarce basis.

The Woodstock Granite intrudes the part of the
Baltimore Gneiss known as the Woodstock Dome. Twenty-thrae
of the samples were from the area mapped as Woodstock
Granite, and the remaining sixteen were from the surrounding
gneiss dome. Sample MJB804S does not fit this pattern. The
sample consists of chips from a well drilled near the center
of the area mapped as Woodstock Granite, However, the chips
are clearly gneiss, not granite. See the chapter of field

relations for a more detailed discussion of well data. Por
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the subsequent discussion here MJB8045 will be considered as
a specimen of the gneiss dome.

The uranium concentration of samples from the Woodstock
Granite itself ranged from 2.0 to 4.7 parts per aillion
(ppm) with a median value of 3.1 ppnm. In contrast, the
uraniom content of the surrourding gneiss dome is
considerably 1lower, The wuranium content of the gneiss
ranged from 0.3 to 1,6 ppm with a median value of 0.9 ppnm.
In other words, all the granite samples contair 2.0 ppm or
more, and all the gneiss samples contain 1.6 ppm uranium or
less, Sample MJB062 deserves special mention, because it is
the only exception to this simple pattern. MJB062 was a
sample from a set of granitic dikes which cut through the
gneiss dome as exposed along the Patapsco River about 2.75
kilometers southeast of the edge of the Woodstock Granite.
William C, Crowley of the Maryland Geological Survey
(perscnal communication) has suggested that these dikes may
be related to the Woodstock Granite. MJ8062 contained 1.8
ppm uranium, This value falls exactly halfway between the
lovest value for the Woodstock Granite and the highest value
for the Woodstock Gneiss Dome. The origin of the granitic
dikes along the Patapsco River remains uncertain.

The Gunpowder Granite 4intrudes the part of the
Baltipmore Gnreiss known as the Towson Dome. Six samples ware
from the Gunpowder Granite itself and range from 0.7 to 1.3

ppm in uranium concentration. Three samples were from the
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Towson Gneiss Dome and contain from 1.5 to 2.3 ppm uraniunm.
The remaining sample wvas from a pegmatite cutting the Gneiss
Dome and contains 6.1 ppm uranium, All in all, the uranium
concentrations are very low except for the pegmatite.

The three samples from the Ellicott City Granodiorite
contained from 2.3 to 3.0 ppm uranium., The samples from the
Guilford Granite consisted of four actual granites, one
peqnatité and one wall rock. The pegmatite arnd wall rock
contained 1,3 and 1.8 ppm uranium respectively. In
contrast, the gqranite samples ranged from 3.9 to 10.7 ppm
uranium - the highest concentrations of any of the analyzed
rocks.

Frem past studies of wuranium distribution in rocks
(Rogers and Adams, 1969A, 1969B) several generalizations can
be nmade. It is difficult to evaluate "the wuranium
conéentration of granite," because granites do not consist
of a single petrological population, Radiometric
differences have been demonstrated betveen different types
of granite, Even in our own study, the uranium
concentrations vary over an order of magnitude, even when
cne considers only the "granites", Nonetheless, the uranium
concentration of an igneous rock is closely linked to its
chepical composition, Por ordinary rocks with silica
contents in excess of 70 percent, one axpects uranium
concentrations in the range of 1 to 4 ppm. Concentrations

considerably outside that range indicate a peculiar rock.
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In this context, the Gunpowder Granite appears significantly
depleted in uranium, The Ellicott City and Woodstock have
fairly typical uranium contents for siliceous rocks. In
contrast, the Guilforé Granite appears somewhat enriched in
uranium.

The thorium concentration in the weakly-foliated
granitic rocks of the Maryland Piedmont is much more
variatle than the uranium concentration. For the Woodstock
Granite, nineteen of the samples vary from 11.4 to 17.6 ppnm
thorium with a median of 14.8 ppm. The remaining three
granite samples from the vestern edge of the pluton have
only 6.3 to 9.0 ppm thorium. The thoriunm concentrations in
the Woodstock Gneiss Dome are highly variable. The values
range from 0.7 to 47.3 ppm thorium but are mostly higher
than the values fro the Woodstock Granite. The median value
for the gneiss is 16.1 ppm. Sample MJ8062 from the granitic
dikes along the Patapsco River contains 21.9 ppm thorium -
higher than for any of the saaples from the Woodstock
Grani te.

The thorium concentration of the Gunpowder Granite
varies from 11.3 to 29.2 ppm with a median of 27.5 ppm. In
contrast the Towson Gneiss Dome<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>