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ABSTRACT

The Fountain Quarry Granite is a small, elongate pluton unoonformably

overlain by Pleistocene sedirrents at Fountain, on the coastal plain of North

Carolina. Petrologic analysis of the rock indicates that it is a fine- to med-

ium-grained peralkaline granite containing riebeckite, aegirine, orthoclase,

and nearly pure albite. Chemical analyses of the granite show that it is com-

parable to other peralkaline granites worldwide. The rock contains a large,

fine-grained aplite vein and several small, poorly-developed pegmatites,

which occur as riebeckite-bearing quartz veins. The pegmatites also contain

small amounts of fluorite, ilmenite, sphalerite, and molybdenite.

Structrural featiores in the granite include a prominent flow foliation

defined by mafic minerals and wallrock œnoliths, and well-developed sets of

cross joints and longitudinal joints. The two joint sets are roughly perpen-

dicular, and the average strike of the Icngitudinal joints is parallel to the

north-south axis of the pluton. The pluton contai ns no major faults, although

small movements have occurred along joint planes in response to regional tec-

tonism. However, the rock dees not appear to have been regionally metamorphosed.

A preliminary Rb-Sr vhole-rock age date suggests a late Paleozoic origin
87 86

for the granite. The high initial Sr /Sr ratio (about 0.730) indicates that

the partial melting of crustal rocks may have been involved. Peralkaline mag-

mas are characteristically associated with zones of crustal rifting. The pre-

liminary age date calculated for the Fountain Quarry Granite does not coincide

veil with known periods of rifting along the eastern margin of North America.

This suggests that either tlie rock is older than late Paleozoic, or that zones

of tensional tectonics remained near the edge of the continent prior to the

collision with Africa about 280 m.y. ago.
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INTRODUCriaSI

FoTjntain Quarry is located approximately 0.8 km (0.5 mi.) south-

east of Fountain, North Carolina (figure 1) and is currently operated

by Martin Marietta Corporation for the production of crushed stone.

Previous work at the quarry has been limited to a paleoecological study

(Maggiolo, 1970) , a paleontological stuc^ of sediments above the granite

(Snyder and Katrosh, in pœss), joint measurements by ECU structural geol-

ogy classes, and contour mapping of the top of the granite by Martin Mar-

ietta prior to quarrying. The rock has been briefly mentioned in three

other reports in vdiich it is described as a "granite monadnock" (Brown,

1959) and a "hill or irregularity in basement lock" (Richards, 1950).

Councill (1954) describes the rock as a "highly siliceous granite gneiss".

Hov\^ver, petrologic differences between this rock and surrounding basement

(Denison and others, 1967) would seem to indicate a more conplex relation-

ship. This report is an attenpt to expand on that relationship through a

structural and petrologic analysis of the granite.

Fieldwork was carried out during 1977 and 1978. Photographs were taken

during the suminer and fall of 1978 and the spring of 1979.

In this report, the rock mil be referred to as the Fountain Quarry

Granite.
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HISTOEY AND BACKGROUND INFORMATION

The Fountain Quarry Granite has been known since the town of

Fountain was settled, and attenpts have been made to utilize the surface

outcrops at least as long ago as the 1930's (Richards, 1950). In 1938,

an attenpt tc quarry the rock as dimension stone met with limited success

(Councill, 1954) . The granite is exceedingly hard and difficult to break

or drill with conventional equipment. It was not until 1961, váien Martin

Marietta acquired the property, that ccmmercial-scale production could

begin. Initial si±)Surfaoe coring surveys showed the top of the granite to

be an elongate dome, mth the major axis trending approximately north-south

(figure 2). There is a sharp drop-off on all sides.

Quairy operations began in 1963 with the advent of new hard-rock

drilling technology that previously had not been available in the U.S.

Most of the stone is crushed, cleaned, and used in construction or road-

building. According to quarry supervisors, there are no plans to quarry

stone from the north, east, or south walls. Removal of stone from the west

wall will eventually be limited by encroachment on neighboring properties,

probably sometine in the 1980's.

The Fountain iQuarry Granite is the easternmost exposure of crysteiLline

rock on the Atlantic coastal plain and is somewhat of an anomaly. It crops

out at a place where surrounding basement is buried by overlying sediments

to cfepths of 125-155 m (400-500 ft) , and its elevation is unique in this

respect (Brown and others, 1972). The granite is an ejqxosure of basement

rock, but the geologic details of the surrounding basement area are hid-

den beneath the sediments.
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The term 'basement' , as ^plied to the coastal plain, refeirs to

"assorted igneous and metamorphic rock on which the lyfesozoic and Cenozoic

sediriEnts were c3eposited" (Denison and others, 1967). Gores from seven wells

show that basement rocks under the coastal plain are oortparable to those

found in the Piedmont and Blue Ridge. Seme basement rocks in the Blue Ridge

are believed to be at least as old as late Precambrian, based on strati-

graphic relations and on structures that formed during an episode of region-

al itetamorphism about 1100 m.y. ago (Bryant and Reed, 1970) . However, cores

frem basement from several areas near the present shoreline give Rb-Sr age

dates of about 600 m.y. (Denison and others, 1967) and some anphibolites

on the coastal plain near Columbia, South Carolina have been dated at about

260 m.y. (Secor and Snoke, 1978). Fullagar and Butler (1979) suggest that

there may be no basement older than 1000 m.y. beneath the eastern Piedmont.

This indicates that past episodes of regional metamorphism may have caused

a resetting of radioisotope concentrations in parts of the basement coitplex,

or else sections of the basement indeed are of different ages.

There has been little detailed geologic work done cn the Fountain

Quarry Granite. The report by Richards (1950) includes photographs of granite

boulders (roughly 4.5 x 7.5 m, 15 x 24 ft) at the surface. In this report

the pluton was described a "a hill or irregularity in basement rock."

COuncill (1954), in a survey of conmercial granites in North Carolina,

called the rock a granite gneiss, "highly siliceous, medium-grained, very

hard and massive. It oontains dark-colored 'gneissic' inclusions and a

few widely spaced mineral-filled joints, striking approximately north and

east. Joint fillings are mostly irúlky quartz with a little feldspar." The

following estimate of the mineral oomposition was also listed in Councill's
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report:

Quartz 36% Biotite + Hornblende 9%

Orthoclase

(and Microcline)....47% Magnetite, Apatite
, -O Chlorite, and Calcita 3%

The exposure was estimated to be about 0, 8-1.2 ha (2-3 acres). Brown (1959),

in a report on ground water resources in the Greenville area, characterized

the basement surface as "very uneven", based on geophysical data and logs

of wells drilled in the area. The report also mentions "the granite monadnock

surrounded by more than 125 m (400 ft) of sediitent at Fountain...".

In the Fountain area, the crystalline rock is overlain by clastic

and carbonate sediments that are Pleistocene in age (Snyder and Katrosh,

in press). Ihese sediments are separated from the basement by an erosional

unconformity. Lpon entering the quarry area, an observer first notices that

many large, rounded granite boulders are scattered about the rim of the pit,

and that several layers of unconsolidated sediment are in contact with the

granite. There is no aureole of oontact metamorphosed country rock. The

boulders have evidently been ejçosed to a long period of weathering and

erosion. The surface of these boulders is a "skin" of intensely weathered

granite 0.5-1 cm (0.2-0.4 in) thick, \diich grades into fresher rock.

Many boulders are pock-marked with oval or bean-shaped shallow depressions.

These are probably the result of leaching by ground water. The granite mass

was apparently exposed to erosion by wave action in a near-shore environ-

ment. Therefore, a large portion of the granite and surrounding rocks have

long since eroded away.

The isolated nature of the ejqosure is the chief obstacle in solving
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the problem of the c3eep struc±ure and origin of the Fountain Quarry Gran-

ite. Surrounding rocks that normally would contain clues about the intru-

sive history of the pluton are not ej<posed at the surface.
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PETRDLOGY

1. General Description

The Fountain Quarry Granite is an equigranular, fine- to inedium-

grained, holocrystalline, peralkaline granite characterized by a pervasive

flow foliation. The rock is a uniform light gray at all ej<posures in the

quarry. The flow structure is cfefined by small acicular clusters of aeg-

irlne and riebeckite, viiich appear as dark streaks in any section cut at

an angle to the foliation (figure 3). The rock is very hard, perhaps due

to the \ælded nature of the grain contacts. Large joints in the granite are

often ooated with mixed layers of albite, riebeckite, and quartz with lesser

amounts of pyrite and calcite. Small gash veins, cutting the granite at

various angles, are usually filled with quartz and albite. Larger veins

often contain sone suthedral crystals of riebeckite.

The granite corposition is typical of many peralkaline intrusives

(Bowden, 1974) . Peralkaline rocks by definition have a molecular excess of

alkalis over alumina; in the Fountain Quarry granite, the excess sodium has

resulted in the formation of sodic pyroxenes and aitphiboles. Slabs of gran-

ite stained with sodium cobaltinitrite (Hutchison, 1974) show a number of

large grains of potassium feldspar. These grains are mostly subhedral, un-

twinned, and contain small patches of albite.

2. Mineralogy

The major minerals in the granite are albite, quartz, and potassium

feldspar, with ip to 20 percent aegirine, riebeckite, and opaque minerals.

The albite and quartz grains are usually anhedral (some feldspar is s\±)-

hedral) and are about the sane size (0.5-1.5 mn) . Grain oontacPs between
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FIGURE 3 « SKETCH OF FLOW FOLIATION IN GRANITE.

Sample cut in three orthogonal planes.



t±ie two are very tight, almost welded together (plate 1). The plagioclase

is very sodio albite (Aboo ,0r- „) indicated by electron microprobe

analyses. Granite sairples collected near large inclusions of wallrock

differ from the rest of the granite in that they contain a higher percent-

age of biotite and calcite, and little or no riebeckite and aegirine. The

anphibole in these sanples may be hornblende or arfvedsonite. These more

calcic cairples are spatially very colse to the wallrock inclusions, and

it seems likely that assimilation of the wallrock is responsible for the

differences in ccnposition. Seme plagioclase grains appear to be zoned.

The extinction band sweeps across the grain in a linear fashion as the thin

section in rotated on the microscope stage. The band is usually parallel to

a cleavage plane. There are three types of twinning observed in the plagio-

clase. Polysynthetic albite twinning is seen in 10-20 percent of the grains.

A combination of albite and pericline twinning that simulates the cross-

hatch pattern common to microcline is seen in 20-30 percent of the grains

(plate 2) , and 5-10 percent of the grains have closely spaced twin lamellae

that interiinger and pinch out near the grain boundaries (plate 3).

Quartz grains in the granite are anhedral and relatively equigranular,

except in the vicinity of small veins, vdiere they tend to form an aggregate

of very small grains. The tendency for large areas of qxiartz to appear as

small aggregated grains may be explained by the recrystallization behavior

of quartz (Spry, 1969). Certain minerals, notably feldspar, quartz, and cal-

cite, show little tendency to form elongate crystals; instead, they break

down and form several small equant grains. Regional metamorphism associated

with the Alleghenian orogeny may have caused some limited recrystallization

along quartz veins, in addition to some mechanical deformation along pre-
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existing joints in the quarry. Quarhz viewed in thin section exhibits

undulatory extinction, and many grains seem to be divided into "sub-grains",

or elliptical sections that go extinct across the grain in succession (plate

4) . These sub-grains are often aligned with the direction of flow foliation

in the thin section, and are itore prevalent in quartz grains that are elong-

ated. This alignment may be due to flow movement during the late stages of

crystallization, inposing stresses that would result in deformation of crys-

tal grains. The alignment of elliptical grains with the flow foliation would

appear to be the result of mechanical orientation during flow, in view of

the inclination of quartz not to form elongate grains in response to recr^'s-

tallization (Spry, 1969).

Potassium feldspar grains are generally large (1.5-4 nm) , subhedral,

and untwinned. Twinned grains display the typical cross-hatched pattern of

microcline. Most K-spar grains have patches or strings of albite (plate 3)

that have exsolved during oooling of the granite.

The major mafic minerals are riebeckite and aegirine, and to a lesser

extent, sphene and titanomagnetite. The riebeckite is well-crystallized,

often subhedral, but aegiinne crystals usually appear somewhat corroded and

are less abundant (plate 5) . The mafic minerals are concentrated in small

s;±>parallel patches, \«hich have been flattened and stretched during magma

flow. These patches are separated by relatively large expanses of intermixed

quartz and feldspar (plate 6). In a section cut perpendicular to the flow

foliation, it is not unusual to see "tails" of snail opaque grains and epi-

dote stringing out from either end of a patch of aegirine and riebeckite.

Also, some of the pyroxene and aitphibole grains have very small aggregates

of opaque minerals following cleavage planes. These aggregates are enclosed

9



poikilitically wit±iin the grains. It is unclear viiether these opaques are

the result of ooncentration during magma flow or chemical replacement.

Seme of the riebeckite seen in thin section occurs as very small, acic-

ular, euhedral crystals or as fibrous, \Abisker-like aggregates emanating

from small fractures in the rock (plate 7) . These are both probably the

result of late-stage hydrothermal activity within the pluton.

Sphene has crystallized as anhedral, clear grains roughly 0.05-0.3

inn in dianeter, or euhedral to subhedral, light brownish crystals up to

0.5 inn in length. Sphene is intimately associated with the anphibole/

pyroxene clusters, and only a few grains are seen else^^ere. The major

opaque mineral is low-titanium magnetite. It occurs as rounc3ed to nearly

euhedral grains rp to 0.5 itm across. As mentioned above, it often is seen

stringing out from mafic clusters, and in fine-grained aggregates within

anphibole and pyroxene grains.

Calcite and epiciote are minor minerals found in nearly all granite

samples, and both are probably of secondary origin.

Fluorite was observed in hand samples of granite and pegmatite (quartz

and riebeckite veins) . Large crystals of ilmenite, as viell as small amounts

of molybdenite and sphalerite, were seen in the pegmatite. These minerals

are not unusual; peralkaline magmas characteristically have high concen-

trations of niobium, tantalum, molybdenum, zinc, zirconium, yttrium, cadmium,

and fluorine (Bowden, 1974; Carmichael and others, 1974).

Granite that is close to a wallrock inclusion, or has a high content

of xenoliths, is slightly different from the average granite described above.

Usually there is a reduced amoint of sodic amphibole and pyroxene in these

samples; the anphibole is either hornblende or arfvedsonite. Addition of
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potassium to the granite is manifested in the appearance of fibrous,

matted aggiregates of biotite that occur in and around the mafic clusters

(plate 8). These granite saitples may also be higher in calcium. Plagio-

clase extinction angles vere not conclusive, since the calculated coirposition

could be either ^25-30 '^0-5' sartples also contain larger calcite
grains throughout. In view of the altered chemistry of the rock and the

unique location of these sairples, it seems likely that assimilation of wall-

rock is the cause of the deviation from average granite. It follows, then,

that small-scale alteration should be seen in the immediate vicinity of any

xenoliths, assuming that they were originally pieces of wallrock. The degree

of chemical interchange was extensive enou<^ so that major minéralogie diff-

erences betv«en the original xenolith and granite minerals vere eliminated

as the xenoliths v«re digested.

3. Modal Ccanpositicn

Point counts of several thin sections give the following modal coitpo-

sition for the granite:

Table 1: Modal Carposition of Fountain Quarry Granite (percents)

Albite K-spar Qiaartz Riebeckite Aegirine Sphene Cpaques Epidote Calcite

42.8 27.5 19.3 5.5 3.6 1.6 2.7 1.0 0.3

-(based on 28 thin sections, 3300 total counts)

The Fountain Quarry Granite shows rough equivalence to several other peralk-

aline plutonio rocks (Bowden, 1974; table lA below) .

11



Table lA; Modal Analyses of Peralkaline Plutoiic Rpcks (Bowden, 1974)

*

Analysis Aik. Feldspar Quartz Riebeckite Aegirine Zircon

1. Siwala 57.0 32.9 8.70 2.41

2. Oslo 62.5 31.8 0.5 3.0 2.0

3. Corsica 50.0 40.0 1.0 9.0 trace

4. Rockall 37.0 25.0 25.0 9.0 4.0

5. White Mfcn. 54.0 39.4 trace 5.5 1.1

★

incliodes astrophyllite, opaques, etc.

To determine the degree of peralkalinity of the Fountain Quarry Granite,

normative calculations were done using the analyses in Table 2. The norm,

shown below, indicates the presence of aonite, making the granite weakly

peralkaline.

Table IB: Normative Calculation of Fountain Quarry Granite (saitple 10-25-5)

q 31.44 di 1.16

or 26.69 mt 1.02

ab 28.30 il 0.46

ac 9.24 f 0.07

Where the granite has assimilated some wallrock, there is a slight change

in rock chemistry. This is reflected in slight differenœs from the modal

percentages seen in the average granite. Addition of wallrock has caused a

reduction in the amount of aegirine and riebeckite (to 1-2 percent total) ,

an increase in the amount of hornblende (or arfvedsonite) (to 5-7 percent) ,

and the appearanœ of biotite (about 2-3 percent) .
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4. Texture

The texture of the granite is relatively uniform in all sections of

the quarry; hovever, there may be some slight changes in grain size from

one place to another that are made noticeable by the flow structure. The

rock may appear to have a larger number of heavy itafic streaks, or fewer,

finer streaks, depending on the local concentration of mafic minerals and

the degree of grain orientation that took place during flow.

Thin sections v\ere examined under oblique illumination in orcfer to

study the textures (plate 9). The elongate aggregates of mafic minerals

are in subparallel alignment between conparatively wide zones of quartz

and feldspar. The feldspars are arrayed in small groups of a few crystals.

Between these groups are long strips or irregular patches of quartz grains.

The overall appearance is one of a silica-rich interstitial fluid that

has solidified within a feldspar crystal mush. Under crossed niçois, the

flew structure is displayed by the mafic streaks and the roughly parallel

sub-grains that constitute a majority of the quartz grains. At a few locations

around the quarry, hand specimens show red splotches of quartz and feldspar

that have been stained by hematite.

Typically, peralkaline intrusive rocks are coarse-grained (Bowden,

1974; Hyndman, 1972; Smith, 1976) , in contrast to the fine- to medium-grain

size seen at Fountain. The coarse texture is thought to be the result of

hi^ volatile pressure, vtiich is also acoonpanied by the development of

pegmatites (Ayrton, 1974). Pegmatites bearing large crystals have not devel-

oped at Fountain, but the quartz-riebeckite veins in the quarry might be

thought of as small pegmatites. It is possible that the volatile phases were

under low pressure during crystallization, or else were lost as the pluton

cooled. This appears to be borne out by the presence of a large amount of

13



aplite along a longitudinal joint at the north end of the quarry- (figure 4).

In a high pressure system, one would expect ■t±i.e volume of pegmatites devel-

oped to exœed the -volume of aplite, since the condi-fions for large crystal

forma-tion are main-tained for a longer period. The opposite is observed

at Fountain, indicating a relati-vely low-pressure late-stage environment.

The fine-grained texture of the Fountain Quarry Granite may also be a

reflection of the depth of enplacement. Accura-fe determina-tion of the em-

placement dep-th is not yet possible. Erosion has removed an unknown amount

of granite and country rock, so -that one must rely on textural oonparisons

with other plutons -that have known intrusive le-vels. The granite at Fount-

ain has a prominent -vertical planar flow s-tructure -that is present e-ven in

the in-ferior of -the pluton. This is characteristic of a magma -that has solid-

ified near the epizonal/ mesozonal border, somewhere between depths of

5 and 10 km (Billings, 1972; Buddington, 1959). Howe-ver, depths of cryst-

allization -that are shallower than this (1-3 km) were hypo-fhesized for a

number of African stocks similar in oonposition to the Fountain Quarry

Granite (Balk, 1937).

5. Age

Prior to ob-taining a preliminary age date for the granite, there

was -the possibility -that the granite could ha-ve pre-da-fed a major regional

metamorphic episode, and -therefore could ha-ve undergone sone degree of

deformation and alteration. Wi-fh this in mind, several -thin sections were

checked for e-vidence of metanorphism. No unambiguous e-videnoe was found.

At the very least, some recrystalliza-fion and reorien-fa-tion of micaceous

or fibrous minerals would be expected, e-ven at minimal teirperat-ures and
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pressures. Itovever, t±ie only minerals that appear to have a metamorphic

origin are those at the contact betveen the granite and wallrock inclusions.

The Rb-Sr age date for the granite is, at this point, very uncertain

(Spruill, pers. comm., 1979) due to the almost uniform concentrations of

rubidium and strontium in the sairples selected for analysis. The prelim-

inary age date is olcfer than the estimated peak of Alleghenian metamorphism

from 290-260 m.y. ago (Fullagar, 1971) . Subsequent work (Fullagar and But-

1er, 1979) seems to indicate that Alleghenian activity east of the Blue

Ridge was largely mechanical, and very high tertperatures never developed.

Thus, if the oountry rock surrounding Fountain was relatively incoirpetent,

acting as a shock absorber, and any remaining stress on the granite was

relieved by movement along pre-existing joints, the granite could have

passed almost unchanged through an episode of regional metamorphism.

6. X-ray Fluorescence Data

Ten granite sanples were analyzed for major elements by X-ray flix)r-

escence (table 2). Na20 and MgO were determined for selected sanples by atomic
absorption. The arphibole schist wallrock (saiple 11-11-2) was run against the

granite standards (table 6) and this analysis is only expected to be semi-quant

itative.

A cciplete description of X-ray fluorescence analysis would be beyond the

scope of this paper. The reader is referred to conplete, exhaustive details

given in Allman and Lawrence (1972) , Hutchison (1974), Wainerdi and Uken (1971)

and Energlyn and Brealy (1971). The analytical methods used in this report are

given in ippendix 1.

Analyses of the granite sanples are summarized in Table 2. Also, one

saiple was given a coiplete analysis by atomic absorption as a check on the
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accuracy of the fluorescence deterndnations. The results are presented

in Table 2A.

Table 2 : Analyses of Fountain Quarry Granite (percents)

Sample SÍO2 ^2°3 K22 TÍO2 CaO i^2°3 ^2° MgO MnO F_

6-1-2 74.40 10.95 4.63 0.19 0.35 4.13 ND ND ND ND

6-1-15 74.47 11.57 4.66 0.20 0.47 3.75 3.7 0.22 ND 0.036

6-6-4 73.38 11.10 5.21 0.21 0.40 4.59 ND ND ND ND

10-7-6b 72.50 11.90 4.68 0.21 0.29 3.98 ÎŒ) ND ND ND

10-25-3 73.35 11.14 4.48 0.21 0.54 5.06 ND ND ND ND

10-25-5 73.00 10.39 4.64 0.21 0.27 4.70 4.6 0.058 0.11 0.044

11-10-3 73.85 11.04 4.59 0.20 0.89 3.70 4.3 0.16 0.12 0.034

11-10-5 74.51 10.54 4.29 0.21 0.78 4.49 4.8 0.098 ND 0.034

11-11-1 74.27 11.10 4.63 0.193 0.52 3.70 ND ND ND ND

11-11-2*58.54 9.73 4.45 2.83 2.87 18.76 ND ND ND ND

11-11-8 69.33 12.17 5.61 0.22 0.29 5.33 ND ND 10 ND

★

aitphibole schist ND = not determined

Table 2A: Cortparison of X-ray and Comriercial Analyses of Sanple 10-25-5

SÍO2 ^2°3 «2° TÍO2 CaO
-2-3

X-ray: 73.00 10.39 4.64 0.21 0.27 4.70

Cdtrercial: 74.9 10.6 3.9 0.21 0.26 4.28

During the analysis of the granite sanples, a standard (GSP-1) was run at

the beginning and end of each batch of three sanples. The calculated values

for GSP-1 are all within 9 percent of the published analysis, except for
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TÍO2, vtódi is lc3w, and Fe202/ vÆiich is high.
The analyses (table 1) indicate that all the granite sanples, from

widely separated sections of the quarry, are chemically very similar. There

appears to be little, if any, conœntration of elements in one particular

area or saitple. Thus, chemical effects due to assimilation of wallrock have

been mostly homogenized and only the slight mineralogical differences near

wallrock inclusions remain.

Gonparison of the chemistry of the Fountain Quarry Granite with other

peralkaline rocks indicates that the granite is weakly peralkaline (Bailey

and MacDonald, 1970). Because of its phaneritic texture, the rock should be

correctly classified as a peralkaline granite.

7. Jpilite

A large vein of aplite was observed in the north end of the quarry

(figure 4) eirplaoed along longitudinal joints. The ^lite is very fine-

grained and has different fracturing characteristics than the granite.

Closely spaced fractures give the aplite a "crackly" appearance. The aplite

contains less mafic minerals and more quartz than the granite, probably a

reflection of its origin from late-stage magmatic fluids. Also, some epidote

was identified in hand sanple. Point counts of thin sections give the follow-

ing modal ooirposition for the aplite (ooitpare table 1).

Table 3: Modal Composition of /plite in Fountain Quarry Granite (percents)

Albite K-spar Quartz Sphere Cpaques Epidote Calcita

38 30 28 trace 1 trace 1

-(based on 3 saitples, 235 total counts)
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8. Mixed Granite

At plaœs along the contact between the granite and wallrock inclusions,

the wallrock was partially iielted and becane mixed with the granite. Field

evidence of this is seen in the multiple, thick, continuous schlieren that

lie just outside the granite-wallrock contact. The contact zone itself

ranges from less than 2.5 on to over 15 on in thickness. The zone typically

consists of a matrix of 40 to 50 percent quartz and plagioclase, studded

with garnet, sphene, epidote and minor amounts of biotite, opaques and

calcite, pl\as a very few corroded aegirine grains (plate 11). Occasionally

the contact zone seems to be segregated into a gamet-calcite-epidote assem-

blage and an albite-quartz-riebeckite assemblage that show distinct signs

of being swirled and molded by magma flow. The structures do not lend them-

selves to interpretation as late hydrothermal deposits; the deformed, oon-

voluted layers must have originally existed as mushy, semi-solid material.

The calcite-gamet-epidote assemblage may be the result of interaction

between migrating calcium, aluminum, and other metal ions from partially

melted wallrock and silicate or carbonate fluids in the magma.

The thickness of the contact zone roughly corresponds to the size of

the wallrock inclusion it envelopes; thinner inclusions are bounded by narrow

contact zones with more oonpletely developed schlieren. Perhaps the smaller

inelusions had a lower potential for heat absorption from the granite magma,

which resulted in increased partial melting.

9. Wallrock Outcrops

The long, tabular outcrops of wallrock (figure 4) are corrposed of dark

greenish-black, fine-grained anphibole schist (plates 12 and 13) . Hand sam-
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pies of this rock do not usually have a noticeable foliation, except in

thinner sections, vhere the foliation layers become very thin and distinct.
3

Occasionally the aitphibole schist contains small (0.5-1.5 mm ) cubes of

pyrite, especially near the contacts with granite. Along the contact zone,

3
several larger 5-10 ititi cubes have been observed in hand specimens.

Thin section analysis of the anphibole schist gives the following

approximate modal oonposition:

Table 4: Modal Cdnposition of Wallrock Outcrops (percents)

* *

Plagioclase K-spar Quartz RLebeckite Hornblende Sphene Calcite

16 6.5 6.5 20 40 6 trace

Epidote Pyrite + Opaques

6 trace -(based on 3 sanples, 300 total counts)

★

initially calculated as 13 percent quartz due to similarity in thin section

"^may include some arfvedsonite

The ooirposition is rather variable since some sanples are nearly devoid of

quartz and contain ip to 20-25 percent biotite. Plagioclase conposition

appears tc be more calcic than in the granite, but extinction angle measure-

ments are inccnclusive (the calculated conposition could be near An^Q or AnQ) .

Occasionally the amphibole schist will contain a small amount of badly oor-

roded aegirine. Most of the mineral grains in the schist are anhedral, except

for a few subhedral epidotes.

The wallrock inclusions remained relatively undisturbed by mechanical

deformation during intrusion of the granite. It is possible that small amounts

of strain were annealed by heat from the magma. This suggests that the in-
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elusions' long dimension was parallel to the direction of magma flow, so

that no large horizontal stresses were ever developed.

10. Basalt

The dike that has intruded the granite (figure 4) is a 0.6-1.5 m-wide

basalt carrying small (1-2 nm), scattered phenocrysts of olivine. In hand

saitple it is a dense, gray-black rock that commonly breaks into blocks

due to a fairly well-developed columnar jointing. Thin sections (plate

14) show a typical ophitic texture produced ty small non-oriented laths

of calcic plagioclase (An^^_gQ) in a matrix made iç> of an extremely fine-
grained, dark brown pyroxene and possibly some bowlingite. In this respect,

the basalt is not very different from the thousands of diabase dikes that

were injected along the east coast during late Triassic-Jurassic time.

Several larger plagioclase laths have transverse fractiores filled with

chlorite. These fractures appear to have resulted from differential oooling

of the crystals; the fractures occurred as the crystal shrank faster in one

direction than another. The olivine phenocrysts, vdiich made about 10

to 15 percent of the rock, are now bowlingite, an alteration product.

They have a crack pattern similar to that seen in olivine phenocrysts. It

is clear that the bowlingite is a pseudomorph of olivine.

At two exposures in the quarry, the dike exhibits a 1-3 cm-wide

chilled margin. This material originally was basaltic glass, but has since

decoiiposed into saponite. The chilled margin is evidence that the granite

must have been fairly oool at the time the dike was injected. Thus the

dike is probably late Triassic or Jurassic.
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11. Magma Genesis and Original Ccitposition

The consistent association of peralkaline magmas with crustal rift

zones (Rankin, 1972; Sykes, 1978) suggests a relationship with the vçiwaard-

ly mobile mantle-derived materials coirrnon along such zones. Siç)porting evi-

denoe for a strong connection between peralkaline rocks and alkali olivine

basalts (Bowden, 1970; Bailey and Schairer, 1966) is seen in the low initial
8V 86

Sr /Sr ratios of both types of rock (Vfeaver, Sceal and Gibson, 1972).

There are also inclijsions of peralkaline granite in many of the alkalic

rhyolite/ phonolite lavas (Azores, Ascension Island, Bouvet, St. Helena,

Tristan da Cunha, Gough Island) along the southern Mid-Atlantic ridge

(Bailey and Schairer, 1966).

There seems to be no reason to count the Fountain Quarry Granite as an

exception. However, it has been intruded through a section of continental

crust and as Bailey and Schairer note, peralkaline magmas are extremely

susceptible to sialic contamination by assimilation of argillaceous rocks.

Two possible mechanisms have been suggested that allow a peralkaline magma

to rise through the crust without becoming so contaminated that it no longer

retains its peralkaline chemistry. These are ascension through a conduit

lined with ccmagmatic material, or generation of the magma from partially

nelted rocks of the Icsær crust (Bowden, 1974) . The preliminary initial
87 86

Sr /Sr ratio reported for Fountain (R. Spruill, pers. oonm., 1979) is

relatively high (about 0.730). This suggests that the Fountain granite mag-

ma may have been derived from remelted, very old sialic rocks or alkali-rich

rocks.

Experimental petrologic work has brought forth many hypothetical

methods for obtaining a peralkaline magma at depth (Hyndman, 1972; Car-

michael and others, 1974). The two most plausible hypotheses involve partial
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melting of an alkali olivine basalt in the c3eep crust or içiper mantle, or

partial melting of lower crustal rocks. In view of the isotopic data and

rift-zone associations, most researchers favor the former method; of course,

some enplacement mechanism must be proposed to avoid oontamination by

sialic crust. However, the isotopic data from Fountain suggest that it is

a product of deep sialic anatexis.

The assemblage aanite + albibe + quartz has been used to experimentally

approximate a silica-saturated peralkaline magma. It has been found that

this assemblage will exist in equilibrium with a liquid fraction only if

the system also contains sodium disilicate (Bailey and Schairer, 1966) .

In normative calculations of many peralkaline intrusives, sodium disilicate

is notably low or absent, v^irereas it is more abundant in pantellerites and

oomendites (peralkaline volcanic rocks) . It has been suggested that the

slow cooling history of a peralkaline pluton allows the boiling-off and

subsequent escape of many soluble and volatile conponents (of wtiich sodium

disilicate is one). This appears to be true for the Fountain intrusion,

because there may have been sodium itetasomatism of the surrounding country

rock. There is evidence for this in the anphibole schist; plagioclase in

the schist originally was more calcic, but has since been changed to a more

sodic variety, perhaps with the acoonpanying formation of epidote.

Seme peralkaline intrusives show evidence of late-stage metasomatic

activity (Bowc^n, 1974) . In<^d, some research indicates that crystallization

of nearly puce a]bite, as in the Fountain Quarry Granite, is very unusual

(Phillips, 1971) , and that cfeuteric alteration is respoisible for such

sodic feldspar. The presence of riebeckite and albite coatings on many

joint surfaces indicates that sodium-bearing fluids were held inside the
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plutcn long after low teirperatures had been reached. This is contrary to

what one might ej<pect, in view of the early fracturing history of the

pluton (discussed later).

ItovÆver, thin section evictenœ of feldspar alteration is absent. It is

more likely that during the slow cooling history of the pluton, extensive

subsolidus reactions between the sodium and potassium feldspars were taking

place, facilitated by the remaining low-pressure sodium-rich fluids and

by shear stresses. The fluids may not be relied rçon exclusively to ejçilain

the nearly oonplete segregation of potassium feldspar and albita, since

the separation is so uniform and pervasive throughout the granite. Therefore,

subsolidus reaction during cooling must have been a major factor in the

generation of two nearly pure feldspars in the granite.
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STRUCrUEE

1. General Shape: Outcrop and Core Data

The shape of the granite pluton was not delineated until 1963,

when Martin Marietta Corp. eirbarked on a test drilling program to deter-

mine if economic amounts of the granite were accessible. The resulting

isopach map (figure 2) showing depth from surfaœ to the top of the gran-

ite, indicates a roughly elliptical bcx^ (1130 x 460 m, 3700 x 1500 ft

at the -20 m, -65 ft contour) upon which are srperinposed a number of

ridges and troughs. The ridges and troughs are parallel to the major axis

of the granite body, approximately north-south, and also are parallel to

one of the major joint sets. Thus the trouais formed by preferential

erosion along joints, leaving the ridges on either side.

Below the -30 m (-100 ft) contour, the sides of the pluton drop off

rapidly down to about 122 m (400 ft) deep, viiere the bedrock is granite

gneiss. The surface of the gneiss is conparatively flat (Bonini and Woolard,

1960). Oifortunately, the test drilling by Martin Marietta did not go

deeper than 25m (80 ft) and there are few wells in Fountain that are deeper

than about 90 m (295 ft) (Brown, 1959). Hoœver, the town's water srpply

veils are finished in the granite gneiss at cfepths slightly greater than

120 m (395 ft).

2. Flow Structure

The Fountain Quarry Granite has a veil-developed flow foliation viiich

is visible in hand speciiren as dark parallel streaks of aegirine, riebeck-

ite, and scattered pancake-shaped schlieren corposed of riebeckite-enriched

rock. This structure is pervasive; it occurs in all exposures in the quarry

and there is only minor variation in attitude from one area to the next.
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viewed at an exposure that presents three orthogonal surfaces, the

flow foliation and schlieren lie in a nearly vertical plane ^proximtely

parallel to one of the major joint sets. The strike of this plane is almost

ccnstant, for it diverges only a few degrees from an average direction of

N11°E (figure 4). The dip is more variable, ranging from 70°E to 82°W.

The dip can change rather markedly within a few centimeters, and the max-

imum variation occurs viiere the flow foliation wraps around the riebeckite-

enriched schlieren. The schlieren are wicfespread throughout the granite and

are seen as dark-colored, elongate bodies with their shortest dimension

perpendicular to the local flow layers. The schlieren differ from the

granite in mineral percentages; they are richer in riebeckite and sphene,

and they are more fine-grained than the granite. The schlieren œuld be

classified as mineral segregations, but a number of facrtors suggest that

they were originally xenoliths. The schlieren appear to have retained a

c3efinite boundary even though they have been stretched and (Reformed, cdiere-

as a segregation might be expeched to have more diffuse boundaries.

There has been a high c3egree of chemical interchange between the magma

and the xenoliths, as evidenced by the similar mineralogy in smaller in-

elusions. Scîte larger xenoliths are surrouncied by a small reaertion rim,

mostly albite, with cjuartz and garnet. The reachion rim indicrates an initial

disequilibrium bet^^Een the magma and the xenoliths \(\hich would not be expected

if they were some sort of magmatic segregation. Based on evicience from thin

secotions and hand sanples, it seems likely that the xenoliths are reimants

of anphibole schist wallrock that were incorporated into and metamorphosed

by the granite magma.
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3. Joint System

The granite bO(^ at Fountain has a væll-developed joint system

and since quarry operations have ejçosed near-vertical walls at different

orientations, the joints are quite prominent and easily studied.

The extreme hardness of the granite has dictated the method used to

remove rock from the quarry. Vertical holes, usually parallel to one of

the major joint sets, are drilled and blasted, producing a mound of shat-

tered rock (figure 5). This rock is then removed to be prooessed. Un-

fortunately, the drilling and blasting have introduoed many short, ir-

regular fractures at odd angles. These artificial joints must be recognized

and omitted from the interpretation of the original joint pattern. The

criteirLa for recognition of natural joints and or artificially induced

fractures are listed in Table 5.

Table 5 : Criteria for Distinction Between Natural Joints and Artificial Fractures

Joint type
★

Mineralization Trend
+

Proximity

Original similar to

granite
relatively removed
straii^t

Ej<plosive- nene
induced

very
irregular

usually within
3 m (10 ft)

*

the coating of minerals that may be found on the joint surface

"^the distance between the joint and the shatter zone marking the detonation
point of the explosive

A total of 358 joints, selected by the above criteria, were mapped and

analyzed (figure 6). TVo major joint sets are apparent. Both consist of

long, very smooth joints, many with an extensive coating of epidote.
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FIGURE 5 • Typical procedure for removal of rock at Fountain Quarry

(view from central haul road looking southwest).



riebeckite, or quartz in addition to various oxides, sulfides, and sul-

fates that have been deposited after being carried down in solution from

the overburden.

The major trends are easily seen on pi-diagrams (figures 7 and 7A) .

The average strikes of the two major sets are N12°E and N89°E, and dips

are mostly within 10 to 20 degrees of vertical. Also, there is a third,

less well-defined joint set, with variable strikes and dips of 25 to 30

degrees. These shallow-dipping joints are also very long; sorte extend for

20 m (65 ft) or more, but the surfaces are not as smooth as the vertically-

dipping joints. Along the quarry walls, the nearly horizontal joint traces

can best be described as undulatory, rather than straight. Mineralization

is rarely present along these fractures.

4. Analysis

The set of joints striking N12°E is nearly parallel with the flow

foliation in the granite, and detailed measurements (figure 6) indicate

that the joints change direction slightly, follcwing small changes in the

direction of the foliation. This characteristic, plus the widespread occur-

rence of mineral veneers on the joint surfaces, the extremely smooth surface,

and the steep dip, all fit the description by Balk (1937) of longitudinal

joints. In many igneous bodies, the early age of these joints is indicated

by the aplites, basic dikes, and quartz veins that follow them. There are

several basalt dikes and quartz-riebeckite veins that follav the north-

south-trending joints exclusively. Also, a large aplite vein, intruded along

the trend of these joints, was observed at the north end of the quarry.

Vfell-develcped pegmatites are not seen at Fountain. However, some of the

thick quartz-riebeckite veins contain small amounts of iliænite, fluorite.
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sphalerite, and irolybdenite, and could be construed to be pegmatites. This

is good evidence that the joints should be classified as longitudinal.

The origin of these joints is not VÆll-known, according to Balk (1937).

Several hypotheses have been suggested, including the effect of mineral

parallelism, cooling and contraction of the granite, or further injection of

magma from beneath the solidified portion of the intrusion.

The second major set of joints (figure 7) strikes approximately at

right angles to the first set, and consequently these joints are perpendicular

to the foliation. The joints are also very long, extremely smooth, and show

mineral coatings similar to the longitudinal joints. However, only a few

riebeckite-quartz veins wider tlian 3-5 rrm (0.1-0.2 in) follow these joints,

and basalt dikes are conspicuously absent. These characteristics closely fit

the description (Balk, 1937) of cross joints, which are considered to be among

the earliest fractures to form in a solidifying pluton. Even though the basalt

has been intruded only along longitudinal joints, there is no reason to

suppose that the cross joints formed after the time of basalt injection. Boss-

ibly the cross joints were under coitpression viien the basalt was intruded, and

the injection pressure of the basalt was insufficient to force the cross joints

apart.

Cross joints have been interpreted as forming in semi-solid rock due

to the continuing stresses iitposed by magma rpwelling and by confinement by

country rock (Balk, 1937) . The develcpment of cross joints has the same mech-

anical effect that viscous flow had in earlier stages of intrusion. The semi-

solid rock mass is lengthened in the direction of the least coitpressive stress.

As the magma slowly congeals, its mechanical behavior changes from that of a

viscous liquid to a brittle solid, and the stress release is accoirplished by

fracture.
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FIGURE

Equal Area Projection of ' ^ Combined Data from

f
1
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FIGURE 7a
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The set of flat-lying joints, seen as a concentration of poles around

the center of the ooirposite pi-diagram (figure 7A) , is not as veil-

defined as the other two sets. Although some of these fractures are very

extensive, they are less numerous than the cross and longitudinal joints.

The poles plot about a horizontal line approximately parallel to the long

north-south dimension of the granite boc^, and dips are at lov7 angles to

either side. The joint surfaces are generally undulatory or rarely even,

and there is a general absence of mineral coatings. These factors suggest

that this set of fractures formed later, perhaps due to the unloading of

confining stresses by erosion of the overlying country rock. The orientation

of these joints may have been modified and controlled to some extent by

the shape of the pluton. Joints that form roughly parallel to the land sur-

face in response to the release of hydrostatic stresses are common in gran-

itic rocks (Billings, 1972). Such joints are sometimes called unloading or

release fractures.

In summary, both major joint sets are considered to be primary structures,

formed during or just after intrusion of the granite. The two sets are

classed as cross joints and longitudinal joints. The flat-lying set of joints

is considered to be secondary and post-dates the cooling of the granite.

These joints are probably release fractures formed in response to unloading

of confining pressure.

5. Local Differences in Joint Sets

The longitudinal and cross joints are easily visible in all sections

of the gi.rurry and their density and general orientation are fairly constant.

However, the possibility exists that domains, or locally unique sets of joints.

32



FIGURE 8 : SECTION LOCATION MAP FOR JOINT DATA
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are present. These domains may form due to different stress oonditions or

they may indicate small displacements and rotations of original joints at

a later time.

The joint data were divided into grovç>s according to their positions

in the quarry (figure 8). Joints in the larger, northern part of the pit

were divided into three groips: 1) those from the northeastern-most expo-

sures, the east wall and one-half of the south wall; 2) those from the

bench walls (south-center) and southvest wall; 3) and those from the north-

western-most wall and west wall of the pit. Joint measurements from the

southeastern section of the southern pit and the central section along the

haul road constitute a fourth group. The fifth group comprises joints in

the southwestern section of the south pit.

Corparison of the five groups indicates some slight differences. It

should be noted that the general direction of the pit walls has been part-

ly controlled by fracture orientation. Thus, a wall or section that is

parallel to one of the major joint sets will show conparatively fewer joints

of that groip because the wall does not intersect those particular joint

planes as frequently. This accounts for the low number of measured long-

itudinal joints in the southeast—south-central section (figures 9 and 9A)

vhere most of the quarry walls are parallel to this joint set. Cross joint

orientation undergoes a slight shift, from nearly N88°W in the northeast

(figures 10 and lOA) to N86°E in the southwest (figures 11 and llA) . Long-

itudinal joints are best represented in areas where the walls trend east-

west. There is little change from the average orientation of N12°E between

the northern and southern sections of the quarry. However, in the west (fig-

ures 12 and 12A) there is a reduction in dip such that the longitudinal joints

approximate a v^akly developed conjugate shear, with a principal stress axis
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FIGURE 9

Equal Area Projection of J, Southeast/South Section
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FIGURE 9a
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FIGURE 10
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FIGURE íOa
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FIGURE
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FIGURE 12
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FIGURE 13
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N

FIGURE 14= Conjugate shear developed by longitudinal joints

from the west wall (see fig. lia). 0= intersection

of shear planes (stress axis) at NI0*E28*NE.
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trending N10°E and plunging 62°SW (figure 14). These weakly developed shears

are confined to the northwestern part of the quarry and their relation to the

rest of the joint system is not understood.

Release fractures are present in all areas and are seen as a concen-

tration of points near the center of the equal area nets. Their orientation

is variable and only faint similarities exist between the different sections.

In the central area of the quarry, joint strikes generally trend northeast-

erly (figures 9, 12, 13 and 9A, 12A, 13A) . Ihe variable strikes are to be

expected in view of the low dip angles.

In some granite plutons, the joint systems are the result of regional

tectonic activity following solidification of the granite. A primary origin

for the cross and longitudinal joints in the Fountain Quarry Granite is

suggested by the mineral coatings on joint srurfaœs. The mineral coatings

are very similar in oonposition to the granite.

6. Wallrock Outcrops

Several outcrops of vertically foliated mafic rock are ejqxased in the

quarry. These are mainly anphibole schist with lesser amounts of biotite-

riebeckite-chloribe schist. In places, the anphibole schist is intruded by

basalt dikes that are easily distingioished after close study.

The schist bodies are variable in size and shape. Some occur as mere

slivers of rock that seemingly have been 'enplaœd' along vertical joints,,

vdiile others are massive blocks that the granite has flowed into and around.

Where they are in contact with granite, these mafic bodies a3::e bounded by

a contact metamorphic zone characterized by a gamet-sphene-albite-calcite

assemblage. In the granite outside the oontact, thei^ are usually several

thick layers of mafic minerals that are parallel to the boundary.
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In some ejçosures, the schist and granite appear to be intimately mixed,

scOTewhat like a migmatite, with large quantities of albite and riebeckite

in the granite. The thinner mafic bodies have a strongly defined schistosity,

\idiile the large blocks are veakly foliated. This is strong evidence to suggest

that these mafic bodies are wallrocks that were enveloped by the magma.

These wallrock 'screens' , or septa, originally may have been iron-rich

sediments or tuffaoeous material. The screens may have been metamorphosed

to their present greenschist grade before the time of the granite intrusion.

Most of the screens are thin corpared to their vertical height, and

they extend horizontally for a few tens of meters (figure 4) . Considering

this, it is surprising that the screens remained relatively undisturbed mech-

anically by the magma. Becai:ise the magma was intruded vertically, as seen from

the flow structure, it is probable that little horizontal stress was inposed

on the wallrock screens.

There are two reasons that suggest that the many pancake-shaped schlieren

in the granite originated as chunks broken from these mafic screens. First,

the reaction rims seen around the screens are identical to those surrounding

some larger xsnoliths; second, xenoliths are slightly more prevalent in

sections of the quarry that contain a screen. Hov^ver, the distribution of

xenoliths has been modified greatly by magma flow. Because most of the xeno-

liths vere relatively small, they vere digested and made over into inclusions

with granitic mineralogy; the only difference is the higher ooncentration of

riebeckite and sphene in the inclusions. Curing magma flow, the small xenoliths

must have been stretched, flattened, and hydrodynamically aligned into their

present configuration.
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7. Basalt Dikes

At sans time after œnsolidation of the granite, thin basalt dikes were

intruc3ed along longitudinal joints. The granite must have been relatively cool

at this time, because there are thin, glassy chill zones bounding the dikes

at several exposures in the quarry. The dikes were enplaoed along zones of

weakness in the granite, and the nearly constant association of basalt with

aitphibole schist/ granite contacts suggests that the contact zone may have

operated as a structural control during injection of the basalt. The dikes

are not oontinuous across the quarry, as can be seen from figure 4. At the

present quarry level, two main dikes are ejqosed. These dikes may pinch out

along strike, or they may be connected as a single dike at a deeper level.

The apparent offset of the dikes is not due to faulting but results

from structural control of magma intrusion by the joint system and by the

amphibole schist septa. Reaction of basalt with the granite and aitphibole

schist is limited; there is no disoemible zone of alteration at the contact.

Perhaps this is to be expected, in view of the very small volume of basalt

that was intruded.

The basalt possesses rudimentary columnar joints that strike perpendic-

ularly to the basalt-granite contacts. This columnar jointing is the major

différence, in outcrop, between an amphibole schist screen and a dike.

These relationships are best observed in two outcrops near the center of the

quarry. In one ejposure, the basalt has been intruded along vertical joints

betvveen granite and a screen (figure 15). Lpon careful inspection, one can

contrast the schistose nature of the screen with the weakly developed colum-

nar jointing in the basalt. In the other exposure, the basalt has been injected

around a large block of schist, forming a 20-25 cm-thick shell (figure 16). The
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schist Basalt Granite

Figure 15> Sketch of basalt and wallrock in granite, near quarry center.
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different surfaœs displayed by the dike as it wraps around the block of schist

cause it to appear as an additional, badly weathered layer of the schist.

8. Faults

Evidence of major faults in the quarry is absent. Partitioning of the

joint data (figure 8) indicates that there are no marked differences between

sections of the quarry. Inspection of the quarry walls showed no mylonitic

zones or other typical fault plane artifacts, and the apparent offsets in

the basalt dike may be ascribed to structural control of intrusion. This is

because the two apparently offset ends have been errplaced into altogether

different surroundings (figure 4) and the required displacement (90-105 m,

300-350 ft along a plane roughly N60°W, 5-15°NE, assuming purely dip-slip

movement) does not fit in with the joint orientations in the quarry (figure

6) .

Seme minor faiilting has occurred along pre-existing joints. This is

indicated by the streaked-out coatings of albite, riebeckite, and calcite

seen on virtually all slip surfaces; the coatings must have been in plaoe,

i.e., along a longitudinal or cross joint, prior to displacement. Displace-

nents of about 0.3-0.9 m (1-3 ft) are indicated by offset portions of small

quartz-filled gash veins. The slickensides show movement in various directions

and there is no preferred direction of movement. It may be that these faults

are late features that formed in response to the relief of hydrostatic stress

as a result of erosion. A more likely possibility, in view of the regional

cartp3ession that was occurring during the Alleghenian orogeny (290-260 m.y. ) ,

is that joint-boinded granite blocks experienced small movements between them-

selves, resirlting in shear along the joints. Also, small, irregular quartz

veins cut the flow foliation at all angles, and appear to be the result of
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shear failure within the individual granite blocks.

CCNCLUSICNS

The Fountain Quarry Granite is a small peralkaline pluton that was

intruded into basement rocks of the coastal plain of North Carolina during

the late Paleozoic era. Some of the basement rocks were incorporated into

and metamorphosed by the granite magma. In the quarry, these basement rocks

crop out as large blocks and slivers of aitphibole schist.

Structural features in the granite include long, smooth longitudinal and

cross joints, and a flow foliation displayed by streaks of needlelike riebeck-

ite and aegirine and highly lætamorphosed inclusions of wallrock. The joint

system is a result of stresses induced shortly after solidification of the

pluton, perhaps due to further magma injection at a deeper level. Structural

analysis of the joint system shows consistent developrrent and orientation in

all sections of the quarry, with no evidence of major faulting.

The average strike and dip of the flow foliation describes a vertical

plane, indicating that the magma was injected straight rç>, perhaps along

vertical tension cracks in the country rock.

Chemical analyses of the granite by X-ray fluorescence indicate that the

rock is uniform in composition throughout, and that it ooitpares closely to

other peralkaline granites worldwide. Thin section analysis indicates that the

granite has not been regionally metamorphosed. Thus the granite seems to have

remained relatively undisturbed by the latest sequence of Appalachian metamorph-

ism. The rock does show evidence of mechanical deformation, manifested by

small gash veins and slickensides on mineral-ooated joints.

Due to the isolated exposure of the Fountain Quarry Granite, interpreta-

tion in a regional geologic framework is highly speculative. The granite is
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chemically distinct frcm the linear belt of plutons in the eastern slate belt,

approximately 40 miles to the west. That a granite pluton, much less a per-

alkaline one, should exist on the coastal plain is extremely peculiar. How-

ever, it may be slightly less une>!pected if it is considered with the regional

geologic history in mind.

Ihe pre-Cretaceous geologic history of the Atlantic coastal plain is

not veil known, especially with regard to plate tectonics. Although the

major orogenic events that have deformed the inner continental margin are

fairly well-documented (Fullagar and Butler, 1979; Fullagar, 1971), the

ooitpressional forces behind each episode of folding and uplift can only be

tentatively related to the collision or rifting of lithospheric plates (Gass

and others, 1971).

Studies of worldwide peralkaline rocks have led to recognition of a few

general characteristics associated with this type of magmatism. Peralkaline

magmas are common in oontinental areas undergoing epeirogenic doming. This

doming is frequently a precursor to active rifting (Ayrton, 1974) . The rift

zone may or may not eventiaally evolve further into an oceanic basin, Plutons

are frequently eitplaced as subvolcanic ring structures beneath areas of per-

alkaline lavas such as pantellerites (Bowden, 1974) , and the magmas can rise

quickly through the lower crust (Smith, 1976) . The occurrence of peralkaline

granite xenoliths in pantellerite flows over actively spreading ridges (Bowden,

1974,1970; Bailey and Schairer, 1966) indicates that peralkaline magmatism may

be a minor, but inportant early event in formation of tensional tectonic zones.

The most extensively studied peralkaline ring ooirplexes are those in

Nigeria and in the Niger Reprhlic (Bowden, 1970; Hyndman, 1972). They are

situated along a roughly straight line trending north from the late Triassic-
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Jurassic rift zone that opened between central Africa and the western oont-

inents (figure 17). Just south of this line of plutons is one of the many

fracture zones that cross the Atlantic and offset the Mid-Atlantic rift.

The presence of a fracture zone at this point indicates that rifting fol-

lov^ed zones of weakness along the continental shelf, rather than splitting

open the African continental crust. The age of the ring complexes, about

190 m.y., coincides veil with the supposed age of rifting. Field evidenos

indicates that the enplaoemsnt of these ooiiplejes may have been dependent

ipon the existence of a large, persistent, shallow heat source, such as veuld

exist in a very young rift zone (Bowden, 1970) . Sykes (1979) has indicated

that zones of alkaline magmatism are related to rifts that did not open into

full ocean basins or form dre to tectonic effects at the end of major ocean

transform faults. Thus, there appears to be a strong connection between the

Nigerian peralkaline plutons and an incipient (but never coirpleted) rift zone

in the African lithospheric plate.

On the vvest side of the Atlantic, the late Precambrian (850-700 m.y. )

'proto-Atlantic' ocean opened along a zone somewhere between the Blue Ridge

and the Carolina slate belt (Odom and Fullagar, 1973; Bird and Devæy, 1970;

Wilson, 1966) . The enplaoement of the Crossnore peralkaline series (about

820 m.y. old) in v\?estem North Carolina is related to the tensional tectonics

surrounding this event (Rankin, 1972). However, at the time of emplacement of

the Fountain Quarry Granite (late Paleozoic, based on a preliminary vdiole-rock

Rb-Sr isotopic age) (Spruill, pers. coitin. , 1979) the structioral regime for the

eastern margin of North America was mainly compressional. Following the closing

of the proto-Atlantic in middle Ordovician time, subduction of an oceanic

crustal plate beneath the North American continental edge resulted in an

offshore island arc system (Odom and Fullagar, 1973; Bird and Dewey, 1970) .
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FIGURE 17: Coincident trends of Nigerian alkaline rocks and Mid-Atlantic rift

zone south of the Niger delta (after Sykes, 1978).
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These œndLtions prevailed until the collision with Africa resulted in the

formation of the siper-continent Pangea, about 280 m-y. ago (Wilson, 1966).

However, recent work in New Guinea (Smith, 1976) seems to indicate

that the conpressional regime created by subduction will migrate toward the

back-arc regions. It is possible that the tensional tectonics of the early

Paleozoic vere gradually replaced by oorpression, but not before small

amounts of granite magma were enplaoed in the Piedmont and coastal plain

(Fullagar and Butler, 1979). Fullagar and Butler also mention a peralkaline

granite of Pennsylvanian age that intruded a zone of weakness in Newfound-

land. The tectonic setting and possibly the age coincide with those of the

Fountain Quarry Granite.

Sykes (1978) has shown that major continental fracture zones (zones of

weakness) beooire nearly adjacent vhen the continents are iioved back to their

pre-drift (Permian) positions. When this is done, the area surrounding Foun-

tain becomes aligned betaken the Canary and Cape Verde Islands, both of vhich

contain peralkaline volcanic rocks as least as old as 180 m.y. Thus, it is

also possible that as North America and Africa began drifting apart nearly

200 m.y. ago, small sections of the œntinental mairgin were broken off by

the opening rift. One of these small sections, containing an old peralkaline

intrusion, became si±imerged by coastal plain sediments along the North Amer-

lean continental margin.
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APPENDIX 1: X-RAY FLUORESCENCE ANALYSIS TECHNIQUE

The following techniques were used for analyzing sanples of

Fountain Quarry Granite for major elements. X-ray fluorescence is based

cn the fact that atoms of a certain element will emit a characteristic

radiation vlien they are bombarded by a beam of X-rays. The intensity of the

endtted radiation, or fluorescence, is theoretically proportional to the

conœntration of that element in the sample. All other parameters, such

as intensity of the beam, must be held constant. Because the fluorescence of

a particular element has a characteristic wavelength, radiation from all

the different elements in a sample can be separated by an analyzing crystal,

much as white light can be separated into its components by refracting it

through a prism. Radiation from a particular element is then selected by

placing the counting apparatus at a given angular position calculated from

Bragg's Law.

A graph of intensity vs. concentration can be constructed, using analyzed

standard reference materials. The points on this graph are described by a

straight line; thus, for any unknown sample, onoe the intensity of the

fluorescence is obtained, the corresponding concentration can be calculated

from the graph.

Sample pieparation is relatively simple; a small (5-15 g) amount of the

rode is powdered and pressed into pellets. Two to three grams of powder were

5 2
used in this analysis, and the pellets were pressed to 3 x 10 Ibs/in .

This technique usually requires the addition of a small amount of inert

mateicLal to act as a binder; in this case, 10 percent methyl cellulose was

ground with the rock powder before pressing.

The pellets were analyzed on a General Electric XRD-6 fluorescence
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spectrometer. Either tungsten or chromium rac3iation was used to excite the

sanple. Counting was acoonplished with a flow-proportional counter util-

izing P-10, a gas coirposed of 90 percent argon and 10 percent methane.

The counter t\±e output is fed through a pulse height selector to eliminate

unwanted radiation that may be close to the wavelength being analyzed. The

fluorescence radiation from a particular element is emitted at slightly diff-

erent wavelengths about a læan value. The pulse height selecrtor is used to

reject pulses that are too high or too low (too far below or above the mean

wavelength, respectively). The counter is run for 10 seconds, and the digital

readout automatically determines the count rate in counts-per-second (cps).

The counter tube output is dependent upon the rate of gas flow through

the tube and the electric potential between the cathocfe and anode in the tube.

In all analyses, gas flow was held at a constant value. The counter tube

response eidiibits a plateau at a certain range of potentials, making it insens-

itive to small fluctuations in voltages. For all analyses, the potential was

set within the plateau range to minimize changes in counter ti±>e response.

To optimize counting characteristics, the best settings were determined for

each element prior to analysis. A list of the various settings for each element

is given in Table 6.

Table 6: List of Parameters Used for Analysis

Elanent 2 ©
Counter Tube X-ray Tube
Potential (kV) Current (rA)

Pulse Heicht Selector^
lower limit Itorer limit

Exciting
Radiation

Analyzing
Cr,.-stal

Airpiifier
Gain

Si 108.70° 1.700 8 75 250 Cr PET 1

rj. 144.30° 1.720 3 100 285 Cr PET 1

K 136.85° 1.680 4 35 300 w LIF 1

Ti 86.32° 1.690 10 125 350 w LiF 1

Ca 113.23° 1.685 3 105 340 Cr LiT

re 57.65° 1.370 8 140 280 w LiF 16

*

units are Volts x iOO

“^iota: X-ray tube run at 45 kV for all analyses.
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Before the count rates can be related to concentration, there are three

corrections that must be made to the raw data. The first correction is for

counter dead time. This reflects the small but finite amount of time needed

by the counter tube gas to ' recover' from an incoming X-ray. Dead time results

in a count rate that is lower than it should be, and it becomes more and

more inportant with higher count rates. The formula for dead tine correction is

No = n1/ (1-Nlt)

f

vdiere No is the true count rate, Nq is the measured count rate, and t is the
“6

counter recovery time (equal to 3.5 x 10 sec).

Ihe correction for background radiation is neasured by taking a count

rate a few degrees above or below the 2© used for each element and s\±)-

tracting this from the peak count rate after correction for dead time.

Background only becomes significant vdien a) the count rates are very low, or

b) the average background is high (more than 10 percent of the average count

rate). Background corrections were made for all Fountain saitples to insure

uniform treatment.

The third oorrection is an adjustment of the count rate that takes into

account the pellet holder used at the time the sartple was analyzed. There are

four pellet holcfers in the XRD-6, and each has a slightly different effect on

the measured count rate. Analyses using pellets of the same material in all

four holders show the following results:

Table 7: Adjustnent of Count Rate with Holder Position

Holder Ad;3ustment Factor Holder Adjustment Factor

#1 1.0545 #3 0.9989

#2 (1.000) #4 0.9963
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After applying these oorrecticns, analysis of the standard reference materials

(table 8) gave the following resiiLts:

Table 8: Analysis of Standard Reference Materials

Stajïdard
percent

SiO., CCS
percent

.U,03_ CCS
percent

K,0 ens
percen-

TiO., CCS
percent

CaO CCS
percent
Fe^O. CDS

GSP-i 67.18 3111 15.25 779 5.53 24475 0.66 5503 2.02 9789 4.33 8775

G-2 69.11 3132 15.54 798 4.51 18812 0.50 4172 1.94 9458 2.55 5459

Nancy Œî 75.30 4063 12.50 672 4.76 20679 0.08 570 0.69 3299 1.34 2819

’.lancy CA 69.90 3409 14.50 766 4.03 17489 0.33 2988 2.45 12468 2.83 3603

c-i-ioa 75.05 3991 11.65 605 5.23 22881 0.24 1747 0.12 353 3.03 5326

SUNY I 67.20 2933 15.80 366 4.56 19165 0.51 4167 2.57 13184 4.56 9189

SUNY II 83.60 4843 7.90 420 3.23 13322 0.20 1598 0.42 2040 1.79 3165

0^1823 75.25 3916 10.40 530 4.71 19280 0.22 1620 0.14 994 4.41 9528

ítem; 75.59 3934 12.08 666 4.98 21622 0.09 715 0.80 3700 2.02 4230

;iote: ODncentration (percent) is published value for standard. Does ret reflect addition of

10 percent methyl cellulose to pellet.

2. Intensity is average value of 10 runs, after all corrections. Units

are counts-pcr-second.

The values in Table 8 vere used as the basis for calculation of a straight-

line equation, utilizing a linear regression program furnished with the

TT-58 calculator. Subsequent entry of measured and corrected intensity of the

Fountain sanples allows direct readout of the eleitental concentrations.

Several sanples of Fountain Quarry Granite were submitted to a commercial

laboratory for analysis of Na^O and MgO, \diich the XFÎD-6 fluorescence unit
cannot accurately record. These analyses are presented in Tables 2 and 2A

in the text.
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Plate 1: Photomicrograph of Fountain Quarry Granite, 25X, crossed niools.

Large grain (A) is ægirine, someviiat corroded. Smaller grains in

matrix are quartz and albite. Many plagioclase grains eîdiibit al-

bite twinning (T). Fine-grained texture is typical of section cut

normal to flow foliation.

Plate 2: Photomicrograph of large plagioclase grain, 63X, crossed niools.

Twinning is a contiination of albite and pericline, giving the char-

acteristic cross-hatched appearance. Microprobe analysis indicates

that the grain is albite (Ab„_ o) •yy* X u.y

Plate 3: Photomicrograph of orthoclase grain, 63X, crossed niçois. Grain

shows perthitic texture caused by small exsolved patches of albite

(A) . Small dark grains (M) are magnetite. Also visible in the lower

left oomer is a grain of riebeckite (R) , and near the center, epi-

dote (E).
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Plate 4: Photomicrograph showing typical section of granite, 63X, crossed

niçois. Quartz grains (Q) show small, sutparallel sections that

go extinct sequentially. In the left-center is a string of mafic

minerals, mostly aegirlne and riebeckite, that define the flow fol-

iation in the rock.

Plate 5: Photomicrogr^h of riebeckite-aegiiine cluster in granite, 63X, crossed

niçois. Anphibole (R) shows characteristic cleavage and crystal faces.

Pyroxene (A) is someviiat corroded and appears slightly glassy. Other

grains are quartz and albite.

Plate 6: Photomicrograph of granite cut parallel to flow foliation, 25X,

crossed niçois. Dark mafic streak (M) showing flow structiare is

mostly riebeckite. Surrounding grains are quartz and some feldspar

that has twinning like that shown in Plates 1 and 2 (T).
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Plate 7: Photomicrograph of granite, 63X, plane light. Shows small, needle-

like crystals of riebeckite radiating from two microcracks in the

granite (M).

Plate 8: Photomicrograph of granite from close to a wallrock screen. The

granite shows effects of wallrock assimilation. Note the aggregates

of biotite (B) around mafic mineral clusters, and a few scattered

grains of epidote (E). 63X, crossed niçois.

Plate 9: Photomicrograph of granite, 25X, plane light, oblique illumination.

Dark streak (flow foliation) is riebeckite (R) , aegirine, and some

small grains of magnetite (M). Glassy-looking material around

riebeckite is calcite (C). The vÆiite to gray grains are albite (P)

and quartz (Q).
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Plate 10: Photomicrograph of the contact zone betaæen granite and a xeno-

lith, 25X, crossed niools. Xenolith is the finer-grained material

in the lower portion of the photo. Mineral grains are mostly plag-

ioclase and quartz, with scattered grains of riebeckite. Note sim-

ilar mineralogy betaken xenolith and granite.

Plate 11: Photomicrograph of 'mixed' granite, 25X, plane light. Large grains

with glassy ^jpearanoe are garnet (G) . Matrix material is nost-

ly quartz and albite. Square opaque grain in comer is probably mag-

netite, but could be pyrite. Euhedral pyrite cubes are oonroon in the

contact zone, and are easily seen in hand sample.

Plate 12: Photonicrograph of amphibole schist, 25X, plane light. Rectilinear

grains (A) are sodium-rich amphibole, possibly arfvedsonite. Small

glassy grains (S) are sphene; remainder of the matrix is quartz and

feldspar. The slide has been cut approximately normal to the fol-

iatioi plane, which passes across the photo horizontally.
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Plate 13: Photomicrograph of aitphibole schist, 25X, plane light. This

sançle was cut from a rock collected about 1 m (3 ft) farther

away from the contact zone that the sanple in Plate 12. Aitphi-

bole grains (A) still predominate, but the rock is less foliated

than the saitple in Plate 12. Also visible are grains of sphene

(S) and a matrix of quartz and feldspar. This rock is typical of

most aitphibole schist found in the quarry.

Plate 14: Photomicrograph of basalt, 25X, crossed niçois. Sanple shows

typical ophitic texture forned by small laths of plagioclase.

Large lath-shaped crystals are also plagioclase (P). Phenocryst

in rpper center (B) is bowlingite, pseudoirorphous after olivine.

The groundmass is mostly bowlingite after olivine, augite, and

plagioclase.
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FIGURE I 1



MAP O F FOUNTAIN QUARRY, OUNTAIN, NC

SHOWING CONTOUR OF GRANITE PRIOR TO QUARRYING (BEGUN 1963).
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