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ABSTRACT

A relatively recently exposed road-cut
section of the late Early Cambrian Shady
Dolomite/Rome Formation was logged at
Porters Crossroads, Virginia, to assess
whether the section contained a paleoclimate
record relevant to the onset of global green-
house conditions. The cut exposes 300 meters
(900 feet) of cyclic peritidal carbonate
parasequences and several distinctive red-
bed units that formed on the peritidal por-
tion of a carbonate ramp with periodic
siliciclastic influx. The carbonate parase-
quences are 0.3 to 5 m thick (1-15 feet). The
major facies comprise red mudrock (terres-
trial or intertidal mud-flat), red and white
sandstone (intertidal sand-flat), microbially
laminated dolomite (upper intertidal flat),
thick-laminated dolomite (lower intertidal),
fenestral pelletal packstone/mudstone (inter-
tidal to subtidal), and burrowed dolomite/
wackestone-mudstone (subtidal).

A Fischer (accommodation) plot shows
that the succession preserves the late high-
stand (Sequence 1) of the Shady carbonate
platform and the transgressive systems tract
(Sequence 2) of the overlying Rome Forma-
tion. The parasequences commonly stack in-
to groups of 4 to 6 upward-shallowing and
upward-thinning cycles, which make up
parasequence bundles. The roughly 5 to 1
bundling suggests precessional cycles
stacked within short-term eccentricity cy-
cles. These high frequency fourth- and fifth-
order, upward-shallowing parasequences

are classic greenhouse platform deposits,
suggesting that the exposed Shady-Rome
section formed on a relatively ice-free earth
over about 2 m.y. This study extends the
greenhouse climate that typifies the Middle
to Late Cambrian back into the late Early
Cambrian.

INTRODUCTION

This study was done to determine whether
there is evidence in the Appalachian Valley and
Ridge Province, southwestern Virginia, for a
greenhouse global climate in the late Early
Cambrian. The Shady-Rome section at Porters
Crossroads (Figs. 1 and 2) was chosen because
a relatively new road-cut exposed about 300
meters (900 feet) of section of peritidal facies.
The Early Cambrian Shady Dolomite and over-
lying Rome Formation (Figs. 3 and 4) form a
second order supersequence representing an
overall transgression and regression of the sea
(Barnaby and Read, 1990). The peritidal car-
bonates in the upper Shady Dolomite-Rome
Formation formed on a carbonate ramp and
subsequent rimmed shelf just landward of the
margin.

During global greenhouse worlds, parase-
quences updip on aggraded ramps are dominat-
ed by 20 k.y. precessional cycles formed under
meter-scale (< 10 m) sea-level fluctuations
along with possible autocyclicity (Read, 1998).
Cycles consist of very shallow-water facies,
with regional tidal flat caps and minor discon-
formities (Read, 1998). Cycles are typically
bundled into 100 and 400 k.y. sets, although
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‘missing beats’ on the platform often make it
difficult to determine simple ratios typical of
Milankovitch forcing (Read 1998).

Logged Section Location, Austinville, Virginia

M, |

Figure 2. Locality map of Porters Crossroads
section near Austinville, Virginia.
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These greenhouse parasequences differ from
icehouse cycles on carbonate platforms, which
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are dominated by 400, 100, and possibly 40 k.y.
Milankovitch cycles with 50-100 m shifts in sea
level (Read, 1998). Carbonate cycles during an
icehouse world have regional disconformities
with associated aeolianites, lack tidal-flat facies
except near the shoreline, and commonly have
deeper-water facies in-between shallow-water
facies. There is also abundant unfilled accom-
modation (Read, 1998).

Greenhouse cycles also differ from transi-
tional cycles formed during times of moderate
continental ice sheets. These parasequences
lack deeper-water facies, rarely have regional
tidal flats, and show widespread disconformi-
ties updip (Read, 1998). They are also charac-
terized by deep-ramp storm beds arranged in
upward-coarsening units because of high-fre-
quency eustasy (Read, 1998).

Parasequences formed during greenhouse
worlds, that were relatively free of global ice,
have been described along the East Coast of
North America during the Middle to Late Cam-
brian (Read, 1998; Koerschner and Read, 1989;
Demicco, 1985; Goldhammer et. al, 1990) as
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sequence. lvanhoe Member not shown. Modified from Barnaby and Read, 1990.

well as Late Cambrian successions in Nevada
and eastern California (Montanez and Osleger,
1993).

The latest Precambrian to Middle Cambrian
spans the transition from an icehouse world into
a greenhouse world (Read, 1998). This study
provides clues as to how early in the Cambrian,
greenhouse conditions existed by examining
the parasequences, stacking patterns, and se-
quence stratigraphy of the Shady-Rome Forma-
tion in southwestern Virginia. If the late Early
Cambrian Shady Dolomite formed during a rel-
atively ice-free greenhouse world, then parase-
quences and a corresponding Fischer plot
should display 20 k.y. precessional cycles, mi-
nor disconformities and be bundled in 100 to
400 k.y. Milankovitch sets. Parasequences
should also display shallow-water facies with
tidal-flat caps.

GEOLOGIC SETTING

The section is located in the folded and
thrusted Valley and Ridge Province on the Las-
well Thrust Sheet, and is one of the easternmost
thrust sheets in the area (Fig. 1; Barnaby and
Read, 1990). It is overridden by the Blue Ridge
Thrust to the southeast. The oldest unit in the ar-
ea is the Early Cambrian Erwin Sandstone of
the Chilhowee Group, which consists domi-
nantly of marine quartz arenites (Barnaby and
Read, 1990). It is conformably overlain by the
Early Cambrian Shady Dolomite carbonate
platform succession. The basal unit, the Patter-
son Member (300 m thick), comprises thin-bed-
ded, nodular dolomitic lime wackestone/
mudstone deposited in a deep ramp setting. The
overlying Austinville Member (300 m thick) is
composed of massive upward into cyclic peloi-
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unit (Taylor Marker). Modified from Barnaby and Read, 1990.

dal and oolitic dolomites (shallow subtidal
shoal and peritidal platform); several quartz
sand stringers are traceable off the shelf into
dark “Taylor Marker” shaly carbonates. The
quartzose Taylor Marker was formed from clas-
tics being shed off the shelf during the deposi-
tion of the sandy portion of the middle part of
the Austinville Member (Barnaby and Read,
1990). The Ivanhoe Member, (~20-30 m-thick)
the upper unit of the Shady Dolomite, consists
of a thin succession of interbedded peritidal
limestones and dolomites. The Shady Dolomite
is overlain by the Middle Cambrian Rome For-
mation, which is composed of cyclic peritidal
and coastal plain redbeds and peritidal carbon-
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ates (Fig. 3). Deposition was influenced by a
combination of thermotectonic subsidence and
eustasy (Barnaby and Read, 1990). Subsidence
rates were estimated to be about 5 to 10 cm/k.y.
(Barnaby and Read, 1990), but the new time
scale of Gradstein et al. (2004) suggests higher
rates of 10 to 15 cm/k.y. The Shady-Rome plat-
form began as a ramp, and evolved into a
rimmed shelf during the latest Early Cambrian
(Barnaby and Read, 1990).

The age of the Shady-Rome is biostrati-
graphically constrained to be late Early Cambri-
an to Middle Cambrian. The formation contains
Bonnia-Olenellus biozone trilobites (Willough-
by, 1977; Barnaby and Read, 1990). The Patter-
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son Member contains Early Cambrian
Salterella conulata. Archaeocyathids in the
Austinville Member are middle Bonnia-Olenel-
lus biozone (Barnaby and Read, 1990). The
Early Cambrian to Middle Cambrian boundary
is marked by the transition of Early Cambrian
trilobites to Middle Cambrian trilobites in the
upper part of the Shady-Rome off-shelf sedi-
ments (Willoughby, 1977; Barnaby and Read,
1990).

METHODS

The Porters Crossroads section was logged
bed-by-bed using a Jacob’s staff, noting litholo-
gies, contacts, color, grain size, sedimentary
structures, and type of fossils present. The sec-
tion starts in the Shady Dolomite within the
Austinville Dolomite Member (above the non-
cyclic portion), and was logged to the top of the
outcrop within the Rome Formation. A strati-
graphic column was constructed using the
logged data, the column was computer-drafted
and the lithologies color-coded. Parasequences
were identified as upward-shallowing succes-
sions bounded by flooding surfaces. Cycle
thicknesses were used to construct a Fischer
plot, which is a plot that tracks changes in ac-
commodation (sea level plus subsidence)
through time (Read and Goldhammer, 1989).
These track cumulative departure from average
cycle thickness versus cycle number, such that
a long-term sea level rise is manifested by the
rising limb of the plot (thicker than average cy-
cles) and a long-term fall is marked by a falling
limb (thinner than average cycles). Fischer
plots have previously shown their usefulness in
defining short-duration (10 k.y. to 100 k.y) de-
partures in relative sea-level as well as assess-
ing magnitude of third-order (1 to 10 m.y.)
fluctuations in sea-level which, assuming they
can be correlated regionally, relate to eustatic
events (Read and Goldhammer, 1998). The fa-
cies stacking patterns, in conjunction with the
Fischer plot, were used to define cycle bun-
dling, and larger scale sequences (Fig. 5). The
cyclic character of the platform succession was
then evaluated for any global climate signal.

FACIES AND INTERPRETATION

The facies in the upper Shady Dolomite and
Rome formations at Porters Crossroads are
shown on the column in Figure 5. They were
described and interpreted by Pfeil (1977), al-
though the section measured was relatively
poorly exposed.

Mudrock
Description

These occur in 0.3-3 m-thick units mostly in
the middle and upper parts of the section, and
are gray to red, massive and microbially lami-
nated, silt to fine-grained, well-sorted, silici-
clastic mudrock with mudcracks, cross-
laminations, ripple marks, some peds, and some
interbedded silty seams.

Interpretation

The mudcracks, cross-laminations, ripple
marks, peds and silty seams all indicate that this
mudrock was formed in a terrestrial environ-
ment or intertidal mud-flat with periodic expo-
sure (Reineck, 1975).

Sandstone
Description

These occur in 1-4 m-thick units mostly in
the middle and upper parts of the section. They
are tan, red, or yellow, massive or microbial and
thickly laminated at parasequence caps, fine- to
coarse-grained, well-sorted quartz sandstone
with sand-filled mudcrack layers, rippled sur-
faces, burrows, and cross-laminations.

Interpretation

The mudcracks, cross-laminations, rippled
surfaces, burrows and quartz sand indicate an
intertidal sand-flat depositional environment
(Reineck, 1975).

Microbially Laminated Dolomite
Description

This facies occurs in 0.3 to 6 m-thick units
that are best developed in the lower and upper
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middle parts of the section, capping peritidal
cycles. It is light to medium gray, microbially
laminated dolomite with some planar lamina-
tions, some undulating tops, teepees, and rare
domal laminations with some silica replace-
ment, and is a fine- to medium-grained pelletal
packstone and lime mudstone.

Interpretation

The laminites were formed from muds and
pellets trapped and bound by microbial mats
(Koerschner and Read, 1989), in low-energy
tidal flats.

Thick-Laminated Dolomite
Description

This facies occurs in 0.3 to 4 m-thick units
throughout the section, and is light to medium
gray, thick-laminated, fine- to medium-grained
dolomite with rare silica nodules after anhy-
drite.

Interpretation

The thick-laminated carbonates formed in
low energy, lower intertidal environments.
Laminations are probably mechanical, caused
by the settling of pelletal silts and carbonate
muds from low-energy tidal waters under the
influence of microbial mats (Koerschner and
Read, 1989). Silicified anhydrite nodules sug-
gest a dry climate and tidal groundwater in the
anhydrite field.

Fenestral Limestone and
Thrombolites

Description

This facies occurs in 0.3 to 1 m-thick units in
the lower and less commonly the middle part of
the section. They are medium to dark gray, mas-
sive, locally capped by thick-laminated carbon-
ate, and commonly have spherical calcite
fenestrae and clotted fabrics. They generally are
fine- to medium-grained, intraclastic pelletal
grainstone or pelletal mudstone. Some units
have undulating tops suggestive of thrombolite
units.

Interpretation

The fenestrae and clotted fabrics formed in
intertidal to shallow subtidal environments in
which fenestrae formed by gas bubbles, mat de-
composition, and shrinkage; clotted thromb-
olitic fabrics likely formed beneath pustular
mats (Pfeil and Read, 1980).

Burrowed Dolomite/Limestone
Description

This facies occurs in 0.3 to 1.5 m-thick units
in the middle part of the section. It is light to
dark gray, massive with a burrowed, bioturbat-
ed/mottled texture, and composed of fine- to
medium-grained intraclastic limestone or dolo-
mite. There is a zebra dolomite overprint in
places (Barnaby and Read, 1990).

Interpretation

The bioturbated carbonates formed in shal-
low subtidal, low-energy lagoons in which or-
ganisms burrowed the sediments, disrupting
primary layering (Pfeil and Read, 1980).

SEQUENCE STRATIGRAPHY
Parasequences

Parasequences are 0.3 to 5 m-thick. Carbon-
ate parasequences are characterized by low-en-
ergy subtidal to intertidal massive, burrowed, or
locally fenestral and thrombolitic carbonates,
shallowing up into microbially laminated caps.
Mixed siliciclastic-carbonate parasequences
consist of subtidal to intertidal laminated, mud-
cracked, or rippled sands or silts overlain by
massive or laminated carbonate. Siliciclastic
parasequences are composed of subtidal to in-
tertidal shale or shaly sandstone, that is mas-
sive, rippled or laminated capped by
mudcracked shaly sandstone.

Parasequence Sets or Bundles

Parasequences are typically bundled into
units composed of 4 to 6 parasequences. Bun-
dles are identified as groups of parasequences
that thin upward, and contain successively shal-
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lower water facies up-section. Bundles appear
on Fischer plots as a rising limb of one or more
thick cycles, followed by a falling limb of sev-
eral thin cycles. About two-thirds of the silici-
clastic-bearing cycles occur in lows on the
Fischer plots, compatible with these being asso-
ciated with intervals of low sea levels.

Sequences and Systems Tracts

The lower half of the measured section spans
the falling limb of the Fischer plot, interrupted
by a short-term rise, and then continued fall to
the middle of the section. This suggests that this
interval represents part of the highstand of the
Shady Dolomite Sequence 1, on which is super-
imposed a smaller scale sea level rise and fall.
The upper half of the section preserves the ris-
ing limb of the Fischer plot, suggestive of the
transgressive systems tract of a second se-
quence in the Upper Shady-Rome Formation
section. The top of the section may be the start
of a second highstand, as the cycles form the
onset of a falling pattern on the Fischer plot. Se-
quence 3 of the Shady-Rome succession (Brez-
inski et al., in press) is not exposed in the study
area.

Highstand Systems Tract of
Sequence 1

The highstand system tract (HST) consists of
thinner than average cycles. The cycles are
characterized by a thin, lower subtidal unit, and
arelatively thick, very dolomitic, mechanically
and microbially laminated carbonates and some
capping quartz sands (Read, 1998).

Shelf Margin Wedge

The redbed interval in the middle of the mea-
sured section, in the trough of the Fischer plot,
is suggestive of a shelf margin wedge or per-
haps the updip part of a lowstand systems tract.
It is possible that the redbeds at the top of the
exposed section also are a shelf margin wedge,
but they may be associated with a high frequen-
cy sea level fall, rather than a third-order se-
quence lowstand. The shelf margin wedge
consists of thin cycles of quartz sandstone and
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mudrock, containing mudcracks, fenestrae,
cross laminations, ripple marks and some mi-
crobial laminite caps. Locally, they contain bas-
al upward-deepening units of thick-laminated
mudrock at the bottom deepening upward to
massive mudrock/sandstone.

Transgressive Systems Tract of
Sequence 2

The transgressive systems tract (TST) con-
sists of thicker than average cycles composed of
thin, pelletal mudstone and microbial laminite
capped parasequences at the bottom grading up-
wards into thicker, massive to thickly laminated
dolomitic mudstones; siliciclastics are com-
mon, especially in upper parts of parasequence
sets (lows on the Fischer plot; cf. Read, 1998).

DISCUSSION

The Shady-Rome succession is a second or-
der supersequence (~ 8 m.y. duration) that con-
tains three third-order depositional sequences
(Brezinski et al., in press). The 300 m measured
interval logged at Porters Crossroads, Virginia,
spans the upper part of the Shady Dolomite and
the lower Rome beds. The Fischer plot (Fig. 6)
suggests that the measured interval includes the
highstand of Sequence 1 and the transgressive
and early highstand of Sequence 2. Sea level
probably dropped below the shelf top during
deposition of the sandy portion of the middle
part of the Austinville Member (when clastics
were shed off the shelf to form the quartzose
Taylor Marker) during the latter part of Se-
quence 1. Sea level also falls off the shelf to
form the major third-order lowstand evident at
the base of Sequence 2, marked by the redbeds
in the middle of the studied section. The depo-
sition of clastics at the edge of the shelf is sug-
gestive of Type I sequence boundaries, when
sea level falls below the shelf top. However,
there is little evidence of major unconformity
development or long-term exposure and rego-
lith development in the studied section. Much
of the off-shelf section is highly condensed
(Barnaby and Read, 1990), which could explain
the lack of evidence of a major unconformity. It
is not clear why the off-shelf section is highly
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condensed, but the presence of some anhydrites
in other parts of the section suggests an arid cli-
mate. Therefore, an absence of fluvial sedimen-
tation may be a factor.

Rapid thermotectonic subsidence and eustat-
ic sea level rise (Barnaby and Read, 1990) led
to high rates of accommodation increase (10 to
15 cm/k.y.). These values based on the new
Gradstein et al. (2004) time scale are higher
than the 5 to 10 cm/k.y. reported previously
(Barnaby and Read, 1990). The high accommo-
dation rates favored preservation of relatively
complete peritidal successions once the interval
had shoaled from the deep ramp facies of the
Patterson Member and the overlying subtidal
carbonate sand shoals of the lower Austinville
Member (cf. Koerschner and Read, 1989; Gold-
hammer et al., 1990). The Shady-Rome succes-
sion spans approximately ~7 m.y. (based on
Gradstein et al., 2004, time scale and apportion-
ing the lower third of the Bonnia-Olenellus in-
terval to the Chilhowee clastics). The measured
section is roughly 25 to 33 percent of the total
section, making it about 2 to 3 m.y. duration.
Dividing the approximately 120 cycles (includ-
ing cycles assigned to the non-differentiated in-
tervals) into the 2 to 3 m.y. duration of

deposition suggests that the cycles are roughly
15 to 25 k.y. duration, compatible with a preces-
sional signal. However, given the poor absolute
time control these estimates are very tentative.
The common bundling of the of 4 to 6 parase-
quences evident on the Fischer plot further sup-
ports the idea that the parasequences may be the
product of precessional cycles (~20 k.y. dura-
tion or less), bundled into eccentricity cycles
(~100 k.y. duration). It should be stressed that
the duration of the Shady-Rome succession is
very poorly constrained and these cycle dura-
tions should only be interpreted as falling with-
in the fifth-order Milankovitch band. Although
many of the cycles likely were driven by high
frequency sea level changes as suggested by the
meter scale (~5-25 m) accommodation changes
on the Fisher plot, autocyclic shallowing also
could have formed some of the cycles (cf.
Wilkinson et al., 1997). It is possible that a few
cycle boundaries may be absent. Non-recogni-
tion of one or two cycle boundaries has little ef-
fect on the large-scale curves defined by a
Fischer plot, however it does affect the smaller
scale departures (Read and Goldhammer,
1998). A few cycles may be missing due to ex-
posure, however the low-amplitude sealevel
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fluctuations evident on the Fischer plot suggest
that few beats were missed on the peritidal por-
tion of the platform. Correlation of cycles re-
gionally could solidify this interpretation.

Previous studies show that fourth order cy-
cles appear to be developed in the deeper sub-
tidal facies of the lower Shady Dolomite,
marked by shallowing of deep ramp into mound
facies (Barnaby and Read, 1990). Fourth order
bundling is also present within the upper Shady
and Rome peritidal units, with parasequences
bundled into what appear to be of fourth order
(100 k.y.?) eccentricity cycles. Again, such es-
timates are very tentative and need geochrono-
logic corroboration. Siliciclastics in the
peritidal cycles appear to be best developed in
(but not restricted to) the fourth order lowstands
evident as lows between cycle bundles on the
Fischer plots (Fig. 6).

The dominance of meter-scale cycles on the
platform, the common microbially laminated
caps suggestive of widespread tidal flat progra-
dation, the lack of well developed subaerial
regolith, caliche or other paleosol-like features,
all are compatible with high frequency, small
sea level changes typical of a relatively ice free
earth (Read, 1998). The cycles are strikingly
similar to Middle and Late Cambrian cycles de-
scribed by Koerschner and Read (1991),
Demicco (1985), Montanez and Osleger
(1993), and interpreted as greenhouse platform
cycles. Thus, the data from the Upper Shady
Dolomite and Rome Formation, Virginia, sug-
gests that at least the latest Early Cambrian was
a greenhouse earth.

CONCLUSIONS

New data from a well-exposed road cut sec-
tion of the Shady Dolomite-Rome succession,
at Porters Crossroads, southwestern Virginia,
shows that the succession consists of superbly
developed peritidal parasequences. They occur
within the highstand of Sequence 1 of the Shady
dolomite (Austinville and Ivanhoe Members),
and the transgressive systems tract of Sequence
2 (dominantly Rome Formation). The meter-
scale parasequences, with subtidal bases and
laminated dolomitic caps resemble those from
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greenhouse platforms of slightly younger Cam-
brian age in North America, and appear to have
formed under high frequency, low amplitude
sea level fluctuations on an ice-free earth. The
lithofacies, parasequences and stacking patterns
indicate an ice-free greenhouse world (cf. Read,
1998) suggesting that onset of greenhouse con-
ditions was at least as early as the late Early
Cambrian.
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ABSTRACT

A field and petrologic study of the Mem-
phis Sand, host to the regionally important
Memphis Aquifer, was conducted to provide
information about its porosity, origin, envi-
ronment of deposition and possible hydrau-
lic compartmentalization. Sample collection
at six exposures, three wells, and two cores
reveal that the Memphis Sand in the North-
ern Mississippi Embayment (NME) is a fria-
ble fine to coarse quartz wacke or quartz
arenite. Primary intergranular porosity ap-
proached 40% and remains 25% to 35%. Al-
though dominated by sharply angular
monocrystalline quartz grains, rounded
coarse sand polycrystalline quartz grains are
abundant (30% to 55%) toward the east
margin of the NME where they are associat-
ed with trace amounts of kyanite and zircon.
We observed no glauconite. The grain size of
sieved disaggregated samples varies from
coarse sand near the embayment margin to
fine sand near the center of the NME. Quartz
cement is essentially absent. The weak coher-
ence of the Memphis Sand is due to second-
ary kaolinite matrix, which shows meniscus
texture and other petrographic signatures
that indicate formation in a vadose environ-
ment. The clay mineralogy of Claiborne
Group strata changes from kaolinite in the
north of the NME through mixed kaolinite/
smectite to smectite dominated composition
south of the 35th parallel. Our results docu-
ment the extraordinary porosity of the Mem-
phis Sand and the partial occlusion of the
porosity by vadose-zone kaolinite during
early diagenesis. The results also support a
scenario in which the Memphis Sand was de-

posited in braided and meandering fluvial
environments north of the 35th parallel.

INTRODUCTION

The Eocene Memphis Sand hosts the Mem-
phis Aquifer, the primary source of potable wa-
ter for millions of people in the Northern
Mississippi Embayment (NME) (Figure 1).
Memphis alone withdraws more than 200 mil-
lion gallons of water per day from the aquifer.
Increasing population and irrigation in the “Fer-
tile Crescent” of the NME has increased de-
mand for water with concomitant problems
related to water rights. Rational policy deci-
sions about utilization and apportionment of
this critical resource must transcend political
boundaries. To this end, we must understand the
regional lithologic variation of the Memphis
Sand.

The Memphis Sand forms the bulk of the
Claiborne Group (Table 1) in the Northern Mis-
sissippi Embayment. It is approximately 240 m
thick beneath Memphis, thinning to zero meters
approximately 100 km to east and west (Hundt,
2008; Parks and Carmichael, 1990).

In contrast to the substantial literature about
the petrology and petrophysics of clastic petro-
leum reservoirs, there are very few similar stud-
ies of clastic fresh water aquifers with which to
compare our findings. The only literature that
addresses the petrology of the Memphis Sand is
an abstract by Lumsden and others (2008) and
the unpublished thesis of Hundt (2008). The
Floridian Aquifer is largely carbonate and thus
not a good analog. Studies of the Ogallala and
Dakota Aquifers focus on hydrodynamics; we
found no publications on their petrology. The
Potomac Group hosts the Potomac Aquifer, a
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oy Gulf Coatal F-’.Ia'mw

Figure 1. A - Memphis (M) is in the middle of the Mississippi Embayment (ME), a northern exten-
sion of the Gulf Coastal Plain. B - The 29 county study area is outlined in black and sample loca-
tions are numbered 1 to 10 (after Hundt, 2008). The 35th parallel, the Tennessee-Mississippi state
line, coincides with an important transition in the depositional environment of the Memphis Sand.

major source of water to the population of the
Chesapeake Bay area (McFarland and Bruce,
2006). Drobnyk (1965) discussed the mineralo-
gy, granulometrics and environment of deposi-
tion of the Paleocene-Eocene Aquia Formation
of the Potomac Group. However, he provided
no information about porosity, matrix, or ce-
ment.

The interpretation of borehole log-based
cross-sections and contour maps of the Mem-
phis Sand is discussed elsewhere (Larsen and
others, 2008 a, b; Hundt, 2008; Hundt and oth-
ers, 2008). The purpose of the present investi-
gation is to report grain composition, amount
and origin of porosity, amount and origin of ma-
trix, and amount and origin of cement. With
these data we will address questions about the
source of the sand, its environment of deposi-
tion, and the origin and occlusion of its porosity.
The results will provide the basis for a better un-
derstanding of the origin, amount, and patterns
of porosity in the Memphis Aquifer thereby
contributing to a better understanding of its hy-
draulic compartmentalization, if any.

METHODS

The study includes 29 counties in east Ar-
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kansas, west Tennessee and north Mississippi,
an area of 42,500 sq km (Figure 1).

Samples were collected from six exposures,
three mud-rotary boreholes, and two cores (Fig-
ure 1). Exposures provided sedimentary struc-
ture information (locations 1, 5, 7, 10).
Locations 3 and 4 exposed the Cook Mountain
confining unit but not the Memphis Sand. Sam-
ples from the three wells (locations 2, 6, and 8)
provided grain composition and size data; how-
ever no information about porosity, matrix, or
cement could be obtained from these disaggre-
gated sands. Five samples were collected from
a 20 m rotasonic core (UC-1) in Shelby Farms,
Memphis, TN (location 9) (Garner and others,
2003; Gentry and others, 2006). The upper sam-
ples may be from a sand facies in the overlying
Cook Mountain Formation, but the lower sam-
ples are from the Memphis Sand. Location 10
provided samples from a surface exposure and
a 40 m deep sample from an auger core.

Petrographic analysis of 200 points was used
to estimate bulk composition (percent grains,
porosity, matrix, and cement) and grain compo-
sition. Samples were friable and impregnated
with epoxy resin prior to thin section prepara-
tion. Grain surface texture of disaggregated
samples was examined with a binocular micro-
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Table 1. Cenozoic Era units in the western Tennessee portion of the Mississippi Embayment and
their hydrologic relevance (based on Brahana and Broshears, 2001 and others).

CENOZOIC ERA
QUATERNARY PERIOD

PLEISTOCENE AND MODERN ALLUVIUM —

MISS. VALLEY ALLUVIAL AQUIFER AND EQUIVALENTS
PLEISTOCENE LOVELAND, ROXANNA AND PEORIA LOESS — LEAKY CONFINING LAYER
PLEISTOCENE TERRACE GRAVELS — LOCAL AQUIFER

~—-DISCONFORMITY =---ennnv

TERTIARY PERIOD
PLIOCENE-PLEISTOCENE EPOCH

UPLAND COMPLEX — LOCAL AQUIFER

----- DISCONFORMITY ----eeeeev

EOCENE EPOCH

JACKSON FORMATION —

Claiborne Group

CONFINING LAYER

Cockfield Formation - confining layer, local aquifer
Cook Mountain Formation - confining layer
Memphis Sand - host to the Memphis Aquifer

Paleocene Epoch
Wilcox Group

Flour Island Formation — confining unit
Fort Pillow Sand - Fort Pillow aquifer

Midway Group

Old Breastworks Fm. — confining unit
Porters Creek Clay — confining unit

---------------- UNCONFORMITY (The K/T boundary)

scope and scanning electron microscopy.

Grain size was estimated by sieving disag-
gregated samples into half Phi size intervals
(Boggs, 2001, p. 59 — 74). Samples were
washed and fines (< 0.062 mm) decanted and
weighed separately. Fines from water-wells
samples (Locations 2, 6, and 8) were lost during
the drilling process.

X-ray diffraction (XRD) was used to esti-
mate the mineral composition of sandstone,
sandstone matrix, and associated clay units.

RESULTS

Fresh hand specimens of the Memphis Sand
are typically fine grained (mode 2 to 2.5 Phi,
0.25 to 0.177 mm), friable, quartz wacke or
quartz arenite (Dott, 1964). Quartz wacke has
10% or more matrix, whereas quartz arenite
contains less. Porosity in coherent samples is
excellent; no cement is visible in hand samples.

Fresh outcrop sand, well samples, and core
samples are very light gray (Munsell 8/1).
Weathered outcrop samples are stained red
from hematite with random centimeter-scale
layers that are cemented by black limonite.
Memphis Sand grains are essentially 100%
quartz present as single crystals, polycrystalline
quartz, and chert (Table 2 and Figure 2A). The
two easternmost samples (locations 5 and10)
have an abundance of coarse polycrystalline
quartz grains. Trace amounts of feldspar, kyan-
ite, and zircon occur with the polycrystalline
grains. Muscovite is locally present in trace
amounts. No glauconite was observed.
Monocrystalline quartz grains are well sort-
ed, sharply angular to subangular, with some
embayed grains (Figure 2B). Polycrystalline
quartz grains are much larger than monocrystal-
line grains (typically 0.5 mm versus 0.2 mm)
and are subrounded to rounded. The internal
texture of polycrystal grains varies consider-
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Table 2. Summary percent composition data for the Memphis Sand. ID numbers correspond to
locations in figure 1. QA is quartz arenite, QW is quartz wacke.

Grain composition Bulk Composition
0, [ 0, 0,
0 n(gc:: ':;,tlzy L ';;o(;atlz eaic Fl:akg Gr/aoin Pcf:'e Ma/torix C:m Class

1-L 83 15 2 100 0 0 59 35 6 0 QA
1-D 84 14 2 100 0 0 63 37 ND ND
2-1 84 13 3 100 0 0 ND ND |ND ND
2-2 90 3 98 0 2 ND ND [ND ND
2-3 88 2 94 0 6 ND ND [ND ND
5 43 57 0 100 * 0 66 18 16 0 Qw
6 91 8 i 100 0 0 ND ND |ND ND
7a 90 10 0 100 0 0 53 10 37 Qw
7b 89 11 0 100 0 0 46 26 20 QA
9, UC1-1a |90 6 2 98 0 2 51 29 20 0 Qw
9, UC1-1b |79 11 10 100 0 0 55 22 23 9 Qw
9, UC1-3 |91 3 4 98 0 1 59 31 10 0 Qw
9UC1-4 |84 10 4 98 0 2 585 (235 |18 0 Qw
9, UC1-5a |89 7 2 100 0 0 60.5 225 |17 0 Qw
9, UC1-5b |82 12 6 100 0 0 63 18 19 0 Qw
10 core 67 31 0 98 1 0 79 17 4 0 QA
10a 96 0 99 1 0 57 43+
10b 95 4 0 99 i 43 37 20 0 Qw

1-L —Harrisburg, AR, weakly lithified by kaolinite matrix

1-D —Harrisburg, AR, disaggregated and washed of fines

2-1 - Allen Well 155A depth 220 to 253 ft, drill cuttings
2-2 - Allen Well 155A depth 565 to 597 ft, drill cuttings

5 — New Sand Pit, Chickasaw State Park, TN, kaolinite matrix with

meniscus texture

6 — South Campus well, U of M, drill cuttings,

7 a—Warren Road sample 4, cement is limonite

7 b —Warren Road sample 2, cement is limonite

8 — Johnson Road, Germantown, TN, well samples

9 — Shelby Farms, Memphis, TN, rotasonic core UC-1 top, UC -5,

bottom, a and b are different thin sections
10 core — LaGrange, TN, auger core

10 a - LaGrange, TN, weathered exposure sample, limonite cemented interval
10 b — LaGrange, TN, weathered exposure sample, not limonite cemented

* - trace feldspar, kyanite, and muscovite; ** - albite, ~ 0

*** - limonite cement; **** - <1% zircon.

ably with equidimensional to elongated crystal
domains, sharp and brush extinctions, and a
range of crystal domain sizes (0.01 to 0.1 mm).
Trace amounts of quartz grains are replaced car-
bonate; others have dust rims indicative of recy-
cled detrital quartz or are vacuole-rich
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.5% kyanite, trace zircon

suggesting volcanic origin.

Grain luster is either vitreous or matte under
the binocular microscope. A comparison of
SEM images of grain surface textures of the
Memphis Sand to a sample of the modern Mis-
sissippi River (Figure 3) showed both minor ce-
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Figure 2. Thin section photomicrographs taken with plane polarized light. A. - Representative
example of a coherent albeit friable sample showing quartz grains (Q), matrix (M), 35% void (V)
but no cement. (Location 1, Harrisburg, AR, epoxy impregnated). B — Monocrystalline quartz
grains, well sorted, sharply angular to subangular, some embayed, cemented by opaque limonite

(47% of area) (Location 7, Warren Road).

ment overgrowths on some Memphis Sand
grains (matte luster) whereas other grains had
no overgrowths (vitreous luster).

No quartz cement was observed in any thin
section (Table 2, Figure 2A). SEM images show
partial and very thin quartz overgrowths (Figure
3). Centimeter-scale limonite-cemented layers
are present at weathered exposures (locations 7
and 10). Limonite cemented samples do not
have quartz cement (Figure 2B). Fewer and
thinner limonite layers and some siderite layers
are present in the UC-1 core (Gentry and others,
2006).

The weak coherence characteristic of the
Memphis Sand is a result of 5 to 20% secondary
kaolinite matrix (Table 2). Matrix commonly

Y e
Harrisburg, AR

has a meniscus margin, color banding, and bulk
crystal orientation perpendicular to the menis-
cus margin (results in a pseudoaxial cross under
cross-polarized light). All of these characteris-
tics are common features of post depositional
clay precipitated in a vadose environment (Wil-
son and Pittman, 1977) (Figure 4A). In some
samples “bridges” of matrix cross pores, (Fig-
ure 4B), whereas in other samples kaolinite
“books” are visible in the matrix (Figure 4C).
Both of these structures are characteristic of
secondary matrix. Kaolinite postdates limonite
where both are present (Figure 4B). In core
samples, kaolinite also has a meniscus margin
(locations 9 and 10) but a granular texture (Fig-
ure 4C) whereas outcrop samples have a fine fi-

Figure 3. A comparison of SEM images of grain surface textures. A.- The Memphis Sand from
Location 1. B. - Mississippi River sand. Both show both minor cement overgrowths (C) and pris-

tine surfaces (P).
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VOID
Meniscus

Figure 4. Photomicrographs of thin sections of epoxy impregnated Memphis Sand taken with
plane polarized light. A - Thin section illustrating very fine secondary kaolinite matrix (Location
5, New Sand Pit). Note the meniscus contact and color banding. B. — Matrix with a meniscus
boundary (light gray in the top black box) and a bridge (in the bottom black box). Note that kao-
linite formed after the limonite cement (black) (Location 7, Warren Road). C. - Kaolinite matrix
with a granular texture and meniscus boundary (around pore P) weakly binds quartz grains (Q)
in sample UC1-4 from the rotasonic core, location 9, Shelby Farms. Enlarged kaolinite “books”

are in inserts to the right.

brous texture (Figure 4A).

Primary porosity of 30 to 50 percent is par-
tially filled by secondary matrix (and some li-
monite cement) (Table 2). Porosity is entirely
intergranular; no secondary porosity was ob-
served (Figures 2 and 4).

The Memphis Sand is fine grained and local-
ly well sorted, with a mode 2.0 to 2.5 Phi (0.25
to 0.177 mm) (Table 3, Figures. 5 A, B). Poly-
crystalline grains are commonly 0.5 to 2.0 mm;
much coarser than the 0.2 mm typical of
monocrystalline grains (Figure 5 C). Locations
5 and 10 have a bimodal grain-size distribution
with a coarse sand mode of polycrystalline

126

grains (Figure 5D, Table 3). Fines (< 0.062 mm)
form a mode isolated from the bulk of the grains
(Figure 5 A, C, D), an observation consistent
with a post depositional origin for the matrix.

Cut-and-fill, tangential cross beds, and ar-
mored mud balls (centimeter-scale balls of clay
coated with fine gravel) are present at location
5, and planar cross beds are present at locations
1, 5,7, and 10 (Figure 6). Armored mud balls
are common in high gradient streams subject to
torrential flow (Pettijohn, 1975). Exposures
near location 10, north of LaGrange, TN, show
channel-structures with epsilon cross-bedding,
clay rip-ups, and dispersed gravel.
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Table 3. Summary of grain size data. The fine mode (<0.062 mm) was excluded from calculations
as itis largely secondary.

Corar Jooan ] T | °2 [ o o edan] Moce [ oovee

1 2.37 0.2 0.40 |-0.07 |2.30 2.25 1.25

21 400 ft 1.69 0.31 0.70 |-0.05 |1.67 1.75 -1.25

21 640 ft 2.03 0.24 0.67 |-0.24 (1.8 1.25 -0.25
2.25

5-10 0.08 0.90 0.74 |2.37 -0.55 -0.75 -1.25

5-11 0.35]0.80 0.72 |1.33 0.2 -1.25 -1.25
0.25

61 2.26 0.16 0.35 |-0.41 2.0 2.25 1.25

7 1.51 0.35 0.46 |[1.13 1.45 1.25 -0.25

81 1.95 0.26 0.70 |-0.17 |1.7 1.75 -0.25

9 UC1-1 2.142 ]0.23 0.68 |-1.84 |22 0.25 -0.25

55 - 65 ft 2.25

9 UC1-2 2.29 0.22 0.46 |-0.41 |2.35 2.25 -0.25

9 UC1-3 1.97 0.25 0.72 ]0.79 1.70 1.25 0.75
2.25

9 uUC1-4 2.13 0.23 0.36 |0.865 |2.15 2.25 1.25

9 UC1-5 2.01 0.25 0.38 [0.76 2.00 1.75 1.25

81-90 ft

10 Exposure |2.02 0.25 0.59 ]0.78 2.2 1.75 -0.25

10 Auger core |0.74 0.60 1.27 |0.93 -0.1 -0.75 -1.25
2.75

1 - Well samples; Location 10 samples are from an exposure and an auger core. Location 9 data
are from a rotasonic core UC-1 (Gentry et al., 2006).

SD is the standard deviation, Sk is skewness. The coarse 15t % is the midpoint of the coarsest
mode that exceeds 0.1 percent.

4 004'0 mm 1.0 mm 0.25 mm 0.062 mm 1004-0 mm 1.0 mm 0.25 mm 0.062 mm
T T bl T T —
g Harrisburg, AR ] 0] Rotasonic Core ]
2 "] outcrop & ] uc, 8%
£ 81 ocation 1 £ 7 | ocation 9 *
= - fines
2 2
1A
0 -
1004.0 mm 1.0 mm 0.25 mm 0.062 mm 50
T { w T
South Campus o« ] New Sand Pit Fines
80 o0 $ B
B Well t Location 5 included
£ 8L ocation 6 £ in ]
o =) .
G 40 gzo- calculation -
2 5] 10
o |- i .
it 2 0 2 4
4 ¢ 4 Grain size (Phi)

Grain size (Pf\i)

Figure 5. Representative grain-size data plotted as histograms and cumulative curves. Size was
plotted using Krumbein’s Phi scale with millimeter equivalents at the top of figures. Data for fig-
ures A, B, and C exclude fines to facilitate comparison between hand specimens (A and C) and
wells (B). A bar for the excluded fine group was added to facilitate discussion of the role of fines.
The New Sand Pit exposure figure (D) includes fines and a different Y scale.
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Figure 6. A. Cut-and-fill, armored and unarmored mud balls, trough and planar cross-bedding at
location 5. B. Planar cross-beds at location 7 are similar to those seen at location 1.

DISCUSSION

Interpretation of the lithologic variability of
the Memphis Sand in the Northern Mississippi
Embayment is constrained by the fact that six of
the eight sample locations are in west Tennes-
see. Nevertheless we feel the data so far ob-
tained provide important insights.

Regional Stratigraphy and Tectonics

The Gulf Coast is an Atlantic-type passive
margin that evolved from a Triassic rift margin
created by the breakup of Pangea (Gordon and
Cox, 2008; Sawyer and others, 1991; Stearns
and Marcher, 1962; Thomas, 1989, 2006).
Punctuated and accelerating subsidence of the
embryonic Mississippi Embayment was
marked by Late Cretaceous transgressive-re-
gressive cycles of fluvio-deltaic clastics and
chalk/marl intervals (Salvador, 1991; Stearns,
1957). The Desha Basin in south Arkansas and
adjacent Louisiana was the Mississippi Embay-
ment depocenter during the Paleocene and Eo-
cene (Cushing and others, 1964; Gordon and
Cox, 2008; Onellion, 1956). During this time
interval, fluvio-deltaic deposits of the Wilcox
Formation (Early Eocene) were deposited on
the marine Midway Shale (Paleocene). The
Wilcox is overlain by an interbedded succes-
sion of alternating proximal and distal deltaic
units and fluvial sands belonging to the Middle
Eocene Claiborne Group (Cockfield, Cook
Mountain, and Memphis Sand (e.g., Ahr, 1979;
Berg, 1979). In the NME, north of the 35th par-
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allel, the Memphis Sand consists dominantly of
fluvial deposits that are difficult to correlate
with shore-face strata farther south (Hundt,
2008; Russell and Parks, 1975). Marine condi-
tions returned to the northern embayment with
deposition of the clay and calcareous sand of
the Late Eocene Jackson Formation (Wilbert,
1953).

Outcrop Scale Features

Massive to horizontal bedded and cross-
stratified fine to coarse-grained sand dominates
the Memphis Sand. Large planar cross bed sets,
cut and fill structures, armored mud balls, and
the relative lack of clay/shale beds in the Mem-
phis Sand north of the 35th parallel are all con-
sistent with braided river deposition (Galloway
and Hobday, 1983; Hansen, 1969; Nanz, 1954).
The SP log signature of the Memphis Sand
commonly forms a cylinder pattern, a pattern
often associated with braided river deposits
(Hansen, 1969).

Lignite debris, kaolinite clay mudclasts (both
armored and nonarmored), and siderite- and
iron oxide laminations are common. Kaolinite
clay beds associated with the sands are massive
with locally incised channel-fill debris and
brecciated intervals. The lithology and absence
of any but plant fossils, suggest that the Mem-
phis Sand is fluvial in origin. Sedimentary
structures, channel sand with epsilon cross
beds, moderate sorting, and cut-and-fill bed-
ding, are consistent with both meandering and
braided rivers. Similar observations favoring
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both meandering and braided stream conditions
were noted by Dilcher (1973).

Extensive meter-thick lignite beds are pres-
ent north and south of the 35th parallel, but are
more common in the south (Prior and others,
1985; Williamson, 2006). Lignite beds up to 1
m thick were observed in the confining units at
locations 3 and 4 and are reported in the Mem-
phis Sand of the Fort Pillow Test Well (Moore
and Brown, 1969).

We suggest that the Memphis Sand records a
depositional gradient from continental — fluvial
environments north of the 35th parallel to tran-
sitional — marine environments immediately
south of the 35th parallel. The shoreline migrat-
ed north and south with relative sea level rise
and fall in the Gulf of Mexico Basin (e.g., Man-
cini and Tew, 1991).

The varied internal texture of polycrystalline
grains, their coarse size, and their association
with minor amounts of feldspar, kyanite, and
zircon at locations 5 and 10 suggests a source
area with granite, gneiss, and schist. The pres-
ence of embayed monocrystalline grains and
the occasional presence of vacuole-rich grains
suggest a volcanic source. Common chert (1 to
6%), occasional grains of quartz replaced car-
bonate, and grains with dust rims indicative of
recycled quartz suggest that the source area in-
cluded sedimentary rocks. The sharply angular
and embayed morphology of the grains make it
unlikely that the sand recycled from the Creta-
ceous Tuscaloosa Formation (Marcher and
Stearns, 1962) or from the distant Appalachians
(e.g., Stearns and Reesman, 1986). The closest
source that combines massive igneous and met-
amorphic rocks, volcanic rocks, extensive chert
and other sedimentary rocks is the Ozark
Mountains of Missouri, approximately 150 km
north and west of the NME. If the Ozarks were
the source there should be some feldspar in the
Memphis Sand, however only trace amounts
are present. There is no evidence of secondary
pores due to labile grain solution, so post depo-
sitional solution of feldspar is not likely. The
Eocene was a time of overall warm humid con-
ditions (Wing and others, 2003; Zachos and oth-
ers, 2001). The Early Eocene in particular was
a time of high global temperatures (the Paleo-

cene-Eocene Temperature Maximum). We sug-
gest that weathering in the source area
dissolved the feldspar or altered it to kaolinite
(2KAISi308 + H20 + 2H+ = Al2Si205 (OH)
4 +4Si02 + 2K+). Most of this fine kaolinite by
passed the Northern Mississippi Embayment to
transitional and marine environments south of
the 35th parallel. The portion that went into so-
lution supplied the ions needed for the post-
depositional precipitation of the secondary kao-
linite matrix.

The abundant matrix in the Memphis Sand
(up to 20%) is a post-depositional kaolinite that
formed in the vadose zone; i.e., essentially co-
incident with deposition. The necessary ions
were in the pore waters that percolated through
the sand immediately after deposition.

Glauconite, a syndepositional mineral that
forms only in a marine environment, was not
observed in any samples.

The Memphis Sand is approximately 30 mil-
lion years old and we expected some quartz ce-
ment, however it is essentially absent. Quartz
cement in quartz sandstones may come from
two sources: 1) internally by pressure solution
when quartz grains interpenetrate during burial
compaction and 2) precipitation from migrating
fluids percolating through the pores. Burial
compaction did not occur because of the less
than one kilometer depth of the Memphis Sand.
As for an external source, Memphis Aquifer
water has 11 to 14 ppm SiO2 (Moore and
Brown, 1969; Parks and Carmichael, 1990),
much less than the 40 ppm typical of soil water
(Drever, 1997). Such low-silica water is consis-
tent with negligible quartz cement. The synde-
positional kaolinite coatings further inhibited
cement overgrowths (Pittman and Lumsden,
1968).

The presence of fines (< 0.062 mm) clouds
interpretation of grain size data. The fine mode
stands isolated from the balance of the grain
size distribution (Figure 5); a characteristic con-
sistent with a post depositional matrix. Thus,
further discussion of grain size is depends on
data in which the fine modes are excluded.

Grain-size data from borehole samples are
compromised by the loss of fines during sample
recovery and mixing of grains from more than
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Figure 7. Cumulative weight percent curves
(note probability scale) for four samples from
the rotasonic core at location 9 (Shelby
Farms). Sample UC1 is close to the top of the
core, UC5 is close to the bottom.

one bed during drilling. When fines are exclud-
ed, the average grain size and grain size distri-
butions in borehole samples are similar to those
of outcrop and core samples (Figure 5). The bi-
modality in some borehole samples is likely a
consequence of mixing from more than one
sand unit. Some hand specimens have a small
mode in the coarse sand range, a probable con-
sequence of varying current strength in traction
load.

The only continuous section from the Upper
Claiborne is the rotasonic core taken at Shelby
Farms (location 9) (Gentry and others, 2006).
The top of the core may have included sand fa-
cies of the overlying Cook Mountain Formation
rather than the Memphis Sand. However, the
petrology data are consistent with data for the
Memphis Sand from other locations (Table 2).
Gentry and others (2006) obtained a mean size
of approximately 0.25 mm, essentially the same
as our estimates. The tail into the coarse frac-
tion of two samples (Figure 7) suggests a mixed
source, possibly the confluence of a tributary
and a main channel or the mix of a coarse lag
created by wind scouring of exposed sandbars.
Grain size is essentially the same from top to
bottom in the core (Figure 7) and is consistent
with data from other locations.

Using data in table 3 we constructed CM
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plots (cross plots of the coarsest one percent
versus the median grain size (Passega, 1964),
and cross plots of mean, standard deviation, and
skewness statistics (Friedman, 1967). Probabil-
ity-scale cumulative curves were also con-
structed (Figure 7). The patterns obtained here
are consistent with fluvial deposition sand-
stones.

Petroleum geologists consider porosity of 20
to 25% in sandstone to be very good (Levorsen,
1967). In contrast, hydrologists and foundation
engineers routinely anticipate that porosity will
be in excess of 30 percent in sand (e.g., Todd,
1980). The different expectations are due to dif-
ferent sand body histories. Petroleum geologists
exploit sandstone reservoirs that are very old
(commonly hundreds of millions of years), are
deeply buried (commonly 3 to 5 km), are lith-
ified, and may have multiple generations of ce-
ment and porosity. Hydrologists deal with
aquifers that are young in comparison to petro-
leum aquifers, have seldom been deeply buried,
may be partially exposed at the surface, and are
unconsolidated. Nevertheless, the large amount
of initial and preserved porosity (35% to 50%
and 15 to 35% respectively) of the Memphis
Sand came as a surprise (Figure 2, Table 2).
How was such great porosity formed and pre-
served?

Memphis Sand porosity at deposition was
equal to the porosity of cubic packed spherical
grains. Such great porosity occurs in other
young sands. For example, Steckler and Watts
(1978) used borehole logs of the CostB-2 well
on the Atlantic continental shelf to estimate a
shallow clastic porosity of 40 to 50%. Bond
and Kominz (1984), in their development of
quantitative tectonic subsidence curves, as-
sumed initial sandstone porosities of 25 to 40%.

We suggest that the nearly 40% porosity of
the Memphis Sand at deposition was a conse-
quence of two factors. The angular grains pro-
vided an irregular, open, framework that was
partially supported by fluid pressure. Before the
grains could collapse into a stable (rhombohe-
dral) packing, secondary kaolinite partially
filled the original void spaces thereby preserv-
ing much of it. This same matrix prevented for-
mation of quartz overgrowth cement (Pittman
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and Lumsden, 1968). In sum, the Memphis
Sand is relatively young, has sharply angular
grains, is uncompacted, and has no cement; thus
it has substantial porosity.

Formation of clay minerals commonly fol-
lows a trend from kaolinite in continental envi-
ronments to smectite or illite in marginal marine
and illite in marine environments (Chamley,
1989; Meunier, 2005; Weaver, 1958). Upper
Claiborne clay units sampled in the NME tran-
sition from kaolinite in northwest Tennessee,
through mixed kaolinite-smectite to largely
smectite in northwest Mississippi (Jeffers,
1982; Kane, 1982; Hertzing, 1984; Williams,
1980; White, 1985; Moore and others, 2003).
We interpret this to be a consequence of a tran-
sition in environments from non-marine in Ten-
nessee to marine in the south. This is consistent
with the regional change in environments of de-
position in the Memphis Sand determined using
borehole logs (Hundt, 2008; Larsen and others,
2008 a, b).

CONCLUSIONS

The Memphis Sand in the NME is a friable
fine to coarse-grained quartz wacke or quartz
arenite; it is well sorted locally. Grain size rang-
es from coarse sand in the eastern study area to
fine sand toward the center of the NME. Poly-
crystalline quartz grains are abundant along the
east margin of the NME where they are associ-
ated with traces of kyanite, and zircon. Only
traces of quartz cement are present. The weak
coherence of the Memphis Sand is due to a sec-
ondary matrix that consists of 5% to 20% kao-
linite with vadose zone (meniscus) texture.
Matrix reduces intergranular porosity that was
originally 35% to 50% to present values of 15%
to 35%.

The clay mineralogy in overlying fine-
grained upper Claiborne Group strata changes
from kaolinite in the north of the NME through
mixed kaolinite/smectite to smectite dominated
south of the 35th parallel.

Our results document the present substantial
porosity of the Memphis Sand and its partial oc-
clusion while the sand was still in the vadose
zone. Data support a scenario in which the

Memphis Sand was deposited in meandering
and braided fluvial environments north of the
35 parallel. No evidence suggests regional hy-
draulic compartmentalization.
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ABSTRACT

A distinctive chloritoid-bearing kyanite
quartzite occurs at Hagers Mountain, North
Carolina, within the Hyco Formation of the
Carolina terrane. Apart from the presence of
chloritoid, rocks here are similar to occur-
rences in Virginia, including Willis Moun-
tain (the site of the only active kyanite mine
in the United States). Based on geochemical
evidence, we interpret the rocks at Hagers
Mountain to represent metamorphosed hy-
drothermally altered Si-rich volcaniclastic
rocks. Extent of alteration increases from
quartz-sericite schist — chloritoid-sericite
quartzite — kyanite-chloritoid quartzite —
kyanite quartzite. Kyanite quartzites (with-
out chloritoid) represent the most intensely
altered protoliths, an interpretation support-
ed by unusual U-shaped rare earth element
patterns (a feature shared with the Virginia
occurrences). Evaluation of mass losses indi-
cates slight (~3 %) to extensive (~32 %) leach-
ing of various elements. Our interpretations
of precursor mineralogy in order of increas-
ing degree of alteration are: 1) quartz +
sericite; 2) quartz + sericite + chlorite; 3)
quartz + kaolinite + chlorite; and 4) quartz +
kaolinite. Such mineral assemblages are typ-
ical of advanced argillic (high-sulfidation) al-
teration. Hagers Mountain rocks are similar
to other examples of quartz-rich rocks that
also contain chloritoid plus an aluminosili-
cate mineral. Such rocks are commonly asso-
ciated either with volcanic hosted massive
sulfide deposits or epithermal gold deposits,
but have in common severe leaching of all
mobile constituents in hot, acidic fluids prior
to metamorphism.

INTRODUCTION

Almost 50 years ago, Espenshade and Potter
(1960) provided an extensive review of an-
dalusite, kyanite, and sillimanite deposits in the
southeastern United States, reporting on aspects
of their field relations, mineralogy, and possible
modes of formation. Their compilation includ-
ed descriptions of nearly 40 occurrences, most
in the Piedmont physiographic province (Fig.
1). Although known for many years, few occur-
rences have been described beyond the map-
ping and petrography stage. Recent
interpretations of other highly aluminous rocks
(pyrophyllite- rather than aluminosilicate-bear-
ing in many cases) associated with gold depos-
its in the southeastern U.S. invoke reaction of
acidic, hydrothermal fluids on volcanic rocks to
produce Al- and Si-rich protoliths (Carpenter
and Allard, 1982; Feiss, 1985; Schmidt, 1985;
Schreyer, 1987; Klein and Criss, 1988; Ririe,
1990). Despite some consensus of interpreta-
tion, documentation and evaluation of the spe-
cific geochemical characteristics of this
alteration have not been presented for most
such areas.

Owens and Pasek (2007) recently reported
on the mineralogy and geochemistry of numer-
ous examples of kyanite quartzite in Virginia,
including the deposit at Willis Mountain (Fig.
1). Willis Mountain is the site of the only active
kyanite mine in the United States, with com-
bined production of kyanite and mullite esti-
mated at ~130,000 metric tons annually (USGS
Mineral Commodity Summary, 2009). Previous
investigations, particularly at Willis Mountain,
suggested that these quartzites were derived
from aluminous sedimentary rocks (Conley and
Marr, 1980). However, Owens and Dickerson
(2001) and Owens and Pasek (2007) argued on
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Figure 1. Distribution of aluminosilicate mineral deposits in the Piedmont and Carolina zones of
the southeastern United States. Locations of the Willis Mountain, VA, Hagers Mountain, NC and
Graves Mountain, GA are indicated. Modified from Espenshade and Potter (1960) and Hibbard

and Samson (1995).

mineralogical and geochemical grounds for ig-
neous protoliths that had been severely altered
in a high-sulfidation (advanced argillic) hydro-
thermal setting, resulting in essentially quartz +
kaolinite precursors.

The study of Owens and Pasek (2007) was
regional in nature, and included data for only a
few samples from each of the investigated lo-
calities. In this paper, we present a more de-
tailed geochemical investigation of a single
occurrence, including associated rocks, located
at Hagers Mountain, North Carolina (Fig. 1).
Although similar to occurrences in Virginia,
some rocks at Hagers Mountain contain chlori-
toid, a mineralogical contrast to rocks in Virgin-
ia that in part prompted this study.

Most of the Virginia rocks occur within the
middle Ordovician Chopawamsic (or correla-
tive Milton) terrane (Coler et al., 2000) and are
therefore younger than rocks in the Neoprotero-
zoic to Cambrian Carolina terrane where Hag-
ers Mountain is located. In addition,
metamorphic grade reached as high as mid-am-
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phibolite facies in the Chopawamsic terrane,
but only greenschist grade across much of the
Carolina terrane (e.g., Butler and Secor, 1991).
Despite these contrasts, the overall mineralogi-
cal similarities suggest that the Virginia occur-
rences provide a useful framework for
evaluation of the origin of the Hagers Mountain
quartzites. The purposes of this study are to: 1)
assess whether our Virginia model of hydro-
thermal alteration might apply at Hagers Moun-
tain; and 2) evaluate more quantitatively
chemical changes (mass gains and losses) dur-
ing alteration by analyzing a more varied set of
samples.

GEOLOGIC SETTING

Hagers Mountain (Fig. 1) occurs near the
western margin of the Carolina zone of Hibbard
and Samson (1995), as well as the Carolina ter-
rane sensu-stricto (e.g., Horton et al., 1989).
The Carolina zone consists of several distinct,
predominantly metaigneous terranes that have
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Milton
terrane
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Figure 2. Geologic map of the Vir-

gilina-Roxboro area showing the

m Gabbro Aaron Formation
Roxboro granite )
E (546 Mag l: Hyco Formation

m Virgilina Formation Fl(gt“lziﬁ:)Complex

location of Hagers Mountain.
Modified from Harris and Glover
(1985) with additions based on

Hibbard et al. (2006).

in common an exotic origin with respect to Lau-
rentia (Hibbard and Samson, 1995). The loca-
tion is also on the easternmost fringe of the
Hyco shear zone (Fig. 2), which represents a
tectonic boundary between the Carolina and
Milton terranes and is a component of the larger
Central Piedmont suture (Hibbard et al., 1998).
Earlier geologic maps (e.g., Harris and Glover,
1985; Butler and Secor, 1991) place the Caroli-
na-Milton (or Charlotte) boundary at the west-
ern margin of the Hyco Formation. However,
Hibbard et al. (1998) recognized a distinct unit
here termed the Country Line Creek gneiss (or
complex), which they argued is part of the Car-
olina terrane. Regardless of these complica-
tions, proximity to the Hyco shear zone may
have some bearing on rock textures at Hagers
Mountain, as described in the Mineralogy sec-
tion below.

Hagers Mountain occurs within the Hyco
Formation of the Carolina terrane, along the
westernmost periphery of the Virgilina district
of southern Virginia and northern North Caroli-
na (Laney, 1917; Glover and Sinha, 1973). Cop-
per was produced extensively in the Virgilina
district from 1890 until 1916 (Johnson et al.,
1989), primarily from quartz veins in green-
stones of the Virgilina Formation (Fig. 2). The
district also contains several abandoned gold
mines and prospects, including one located
about 2 km north of Hagers Mountain (Lesure,
1993).

The Hyco Formation was originally called
the Hyco Quartz Porphyry by Laney (1917),
based on his interpretation that many of the
rocks represent metamorphosed felsic lavas.
Subsequent investigations by Glover and Sinha
(1973), Hadley (1973) and Kreisa (1980)
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large blocks of
f kyanite quartz rock

Outcrop sketch map of Hagers Mountain %

Kyanite-quartz rock with
chloritoid and mica

Fine-grained slate and phyliite,
commonly containing chloritoid

. Sample location

0 200
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Figure 3. Sketch map of outcrop locations on and near Hagers Mountain and sample locations of
this study. HM06 prefix omitted for clarity. Modified from Espenshade and Potter (1960).

showed a more diverse range of rock types that
in many cases were of pyroclastic origin. Thus,
Kreisa (1980) renamed the unit the Hyco For-
mation. The formation primarily consists of
metamorphosed crystal- and crystal-lithic tuffs,
now largely converted to quartz-feldspar-seric-
ite schists. Metamorphic grade is primarily in
the greenschist facies. Relict pyroclastic tex-
tures are well-preserved east of the study area,
but the degree of deformation and recrystalliza-
tion increases to the west such that volcanic fea-
tures are no longer recognizable. Wortman et al.
(2000) reported U-Pb zircon ages of 616 + 3
and 620 + 4 Ma for two crystal tuffs in the west-
ern part of the Hyco Formation.

PREVIOUS WORK

Stuckey (1932) showed the Hagers Mountain
locality on a map illustrating kyanite deposits in
North Carolina, but provided no information
about the occurrence. He later reported both
kyanite and pyrophyllite in quartz veins that cut
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“schistose acid tuff” on a cliff face (Stuckey,
1935). Espenshade and Potter (1960) included
Hagers Mountain in their compilation of alumi-
nosilicate deposits in the southeastern U.S.
(Fig. 1), and their report provides the only pre-
vious detailed description of this locality. In ad-
dition to quartz and kyanite, Espenshade and
Potter (1960) identified variable amounts of
chloritoid, white mica (muscovite and parago-
nite, but not pyrophyllite), rutile, ilmenite(?),
chlorite, and zircon. Based on field relations
and mineralogy, Espenshade and Potter (1960)
suggested two possible protoliths for these
rocks: 1) quartz-rich sediments; or 2) hydro-
thermally altered volcanic rocks. They noted
that the fine-grained nature of the quartz is sim-
ilar to quartz textures in pyrophyllite deposits of
hydrothermal origin found farther south, and
thus favored a hydrothermally altered volcanic
protolith.

Lesure (1993) reported semiquantitative
trace element data for numerous samples across
the region, focusing primarily on the Virgilina
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district to the east. His study included about a
dozen rock samples from the vicinity of Hagers
Mountain, as well as three stream sediment
samples from Fishing Branch (Fig. 3) at the
north end of the mountain. Five of the rock sam-
ples contained trace amounts of Au (0.02 to
0.04 ppm), and similar amounts were found in
the stream sediment samples.

In their investigation of Virginia kyanite
quartzites, Owens and Pasek (2007) argued for
hydrothermally altered protoliths based on both
mineralogical and geochemical evidence. The
mineralogy of all Virginia rocks is dominated
by quartz and kyanite, with accessory white mi-
ca and rutile. In addition, pyrite, topaz, and la-
zulite occur locally. This mineralogy suggests
protoliths dominated by quartz and kaolinite (+
pyrophyllite), with rutile reflecting breakdown
of pre-existing Ti-bearing oxides or silicates.
Concentrations of CaO, MgO, K,0, Na,O, and
many trace elements (Ga in particular) are typi-
cally below the limits of detection, reflecting
severe leaching of all soluble elements. Finally,
chondrite-normalized rare earth element (REE)
patterns show unusual shapes, with relative de-
pletions in the middle- to heavy-REE. Such U-
shaped patterns occur in other examples of hy-
drothermally altered rocks in advanced argillic
(high-sulfidation) settings (e.g., Huston, 2001).
Owens and Pasek (2007) argued that low pH,
sulfate-bearing fluids are the best candidates for
complexation and mobility of the REE. Owens
and Pasek (2007) further suggested that these
pattern shapes resulted from initial destruction
of REE-bearing phases (primarily phosphates),
followed by preferential retention of the light-
REE in newly precipitated phosphates, while
the heaviest-REE were retained in zircon.

METHODS

We collected 14 hand samples, including
three of associated sericite schist, from expo-
sures near the base and along Hagers Mountain
(Figure 3). The remaining 11 samples are kyan-
ite quartzite (+ chloritoid), and a single example
of quartz-chloritoid-sericite rock. Nine samples
were selected for whole-rock chemical analysis.
Approximately 500 g portions of each sample

were ground to a fine powder prior to analysis
using methods similar to those described by
Dymek and Owens (2001). Samples were ana-
lyzed for whole-rock major element oxides and
trace elements by X-ray fluorescence (XRF) at
Washington University in St. Louis, using tech-
niques described by Couture et al. (1993) and
Couture and Dymek (1996). The rare earth ele-
ments (REE) and selected other trace elements
were determined by inductively coupled plasma
—mass spectrometry (ICP-MS) methods by Ac-
tivation Laboratories, Ltd., Ontario. The meth-
od involves a lithium metaborate and/or
tetraborate fusion of the sample prior to diges-
tion, to ensure dissolution of resistate phases.
The agreement between XRF and ICP-MS
methods for elements that were analyzed by
both techniques is excellent. Trace element val-
ues reported here include V, Co, Ni, Zn, Ga, Rb,
Sr, Y, Nb, Ba, and Pb (by XRF), and the REE,
Cr, Zr, Cu, Ge, Sn, Sb, Cs, Hf, Ta, W, Tl, Th,
and U (by ICP-MS). The ICP-MS values for Zr
were chosen to ensure that Zr and Hf were de-
termined on the same sample aliquot, and the
ICP-MS values yield more consistent Zr/Hf val-
ues for the sample set as a whole. Values for
some trace elements (As, Mo, Ag, In, Bi) deter-
mined by ICP-MS that are below the limits of
detection are not reported.

FIELD OBSERVATIONS

Hagers Mountain forms a rugged ridge about
one km long that rises about 50 meters above its
surroundings (Figure 3). Exposure is extensive
along the main part of the ridge, with most out-
crops consisting of quartz-rich rock. Surround-
ing rocks are primarily fine-grained, white to
gray sericite schists. Typical fresh kyanite
quartzite is fine-grained and remarkably white
in color, and the white color of the kyanite
makes it difficult to recognize in hand sample.
This uncommon kyanite color is a feature these
rocks share with many occurrences in Virginia,
and probably reflects a very low Fe-content
(Owens and Dickerson, 2001). Espenshade and
Potter (1960) estimated that some rocks contain
up to 30% kyanite, but also noted that many
rocks contain much less. Chloritoid can locally
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Table 1. Estimated modal mineralogy of chemically analyzed samples (based on a single thin

section for each)

Sample
Rock type  KQ KQ KQ KQ
quartz 75 80 60 56
kyanite 24 20 40 40
chloritoid -- - - 2
white mica - -- tr 1
opaques 1 tr - 1
rutile tr -- tr -
zircon tr tr tr tr

HMO06-2 HMO06-6 HMO06-8B HMO06-3 HMO06-4A HMO06-5A HMO06-5B HM06-7B HMO06-10

KQ KQ KQ csQ Qss
70 70 70 88 50
25 30 29 - -
2 tr 1 2 --
tr tr tr 10 48
1 tr tr - 2

tr tr tr tr -
tr tr tr tr tr

* Rock type abbreviations: KQ (kyanite quartzite); CSQ (chloritoid-sericite quartzite); QSS (quartz-

sericite schist) tr = trace amount

be recognized in hand sample as small (< 0.2
mm across) dark green grains. One area (near
our sample locations HM06-8A and 8B) con-
sists of highly iron-stained kyanite quartzite
that is somewhat vuggy. Sample HM06-7A
from the northeast portion of the ridge is brec-
ciated, a feature also noted locally by Espen-
shade and Potter (1960). Quartz veins ranging
from a few cms to a meter in thickness occur
throughout the ridge. Stuckey (1935) and Es-
penshade and Potter (1960) reported one quartz
vein that also contains kyanite crystals oriented
perpendicular to the edge of the vein.

MINERALOGY

The rocks at Hagers Mountain can be rough-
ly grouped into three rock types, including kya-
nite + chloritoid quartzite, chloritoid-sericite
quartzite, and quartz-sericite schist. We use the
term sericite here to refer to all varieties of fine-
grained white mica, recognizing that muscovite
and paragonite are probably both present. Esti-
mated modes for the chemically analyzed sam-
ples are listed in Table 1, although these are
based on only one thin section for each sample.
Thus, these modes are not necessarily represen-
tative of the bulk sample that was analyzed, but
do provide some indication of overall mineral-
ogy.

Quartz is the dominant mineral in all sam-

140

ples. It is typically fine-grained and polygonal,
ranging from 0.01 to 0.1 mm across. In the kya-
nite quartzites, kyanite ranges in texture from
typical bladed, elongate grains (locally with
abundant quartz inclusions) to highly irregular-
ly-shaped masses of fine-grained kyanite and
quartz. In some cases, larger bladed grains are
partially to completely surrounded by these ag-
gregates of kyanite and quartz, reflecting some
degree of recrystallization as a consequence of
deformation (Fig. 4A). These textures and grain
sizes for quartz and kyanite contrast strongly
with occurrences in Virginia, which contain
blocky kyanite (up to 4 cm long) and much larg-
er (up to 10 mm across) quartz grains. These
textural contrasts may be due to the location of
Hagers Mountain on the fringes of the Hyco
Shear Zone (Fig. 2).

In kyanite quartzites with chloritoid (HMO06-
3, HM06-4A, HM06-5A, HMO06-5B), the chlo-
ritoid typically forms small (<0.04 to 0.1 mm
across) stubby to equant grains that are weakly
pleochroic from pale yellow to pale greenish
blue. Chloritoid occurs both in contact with
kyanite and as isolated grains (Fig. 4B). In the
chloritoid-sericite quartzite, chloritoid forms
slightly larger grains, but these also are some-
what ragged around the edges. Chloritoid is not
abundant in any sample, ranging from trace
amounts only up to a few percent (Table 1).

Sericite (or larger grains of white mica) is on-
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Figure 4. Photomicrographs of textures in Hagers Mountain kyanite quartzites, both in plane-
polarized light. (A) Kyanite (ky) grain partially surrounded by a fine-grained aggregate of kyanite
and quartz (sample HM06-8B). (B) Small grains of kyanite and chloritoid (cld) in sample HM06-5B.
Scale in both photomicrographs is the same.

ly present in significant amounts in the chlori-
toid-sericite quartzite (HM06-7B) and quartz-
sericite schists (HM06-1, HM06-9, HM06-10).
The mica forms small individual flakes <0.01
up to 0.1 mm long or in multi-grain clusters.
Opaque grains occur in trace to minor
amounts in most samples, locally decorating
quartz grain boundaries. We have not evaluated
these grains in reflected light, but suspect that
most are hematite given that none of the sam-
ples are magnetic and there is no correlation be-
tween Fe and Ti content in the whole-rock data
(which would indicate ilmenite). Rutile is a
common accessory positively identified in
more than half of the samples, including quartz-
sericite schist (HM06-9) and chloritoid-sericite
quartzite (HMO06-7B). It typically occurs as
small (<0.01 to 0.4 mm across) isolated grains.
Trace amounts of zircon occur in most samples.

WHOLE-ROCK COMPOSITIONS

Nine samples (seven kyanite quartzites, one
chloritoid-sericite quartzite, and one quartz-
sericite schist) were analyzed for major and
trace elements, and results are listed in Table 2.
Also included for comparison in Table 2 are
three previously published major element anal-
yses of metarhyolites from the Hyco Formation
(Laney, 1917; Kreisa, 1980). All three sample
locations are in Virginia, approximately 15 km
northeast of Hagers Mountain.

Major Elements

All kyanite (+ chloritoid) quartzites are dom-
inated by SiO, (72-82 wt%) and Al,05 (14-27
wt.%), the two oxides together accounting for
95-99% of the major element totals. Concentra-
tions of Fe,O3(T) are variable, but crudely cor-
relate with the amount of chloritoid (+
hematite). For example, the lowest-iron sam-
ples HM06-2 and HMO06-6 lack chloritoid, but
chloritoid is most abundant in higher-iron sam-
ples HM06-3 and HM06-4A. Concentrations of
TiO, range from 0.34 to 0.65 wt%, and proba-
bly reflect variable amounts of rutile. Concen-
trations of all other oxides are low, below the
limits of detection in many cases. Where detect-
able, Na,O and K,O are probably present in mi-
nor amounts of white mica.

Although the chloritoid-sericite quartzite and
quartz-sericite schist are also dominated by
SiO, and Al,03, they differ from kyanite
quartzites in containing higher Na,O (1.3-1.6
wt%) and K,O (1.0-2.2 wt%), consistent with
greater amounts of white mica. Amounts of
Fe,03(T) reflect the presence of chloritoid in
HMO06-7B and probable hematite in HM06-10.
The major element compositions of these two
samples are similar to those of Hyco Formation
rhyolites (Table 2), but differ in containing
slightly less K,O and Na,O, as well as negligi-
ble MgO and CaO.

Owens and Pasek (2007) showed that the
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Figure 5. A plot of wt.% SiO, vs. wt.% Al,0; in whole-rock samples of this study (black symbols).
Open circles are the compositions of occurrences from Virginia (Owens and Pasek, 2007). Sam-
ples that plot further away from the quartz-kaolinite line are labeled. Included for reference are
the compositions of quartz, pyrophyllite, and kaolinite (plotted on an anhydrous basis).

compositions of most kyanite quartzites in Vir-
ginia form a linear array when plotted on a
graph of wt% SiO, vs. wt% Al,O3, and that this
array closely parallels a line connecting the
compositions of quartz, pyrophyllite, and kao-
linite. Figure 5 shows a similar plot for Hagers
Mountain samples, and includes the Virginia
occurrences for comparison. Samples with
higher Fe,O3(T) or alkalis are more displaced
from the line, but overall the Hagers Mountain
rocks yield an array similar to the Virginia sam-
ples.

Trace Elements
Rb, Ba, Sr

Concentrations of these elements are ex-
tremely low to modest in all kyanite quartzites
(Rb <10 ppm, Ba <170 ppm, Sr <20 ppm), but
significantly higher in chloritoid-sericite
quartzite and quartz-sericite schist. Higher con-
centrations in the quartz-sericite schist correlate
with higher alkalis, implying that these ele-
ments reside primarily in white mica.

Cr, Ni, Co, Zn, Cu

None of these ferromagnesian trace elements
are present in concentrations above the limits of
detection in any of the samples, with the excep-
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tion of slightly higher Zn (9-13 ppm) in kyanite
quartzite samples HM06-3 and HM06-4A.

Sn, V, Nb, Ta

Tin concentrations are uniformly low (<2
ppm) in all samples. Levels of V, Nb, and Ta are
also low, but show a crude correlation with
TiO,, suggesting that these elements are pri-
marily in rutile or an Fe-Ti oxide. Niobium and
Ta are well-correlated, yielding an average Nb/
Ta value of 14.4, slightly higher than the aver-
age upper crustal value ~11 (Taylor and McLen-
nan, 1985).

Zr, Hf, Pb

Concentrations of Zr range from 255 to 383
ppm and correlate well with Hf concentrations
(6.5-10 ppm). The average Zt/Hf value for the
sample set is 39, again slightly higher than the
upper crustal value of 33 (Taylor and McLen-
nan, 1985). Concentrations of Pb are below de-
tection limits in the kyanite quartzites, and only
slightly higher (5-17 ppm) in chloritoid-sericite
quartzite and quartz-sericite schist.

Ga

Owens and Pasek (2007) reported anoma-
lously low Ga (below detection limits in some
cases) in many kyanite quartzites from Virginia,
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Figure 6. Chondrite-normalized concentrations of the rare earth elements (REE) in whole-rock
samples of this study. Chondrite values from Boynton (1984). (A) Samples that contain higher
amounts of Fe, which have similar light-REE-enriched patterns, prominent negative Eu-anoma-
lies, and flat heavy-REE patterns. (B) Samples with negligible Fe, which have steeper light-REE
patterns, and relative depletions in the middle- to heavy-REE.

and correspondingly low Ga/Al values com-
pared to typical continental crust. Owens and
Pasek (2007) evaluated this anomaly using ther-
modynamic principles, and showed that effec-
tive fractionation of Ga from Al can only occur
in highly acidic (pH <2.5), sulfate-bearing flu-
ids. The Hagers Mountain samples do not show
this anomaly, i.e., Ga concentrations (12-31
ppm) and Ga/Al values are in the typical range
for crustal rocks.

Rare earth elements (REE) and Y

Chondrite-normalized REE patterns for all
samples are shown in Figure 6, where it can be
seen that they fall into two groups with contrast-
ing patterns. One group (Fig. 6A) shows similar
light-REE-enriched patterns (Lay/Smy = 2-5),
with relatively flat heavy-REE slopes and
prominent negative Eu-anomalies. These four
samples include the quartz-sericite schist, chlo-
ritoid-sericite quartzite, and the two kyanite
quartzites with the most abundant chloritoid.
The other five samples (Fig. 6B) typically dis-
play even more fractionated light-REE patterns
(Lapn/Smy = 5-26), and an unusual U-shape

overall, with relative depletions from the mid-
dle- to heavy-REE. As shown on the diagrams,
the contrasting pattern shapes of the two groups
can be correlated with Fe-content, with the most
Fe-poor samples belonging to the second group.
The unusual patterns displayed by the low-Fe
group are similar to those reported by Owens
and Pasek (2007) for kyanite quartzites from
four separate localities in Virginia. As a final
observation, Y concentrations show an excel-
lent correlation with Ho (r2 = 0.99), confirming
that Y behaves similarly to the heavy REE.

DISCUSSION
Conditions of metamorphism

All kyanite quartzites at Hagers Mountain
are low in alkalis, MgO, and CaO, therefore the
FeO-Al,03-Si0,-H,0 (FASH) system is ap-
propriate for evaluating the conditions of meta-
morphism for this locality. Figure 7 shows a P-
T diagram illustrating mineral stabilities in a
portion of the FASH system.

The typical chloritoid-producing reaction in
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Figure 7. Phase equilibria in the system FeO-Al,03-SiO,-H,0 (FASH), simplified from Bucher and
Frey (2002). Shaded region indicates those conditions under which chloritoid and kyanite are sta-
ble together, as at Hagers Mountain. Mineral symbols from Kretz (1983).

this system (for Al-rich compositions) is:
F65A|25i3010(OH)8 * 4Alel40]0(OH)2 =

chlorite pyrophyllite
5FeAl,SiO5(OH), + 14Si0, + 3H,0
chloritoid quartz

This reaction occurs at temperatures < 250°C,
although the precise T is not well known ac-
cording to Spear (1993). Regardless, Spear
(1993) pointed out that chloritoid and pyrophyl-
lite are known to coexist, so the reaction pre-
cedes pyrophyllite breakdown. Additional
chloritoid may also be produced at ~300°C by

the reaction:
F85A125i30|0(OH)8 + 4Fe203 =
chlorite hematite
FeAl,SiOs(OH), + 4Fe30,4 + 2SiO, + 3H,0
chloritoid magnetite quartz

Some Hagers Mountain rocks appear to contain
hematite, but lack magnetite, suggesting that
this reaction probably played only a minor role
in the formation of chloritoid (probably because
all chlorite was consumed in the initial reaction
above).

A number of additional chloritoid-producing
reactions are possible (Zhou et al., 1994), in-
cluding:
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7A1281205(OH)4 + F65A125i3010(0H)8 =

kaolinite chlorite
5FeAl,SiOs5(OH), + 3A1,Si40,0(OH),
chloritoid pyrophyllite
and
4A|251205(OH)4 + F85A125i3010(OH)8 =

kaolinite chlorite

5FeAl,SiOs(OH), + 6SiO, +7TH,0
chloritoid quartz

In addition, Luptak et al. (2000) suggested the
involvement of ilmenite in chloritoid produc-
tion via a generalized reaction that also produc-
es rutile:

ilmenite + chlorite(1) + quartz = chloritoid + chlorite(2) +
rutile + H,O

The specific reaction that produced chloritoid at
Hagers Mountain is unknown, but each of the
above reactions includes chlorite as a reactant
phase. Thus, we infer that chlorite was present
in the hydrothermally altered protolith of all
chloritoid-bearing samples.

Kyanite is produced via pyrophyllite break-
down at ~375°C along the typical kyanite geo-
therm (Fig. 7). Chloritoid and kyanite are then
stable together up to ~525°C, the precise T de-
pendent on P. At higher temperatures, chloritoid
reacts to produce either staurolite or garnet, nei-
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ther of which occur at Hagers Mountain. Thus,
metamorphic temperatures can be broadly con-
strained to the range 375-525°C. This result is
consistent with other evidence from the Caroli-
na terrane for metamorphic conditions primari-
ly in the greenschist facies. The shaded region
on Figure 7 represents those P-T conditions
where chloritoid and kyanite are stable together,
as at Hagers Mountain.

Comparisons with Virginia
Occurrences

The rocks at Hagers Mountain share several
mineralogical features with kyanite quartzites
in Virginia, but also display some key differenc-
es. Quartz-kyanite-rutile-white mica is the char-
acteristic mineral assemblage in all Virginia
occurrences (Owens and Pasek, 2007), and the
same is true for Hagers Mountain rocks with the
obvious addition of chloritoid in some samples.
Pyrite is widespread and locally abundant in
Virginia rocks, but appears to be absent at Hag-
ers Mountain. Its absence, coupled with the
possible presence of hematite in some rocks,
may reflect an overall higher fO, during hydro-
thermal alteration. Trace amounts of several
other minerals have been reported locally from
Virginia rocks, including topaz, lazulite, trol-
leite, barite, apatite, and garnet (Espenshade
and Potter, 1960; Mitchell and Fordham, 1987,
Owens and Pasek, 2007).

The major element compositions of kyanite-
bearing rocks at Hagers Mountain are virtually
indistinguishable from Virginia kyanite quartz-
ites. Trace element concentrations are also sim-
ilar, particularly strong depletions in many
elements, e.g., Rb, Ba, Sr, Cr, Ni, Co, Zn, and
Cu. Furthermore, the odd U-shaped REE pat-
terns of the low-Fe samples are also shared by
the Virginia rocks. A potentially significant dif-
ference is the striking Ga-depletion shown by
many Virginia rocks versus normal Ga levels at
Hagers Mountain.

Evaluation of chemical alteration

The range of rock types and whole-rock
compositions at Hagers Mountain suggests that

they represent variably altered protoliths. Sam-
ple HM06-10, the quartz-sericite schist, appears
to be the least altered sample in that its major el-
ement composition most closely resembles
those of other Hyco Formation rhyolites (Table
2). However, MgO and CaO are below detec-
tion in this sample, and the alkalis (especially
K,O) are typically lower than in the unaltered
rhyolites. We have no way of assessing whether
the original composition of HM06-10 matched
those of the other rhyolites, but its less altered
character suggests that it makes a plausible ref-
erence composition for evaluating the extent of
alteration of the other Hagers Mountain sam-
ples. The chloritoid-sericite-quartzite (HMO06-
7B) is similar in composition to HM06-10, but
contains only half as much K,O. The two kyan-
ite quartzites with more than trace amounts of
chloritoid (HM06-3 and HM06-4A) have lost
most of their alkalis, but are not depleted in Fe.
Based on their similar and normal REE patterns
(Fig. 6A), these four samples are the least al-
tered of the group, but nonetheless show a pro-
gression in degree of alteration.

Assuming a Hyco rhyolite protolith, the re-
maining five kyanite quartzite samples repre-
sent intensely altered rocks that have lost most
or all MgO, CaO, Na,0, K,0, Fe,05(T), and
many trace elements. Compared with the less
altered samples, particularly HM06-10, their
REE patterns reflect LREE enrichment coupled
with depletion in the middle- to heavy REE.
Considering the sample set as a whole, the
rocks vary in extent of alteration in the se-
quence quartz-sericite schist — chloritoid-
sericite quartzite — kyanite-chloritoid quartzite
— kyanite quartzite.

We had originally hoped to evaluate quanti-
tatively mass losses (or gains) in this sequence
using the isocon approach of Gresens (1967)
and Grant (1986), comparing in this case the
compositions of all samples to HM06-10. How-
ever, this approach requires that all samples be
related to a common unaltered (or less altered)
sample, and this does not appear to be true for
these rocks as illustrated in the diagrams of Fig-
ure 8. Concentrations of Zr are plotted vs. TiO,
(Fig. 8A) and Al,O5 (Fig. 8B), and these graphs
thus utilize three elements that are generally
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Figure 8. Plots of ppm Zr vs. (A) wt.% TiO,; and (B) wt.% Al,03 in whole-rock samples of this
study. The regression lines apply only to samples 10, 4A, 5A, and 8B.

considered immobile during alteration (or
metamorphism). If a sample suite can be related
by variable degrees of mass loss or gain, such
plots should yield good linear trends that are
highly correlated (r2 > 0.9) and ideally pass
through the origin (MacLean and Barrett,
1993). The Hagers Mountain sample set as a
whole does not meet this requirement, yielding
r2 values of 0.4 (Zr vs. TiO,) and 0.7 (Zr vs.
Al,03), and regression lines (not plotted) that
do not intersect the origin. In addition, some
samples plot in different positions on the two
diagrams, e.g., relative to HM06-10, HM06-2
has gained Al,O3, but not TiO,. The lack of cor-
relation can be interpreted in two ways: 1) these
elements did not remain immobile during alter-
ation; or 2) the samples represent alteration
from precursors that were originally somewhat
heterogeneous, i.e., they cannot all be related by
simple mass gain or loss from a common parent
rock. We consider the latter interpretation to be
more plausible, given the well-documented im-
mobility of Zr and Ti in many other stud-
ies.

Despite the overall scatter of points in Figure
8, a subset of the data does meet the above cri-
teria reasonably well. Specifically, samples
HMO06-10, HM06-4A, HM06-5A, and HMO06-
8B yield regression lines with r2 values of 0.95
on both graphs, and the lines pass close to the
origin. When compared to HM06-10, the other
three samples yield excellent isocon lines de-
fined by 8 to 11 elements (Fig. 9), which in-
clude those that are typically immobile (e.g.,
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Al, Zr, Hf, Ti, Nb, Ga, Ta, Th, Sm, Yb, Lu). Us-
ing the approach of Grant (1986), these lines
correspond to calculated mass losses ranging
from 3 to 32%. Elements that plot to the right of
the regression line have been lost from the sam-
ple, whereas those plotting to the left have been
gained.

Sample HM06-4A (Fig. 9A) shows only a
slight net mass loss, primarily the alkalis, Sr,
and Ba, coupled with a modest gain in Fe. All
REE plot to the left of the nearly 1:1 isocon line,
consistent with the parallel but slightly higher
chondrite-normalized REE pattern compared to
HMO06-10 (Fig. 6A). In contrast, HM06-5A
(Fig. 9B) shows significantly greater mass loss
(23%), including Fe, alkalis, Sr, Ba, middle- to
heavy-REE, and some SiO, (despite the higher
weight percentage). Concentrations of La and
Ce have increased, consistent with the steeper
light-REE slope of this sample relative to
HMO06-10. Finally, HM06-8B (Fig. 9C) shows
an overall distribution of data points similar to
that of HM06-5A, but with a steeper isocon line
corresponding to a greater mass loss of 32%.
The significant displacement of La, Ce, and Pr
from the isocon line matches the much steeper
light-REE slope for this sample compared to all
others (Fig. 6B).

Although the other samples are not amenable
to strict application of the isocon approach, the
overall similarity of their whole-rock composi-
tions to those of either HM06-4A (HMO06-3 and
HMO06-7B), or HM06-5A and 8B (HMO06-2,
HMO06-5B, and HM06-6) suggests that mass
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Figure 9. Isocon diagrams (Grant, 1986) for samples HM06-
4A, HMO06-5A, and HM06-8B compared to HM06-10. Only
those elements plotted with black symbols were used in cal-
culating the isocon line in each case. Scaling factors for each
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element are indicated on the graphs.

losses of similar magnitude affect-
ed them. Relative to unaltered rhy-
olite, HMO06-10 probably
experienced only slight mass loss,
primarily of alkalis and CaO re-
flecting destruction of feldspar.

Protolith considerations

The ultimate protoliths for all
rocks at Hagers Mountain prior to
hydrothermal alteration were prob-
ably felsic volcanic rocks of the
Hyco Formation. This interpreta-
tion is supported by: 1) the location
near the western mapped extent of
the formation; 2) the similarity in
major element composition of
quartz-sericite schist sample
HMO06-10 to other Hyco Formation
rhyolites; and 3) the REE patterns
of the less-altered samples, which
are typical of felsic volcanic rocks
(i.e., light REE-enriched, flat
heavy-REE slopes, and negative
Eu-anomalies). Furthermore, all
samples plot in the more-evolved
portion (rhyodacite to rhyolite) of
the Nb/Y vs. Z1/TiO, classification
diagram of Winchester and Floyd
(1977), designed to deal with al-
tered or metamorphosed rocks
(Fig. 10).

The current mineralogy and
chemical composition of the rocks
provide key clues regarding the
mineralogy of hydrothermally al-
tered precursor rocks. The quartz-
sericite schist was probably de-
rived from a mineralogically simi-
lar rock. Chlorite was an additional
mineral in what is now the chlori-
toid-sericite quartzite, as well as in
kyanite quartzites with chloritoid.
Based on the distribution of data
points on Figure 5, kyanite quartz-
ites that lack chloritoid originally
contained variable amounts of
quartz and kaolinite, perhaps with
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Figure 10. Whole-rock samples of this study plotted on the Nb/Y vs. Zr/TiO, volcanic rock classi-
fication diagram of Winchester and Floyd (1977).

additional pyrophyllite. Thus, our interpreta-
tions of precursor mineralogy in order of in-
creasing degree of alteration are: 1) quartz +
sericite; 2) quartz + sericite + chlorite; 3) quartz
+ kaolinite + chlorite; and 4) quartz + kaolinite.
In all rocks, rutile was produced via the break-
down of other Ti-bearing silicates or oxides.
This precursor mineralogy is typical of that
produced during advanced argillic (high-sulfi-
dation) alteration, i.e., as a consequence of in-
tense leaching of all mobile components in hot,
acidic fluids. The evidence for hydrothermally
altered igneous protoliths is compelling for the
Virginia occurrences (Owens and Pasek, 2007),
as outlined in our Previous Work section, and
we suggest that the same arguments apply here.
Some of the contrasts between Hagers Moun-
tain and the Virginia rocks may reflect differ-
ences in protolith rock type and the specific
conditions of alteration. Based on the associat-
ed rock types and the classification diagram of
Figure 10, the Hagers Mountain protoliths were
probably more-evolved than those for the Vir-
ginia rocks, which were primarily mafic to in-
termediate in composition (Owens and Pasek,
2007). Chloritoid occurs in rocks which are
less-intensely altered, and no equivalent rocks
have yet been recognized in Virginia (although
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metamorphic grade is higher). Based on the
thermodynamic analysis of Owens and Pasek
(2007), the normal levels of Ga at Hagers
Mountain indicate slightly different initial alter-
ation conditions. Owens and Pasek (2007)
showed that the pH-pSO,4 conditions necessary
for the preferential leaching of Ga relative to Al
are fairly restricted, and slightly less acidic con-
ditions or lower pSO, could result in no Ga re-
moval. Nonetheless, the unusual U-shaped REE
patterns of the more-intensely altered Hagers
Mountain rocks match those of the Virginia
rocks, suggesting that alteration conditions
were otherwise similar.

Analogous rocks elsewhere

Quartz-rich rocks that also contain chloritoid
plus an aluminosilicate have been described
from several other examples of metamorphosed
hydrothermal alteration zones elsewhere. Many
of these occurrences are associated with volca-
nogenic-hosted massive sulfide (VHMS) de-
posits, including Mattabi, Ontario (Franklin et
al., 1975), Bousquet, Quebec (Valliant et al.,
1983), Headway-Coulee, Ontario (Osterberg et
al., 1987), and Gossan Hill, Australia (Sharpe
and Gemmell, 2001). Other examples include
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the Helen, Ontario, siderite deposit (Morton and
Nebel, 1984) and the Campbell, Ontario, epith-
ermal Au-As-Sb-Zn-(Hg) deposit (Penczak and
Mason, 1997). Thus, aluminous hydrothermal
alteration zones can be produced in a variety of
settings ranging from submarine (VHMS; cf.
Sillitoe et al., 1996; Dubé et al., 2007) to suba-
erial (high-sulfidation epithermal gold deposits;
cf. Cooke and Simmons, 2000), and are not nec-
essarily unique to any particular type of miner-
alization.

One feature of the Hagers Mountain rocks
that can potentially discriminate between these
two alteration settings is the REE pattern dis-
played by the most altered rocks. Specifically,
Huston (2001) noted that the distinctive con-
cave upward patterns and overall steeper slopes
are more characteristic of altered rocks associ-
ated with acid-sulfate epithermal deposits rath-
er than VHMS deposits. In addition, many of
the gold deposits elsewhere in the Carolina ter-
rane appear to have formed in epithermal rather
than VHMS settings (e.g., Spence et al., 1980;
Scheetz et al., 1991; Bierlein and Crowe, 2000).
Although beyond the scope of this study, the ap-
parent paucity of gold mineralization at Hagers
Mountain can be explained in several ways, in-
cluding: 1) inadequate exploration (with possi-
ble mineralization at depth); 2) tectonic
dismemberment of alteration and ore zones,
perhaps as a consequence of shearing along the
Hyco shear zone; or 3) by the formation of a hy-
drothermally altered, but otherwise barren re-
gion.
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ABSTRACT

The McHone pegmatite is one of a limited
number of mineralogically diverse and chem-
ically evolved dikes located in the Spruce Pine
pegmatite district, North Carolina and is un-
usual in two respects: (1) the presence of
spodumene + pollucite with amazonite + fluo-
rite is extremely atypical of pegmatites from
either LCT (lithium, cesium, tantalum) or
NYF (niobium, yttrium, fluorine) granite-peg-
matite suites and (2) the highly fractionated
nature is uncharacteristic of pegmatites be-
longing to the muscovite - rare-element class.
Primary assemblages show LCT-like rare-ele-
ment mineralization in the form of microlite
and manganocolumbite (Nb, Ta), schorl (B),
beryl (Be), spodumene (Li), and rare pollucite
(Cs). Late stage enrichment in F, as indicated
by the crystallization of fluorite, and the pres-
ence of amazonite are consistent with NYF-
like mineralization. Amazonitization of mi-
crocline-perthite apparently postdates the
crystallization of primary assemblages.

The McHone pegmatite exhibits levels of
trace-element enrichment similar to pegma-
tites of both NYF- and LCT-family popula-
tions. The high levels of Rb (maximum of
5789 ppm in microcline-perthite and Cs
(maximum of 37020 ppm in beryl) encoun-
tered in the McHone pegmatite are more
typical of LCT-affiliated systems than NYF
family or muscovite — rare-element class peg-
matites. By comparison, the enrichment of
Pb in the McHone microcline-perthite (max-

imum of 2109 ppm) and Zn in muscovite
(maximum of 3949 ppm) and beryl (maxi-
mum of 2222 ppm) is more characteristic of
pegmatites with a NYF geochemical signa-
ture. The enrichment patterns of rare alka-
lis, Pb and Zn in the pegmatite and the
resultant mixed geochemical signature ap-
pear to be the product of magmatic fraction-
ation rather than contamination by exterior
sources or overprinting by hydrothermal
fluids.

INTRODUCTION

The Spruce Pine pegmatite district encom-
passes one of the largest populations of granitic
pegmatites in the southern Appalachian region.
Pegmatites in this area have been mined primar-
ily for economic-grade feldspar, muscovite and
quartz for nearly a century (Olson, 1944). De-
spite a long history of production, the area has
been the subject of only a modest number of
modern scientific studies (e.g., Wood, 1996;
Tappen and Smith, 2003; Veal, 2004). Accord-
ing to the classification criteria of Cerny and Er-
cit (2005), the Spruce Pine pegmatites best fit
the muscovite-rare-element (MS-REL) class of
granitic pegmatites that are emplaced in kyan-
ite- to sillimanite-grade metamorphic rocks
which attained peak metamorphism at ~5-8 kb
and ~580-650°C. Rare-element-bearing granit-
ic pegmatites are widely dispersed throughout
the district, but of the several hundred exposed
pegmatites, only two are known to carry Li and/
or Cs mineralization. The McHone and Ray
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Figure 1. General tectonic map of western North Carolina showing the location of the Spruce Pine

pegmatite field. Modified from Trupe et al. (2003).

pegmatites both contain amazonitic microcline-
perthite, elbaitic schorl and minor quantities of
pollucite and fluorite, while spodumene only
occurs in the McHone pegmatite.

The presence of spodumene and pollucite in
granitic pegmatites generally implies an origin
consistent with fractional crystallization from a
peraluminous, S- or I-type parental granite with
enriched levels of Be, Nb, Ta (with Ta>Nb), Sn,
P, Rb, Cs, Li and B (Cern)’/’s LCT family;
1991a; London, 2005; London, 2008). By com-
parison, the presence of amazonite, with or
without fluorite, is more commonly found in
pegmatites generated by A-type granites with
compositions that display a geochemical signa-
ture characterized by enrichment in Nb>Ta, Y,
REE, Sc, Ti, Zr, Be, Th, U, F (Cerny’s NYF
family; 1991a). Although granitic pegmatites
that display both NYF and LCT characteristics
have been recognized, they are uncommon
compared to the worldwide occurrences of
purely NYF or LCT affiliated pegmatites. In
light of the unusual mineral assemblage
(spodumene + pollucite + amazonite + fluorite)
in the McHone pegmatite, this paper presents
new chemical data on mineral species known to
be recorders of pegmatite evolution and dis-
cusses the behavior of rare-elements leading to
the development of a mixed NYF-LCT geo-
chemical signature.
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REGIONAL GEOLOGY

The Blue Ridge thrust complex of western
North Carolina consists of a stack of crystalline
thrust sheets that record multiple tectonother-
mal events (Goldberg et al., 1986, 1989, 1992a;
Butler et al., 1987; Fig. 1). The Blue Ridge has
been divided into three provinces: the eastern
(EBR), central (CBR) and western (WBR) Blue
Ridge (Hatcher, 1978; Berquist et al., 2005).
The EBR, which hosts the pegmatite population
examined here, is separated from the Inner
Piedmont to the southeast by the Brevard Fault
Zone, a major structure with a multiphase histo-
ry of displacement (Hatcher, 1978), and the
WBR from the Valley and Ridge province by
the Blue Ridge fault system to the west. The
CBR lies between the EBR and WBR (Berquist
et al., 2005).

The structurally complex EBR records a pro-
longed and complex period of subduction, arc
accretion, and continental collision interpreted
to be in response to the closing of the Iapetus
Ocean that occurred prior to the collision of the
Piedmont arc with Laurentia during the middle
Ordovician. The EBR contains large bodies of
high-T (>750°C) Ordovician-age eclogite and
other high-pressure metamorphic rocks, imma-
ture clastic metasedimentary rocks, and amphi-
bolite that are locally intruded by Paleozoic
felsic plutons (Rankin, 1975; Hatcher, 1978).
Rocks exposed within the Grandfather Moun-
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tain Window are thought to represent 1.1 Ga
Grenville basement consisting of the Blowing
Rock and the Wilson Creek gneisses. It has
been suggested that these rocks represent rifted
Laurentian basement (Hatcher, 1989) or accret-
ed suspect terranes from Gondwana (Stewart et
al., 1997). Overlying the basement is a thick se-
quence of Cambrian age clastics (sandstones,
mudstones, and conglomerates) and volcanic
rocks (basalts, rhyolites, and tuffaceous rocks)
that were all deformed and metamorphosed dur-
ing the Ordovician and early Devonian. Thrust-
ing events followed in the Late Devonian and
lasted until the Late Triassic.

Granitic plutons are relatively sparse in the
eastern Blue Ridge and are mineralogically and
geochemically akin to the K-poor TTG associa-
tion (tonalite-trondhjemite-granodiorite) (Mill-
er et al., 1997). Plutonism was thought to be
related to three tectonothermal events: Taconi-
an (Ordovician), Acadian (Devonian-Silurian)
and Alleghanian (Carboniferous-Permian)
(Miller et al., 2006). All plutons intrude schists,
paragneisses and amphibolite and postdate at
least some regional fabric development. Al-
though all are overprinted by deformation and
metamorphism, most do retain some magmatic

textures. Mafic complexes in the region are
generally interpreted to be older than the plu-
tons, but none is well-dated. Peak metamor-
phism occurred during the Taconian orogeny in
the EBR and ranged from middle amphibolite
to granulite facies (650-800°C) (Goldberg and
Dallmeyer, 1997; Miller et al., 1998).

The McHone pegmatite is one of numerous
pegmatites known to occur in the 777 km?
Spruce Pine pegmatite district spread across
Avery, McDowell, Mitchell and Yancey coun-
ties (Lesure, 1968). The pegmatite district is un-
derlain by Precambrian, amphibolite grade,
metamorphosed sedimentary rocks of the north-
east-southwest trending Ashe Metamorphic
Suite (Brobst, 1962; Rankin et al., 1973; Wood,
1996; Fig. 2). The Ashe Metamorphic Suite
consists of intimately interlayered muscovite-
biotite gneiss and mica schist, amphibolite and
metagraywacke. Estimated P-T conditions for
prograde metamorphism of the Ashe Metamor-
phic Suite are 640-700°C and 7-9 kb (Goldberg
et al., 1992b). The Ashe Metamorphic Suite is
intruded by numerous granodiorite plutons,
dikes, sills and associated granitic pegmatites
collectively known as the Spruce Pine Plutonic
Suite. The Chalk Mountain pluton is the largest
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tial relationships of pegmatite units. Diagram not drawn to scale.

granitic intrusion in the district and U-Pb zircon
ages place its time of crystallization at 377.7 +
2.5 Ma (Miller et al., 2006). The Chalk Moun-
tain pluton is granodioritic in composition, vari-
ably foliated and locally displays pegmatitic
textures. It has been interpreted to be syntecton-
ic with respect to Acadian amphibolite-facies
metamorphism and deformation (Waters et al.,
2000; Johnson et al., 2001).

Pegmatites occur in both the granodiorite
and metamorphic rock with contacts that vary
from sharp to gradational (Wood, 1996; Veal,
2004). Granitic pegmatites that intrude the
Ashe Metamorphic Suite are concordant to dis-
cordant to the main foliation. The origin of the
Spruce Pine pegmatites remains unresolved;
some workers have proposed that the pegma-
tites are differentiates of a granodiorite magma
(Olson, 1944; Lesure, 1968; Wood, 1996) while
others suggest that the pegmatites were derived
by the anatexis of metasedimentary rocks
(Kish, 1989; Feiss et al., 1991). The majority
of pegmatites in the Spruce Pine district are
mineralogically simple (i.e., containing mostly
quartz, microcline-perthite, albite-oligoclase
and muscovite) and lack complex internal zona-
tion as defined by Cameron et al. (1949). Bio-
tite, garnet and apatite are the most common
accessory minerals present. Overall, rare-ele-
ment mineralization is generally uncommon
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(Fig 2.) and when present is limited to variable
but generally very low amounts of tourmaline,
beryl, columbite-group minerals, zircon and al-
lanite. Sulfide mineralization may be locally
abundant (Heinrich, 1950) while epidote, clino-
zoisite, zoisite, calcite, uraninite, microlite,
spodumene and pollucite are rare (Olson, 1944;
Lesure, 1968).

INTERNAL STRUCTURE OF THE
MCHONE PEGMATITE

Limited excavation of the McHone pegma-
tite has exposed only a modest portion of the
dike and therefore the internal lithologic units
presented here may not be entirely representa-
tive of the whole body. The pegmatite is
mapped as being hosted by the Chalk Mountain
granodiorite (Olson, 1944), but Wood (1996)
observed that the pegmatite is situated within a
screen of kyanite-bearing, muscovite-biotite
schist that lies within the granodiorite. Tourma-
linization of the schist is sporadic and may extend
up to 20 cm away from the pegmatite contact.
Examination of the present pegmatite exposure
revealed six lithologic units distinguished by
mineral assemblages and textures (Fig. 3). The
outermost unit defined here as the “wall zone”
(Unit 1) consists of medium-grained subhedral
crystals of microcline-perthite, quartz, musco-
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vite and plagioclase. Unit 2 is texturally similar
to Unit 1, but lacks microcline-perthite and con-
tains minor quantities of tourmaline. Unit 3 con-
tains subhedral, white to green (amazonite)
blocky microcline-perthite (up to 10 cm in
length), quartz and crystals of muscovite that
rarely reach 2 cm in their largest dimension. The
color of the McHone amazonite is noticeably dif-
ferent from the classic blue-green color from oth-
er amazonite localities (e.g., Pikes Peak,
Colorado; Morefield mine, Virginia). Individual
crystals of amazonite display mottled to patchy
pale, sea-green to grass-green coloration. The in-
tensity of the green color shows no correlation
with position in the pegmatite; however, the most
intense green color generally occurs along the
edges of white microcline-perthite crystals and
along cleavage planes and fractures that crosscut
the crystals. Unit 4 consists largely of medium- to
coarse-grained, white to green microcline-
perthite, blebby gray quartz and spodumene crys-
tals up to 12 cm in length. Muscovite is uncom-
mon and tourmaline is rare.

The central “core” (Unit 5) is comprised pre-
dominantly of very coarse-grained white micro-
cline-perthite (up to 35 cm) with local green
domains, masses of quartz, and spodumene
crystals up to 4 cm in length. Much of the
spodumene is altered, but when fresh it displays
a pale green color. Tourmaline crystals up to 4
cm in length occur singularly and in radiating
aggregates in microcline-perthite and quartz.
Crystals of white to pale blue beryl, up to 1.3
cm thick and 6 cm across, are also typical of this
unit and are tabular perpendicular to the c-axis.
Muscovite is typically found as 2-5 mm sized
euhedral to subhedral crystals in quartz and less
frequently in microcline-perthite. Accessory
green to blue fluorite is present as anhedral
masses in microcline-perthite and quartz. The
fluorite displays thermoluminescence changing
from a gray-blue color to vivid blue-green when
heated. Rare pollucite occurs as colorless, trans-
parent masses with spodumene in Unit 5.

Unit 6 consists primarily of fine-grained sac-
charoidal albite, and medium-grained quartz
and muscovite with disseminated, rare octahe-
dral crystals of brown to orange microlite and
dark red-brown manganocolumbite. Rare pur-

ple fluorite is found as interstitial grains and
thin films with microlite and mangano-
columbite. This unit replaces microcline-
perthite throughout the pegmatite, but is most
prevalent in Units 2 and 3. Quartz-plagioclase-
microcline-perthite-muscovite veins locally
crosscut Units 3 and 4. The veins vary from 2 to
9 cm wide and contain rods of quartz and micro-
cline-perthite crystals that are oriented perpen-
dicular to the length of the veins. Fine-grained
muscovite occurs as sparse crystals in quartz
and microcline-perthite.

ANALYTICAL METHODS

The following discussion on mineral chemis-
try is limited to primary phases that are routine-
ly used to characterize the geochemical
evolution of granitic pegmatites. Microcline-
perthite and micas were sampled from blocky
microcline-perthite + quartz rich pods. Beryl,
Nb-Ta oxides, and tourmaline were collected
from all texturally distinct units where avail-
able.

Unaltered and inclusion-free microcline-
perthite and muscovite were hand-separated
from pegmatite samples for trace-element anal-
ysis. Samples were pulverized, sieved to 100
mesh, made into pressed pellets and analyzed
using an automated Phillips X-ray fluorescence
spectrometer (model PW1480). Microcline-
perthite, mica-group minerals and beryl were
analyzed for Ba, Cs, Ga, Ni, Nb, Pb, Rb, Sn, Sr,
Ta, Tl, Zn and Zr.

Fragments and crystals of microcline-
perthite, muscovite, beryl, manganocolumbite,
tourmaline and microlite were analyzed using a
JEOL Model JXA-8900R electron microprobe
in the wavelength-dispersion mode. Four to six
spots per grain were analyzed using an acceler-
ating voltage of 15 kV and beam current of 20
nA. Counting time for background and peak de-
terminations were 5-10 s and 15-40 s, respec-
tively. Crystals were analyzed using the Ko
lines of Si, Al, Na, K, Ca, Mg, Fe, Mn, Ti, Zn,
P, F, Cl with the following standards: horn-
blende, garnet, ilmenite, gahnite, apatite, scapo-
lite and synthetic ScTiOs. NbLa, TaMo, SnLa
were analyzed using synthetic standards
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perthite from the McHone pegmatite.

MnNb,Og4, CaTas01;, and SnO,, respectively.
Data reduction was done using a conventional
ZAF correction. The structural formula of tour-
maline was calculated on the basis of 31 anions,
assuming stoichiometric amounts of B,O3 as
(BO3)-3 [B=3 apfu], H,0 as (OH)" [i.e.
OH+F=4 apfu] and Li=3-XY apfu. Atomic con-
tents of manganocolumbite were calculated on
the basis of 24 atoms of oxygen per formula
unit.

MINERAL CHEMISTRY
Microcline-perthite

Microcline-perthite from the McHone peg-
matite is fairly homogeneous ranging from
Org7Abj to OrgyAbg. The concentration of
Na,O varies from 0.29 to 0.77 wt.%. Negligible
amounts of P (0.0 to 0.26 wt.% P,0Os) are typi-
cal of the McHone K-feldspars. Microcline-
perthite attains a maximum concentration of Rb
up to 5789 ppm (Table 1) and displays K/Rb
values (14.6 to 26.0) much lower than the rest of
the Spruce Pine pegmatite population (51.8 to
290.0; Wood, 1996). Cesium values are in the
range of 215 to 2003 ppm with the highest val-
ues occurring in microcline-perthite from Unit
5. However, the maximum TI (< 20 ppm) and
Ga (27 ppm) values are well below that expect-
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ed for evolved lithium-rich pegmatites (cf.,
Cerny et al., 1985; Cerny, 2005). McHone mi-
crocline-perthite consistently shows elevated
Pb concentrations that range from 458 to 2109
ppm and exceed that generally found in most
Li-rich pegmatites. White microcline-perthite
contains lower Cs and Pb contents and lower K/
Rb ratios than green microcline-perthite (Fig.
4).

Muscovite

The limited data set of the McHone musco-
vite show considerable Fe (4.0 to 5.2 wt.% total
Fe as FeO) and MgO (0.30 to 1.46 wt.%) con-
tents. Li,O calculated from electron micro-
probe data following the method of Tischendorf
et al. (1997) estimate Li contents at less than
0.25 wt.% which is consistent with Li contents
from muscovite—class pegmatites (Cerny and
Burt, 1984). Enrichment in Rb (439 to 3230
ppm), Cs (54 to 352 ppm) and Ga (52 to 131
ppm) is variable, but Rb and Cs are within the
range observed from other spodumene-bearing
pegmatites (Cerny and Burt, 1984; Zhu et al.
2006). Muscovite in the McHone pegmatite is
distinctly enriched in Zn (252 to 3949 ppm) rel-
ative to most of the pegmatites in the Spruce
Pine pegmatite field (55 to 1094; Wood 1996).
Muscovite from the late primary units shows el-
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Table 1. Representative composition of selected silicates from the McHone pegmatite, North Carolina.

T-site

B-site

Z-site

Y-site

X-site

Tourmaline Microcline-perthite Muscovite
Country Unit5 MH-37 MH-18 MH-1 MH-42
rock (white) (green)

SiO, 35.06 35.75 Si0, 64.32 64.75 SiO, 49.71 48.67
TiO, 1.27 0.26 TiO,  0.02 0.02 TiO, 0.20 0.20
B,03 10.19 10.59 AlbO3 19.04 19.16 Al,O3 34.25 34.31
Al,04 27.81 36.46 FeO 0.03 0.00 FeO 5.07 4.34
ZnO 0.00 1.26 MnO  0.01 0.01 MnO 0.33 0.08
FeO 12.82 478 MgO 0.00 0.00 MgOo 0.31 1.37
MnO 0.13 1.32 CaO 0.01 0.00 Ca0O 0.03 0.03
MgO 5.39 0.54 Na,O 0.69 0.57 Na,O 0.23 0.40
CaO 1.17 1.07 K0 15.25 14.68 K20 5.57 6.75
Nay0 222 2.14 P,05 0.06 0.08 F 0.47 0.33
K,0 0.07 0.03 Total 99.42 99.28 Total 95.05 95.50
Li,O 0.07 1.39 O=F 0.20 0.14
H,0 3.52 3.32 Total 94.86 95.36
F 0.00 0.71
O=F 0.00 -0.30
Total 99.72 99.32 Cs, ppm 242 2006 Cs, ppm 293 54
Rb 3318 5789 Rb 3230 440
Ga 18 35 Zn 3949 252
Si 5.979 5.869 Pb 518 2109 Ga 126 52
Al 0.021 0.131 Pb 24 21
z 6.000 6.000 Nb 507 96
Ta 35 27
B 3.000 3.000
Al 5.609 5.968 T-site Si 2.976 2.985 T-site  Si 6.469 6.345
Ti 0.163 0.032 Ti 0.001 0.001 IVA| 1.531 1.655
Mg 0.228 0.000 Al 1.038 1.041 z 8.000 8.000
z 6.000 6.000 P 0.002 0.003
P 4.017 4.030 M-site VIA| 3.722 3.616
Al 0.000 0.955 Ti 0.020 0.020
Zn 0.000 0.153 M-site Fe2+ 0.001 0.000 Fe2+ 0.552 0.473
Mg 1.142 0.132 Mn 0.000 0.001 Mn 0.036 0.009
Mn 0.019 0.184 Mg 0.000 0.000 Mg 0.060 0.266
Fe2+ 1.828 0.656 Ca 0.000 0.000 z 4.370 4.384
Li 0.048 0.918 Na 0.062 0.051
z 3.037 2.998 K 0.900 0.864 I-site  Ca 0.004 0.004
z 0.963 0.916 Na 0.058 0.101
Na 0.734 0.681 K 0.925 1.122
Ca 0.214 0.188 An 0.05 0.00 z 0.987 1.227
K 0.015 0.006 Ab 6.43 5.57
a 0.037 0.125 Or 93.52 94.43 Cl 0.000 0.000
z 1.000 1.000 F 0.193 0.136
z 0.193 0.136
F 0.000 0.369
OH 4.000 3.631
z 4.000 4.000

B,03, Li0, and H,0 for tourmaline calculated based on stoichiometry (31 anions). Muscovite formula calculated on 22

anions.
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Figure 5. Composition of McHone tourmaline. (A) X-site occupancy, (B) Ca/(Ca+Na) versus Fe/

(Fe+Mg) at the Y-site.

evated Nb contents (up to 500 ppm) while Ta
contents are low (< 30 ppm) and Sn is absent.

Beryl

Beryl from the McHone pegmatite contains
high concentrations of Cs, Rb, and Zn. Cs and
RD values range from 6377 to 37020 ppm and
430 to 532 ppm respectively. Zn concentrations
are unusually high for pegmatitic beryl and
range from 1058 to 2222 ppm. FeO is low
reaching approximately 0.1 wt.% while Na,O
values range between 1.0 and 2.0 wt.%. Cr was
analyzed for but not detected. Calculated chan-
nel water content ranges from 2.31 to 2.79 wt.%
and is typical of beryl from granitic pegmatites
(e.g., 1.20 < H,O* < 2.55 wt.% Deer et al.,
1986; Taylor et al., 1992).

Tourmaline

Tourmaline from the McHone pegmatite
shows only modest variation in its chemical
composition. Most of the variation in composi-
tion is due to changes in the Fe/(Fe+Mg) ratio.
All compositions plot within the schorl field of
the uvite-feruvite-dravite-schorl composition
quadrilateral (Selway et al., 1998; Fig. 5). Com-
positions of tourmaline from the country rock
are significantly more Mg-rich [Fe/(Fe+Mg) =
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0.54 to 0.63] than tourmaline from the pegma-
tite [Unit 2: Fe/(Fe+Mg) = 0.94 to 0.99; Unit 5:
Fe/(Fe+Mg) = 0.80-0.87]. The X-site is domi-
nated by Na cations with limited vacancies
(0.03 to 0.16 apfu). Schorl from the country
rock is typically F-deficient compared to schorl
from the pegmatite which contains 0.31 to 0.43
apfu F. The maximum calculated Li varies from
0.84 to 0.94 apfu in Unit 2 tourmaline and is
slightly higher in tourmaline from Unit 5 (up to
~1.03 apfu).

Nb, Ta-Minerals

Only two specimens of columbite-group
minerals were available for microprobe study
and the analyses indicate enrichment in Mn and
Nb relative to Fe and Ta (Table 2). The data plot
within the manganocolumbite field of the
columbite quadrilateral with Mn/(Mn + Fe) val-
ues of 0.77 to 0.92 and Ta/(Ta+Nb) of 0.10 to
0.22 (Fig. 6). The analyzed crystals show low
amounts of Ti (0.48 to 0.85 wt.% TiO,) and W
(0.48to 1.34 wt.% WOg), but no Sc. Sn is errat-
ically distributed throughout the crystals stud-
ied and varies from 0 to 0.85 wt.% SnO,.

Electron-microprobe analyses of microlite
are given in Table 2. Oxide totals vary between
88 and 94 wt.% and the low sums suggest the
presence of structural H,O. Because of the pos-
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Table 2. Representative composition of manganocolumbite and microlite from the McHone peg-
matite, North Carolina.

Manganocolumbite Microlite
‘McHone  McHone McHone McHone McHone
5b 31 39 5 25
Nay,O 0.02 0.00 NayO 4.31 2.78 3.84
CaO 0.15 0.41 CaO 12.84 11.45 12.82
FeO 1.60 411 FeO 0.03 0.07 0.04
MnO 17.03 14.86 MnO 0.17 0.45 0.28
MgO 0.00 0.00 MgO 0.00 0.00 0.00
TiO, 0.62 0.56 TiO, 2.06 210 2.33
Nb,Osg 55.38 66.16 Nb,Og 20.30 19.72 24.36
Tay0s5 24.02 12.22 Tay05 51.04 49.48 44.07
SnO, 0.11 0.85 SnO, 0.00 0.00 0.00
WO3 1.24 0.32 WO, 0.00 0.00 0.00
uo, 0.01 0.00 UO, 1.07 1.10 217
Total 100.18 99.49 F 2.73 2.00 2.47
94.54 89.14 92.38
O=F 1.15 0.84 1.04
Total 93.39 88.30 91.34
Cations based on 24 oxygens Normalized on B-site occupancy=2
A-site  Na 0.00 0.00 A-site Na 0.68 0.46 0.60
Ca 0.04 0.12 Ca 112 1.05 111
Fe 0.32 0.80 u 0.02 0.02 0.04
Mn 3.56 3.00 Fe 0.00 0.00 0.00
Mg 0.00 0.00 Mn 0.01 0.03 0.02
Mg 0.00 0.00 0.00
B-site i 0.12 0.12
Nb 6.20 7.08 B-site  Ti 0.13 0.14 0.14
Ta 1.64 0.80 Nb 0.74 0.76 0.89
Sn 0.00 0.08 Ta 1.13 1.16 0.97
w 0.08 0.04 Sn 0.00 0.00 0.00
U 0.00 0.00 W 0.00 0.00 0.00
Total 12.00 11.96
F 0.70 0.55 0.63
Total 4.53 4.18 4.41
Mn/(Mn+Fe) 0.92 0.79
Ta/(Ta+Nb) 0.21 0.10 Mn/(Mn+Fe) 0.85 0.87 0.86
Ta/(Ta+Nb) 0.60 0.60 0.52
A site 392 3.92
B site 8.04 8.08 A site 1.83 1.56 1.77
B site 2.00 2.00 2.00
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Figure 6. (a) Columbite quadrilateral and (b) microlite ternary diagram.

sible occurrence of X-site vacancies, formula
calculations are based on the normalization of
the fully occupied B-site to 2 cations per formu-
la unit. The major cations occurring at the A-site
are Ca and Na, with Ca always greater than Na.
Most analyses show a modest enrichment in U
(up to 2.17 wt.% UO,) and typically very little
Pb. The B-site chemistry is dominated by Ta
and Nb with limited substitution by Ti, but all
contain Ta>Nb and 2Ti < (Nb+Ta) (Fig 6). Ta/
(Ta+Nb) values are consistently higher in mi-
crolite than in manganocolumbite.

RARE-ELEMENT ENRICHMENT IN
THE MCHONE PEGMATITE

The present study reveals a level of Rb and
Cs enrichment in the McHone pegmatite that is
unmatched by most pegmatites of the Spruce
Pine district. The McHone amazonite attains Rb
and Cs values that approach those of some of
the most fractionated LCT pegmatites known
(e.g., Tanco, Manitoba; Varutrdsk, Sweden).
This is noteworthy since in most instances high
Rb and Cs contents are generally not encoun-
tered in microcline-perthite (including the ama-
zonite variety) from NYF pegmatites.
Examples of microcline-perthite from NYF
pegmatites that contain exceptionally high Rb
contents include some pegmatites from the
Pikes Peak batholith with maximum Rb content
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of 5315 ppm, but only 30 ppm Cs (Foord and
Martin, 1979) and blocky K-feldspar from the
Falun pegmatite field, Sweden with 810 to 1687
ppm Rb, and low Cs (up to 61 ppm; Smeds
1994). The Rb and Cs contents of microcline-
perthite from the REE-enriched Landsverk peg-
matite were comparable to the Falun field (Tay-
lor et al., 1960).

Muscovite from the McHone pegmatite is al-
so enriched in Rb and Cs, although its overall
concentration is considerably lower than antici-
pated for lithium-rich pegmatites. Little data
exist on the Rb and Cs contents of muscovite
from NYF pegmatites largely due to the fact
that muscovite is generally absent in pegmatites
from this geochemical family. Smeds (1994) re-
ports Cs contents in muscovite up to 714 ppm in
the Falun pegmatites, but most have less than
50 ppm. A single ferroan muscovite from a mi-
arolitic pegmatite in the Pikes Peak batholith
contained approximately 1000 ppm Cs (Foord
et al., 1995). The Rb and Cs concentrations of
the McHone muscovite are more typical of val-
ues reported for muscovite-class pegmatites
than those from the LCT affiliation (Cerny and
Burt, 1984). The high Cs values observed in the
McHone beryl are consistent with Cs values
found in beryl from highly evolved LCT peg-
matites. Extreme Cs enrichment in beryl from
NYF pegmatites is rarely known to occur above
1000 ppm (e.g., Pezzotta et al., 2005). On the
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other hand, “mixed” NYF+LCT type pegma-
tites such as the Sakavalana pegmatite, Mada-
gascar, display extreme Cs enrichment in the
form of the Cs mineral pezzottaite (Laurs et al.,
2003).

Pb is a prominent, but highly variable ele-
ment that frequently resides in the structure of
pegmatitic K-feldspar. In comparing the Pb
content of K-feldspar from different pegmatite
types, Pb concentrations in K-feldspar from
LCT pegmatites are generally low relative to
those from NYF pegmatites. In LCT pegma-
tites, Pb values in microcline-perthite are often
< 200 ppm, even for the most evolved
spodumene-bearing pegmatites (e.g., Black
Hills district, South Dakota [4 to 80 ppm] -
Shearer et al., 1985; Yellowknife field, NWT [3
to 91 ppm] - Meintzer, 1987; Little Nahanni
group — [22 to 122 ppm] — Mauthner, 1996; Se-
bago group, Maine [3 to 89 ppm] — unpublished
data of M. Wise). Little data exist for the Pb con-
tents of K-feldspar from muscovite — rare-ele-
ment class pegmatites although Wood (1996)
reported 148 to 233 ppm Pb in K-feldspar from
selected pegmatites of the Spruce Pine district.
Heier (1962) noted that Pb was enriched in K-
feldspars from the most evolved NYF pegma-
tites in southern Norway, contrary to being cap-
tured early in the fractionation process. Larsen
(2002) observed Pb concentrations within K-
feldspar from the Evje-Iveland and Froland
pegmatite fields, Norway up to 350 ppm. By
comparison, microcline-perthite from the NYF
pegmatite field at Falun, Sweden contained
maximum Pb concentrations of 56 (Smeds
(1994). Foord and Martin (1979) reported a
general enrichment trend in Pb contents from
core to rim in some microcline-perthite-ama-
zonite crystals. Amazonitic K-feldspar of NYF
affiliation typically contains the highest amount
of Pb ranging up to 13500 ppm (Foord and Mar-
tin, 1979). Extremely high Pb concentrations
(up to 18000 ppm) were measured in a green or-
thoclase from anatectic pegmatites at Broken
Hill, Australia (Stevenson and Martin, 1986).
The high Pb content of the McHone microcline-
perthite is atypical of pegmatites affiliated with
LCT systems and appears to be more like gra-
nitic pegmatites that were generated by the A-

type granite-NYF pegmatite association.

Muscovite and beryl from the McHone peg-
matite are enriched in Zn relative to other
Spruce Pine pegmatites (unpublished data of M.
Wise) and other muscovite class pegmatites
(e.g., Cerny and Burt, 1984; Cocker, 1992). Zn
values of the McHone muscovite are more typ-
ical of micas from anorogenic pegmatites with
NYF-type signatures (Cerny and Burt, 1984).
The accumulation and behavior of Zn in beryl
in granitic pegmatites is more difficult to char-
acterize due to the fact that its normal concen-
trations are very low, and because the element is
typically not sought after during routine analy-
sis. The Zn values of the McHone bery! far ex-
ceed that from any reported beryl, especially
those from LCT pegmatites. Beryl from beryl-
columbite, beryl-columbite-phosphate and
spodumene-bearing pegmatites of the LCT Se-
bago Pegmatite group collectively shows Zn
values of 11 to 575 ppm (unpublished data of
the authors) but no systematic trends were ob-
served. Tappen and Smith (2003) found Zn val-
ues ranging from 79 to 140 ppm in beryl from
the Crabtree pegmatite in the Spruce Pine dis-
trict. Zn values comparable to those found in
the McHone pegmatite have been reported from
only a few localities. Red beryl occurring in an-
orogenic, rift-related rhyolite from the Wah
Wah Mountains, Utah (Christiansen et al.,
1986) was reported to contain up to 700 ppm Zn
by Shigley and Foord (1984) and pegmatitic
beryl associated with anorogenic granites in the
Eastern Desert of Egypt gave Zn values of 747
to 1122 ppm (Surour et al., 2002).

The compositions of Nb,Ta oxide minerals in
the McHone pegmatite indicate a high degree of
Ta enrichment in the later stage of pegmatite
consolidation. The high Ta/Nb values exhibited
by microlite are consistent with data of Nb-Ta
minerals found in highly evolved LCT pegma-
tites. Furthermore, the data for mangano-
columbite are consistent with F-rich, lepidolite-
bearing pegmatites of the LCT association.
However, it should be noted that Mn, Nb-dom-
inant members of the columbite group are also
known to characterize some NYF pegmatites
and extreme Ta enrichment has been observed
in some MSREL-REE type pegmatite popula-
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tions such as the Mattawa pegmatite district
(Ercit 1992).

GENESIS OF MIXED NYF-LCT
SIGNATURE

The mineralogy of the McHone pegmatite
combines features of both LCT and NYF rare-
element pegmatites. The presence of
spodumene, beryl and pollucite suggest an affil-
iation with the LCT geochemical family of gra-
nitic pegmatites, whereas the occurrence of
amazonite and fluorite is more typical of peg-
matite populations associated with NYF suites.
The juxtaposition of LCT and NYF mineraliza-
tion within a single pegmatite body does not al-
low for an unambiguous genetic classification
of the McHone pegmatite. Moreover, the deri-
vation of the mixed NYF-LCT geochemistry in
granitic pegmatites on the whole has not been
thoroughly investigated due in part to the lack
of a suitable number of well-documented exam-
ples in which to develop meaningful generaliza-
tions. Few pegmatites are known to exhibit such
dramatic “mixed” type geochemical signature
[e.g., Heftejern pegmatite, Tordal, Norway:
Bergstel and Juve (1988); O’Grady batholith,
NWT, Canada: Ercit et al. (2003); Anjanabo-
noina and Sakavalana pegmatites and the Am-
bositra district, Madagascar: De Vito et al.,
(2006); Hawthorne et al. 2004; Pezzotta
(2001)]. Cerny (1991b), Cerny and Ercit
(2005), and Martin and De Vito (2005) discuss
possible scenarios for the genesis of “mixed” or
“hybrid” NYF-LCT pegmatites and speculate
that the mixed signature may have originated
from: (i) the contamination of a NYF pegmatite
melt by digested supracrustal rocks, (ii) a par-
tially depleted crustal protolith, (iii) a mixed
range of depleted and undepleted protoliths that
were affected by anatexis, and (iv) the over-
printing of a NYF assemblage by an LCT as-
semblage during a hydrothermal stage.

The chemical composition of a pegmatite
melt may be modified by the introduction of
metasomatic fluids from an outside source, but
this style of component exchange is somewhat
difficult to prove. Taylor et al. (1979) noted that
the isotopic signature of the host rock is pre-
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served in the border zone of pegmatites that ex-
perienced an influx of metasomatic fluids.
Thomas and Spooner (1988) documented the
occurrence of methane in fluid inclusions from
the border zone of the Tanco pegmatite and at-
tributed its presence to the influx of fluids from
the host amphibolite. Evidence for the proposed
infiltration of Mg- and Fe-bearing fluids de-
rived from country rock is exhibited by the
lengthwise perpendicular growth of tourmaline
(comb structure) in the outermost pegmatite
zones (London, 1992). In a similar manner, the
infiltration of Fe-, Cr- and/or V-enriched fluids
derived from mafic host rocks into a Be-en-
riched pegmatite melt may produce emeralds
near the contact (Laurs et al., 1996, Tappen and
Smith, 2003). In spite of the occurrence of tour-
maline and beryl in the McHone pegmatite, no
comb structure texture or emerald was observed
which implies that there was no influx of com-
ponents from the schist into the pegmatite. On
the other hand, there does appear to be some ev-
idence to support the migration of components
out of the pegmatite and into the host rocks.
Some B clearly escaped the pegmatite resulting
in the crystallization of dravitic schorl in the
schist immediately near the pegmatite contact.
The unaltered country rock shows considerable
enrichment in some “pegmatophile” elements,
most notably Rb and Cs. However, both ele-
ments show a decrease in concentration with in-
creasing distance from the pegmatite contact
suggesting that Rb and Cs probably migrated
from the pegmatite into the host rock. Thus it
appears that the movement of components via
fluid migration was largely unidirectional.

The incorporation and digestion of host
rocks may be viable mechanisms for modifying
the original bulk composition of the McHone
pegmatite melt, a scenario that has been docu-
mented in the Tordal granite pegmatite veins
and used to explain the enrichment of Sn and Sc¢
and its mixed NYF-LCT signature (Bergstel
and Juve, 1988). Small remnants of country
rock (the largest approximately 65 x 30 cm) are
present in the McHone pegmatite and show
modest degrees of assimilation. The assimilated
schist should contribute significant amounts of
Fe and Mg in addition to rare alkalis (e.g., Cs)
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Figure 7. Cs and Pb contents of microcline-perthite from spodumene-bearing LCT-family pegma-
tites (a and b) and NYF-affiliated pegmatites (c). Data for LCT microcline-perthites: Black Hills peg-
matite field (BH), South Dakota - Shearer et al., 1985; Yellowknife field (YKF), Northwest Territories,
Canada - Meintzer, 1987; Aylmer Lake field (AY), Northwest Territories, Canada — Tomascak, 1991;
Little Nahanni field (LN), Northwest Territories, Canada — Mauthner, 1996; and Tanco, Manitoba, Can-
ada — Cerny, 1994. Arrows in (c) indicate fractionation trend for microcline-perthite. Evje-lveland
and Falun, Norway trends derived from the data of Larsen (2002) and Smeds (1994), respectively.
Pikes Peak, Colorado trend from unpublished data of M.Wise. Symbols: triangles — Spruce Pine

pegmatites, circles — McHone pegmatite.

as a result of the breakdown of biotite. This is
obviously not the case, as the mineralogy of the
pegmatite is mostly devoid of ferromagnesian
minerals. We conclude therefore, that the trace
element chemistry of the host rock and fluids
derived from it probably had minimal effect on
the original melt composition of the pegmatite
and in all probability did not impart a LCT or
NYF signature on a previously pristine melt.

In the course of this study, it became clear to
us that none of the above scenarios could ade-
quately explain the mixed NYF-LCT signature
of the McHone pegmatite. In fact, our data sug-
gest an alternative mechanism that has been
considered for the development of mixed type
geochemistry: magmatic fractionation. The ma-
Jority of geochemical studies of granitic pegma-
tites have focused on those of LCT affiliation
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and the behavior of many trace elements during
pegmatite evolution has been well established
(cf. Cerny et al., 1985). By comparison, NYF
pegmatites have not been studied with the same
detail and we know relatively little about the
fractionation trends of rare alkalis, high-field
strength and light lithophile elements in NYF
systems. It has been noted that NYF pegmatites
do exhibit LCT-style fractionation (e.g., Cerny
and Ercit 2005) and in some cases may be quite
advanced in this respect (Smeds, 1994; Foord et
al., 1995). Whether an NYF-type pegmatite
melt can fractionate to give rise to an “end-
member” LCT-type mineral assemblage is de-
batable, nevertheless the process should not be
arbitrarily dismissed as a viable process of NYF
pegmatite evolution.

CLASSIFICATION AND GENETIC
IMPLICATIONS OF THE MCHONE
PEGMATITE

The Spruce Pine pegmatite population car-
ries a weak but distinct REE signature as evi-
dent by the occurrence of allanite and
samarskite as prominent accessory phases in a
number of the pegmatites. Niobium is locally
enriched and is expressed by the presence of
columbite rather than tantalite. Be and B miner-
alization is widespread but not particularly
abundant, whereas, P, Li and Cs enrichment is
nearly absent throughout the field. With the ex-
ception of the McHone pegmatite, F concentra-
tions are low as demonstrated by the general
absence of fluorite, topaz, lepidolite and am-
blygonite. The Spruce Pine field is best charac-
terized as a member of the REE-enriched
subclass of the muscovite - rare-element class
(MSREL-REE) of pegmatites which may carry
a modest NYF-like signature (Cerny and Ercit,
2005).

The McHone pegmatite is an anomaly com-
pared to the rest of the Spruce Pine pegmatites.
The occurrence of Be-, Li- and B-minerals in
the McHone pegmatite establishes it as a mem-
ber of the MSREL-Li subclass which tends to
have LCT-like characteristics. On the other
hand, the occurrence of fluorite and amazonite
in the pegmatite is consistent with granitic peg-
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matites displaying NYF-like tendencies and
thus the pegmatite could be considered belong-
ing to the MSREL-REE subclass. The McHone
pegmatite is unique in its mixed geochemical
signature within the Spruce Pine pegmatite
field. The mineral chemistry of the McHone
pegmatite indicates an advanced degree of rare-
element fractionation compared to other Spruce
Pine pegmatites. In particular, blocky micro-
cline-perthite shows considerable enrichment
in rare alkalis, as illustrated by the K/Rb vs Cs
plot (Fig. 7) and displays fractionation levels
that are comparable to spodumene-bearing peg-
matites belonging to LCT-family granite-peg-
matite suites. The behavior of Pb in K-feldspar
from the McHone pegmatite is very similar to
fractionation patterns observed in other NYF
systems and suggests that chemical evolution of
the Spruce Pine pegmatites may be more akin to
NYF-like systems than LCT (Fig. 7). Rb, Cs
and Zn data for Spruce Pine muscovite also cor-
relates well with mica chemistry from NYF
family pegmatites. Although the absolute abun-
dances of the above trace elements may indicate
levels consistent with both NYF and LCT sys-
tems, their overall behavior during pegmatite
evolution most closely corresponds to the NYF
family of pegmatites.

In consideration of the tectonic affiliation of
NYF and LCT systems, there is a general ten-
dency for LCT systems to be syn- to late-tecton-
ic, and for NYF systems to be largely post- to
anorogenic in character (Martin 1989; Martin
and DeVito, 2005; Cerny and Ercit, 2005).
However, exceptions do exist and caution must
be exercised when attempting to make any ge-
netic connection between tectonic setting and
pegmatite geochemistry. The Chalk Mountain
granodiorite that is parental to the Spruce Pine
pegmatites, crystallized within a syntectonic
setting and its peraluminous chemistry might
lead one to expect pegmatites with a LCT geo-
chemical signature (Cerny, 1991b; Cerny and
Ercit, 2005).

Wood (1996) has determined that the Spruce
Pine pegmatites were derived from the differen-
tiation of magma of granodiorite composition.
Normative analyses indicate that the granodiorite
is peraluminous and the chemical data plot within
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the volcanic arc granite field on the widely used
tectonic-discrimination plots of Pearce et al.
(1984). McSween et al. (1991) considered the
peraluminous nature of the Spruce Pine Pluton-
ic Suite group to indicate an origin, in, or con-
taminated by, continental crust and that the
granodiorites were comparable to subduction-
related magmas. Miller et al. (2006) advocated
a tectonic model that involves input from up-
welling hot asthenosphere and subsequent melt-
ing of deep-crustal accretionary wedge rocks
during subduction to form the Acadian plutons,
such as the Chalk Mountain granodiorite, in the
Eastern Blue Ridge Province. The crustal
source rocks for these plutons were presumably
similar to rocks of the Ashe Metamorphic Suite.
If, as suggested above, the Chalk Mountain plu-
ton was generated in a subduction-related set-
ting, then partial melts may have possibly been
modified by enrichment in Na, B, Li, Rb and Cs
that was inherited from seawater, chlorite and
clay minerals released from the subducted slab.
This plus input from a mantle-derived magma
might result in a magma with both S- and A-
type imprints. At this time, detailed petrologic
and isotopic studies on the Chalk Mountain plu-
ton and neighboring Spruce Pine Plutonic Suite
granitoids are not available and are not within
the scope of this study.

The parental granodiorite magma probably
derived its mixed character via the melting of
lower crust comprised of a mixed range of de-
pleted and undepleted protoliths. In light of the
tectonic model for Acadian plutonism in the
Eastern Blue Ridge Province proposed by Mill-
er et al. (2006), the general geochemical signa-
ture of the granodiorite-pegmatite system of the
Spruce Pine pegmatite district and the trace el-
ement evolution of the McHone pegmatite, we
propose that the mineralogy of the McHone
pegmatite reflects advanced fractionation from
a parental melt with a more-or-less original
mixed NYF-LCT signature.

ACKNOWLEDGEMENTS

We gratefully thank Mitchell and Loretta
Warlick of Spruce Pine, North Carolina for pro-
viding access to the McHone pegmatite. The

authors also wish to thank Ms. Heather Clark
for her help in the field and assistance in the
preparation of samples for chemical analysis. P.
Cerny and W.B. Size provided constructive crit-
icisms which led to considerable improvements
of the manuscript. This study was made possi-
ble by the Sprague fund and laboratory support
of the Smithsonian Institution.

REFERENCES

Bergstol, S., Juve, G., 1988. Scandian ixiolite, pyrochlore
and bazzite in granite pegmatite in Terdal, Telemark,
Norway: a contribution to the mineralogy and geo-
chemistry of scandium and tin. Mineral. Petrol. 38, 229-
243.

Berquist, P.J., Fisher, C.M., Miller, C.F., Wooden, J.L., Ful-
lagar, PD., Loewy, S.L., 2005. Geochemistry and U-Pb
zircon geochronology of Blue Ridge basement, western
North Carolina and eastern Tennessee: Implications for
tectonic assembly. in Hatcher, R.D., Jr., and Merschat,
A.J., eds., Blue Ridge Geology Geotraverse East of the
Great Smoky Mountains National Park, Western North
Carolina. North Carolina Geol. Surv., Carolina Geol.
Soc. Ann. Field Trip Guidebook, p. 33-44.

Brobst, D.A., 1962. Geology of the Spruce Pine district,
Avery, Mitchell and Yancey Counties, North Carolina.
U.S. Geol. Surv. Bull. 1122-A, 26 p.

Butler, J.R., Goldberg, S.A., Mies, J.W., 1987. Tectonics of
the Blue Ridge west of the Grandfather Mountain win-
dow, North Carolina and Tennessee. Geol. Soc. Am.
Abstracts with Programs, v. 19, p. 77.

Cameron, E.N., Jahns, R.H., McNair, A.H., Page, J.J., 1949.
Internal structure of granitic pegmatites. Econ. Geol.
Monogr 2.

Cerny, P, 1991a. Rare-element granitic pegmatites, Part 1:
Anatomy and internal evolution of pegmatite deposits.
Geosci. Can. 18, 49-67.

Cerny, P,, 1991b. Fertile granites of Precambrian rare-ele-
ment pegmatite fields: is geochemistry controlled by tec-
tonic setting or source lithologies? Precambr. Res. 51,
429-468.

Cerny, P., 1994. Evolution of feldspars in granitic pegma-
tites. In I.Parsons, ed., Feldspars and Their Reac-
tions. NATO ASI Series C, 421, 501 40.

Cerny, P., 2005. The Tanco rare-element pegmatite deposit,
Manitoba; regional context, internal anatomy, and
global comparisons. In: Linnen, R.L. & Samson, I.M.
(eds.) Rare-element Geochemistry and Mineral Depos-
its. Short Course Notes, Geol. Assoc. Can. 17, 127-158.

Cerny, P, Burt, D.M., 1984. Paragenesis, crystallochemical
characteristics, and geochemical evolution of micas in
granite pegmatites: In: Bailey, SW (ed) Reviews in min-
eralogy, vol 13, Micas. Mineralogical Society of Amer-
ica, 257-297.

Cerny, P, Ercit, T.S., 2005. The classification of granitic
pegmatites revisited. Can. Mineral. 43, 2005-2026.

169



MICHAEL A. WISE AND CATHLEEN D. BROWN

Cemy, P., Meintzer, R.E., Anderson, A.J., 1985. Extreme
fractionation in rare-element granitic pegmatites:
selected examples of data and mechanisms. Can. Min-
eral. 23, 381-421.

Christiansen, E.H., Burt, D.M., and Sheridan M.F., 1986,
The geology of topaz rhyolites from the western United
States: Geol. Soc. Am. Spec. Paper 205, 82 p.

Cocker, M.D., 1992. Geochemistry and economic potential
of pegmatites in the Thomaston-Barnesville district,
Georgia. Georgia Department of Natural Resources,
Geologic Report 7, 81 pp.

Deer, W.A., Howie, R.A., Zussman, J., 1986. Disilicates and
ring silicates, in Rock-forming minerals, 1A. London,
Longman, 372-409.

De Vito, C., Pezzotta, F., Ferrini, V., Aurisicchio, C., 2006.
Ti-Nb-Ta oxides in the Anjanabonoina pegmatite, cen-
tral Madagascar: a record of magmatic and postmag-
matic events. Can. Mineral. 44, 87-104.

Ercit, T.S. (1992): Oxide mineralogy of the Mattawa peg-
matite district — extreme Ta fractionation for musco-
vite-class pegmatites. Geol. Assoc. Can. — Mineral.
Assoc. Can., Program Abstr. 17, A32.

Ercit, T.S., Groat, L.A., Gault, R.A., 2003. Granitic pegma-
tites of the O’Grady batholith, N.W.T., Canada: a case
study of the evolution of the elbaite subtype of rare-ele-
ment granitic pegmatites. Can. Mineral. 41, 117-137.

Feiss, P.G., Maybin, A.H., III, Riggs, S.R., Grosz, A.E.
1991. Mineral resources of the Carolinas. in The Geol-
ogy of the Carolinas (Horton, J.W., Jr. and Zullo,V.A.,
eds). The University of Tennessee Press.

Foord, E.E., Martin, R.F., 1979. Amazonite from the Pikes
Peak batholith. Mineralogical Record, 10, 373-384.
Foord, E.E., Cerny, P., Jackson, L.L., Sherman, D.M., Eby,
R.K., 1995. Mineralogical and geochemical evolution
of micas from miarolitic pegmatites of the anorogenic
Pikes Peak batholith, Colorado. Mineral. Petrol. 55, 1-

26.

Goldberg, S.A., Butler, J.R., Mies, J.W., 1986. Subdivision
of the Blue Ridge thrust complex, western North Caro-
lina and adjacent Tennessee. Geol. Soc. Am. Abstracts
with Programs, v. 18, p. 616-617.

Goldberg, S.A., Butler, J.R., Mies, J.W., Traupe, C.H., 1989.
The southern Appalachian orogen in northwestern
North Carolina and adjacent states. International Geo-
logical Congress Field Trip T365 Guidebook. Ameri-
can Geophysical Union, Washington, D.C. 55 p.

Goldberg, S.A., Butler, J.R., Traupe, C.H., Adams, M.G,,
1992a. The Blue Ridge thrust complex northwest of the
Grandfather Mountain window, North Carolina and
Tennessee, in Dennison, J.M., and Stewart, K.G., eds,
Geologic field guides to North Carolina and vicinity.
Chapel Hill, North Carolina, Department of Geology,
University of North Carolina at Chapel Hill, Geologic
Guidebook No. 1, p. 213-233.

Goldberg, S.A., Trupe, C.H., Adams, M.G., 1992b. Pres-
sure-temperature-time constraints for a segment of the
Spruce Pine thrust sheet, North Carolina Blue Ridge.
Geol. Soc. Am. Abstracts with Programs, v. 24, 17.

170

Goldberg, S.A., Dallmeyer, R.D., 1997. Chronology of
Paleozoic metamorphism and deformation in the Blue
Ridge thrust complex, North Carolina and Tennesssee.
Am. J. Sci. 297, 488-526.

Hatcher, R. D. Jr., 1978. Tectonics of the western Piedmont
and Blue Ridge: review and speculation: Am. J. Sci.
278, 276-304.

Hatcher, R. D. Jr., 1989. Tectonic synthesis of the U.S.
Appalachians. in Hatcher, R.D., Jr., Thomas, W.A. and
Viele, GW., eds., The Geology of North America, The
Appalachian-Ouachita Orogen in the United States,
vol. F-2 p.511-535.

Hawthorne, F.C., Cooper, M.A., Simmons, W.B., Falster,
A.U., Laurs, B.M., Armbruster, T., Rossman, GR., Per-
etti, A., Ginter, D., Grobéty, B. 2004. Pezzottaite,
Cs(Be,Li)Al,SigO,g, A spectacular new beryl-group
mineral from the Sakavalana pegmatite, Fianarantsoa
province, Madagascar. vMineral. Rec. 35, 369-378.

Heier, K.S., 1962. Trace elements in feldspars- a review.
Norsk Geol. Tidsskr. 42, 415-454.

Heinrich, E.-W., 1950. Accessory sulfides in North Carolina
pegmatites. Am. J. Sci. 248, 112-123.

Johnson, B.J., Miller, B.V,, Stewart, K.G., 2001. The nature
and timing of Acadian deformation in the Southern
Appalachian Blue Ridge constrained by the Spruce
Pine plutonic suite, western North Carolina. Geol. Soc.
Am. Abstracts with Programs, v.33, no. 2, p 30.

Kish, S.A., 1989. Paleozoic thermal history of the Blue
Ridge in southwestern North Carolina- constraints
based upon mineral cooling ages and the ages of intru-
sive rocks. Geol. Soc. Am. Abstracts with Programs, v.
21, 45.

Larsen, R.B., 2002, The distribution of rare-earth elements
in K-feldspar as an indicator of petrogenetic processes
in granitic pegmatites: examples from two pegmatite
fields in southern Norway. Can. Mineral. 40, 137-151.

Laurs, B.M, Dilles, J.H., Snee, L.W., 1996. Emerald miner-
alization and metasomatism of amphibolite, Khaltaro
granitic pegmatite-hydrothermal vein system, Hara-
mosh Mountains, Northern Pakistan. Can. Mineral. 34,
1253-1286.

Laurs B.M., Simmons W.B., Rossman G.R., Quinn E.P,,
McClure S.F., Peretti A., Armbruster T., Hawthorne,
F.C., Falster, A.U., Ginther D., Cooper, M.A. and
Grobéty B. 2003 Pezzottaite from Ambatovita, Mada-
gascar: a new gem mineral. Gems & Gemology, 39,
284-301.

Lesure, F.G., 1968. Mica deposits of the Blue Ridge in North
Carolina. U.S. Geol. Surv. Prof. Pap. 577, 124 pp.
London, D., 1992. The application of experimental petrol-
ogy to the genesis and crystallization of granitic pegma-

tites. Can. Mineral. 30, 499-540.

London, D., 2005. Granitic pegmatites : an assessment of
current concepts and directions for the future. Lithos
80, 281-303.

London, D., 2008. Pegmatites. The Canadian Mineralogist
Special Publication 10, Quebec, Canada, 347 pp.

Martin, R.F. 1989. Metasomatic “ground preparation” and



RARE-ELEMENT ENRICHMENT

the origin of anorogenic granites. Symp. Precambrian
Granitoids, Helsinki, Abstr., 87.

Martin, R.F., De Vito, C., 2005. The patterns of enrichment
in felsic pegmatites ultimately depend on tectonic set-
ting. Can. Mineral. 43, 2027-2048.

Mauthner, M.H.F., 1996. Mineralogy, geochemistry, and
geochronology of the Little Nahanni Pegmatite Group,
Logan Mountains, southwestern Northwest Territories.
MSc. thesis, Univ. of British Columbia, Vancouver, 192
pp. (unpublished).

McSween, H.Y., Jr., Speer, J.A., Fullagar, P.D., 1991. Plu-
tonic rocks, in Horton, J.W. and Zullo, V.A., eds., The
geology of the Carolinas: Carolina Geological Society
Fiftieth Anniversary Volume, 109-126.

Meintzer, R.E., 1987, The mineralogy and geochemistry of
granitoid rocks and related pegmatites of the Yellow-
knife pegmatite field, Northwest Territories: [Ph.D.,
Thesis], Manitoba, University of Manitoba, 708 p.
(unpublished)

Miller, B.V., Fetter, A.H., Stewart, K.G., 2006. Plutonism in
three orogenic pulses, Eastern Blue Ridge Province,
southern Appalachians. Geol. Soc. Am. Bull. 118, 171-
184.

Miller, C.F., Fullagar, P.D., Sando, T.W., Kish, S.A., Solo-
mon, G.C., Russell, G.S., Wood Steltenpohl, L.F., 1997.
Low-potassium, trondhjemitic to granodioritic plu-
tonism in the eastern Blue Ridge, southwestern North
Carolina-northeastern Georgia, in Sinha, A K.,
Whalen, J.B., and Hogan, J.P., editors, The nature of
magmatism in the Appalachian orogen: Geol. Soc. Am.
Memoir 191, p. 235-254.

Miller, C.F., Hatcher, R.D., Jr., Harrison, T.M., Coath, C.D.,
Gorisch, E.B., 1998. Cryptic crustal events elucidated
through zone imaging and ion microprobe studies of
zircon, southern Appalachian Blue Ridge, North Caro-
lina-Georgia: Geology, v. 26, p. 419-422.

Olson, J.C., 1944. Economic geology of the Spruce Pine dis-
trict, North Carolina. North Carolina Department of
Conservation And Development, Mineral Resources
Division Bulletin 43, 67 p.

Pearce, J.A., Harris, N.B.W,, Tindle, A.G., 1984. Trace ele-
ment discrimination diagrams for the tectonic interpre-
tation of granitic rocks. J. Petrol. 25, 956-993.

Pezzotta, F., 2001. Madagascar, a mineral and gemstone par-
adise. Extralapis English 1, 97 p.

Pezzotta, F., Diella, V., Guastoni, A. 2005. Scandium sil-
icates from the Baveno and Cuasso al Monte NYF-
granites, Southern Alps (Italy): Mineralogy and genetic
inferences. Am. Mineral. 90, 1442-1452.

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

Rankin, D.W., Espenshade, G.H., Shaw, K.W., 1973. Stra-
tigraphy and structure of the metamorphic belt in north-
eastern North Carolina and southwestern Virginia: a
study from the Blue Ridge across the Brevard fault zone
to the Sauratown Mountains anticlinorium. Am. J. Sci.

273-A, 1-40.

Selway, J.B., Cerny, P., Hawthorne, F.C., 1998. Feruvite
from lepidolite pegmatites at Red Cross Lake, Mani-
toba. Can. Mineral. 36, 433-439.

Shearer, C.K., Papike, J.J., Laul, J.C., 1985. Chemistry of
potassium feldspar from three zoned pegmatites, Black
Hills, South Dakota: implications concerning pegma-
tite evolution. Geochim. Cosmochim. Acta 49, 663-
673.

Shigley, J.E., Foord, E.E., 1984. Gem-quality red beryl from
the Wah Wah Mountains, Utah. Gems Gemol. 20, 208-
221.

Smeds, S.-A., 1994. Zoning and fractionation trends of a
peraluminous NYF granitic pegmatite field at Falun,
south-central Sweden. GFF 116, 175-184.

Stevenson, R.K., Martin, R.F., 1986. Implications of the
presence of amazonite in the Broken Hill and Geco
metamorphosed sulfide deposits. Can. Mineral. 24,
729-745.

Stewart, K.G., Adams, M.G,, Trupe, C.H., 1997. Paleozoic
structural evolution of the Blue Ridge thrust complex,
western North Carolina. in Stewart, K.G., Adams, M.G.
and Trupe, C.H., eds., Paleozoic structure, metamor-
phism, and tectonics of the Blue Ridge of western North
Carolina. Carolina Geological Society Field Trip and
Annual Meeting, p. 21-31.

Surour, A.A., Takla, M.A., Omar, S.A. 2002. EPR spectra
and age determination of beryl from the Eastern Desert
of Egypt. Annals Geol. Surv. Egypt. 55, 389-400.

Tappen, C.M., Smith, M.S., 2003. The Crabtree pegmatite,
Spruce Pine District, North Carolina: mineralization
and host rock relationships. Southeastern Geology, 41,
201-223.

Taylor, B.E., Foord, E.E., Friedrichsen, H., 1979. Stable iso-
tope and fluid inclusion studies of gem-bearing granitic
pegmatite-aplite dikes, San Diego County, California.
Contrib. Mineral. Petrol., 68, 187-205.

Taylor, R.P., Fallick, A.E., Breaks, F.W., 1992. Volatile evo-
lution in Archean rare-element granitic pegmatites: evi-
dence from the hydrogen-isotopic composition of
channel H,O in beryl. Can. Mineral. 30, 877-893.

Taylor, S.R., Heier, K.S., Sverdrup, T.L., 1960. Trace ele-
ment variation in three generations of feldspars from
the Landsverk I pegmatite, Evje, southern Norway.
Norsk Geol. Tidsskr. 40, 133-156.

Thomas, A.V., Spooner, E.T.C., 1988. Fluid inclusions in the
system H,O-CH4-NaCl-CO, from metasomatic tour-
maline within the border unit of the Tanco zoned gra-
nitic pegmatite, S.E. Manitoba. Geochim. Cosmochim.
Acta 52, 1065-1075.

Tischendorf, G., Gottesmann, B., Forster, H-J., Trumbull,
R.B., 1997. On Li-bearing micas: estimating Li from
electron microprobe analyses and an improved diagram
for graphical representation. Mineral. Mag. 61, 809-
834.

Tomascak, P.B., 1991, Granites and rare-clement pegmatites
of the Aylmer Lake pegmatite field, Slave structural
province, N.W.T.: Petrochemistry, mineralogy and

171



MICHAEL A. WISE AND CATHLEEN D. BROWN

exploration quidelines: [M.S., Thesis], Manitoba, Uni-
versity of Manitoba, 215 p. (unpublished)

Trupe, C.H., Stewart, K.G., Adams, M.G., Waters, C.L.,
Miller, B.V., Hewitt, L.K., 2003. The Burnsville fault:
evidence for the timing and kinematics of southern
Appalachian Acadian dextral transform tectonics.
Geol. Soc. Am. Bull. 115, 1365-1376.

Veal, W.B. 2004. Mineralogy of the Peraluminous Spruce
Pine Plutonic Suite, Mitchell, Avery, and Yancey Coun-
ties, North Carolina. M.S..thesis, University of Georgia,
Athens, 213 p.(unpublished).

Waters, C.L., Hewitt, L.K., Stewart, K.G., Miller, B.V.,
2000. Technothermal evolution of the Ashe Metamor-
phic Suite south of the Grandfather Mountain window,
NC: implications for Paleozoic orogenic events in the
eastern Blue Ridge. Geol. Soc. Am. Abstracts with Pro-
grams, v.32, no. 2, p 81.

Wood, P. A., 1996. Petrogenesis of the Spruce Pine Pegma-
tites, North Carolina. MSc. thesis, Virginia Polytechnic
Institute and State University, Blacksburg, 99 pp.
(unpublished).

Zhu, Y.-F.,, Zeng, Y., Gu, L. 2006. Geochemistry of the rare
metal-bearing pegmatite No. 3 vein and related granites
in the Keketuohai region, Altay Mountains, northwest
China. J. Asian Earth Sci. 27, 61-77.

172





