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ranges from black to dark brown. Graphic intergrowths of tourmaline and 

quartz are common. Kyanite is sparsely distributed, being much less common 

than tourmaline. Other minerals observed include rare garnet and a few tiny 

zircons. Wallrock alteration appears to have been much less extensive than at 

the Thomas mine although the host rocks are very similar. 

The Meeper mine, located 1.6 km north of the Thomas mine, is the 

largest of the pegmatites. It is arcuate in shape and approximately 25 m long 

by approximately 4 m wide. It intrudes rocks similar to those of the other two 

deposits with the exception that garnet is also present in some of the unaltered 

country rock. Quartz and plagioclase dominate the pegmatite assemblage, 

followed by roughly equal proportions of biotite and muscovite. Kyanite is 

slightly less abundant than at the Thomas mine, but crystals reach similar 

large sizes. Kyanite colors are similar to those reported for the Thomas mine. 

Tourmaline is scarce here and occurs as small anhedral to subhedral crystals. 

Garnet within the leucocratic rocks is more abundant here than at the other 

sites. A few euhedral monazite and xenotime crystals up to nearly 1 cm have 

been observed. Wallrock alteration seems to have been less intense than at the 

Thomas mine. Late shearing has broken and bent many of the kyanite 

crystals and caused surfaces of the crystals to be altered to muscovite. 

Samples of the Thomas pegmatite, its wal1rocks t unaltered country rock 

and nearby kyanite- and sillimanite-bearing schists were collected. Mineral 

and rock samples collected from the pegmatite include representative samples 

of all minerals across and along the entire exposure. All samples were 

collected from known locations within the pegmatite, with the exception that 

samples representing the core and the more distal wallrock assemblages were 

collected from float that clearly represented those rocks. Analytical methods 
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used include thin section petrography, quantitative microprobe analyses, XRF 

whole rock and trace element analyses, and fluid inclusion 

microthermometry. 

Petrography 

Pelitic schist near the Thomas mine contains kyanite, muscovite, biotite, 

garnet, quartz, plagioclase, ilmenite-rutile intergrowths, as well as minor 

apatite, monazite, and sillimanite as finely dispersed needles and clumps of 

fibrolite. No evidence of significant shearing or extensive retrogradation was 

observed. Garnets in these rocks are typically euhedrai. 

The ultramafic rocks hosting the Thomas mine consist of weakly foliated 

needles of hornblende and poikiloblastic orthopyroxene. Spinel occurs as 

clusters of green grains partly surrounding hornblende crystals. Olivine 

occurs as inclusions in orthopyroxene but is found as isolated grains as well. 

Chlorite exists as long slender crystals with flat, apparently uncorroded 

surfaces. Ilmenite, pyrrhotite, chalcopyrite, and pentiandite occur in minor 

amounts finely distributed through the rock. 

Quartz from all zones of the pegmatite contains abundant, long, 

microscopic needles of sillimanite with no obvious preferred orientation. The 

sillimanite crystals average about one micron in width but can be extremely 

long, having aspect ratios greater than 25:1, and are commonly well 

terminated with wedge or chisel points. 
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Chemical Analyses 

Whole rock and trace element analyses were conducted on a Philips 

model 1480 energy dispersive (EDS) X-ray fluorescence (XRF) spectrometer at 

the Department of Mineral Sciences at the Smithsonian Institution, using a 

scandium-molybdenum X-ray tube. Operating conditions for whole rock 

analyses were 40 kV and 60 mA whereas those for trace elements were 80 kV 

and 30 mAe USGS standard rock powders and synthetically prepared standards 

were used for calibration. Samples for trace element analysis were hand 

picked, washed, and ground to minus 200 mesh in a shatterbox using an 

alumina cup. Unweathered whole-rock samples were prepared by crushing in 

jaw and roll crushers, splitting the sample, then grinding the resulting split to 

minus 200-mesh in a shatterbox using an alumina cup. To insure a 

representative sample the starting whole rock sample size was in all cases 

greater than ten times the linear dimension of the largest crystal in the rock. 

Electron microprobe analyses were conducted using a Cameca SX50 

equipped with wavelength dispersive spectrometers (WDS) and a continuous 

acquisition EOS detector. Quantitative analyses were conducted using the WDS 

capability of the microprobe, whereas EDS was used only in phase 

identification. Silicate and oxide standards were used as appropriate. Where 

grain size permitted, the electron beam was defocused to a 10 by 10 micron 

raster to reduce volatilization of light elements such as sodium. Data were 

reduced using the PAP (Pouchou and Pichoir 1985) microanalysis data 

reduction procedure. 
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XRF Data 

Trace-element analyses were conducted on biotite and kyanite collected 

from one border to the other in the well-developed southern portion of the 

pegmatite. A muscovite presumed to be from the core of the pegmatite was also 

analyzed. Trace element data are presented in Table 1. Biotites nearer the 

walls are enriched in chromium, vanadium, and nickel relative to those closer 

to the core, whereas copper, barium, niobium, gallium, thallium~ and tin show 

the reverse trend, being most enriched in samples nearer the core. The 

muscovite sample had trace element levels largely compatible with these 

trends. Aquamarine-colored kyanite from near the wall showed high levels of 

chromium (673 ppm), whereas progressively more weakly colored kyanites 

nearer the core contain lower amounts of chromium (as low as 22 ppm). 

Kyanite also showed some enrichment in copper closer to the core. No obvious 

trends were observed for other elements in kyanite. 

Major element chemistry was determined for the unaltered country 

rock, garnet-hornblende wallrocks with minor biotite, and garnet-biotite 

wallrocks. Trace element levels were also determined for the unaltered 

country rock. Results of the major element analyses are presented in Table 2 

and the trace element analysis of the country rock is gi ven with the other 

trace element analyses in Table 1. The country rock and garnet hornblende 

samples were recovered from float that was clearly a product of previous 

mining. The garnet plus biotite sample was collected in situ within a few 

centimeters of the leucocratic rocks and contained minor quartz' and 

plagioclase. The data show silica and potassium increasing toward the 

pegmatite, whereas iron decreases. 
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Table 1. Trace element analyses. 

PPM Ml M2 M3 M4 M5 M6 M7 M8 M9 MIO KYI KY2 KY3 CR 

Rb 409 400 459 454 435 244 463 487 374 388 7 6 6 0 
Cs 0 0 0 0 0 1 0 0 10 23 0 0 0 0 
Ba 794 1457 2071 2820 3344 6152 1717 1413 558 1565 2 0 0 0 
Sr 7 19 4 0 6 54 10 4 34 6 2 2 1 6 
Ga 50 61 71 77 71 94 77 66 70 74 45 39 56 14 
Tl 11 15 18 18 17 25 20 13 17 19 7 7 11 0 
Pb 9 24 42 24 26 114 49 40 93 0 18 33 9 10 
Nb 8 46 61 85 102 115 73 48 71 24 4 4 3 2 
Ta 12 10 14 10 26 8 13 11 9 3 6 10 8 0 
y 5 25 6 6 18 2 19 7 3 5 9 1 1 68 
V 244 150 120 83 133 75 142 179 5 125 80 79 31 150 

t..) Ni 475 461 313 307 315 21 423 438 1 433 19 19 8 829 
0\ Zn 348 474 577 508 549 77 516 596 97 310 6 2 2 72 

Zr 9 67 7 6 11 11 78 39 6 9 15 2 0 59 
Sn 16 19 67 54 61 79 56 39 97 24 0 0 4 25 
Cr 836 325 168 11 43 0 423 519 5 455 673 367 22 1798 
W 0 0 0 0 0 39 0 0 9 0 3 0 2 1 
Cu 22 28 29 34 30 27 32 26 0 26 55 65 101 112 

MI-MS. and M7-M8: Thomas Mine biotite samples from known locations in the pegmatite, as shown in Fig. 8. 
M6: Muscovite from Thomas Mine core float. 
M9: Muscovite from Swan Prospect. 
MIO: Biotite from Meeper Mine. 
KYI-KY2: Thomas Mine kyanite samples from known locations in the pegmatite, as shown in Fig. 8. 
KY3: Kyanite from Thomas Mine inner zone float. 
eR: Unaltered Thomas Mine host rock. 



Table 2. Whole-rock analyses 

WT% 1 2 3 
Si02 51.82 44.51 42.84 
Ti02 1.11 1.16 0.72 
Al203 17.20 19.99 13.10 
Fe203 9.54 12.18 12.58 
MgO 11.33 10.77 22.51 
CaO 0.79 9.88 7.12 
MnO 0.59 0.31 0.17 
P20s 0.04 0.09 0.07 
Cr203 0.04 0.04 0.23 
NiO 0.04 0.03 0.17 
K20 4.75 0.20 0.07 
Na20 0.41 1.08 0.14 
LOI 2.53 0.78 1.33 
Total: 100.19 101.02 101.05 

1: Garnet+biotite sample UH-B9-GBT collected from east margin, south end, 
Thomas Mine. 

2: Garnet+hornblende+minor biotite wallrock sample GT-HBL collected from 
float at Thomas Mine. 

3: Olivine-bearing, spinel, orthopyroxene, hornblende schist; sample peR-UH 
representing fresh unaltered Thomas Mine host rock. 
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Microprobe Data 

Representative analyses of some wallrock and pegmatite minerals are 

given in Table 3. The data indicate that plagioclase from the transitional 

garnet-hornblende-biotite wallrocks is variable in composition but always 

calcic, averaging An74, whereas plagioclase from the biotite-gedrite­

cummingtonite rocks nearer to the pegmatite is less calcic, averaging An52. 

Pegmatite plagioclase compositions cluster tightly around An34. Similarly, 

garnet from the transitional rocks contains unusually high calcic (10-13 mol% 

grossular) and magnesian (29-33 mol% pyrope) components. Garnet from 

glassy quartz in the outer zone of the pegmatite is lower in calcium, iron, and 

magnesium, and substantially higher in manganese (21 mol% spessartine.) 

Fluid Inclusions 

Fluid inclusions were studied to help constrain the P-T conditions of 

formation of the Thomas Mine rocks and the nature of fluids interacting with 

them. All fluid inclusions studied were single phase at room temperature (Tr). 

These inclusions occurred along healed fractures in glassy inner zone quartz. 

No primary fluid inclusions were observed, nor was any evidence of 

decrepitation or necking-down detected (Vityk and Bodnar 1995). Inclusions 

range in shape from ratty to perfect negati ve crystals although shapes are 

consistent along any given fluid inclusion assemblage (FIA) (Goldstein & 

Reynolds 1994). Healed fractures containing ratty to euhedral inclusions were 

observed crosscutting fine sillimanite needles in the quartz and where this 

occurred the sillimanite was partly corroded. 
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Table 3. Microprobe analyses of minerals from altered wallrocks and 
pegmatite at the Thomas mine. 

Wt% 1 2 3 4 5 6 7 
Si02 55.71 48.40 54.88 56.79 39.13 39.65 39.10 
Ti02 0.07 0.27 0.00 0.08 0.00 0.12 2.13 
A1203 2.44 13.14 28.84 27.89 22.10 22.05 17.42 
Cr203 0.06 0.07 0.07 0.00 0.02 0.09 0.06 
MgO 23.27 19.61 0.01 0.01 7.89 9.09 16.23 
CaO 0.32 0.50 12.17 10.17 4.96 3.80 0.00 
MnO 0.39 0.44 0.00 0.08 2.80 1.53 0.08 
FeO 16.35 15.27 0.21 0.04 24.86 25.91 12.28 
Na20 0.15 1.20 5.01 6.02 0.00 0.00 0.40 
1(20 0.00 0.01 0.03 0.03 0.00 0.00 8.23 
Total: 98.76 98.91 101.22 101.11 101.76 102.24 95.93 

Wt% 8 9 10 11 12 13 14 
Si02 46.61 48.54 51.49 37.91 38.48 59.45 37.20 
Ti02 0.61 0.12 0.00 0.03 0.04 n.a. 0.28 
Al203 14.00 32.49 30.40 62.55 22.66 25.41 34.90 
Cr203 0.05 0.00 0.00 0.04 n.a. n.a. n.a. 
MgO 13.51 0.01 0.02 0.03 6.04 0.00 6.59 
CaO 11.42 16.42 13.91 0.01 2.94 7.28 0.22 
MnO 0.37 0.02 0.02 0.00 9.89 0.01 0.13 
FeO 9.86 0.05 0.04 0.09 22.43 0.00 5.55 
Na20 1.34 2.27 3.59 0.00 0.00 7.71 2.08 
1(20 0.36 0.03 0.03 0.00 0.00 0.19 0.01 
Total: 98.13 99.95 99.50 100.66 102.48 100.05 86.95 
1: Cummingtonite from biotite-gedrite-cummingtonite wall rocks. 
2: Gedrite from biotite-gedrite-cummingtonite wallrocks. 
3-4: Plagioclases from biotite-gedrite-cummingtonite wallrocks. Most calcic 

and least calcic analyses shown, respectively. 
5-6: Garnets from garnet-biotite-hornblende transitional wallrocks. 
7: Biotite from garnet-biotite-hornblende transitional wallrocks. 
8: Hornblende from garnet-biotite-homblende transitional wallrocks. 
9-10: Plagioclases from garnet -biotite-hornblende transitional wallrocks. 

Most calcic and least calcic analyses shown, respectively. 
11: Sillimanite needle included in pegmatite core quartz. 
12: Garnet from glassy quartz area exposed in south end of pegmatite. 
13: Plagioclase from south end of pegmatite. 
14: Tourmaline, presumed to be from core; loose crystal collected from float. 

29 



Table 3 Continued 

Wt% 15 16 17 18 19 20 
Si02 53.12 53.41 38.07 29.39 0.00 0.04 
Ti02 0.37 0.03 0.02 0.15 54.96 0.02 
Al203 7.21 2.62 0.04 22.06 0.01 64.99 
Cr203 n.a. n.a. n.a. n.a. 0.02 1.73 
MgO 19.95 29.70 40.46 29.47 4.06 14.42 
CaO 12.18 0.27 0.01 0.01 n.a. n.a. 
MnO 0.07 0.26 0.31 0.07 0.68 0.11 
FeO 5.46 13.57 21.30 6.10 40.18 17.70 
ZnO n.a. n.a. n.a. fl.a. 0.05 0.16 
Na20 0.37 0.00 0.01 0.05 fl.a. n.a. 
K20 0.09 0.01 0.02 0.01 n.a. D.a. 
Total: 99.86 100.23 87.31 99.95 99.16 

15: Hornblende. 
16: Orthopyroxene 
17: Olivine 
18: Chlorite 
19: nmenite 
20: Spinel 
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One hundred eight inclusions were examined using a gas-flow heating 

and cooling stage. Melting temperatures (Tm) of C02 ranged from -62 to -58°C 

and homogenization (Th) to the liquid phase ranged from -60 to 7°C. Results 

are presented as a Tm-Th diagram in Figure 6. Inclusions with the lowest Th 

(highest density) have negative crystal shapes, whereas the shapes grow 

progressively more ratty with higher Th. Melting temperatures indicate the 

inclusions are C02-rich. Laser Raman Spectroscopy showed that small amounts 

of N2 are present, and are probably responsible for depression of the freezing 

point. X C02 is estimated to be .90. Based on van den Kerkhofs (1990) data, this 

range in Th corresponds to densities in the C02 -N 2 system of approximately 40 

to 60 cm3/mol. 

Discussion 

Selected trace element data for biotite are presented in Figure 7. Figure 

8 shows the location in the pegmatite from which each biotite was taken; the 

muscovite sample represents the core of the pegmatite and was collected from 

float. The order in which the analyses are presented is the same in each 

graph, although the order does not correspond strictly with a linear traverse 

of the pegmatite because biotite was not ubiquitous. The analyses are arranged 

according to the relative distance of the samples from the wallrocks. 

Interpreted in this way t the trace element data are consistent with a magmatic 

fractionation process. No other known mechanism could produce the 

systematic variations observed. The elements chromium, vanadium, zinc, 

copper, and nickel were probably derived from spinel, pentlandite, and 

chalcopyrite in the wallrocks. Trace element levels for these metals in the 
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Fig. 6. Th-Tm diagram showing data for 108 C02 fluid inclusions in core quartz 
sample QBB. Homogenization was to the liquid phase. 
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Fig. 7. Trace element concentrations in micas from the Thomas Mine. 
Numbers 1-8 correspond to micas M I-M8 as reported in Table 1. Number 6 is a 
core muscovite. Locations in the pegmatite from which samples were taken 
are shown in Fig. 8. Barium, tin, copper, gallium, thallium, and niobium show 
higher levels near the core of the pegmatite, whereas nickel, chromium, and 
vanadium show the reverse trends, being most concentrated in micas toward 
the walls. 
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pristine country rock (Table 1, analysis CR) suggest that the host rocks were 

the source. Apart from these metals, only barium is present in significant 

quantities as a trace element and this can be explained by fractionation. 

Otherwise the pegmatite shows low levels of virtually all other analyzed trace 

elements, a fact that is easily understood if the original magma was typical for 

the simple pegmatites of the Buncombe district (Lesure 1968). 

Trace element analyses of kyanite showed clear trends only for 

chromium and copper. Three kyanite samples were analyzed. Two of these, 

whose locations are also shown in Figure 8, were from the outer zone, whereas 

the third sample represented the core of the pegmatite and was taken from 

float. Chromium levels in kyanite drop dramatically toward the core and 

correspond with an obvious color difference in the kyanite, probably 

indicating that chromium, acting as the chromophore, is responsible for the 

aquamarine color of the kyanite. Kyanite crystals from nearer the pegmatite 

core show slight enrichment in copper, a factor that may be associated with a 

very pale green tint seen in some kyanite. These trends strengthen the case 

for fractionation established by the mica analyses. Additionally, the 

chromophoric nature of chromium in kyanite can serve as a useful indicator 

of fractionation extent in future studies, much as the colors of beryl are used 

in interpreting other pegmatites. 

The large amount of biotite present at the Thomas mine clearly indicates 

that significant potassium was introduced into the area during the formation 

of these rocks. It is probable that a melt similar to those that produced other 

pegmatites of the Buncombe District intruded the hornblendite at the Thomas 

Mine. Lesure (1968) reported that plagioclase is the main feldspar of 

Buncombe district pegmatites, although the rocks usually contain two 
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feldspars and accessory muscovite. The potassium-bearing melt was clearly 

out of equilibrium with the hornblendite with respect to concentrations of 

both silica and alkalis, and probably other components as well. As a 

consequence of this, most of the potassium from the melt appears to have 

reacted with the wallrocks to produce biotite. It appears that due to the mildly 

aluminous nature of the host rocks, not all of the alumina from the melt was 

involved in the production of the biotite. The biotite could have been produced 

by a reaction such as the following (components in the melt are marked with 

an m and solid phases are denoted with an s): 

4 KAISi308(m) + 4 H20(m) + 5 Mg2Si206(s) + 2 MgAI204(s) ----> 
K-Feldspar Water Opx Spinel 

4 KMg3AISi30 10(OH)2(s) +2 A12SiOS(m or s) + 8 Si02(m). 
Biotite Kyanite Quartz 

The net result of this reaction, or one similar to it, is that potassium is removed 

from the melt, leaving a melt enriched in alumina and silica. Spinel has been 

included in this example reaction to show that alumina from the host rocks 

was incorporated into the biotite. However, based on the relatively small 

amount of kyanite in the pegmatite and the volume of biotite present, some 

alumina from the melt must also have been involved in the formation of 

biotite. Nonetheless, the KI Al ratio of components removed from the melt had 

to be greater than unity for there to be relative enrichment of the melt in 

alumina. Note that kyanite component as a reaction product is marked as 

either melt or solid. This has been done because there is textural evidence in 

the pegmatite that kyanite was the first of the leucocratic phases to form (See 

paragenesis, Figure 9), indeed, kyanite probably began forming soon after 
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Fig. 9. Paragenesis for minerals occurring in the pegmatite and in the 
wallrocks closest to it. Biotite began forming almost immediately upon 
intrusion of magma into the homblendite, and continued for some time, 
depleting the melt in potassium. The melt became saturated with aluminum 
silicate and began crystallizing kyanite. Kyanite formation was followed by 
nucleation of quartz on still-growing kyanite crystals in the outer zone. 
Plagioclase followed quartz in the outer zone. Tourmaline, occurring only in 
the inner zone, formed before quartz, or concurrently with it. Muscovite 
formation consumed the small amount of potassium remaining in the melt 
after the wallrocks had been closed off from the nlelt by crystallization of the 
outer zone. Gamet, present in large amounts along the pegmatite borders, and 
sparsely within the pegmatite itself, represents both a melt-wall rock reaction 
product (Ca-rlcher) and a pegmatite mineral proper (Mn-richer). The onset of 
crystallization of subhedral apatite in the wallrocks is difficult to determine. 
Apatite is absent from the inner zone. 
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alumina enrichment began, as alumina solubility in granitic melts is very low 

(Voigt and Joyce 1991). Most kyanite in the outer zone is surrounded by quartz 

and has modifications to its faces indicating that quartz, probably nucleating 

on the surfaces of kyanite crystals, was in spatial competition with the kyanite 

for material from the melt. The ridges separating opposite-facing scallop-

shaped depressions visible on kyanite crystals may represent the last portions 

of the kyanite crystals in contact with the melt before the kyanite was closed 

off from the melt by the overgrowth and convergence of quartz grains. Thus 

while potassium from the melt was being extracted by biotite-forming 

reactions, kyanite may have been simultaneously crystallizing, keeping the 

melt in a state of continuous saturation in alumina. The ubiquitous, randomly 

oriented sillimanite needles were probably also crystallizing concurrently. 

Thermobarometry and fluid inclusion data (discussed below) suggest formation 

of the pegmatite at conditions near the kyanite-sillimanite boundary. The 

presence of crosscutting fluid inclusion assemblages and the lack of fibrolite 

mats and foliated clusters of needles argues against sillimanite being a product 

v " of later deformation (Cerny and Hawthorne 1982). Many of the longer 

sillimanite crystals exhibit smoothly curving bends and sharp terminations, 

suggesting they predate the quartz and were suspended in a liquid before 

being engulfed by crystallizing quartz. 

The smooth euhedral morphology of kyanite crystals in the pegmatite 

core may be indicating that the process of potassium extraction had gone to 

completion before the crystallization of quartz and plagioclase began there, 

indeed before crystallization of the outer zone sealed off the mel t from the 

wallrocks. In this scenario, core kyanites would have completed their 

crystallization before quartz began forming at the surfaces of the kyanites. 
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Melt in the outer zone was almost certainly supersaturated with alumina at the 

onset of quartz crystallization, and the kyanites there were still growing in an 

aluminosilicate-saturated melt when they were sealed off from the melt by 

enclosure in quartz. Under this assumption, kyanite in the core simply had 

more time to crystallize, whereas kyanite crystals in the outer zone were being 

engulfed by the crystallization of quartz and plagioclase from the walls 

inward. It is noteworthy that micas are uncommon in the core, supporting the 

idea that potassium diffusion from the melt to the wallrocks had gone to near 

completion, but thus not surprising that the main mica found in the core is 

muscovite. 

Although oligoclase tends to be the plagioclase commonly associated 

with granites responsible for generating muscovite pegmatites (Cerny 1982), 

and is common in the typical North Carolina muscovite pegmatites as well 

(Olson 1944, P. Wood pers. comm.), the anorthite content (An34) of pegmatite 

feldspar in this study is unusually high, and may be a result of one or both of 

the following factors. The biotite of the wallrocks contains on average 8.2 wt 

% potassium as well as 0.4 wt % sodium as wonesite component. These values 

for biotite correspond to approximately 6.5 mol % wonesite component in the 

biotite. Sodium also makes up a little over 1 wt % of the gedrite in the modified 

wallrocks. Considering the small size of the pegmatite examined (less than 20 

m 2 in cross section), the surface area of the pegmatite with respect to the 

wallrocks (approximately 20 m of contact in the observed outcrop), and the 

volume of biotite and gedrite formed, it is feasible that the plagioclase 

composition in the pegmatite could have been shifted toward anorthite by as 

much as 10 mol % due to removal of sodium from the melt. Alternatively, it 

may be considered that biotite formation at the expense of calcic amphibole in 
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the country rocks would have liberated calcium (Brimhall et al 1985) and 

changed the An content of the melt. It should also be noted that plagioclase 

associated with the various wallrocks (c.f. Table 3, analyses 3, 4, 9, and 10) is 

even more calcic than that of the pegmatite, in some cases extremely so. 

Similarly, wallrock garnets are calcic, indicating that these minerals were 

probably acting as sinks for calcium released by other reactions. Thus it 

seems likely that the sodium depletion was more important in affecting the 

composition of the pegmatite plagioclase, and that calcium liberation was 

involved only to a limited extent, if at all. The net enrichment in calcium 

observed in the garnet hornblende wallrocks relative to the unaltered country 

rock (Table 2, analyses 2 and 3, respectively) gives some credence to the notion 

that calcium was not highly mobile (Brimhall et at 1985). 

As has been noted in other cases (Cerny 1982), tourmalines mimic the 

composition of the host rocks. Tourmaline compositions in these rocks 

correspond to approximately 68 mol% dravite, 32 mol% schorl. The low schorl 

content imparts the dark reddish brown color to the crystals. The relationship 

of tourmaline crystallization to that of kyanite is unclear. Tourmaline occurs 

only in the core and the crystals there are commonly densely clustered around 

kyanite crystals. Morgan et al (1990) showed that B03 groups are partially 

coordinated with aluminum in hydrous alkali aluminosilicate melts. Thus, the 

close spatial association of tourmaline and kyanite in the core may indicate 

that boron was liberated to form tourmaline during kyanite crystallization. 

Supersaturation of the outer zone in alumina at the onset of quartz 

crystallization would have prevented the nucleation of tourmaline, and boron 

would have been fractionated into the remaining melt. An alternative 

explanation is that concentrations of boron in the melt simply did not reach 

40 



levels that would support tourmaline crystallization until the outer zone had 

crystallized to some extent, and that kyanite merely provided a nucleation 

surface for tourmaline when it did begin to form. Broken tourmaline crystals 

with quartz in the fractures and common well-formed terminations indicate 

that tourmaline, like kyanite, formed relatively early, and its presence in 

feldspar may further indicate its crystallization extended over the duration of 

core crystallization. 

peT Conditions of Formation 

Fluid inclusions and thermobarometry based on microprobe analyses 

help to constrain the conditions of formation of these rocks. The isochores 

determined for C02 inclusions in core quartz were calculated using Holloway's 

(1981) ISOCHORE program and are plotted in Figure 10. The highest density 

inclusions probably represent initial trapping of C02 -rich fluids that 

infiltrated the region some time soon after crystallization of the rocks. Their 

composition is consistent with that of fluids found in other high-grade 

terranes. The range in isochores corresponding to lower-density inclusions 

must represent fluids trapped along the cooling path of the rocks. They may 

be evidence that refracturing of rocks containing C02 inclusions of the 

highest density resulted first in release of C02 leading to the formation of an 

intergranular fluid, and then in subsequent retrapping at lower temperatures 

and pressures. Poor equilibration of the shapes of lower-density inclusions 

supports this interpretation. 

Peak metamorphism of rocks in the Eastern Blue Ridge is thought to 

have occurred during the Ordovician Taconic Orogeny, and no other later 
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Fig. 10. P-T diagram showing C02 isochores calculated using Hollowafs (1981) 
ISOCHORE program. Data from 108 inclusions in core quartz sample QBB. Molar 
volumes given in cm3 /mol are shown next to each isochore. 
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metamorphic events are believed to have been as intense (Abbott and 

Raymond 1984). Thus the presence of both sillimanite and kyanite in the 

peg mati te may be taken as a clear indicator that the pegmatite crystallized at 

conditions near those of peak metamorphism during the Taconic Orogeny. 

Consequently, the local high grade metamorphic rocks can shed some light on 

the conditions of formation of this pegmatite. The mineral assemblage in the 

nearby kyanite-sillimanite schist permitted the use of the garnet-biotite, 

garnet-aluminosilicate-quartz-plagioclase (GASP), and garnet-rutile-

aluminosilicate-ilmenite (GRAIL) thermobarometers. The mineral analyses 

used in calculating thermobarometric equilibria are shown in Table 4, and the 

results of these calculations are presented in Figure 11, which also includes 

the isochore for the C02 inclusions with the highest density from Figure 10. 

Additionally, garnet-biotite temperature calculations based on a 

pressure of 700 MPa were performed on every combination of garnet and 

biotite possible using 23 biotite analyses and 48 garnet analyses using Ferry 

and Spear's (1978) original calibration of that system. The 1104 temperatures 

thus generated have a truncated normal distribution of from 516°C to 736°C. 

Temperatures below 576°C were discarded on the grounds that they 

represented garnet-biotite pairs that were far from equilibrium. Remaining 

1027 calculated temperatures have a normal bell shaped distribution (Fig. 12). 

The choice of 576°C as the cut off was to some extent arbitrary, but was chosen 

because only 77 of the calculated temperatures fell in the 60°C range between 

516 and 576°C, and, based on minor chemical zoning within the garnets, they 

probably represent analyses of garnet formed during a lower-temperature 

stage of prograde metamorphism. The remaining 1027 calculated temperatures 

have a mean of 658.6°C and a standard deviation of 29 degrees Celsius. The 
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Table 4. Representative analyses of minerals in 
pelitic schist near the Thomas Mine used to 
calculate thermobarometric equilibria. 

Si02 0.01 
Ti02 52.53 
Al203 0.06 
Cr203 0.01 
MgO 0.18 
CaO 0.00 
MnO 0.60 
FeO 45.97 
Na20 0.00 
K20 0.01 
Total: 99.37 

1: Ilmenite 
2: Plagioclase 
3: Gamet 
4: Biotite 

61.88 38.97 37.07 
0.00 0.06 2.42 

24.51 21.62 19.07 
n.a. 0.00 0.05 

0.00 4.77 11.30 
5.63 1.81 0.02 
n.a. 2.04 0.05 

0.01 33.70 17.40 
8.64 0.04 0.32 
0.09 0.00 8.51 

100.77 103.01 96.21 
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Fig. 11. P-T diagram showing the GASP, GRAIL, and garnet-biotite 
thermo barometric equilibrium lines calculated for minerals in the kyanite­
sillimanite schist near the Thomas Mine. The bracket at 700 MPa shows the 
temperature range of one standard deviation of the 1027 calculated garnet­
biotite temperatures that were above 575°C. Also shown is the C02 isochore for 
the densest fluid inclusions in pegmatite core quartz. The lines converge 
closely around the kyanite-sillimanite line between 600 and 70QoC and 600 to 
800 MPa. The coexistence of primary kyanite and sillimanite in the pegmatite 
constrains conditions of formation further. 
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garnet-biotite points plotted in Figure 11 represent the mean temperature of 

658.6°C and one standard deviation. As shown in Figure 1 C the C02 isochore, 

the garnet-biotite temperature line, and the GASP and GRAIL equilibrium 

curves all intersect near the kyanite-sillimanite equilibrium curve at 

approximately 650°C and 700 MPa. Allowing for some error in these methods, 

it is likely that the pegmatite intruded at conditions of from 600 to 800 MPa and 

625 to 675°C, values that are consistent with those of Abbott and Raymond 

(1984) for metamorphism of the Ashe Metamorphic Suite. 

Undercooling by Elevation of the Liquidus 

Extraction of the greater portion of potassium from the melt via 

wallrock interactions raises interesting questions about how this might affect 

the liquidus of the remaining melt. Discussion of this is best done by first 

considering a simple system, then evaluating the affect of compositional 

changes on that system, and finally observing the affect of adding other 

components to the system. If the original melt prior to extraction of potassium 

contained equal molecular proportions of quartz and each of the two feldspars, 

and the plagioclase was An25 (that is, anorthite component made up 8.33 mol % 

of the melt, excluding water), the melt would have reached the quartz­

plagioclase-orthoclase cotectic at approximately 650°C (Winkler 1979, Fig. 18-

9). It is probable that either the quartz or plagioclase liquidus would have 

been reached first at some temperature above 650°C, but, due to the 

composition being near that of the granite minimum, not higher than 

perhaps 700°C. The solidus would be 630°C (Winkler 1979, Fig. 18-9). 
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Removal of some sodium and the majority of the potassium from the melt 

by wallrock reactions would have had significant effects on the liquidus 

temperatures discussed above. In the absence of significant potassium the 

melt is better modeled by the system Ab-An-Qtz-H20 than by the granitic 

system used to model the original melt. Yoder's (1968) work in the Ab-An-Qtz­

H20 system at 500 MPa (Fig. 13) suggests that the quartz-plagioclase (An34) 

cotectic for a water-saturated melt is around 775°C and that, with a melt 

containing equal proportions of quartz and plagioclase, the quartz liquidus 

would be intersected first at approximately 800°C. For the same system at 700 

MPa this temperature would have been 780°C (c.f. Johannes 1984, Fig. 7). This 

system is closer to an approximation of the melt after potassium extraction but 

the model can be improved by considering the addition of excess 

aluminosilicate. Voigt and Joyce (1991) showed that addition of sillimanite to 

the system albite-quartz-H20 at 200 MPa had the effect of lowering the eutectic 

by 16°C from 752°C to 736°C. The change in the eutectic temperature was 

caused by a lowering of the quartz liquidus. Although the temperatures they 

report are not applicable at 700 MPa, the temperature decrease associated with 

the addition of aluminosilicate may be taken to be roughly the same. 

Incorporating these data into the melt model here presented has the effect of 

lowering the liquidus from 780°C to 764°C. 

Given a host rock temperature of 650°C (+1-25°C) at the time of 

intrusion (based on thermobarometry and fluid inclusions), the (still roughly 

granitic) melt was either already slightly undercooled at emplacement, or 

rapidly reached such a state. Nonetheless, it was probably sufficiently near its 

liquidus to prevent extensive crystallization. As soon as wallrock reactions 

requiring potassium and sodium began, the melt began to shift toward quartz-
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Fig. 13. The Qtz-Ab-An-H20 quaternary at 500 MPa projected onto the Qtz-Ab­
An plane, after Yoder (1968). The intersection of the quartz-An34 
pseudobinary and the cotectic occurs at approximately 775°C. For a bulk 
composition of 50 mol% An34 plagioclase the quartz liquidus is intersected 
firs t. 
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and plagioclase-richer compositions. This was attended by a rise in the 

liquidus temperatures that was offset only slightly by an increase in 

aluminosilicate component in the melt. The liquidus of the melt after 

potassium removal was approximately 764°C, although the melt and country 

rocks were at 650°C, an undercooting of 114°C. This would lend support to 

current models of pegmatite formation (London 1992) requiring significant 

undercooting to account for pegmatitic textures. If the melt was also water­

undersaturated, as current models suggest, then the extent of undercooting 

was even greater than that proposed here, but would be difficult to estimate. 

In any case, undercooling would have the effect of increasing the viscosity of 

the melt and hindering nucleation of crystals. Crystals that did nucleate had 

no obstacles to growth and reached enormous sizes. The uniformity of 

plagioclase compositions in the pegmatite shows that Ca-Na fractionation was 

not occurring during feldspar crystallization. This is consistent with a 

situation in which the chemical potentials of both sodium and calcium were 

extremely high due to undercooting. If diffusion of sodium and calcium in the 

melt was slower than the growth of plagioclase crystals then chemical zoning 

of the feldspar would not develop. However, highly incompatible elements 

would still be fractionated into the remaining melt, and compatible elements 

consumed rapidly by growing crystals, giving the trace element patterns 

observed. 

Implications for Muscovite Class Pegmatites 

Pegmatites of the Buncombe district tend to have smaller crystals than 

those found in many pegmatites of the Spruce Pine district, which are also 
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mineralogically simple. Pegmatites of the Spruce Pine district are thought to 

be genetically related to granodioritic plutons (Olson 1944, Wood, 1995), and 

age dates obtained on plutonic and pegmatite samples from that area (S. 

Goldberg pers. comm.) indicate that those rocks were emplaced at a time 

equivalent to Acadian orogenic events documented in the Northern 

Appalachians. The Acadian is a period thought by Abbott and Raymond (1984) 

to be one of lower grade metamorphism in the Southern Appalachians. The 

bulk composition of most Spruce Pine pegmatites and that of Buncombe district 

pegmatites is very similar, but if the Taconic age for Thomas Mine rocks is 

typical for pegmatites of the Buncombe district then the principle difference 

between these two groups of pegmatites was the temperature of the host rocks 

at the time of emplacement. This may be the only factor that explains the 

textural differences between the pegmatites of the two districts. Pegmatite 

magmas close in composition to the more granitic magmas discussed above 

emplaced in very hot country rocks of the Buncombe district would undergo 

less undercooling than similar magmas intruding the cooler rocks of the 

Spruce Pine district at a later date. Presumably with less undercooling, 

nucleation would be less inhibited and grain boundary interference would 

more readily limit the size of crystals, thus giving Buncombe pegmatites their 

smaller average grain size relative to those of Spruce Pine. The kyanite­

bearing pegmatites of this study underwent greater degrees of undercooling 

and produced crystals of slightly above average size for the district. Thus, 

undercooling may be the single most important factor affecting crystallization 

of magmas lacking significant amounts of network modifiers (London 1992). 
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Conclusion 

The Thomas mine and similar nearby pegmatites in the Eastern Blue 

Ridge of North Carolina represent the first clearly igneous occurrences of 

kyanite. The pegmatites formed when small bodies of magma intruded 

aluminous ultramafic rocks under peak metamorphic conditions of 

approximately 650°C and 700 MPa. Interaction of the melt with the host rocks 

resulted in the formation of large amounts of biotite accompanied by a 

decrease in potassium in the melt. Alumina that was formerly a component of 

K-feldspar remained in the melt and crystallized to form macroscopic kyanite 

and microscopic sillimanite. The coexistence of kyanite and sillimanite in the 

pegmatites and the nearby pelitic schists not only constrains the conditions of 

formation rather narrowly, but also restricts the time of formation to the 

Taconic Orogeny of the Ordovician Period. Removal of potassium from the melt 

caused a change in the position of the liquidus toward higher temperature 

resulting in de facto undercooling, a state that may be of importance in the 

formation of other muscovite class pegmatites. The coarse crystallinity of the 

rocks may be attributed to suppression of nucleation due to unfavorable 

kinetics related to undercooling, and to the extremely high chemical 

potentials of components remaining in the melt. 
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