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Fig. 7: Monazite # 10: 

(a) Textural relations 
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with age distributions 
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P-T Evolution and Ages of Granulite Facies Metamorphism and Partial Melting From the Winding Stair Gap, Eastern Blue Ridge 
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Abstract

The Winding Stair Gap, NW of Franklin, North Carolina, exposes schists, gneisses, granofelses, stromatic metatexites, and minor diatexites representing mostly pelitic 

and semipelitic rocks affected by granulite facies conditions. Characteristic mineral assemblages in mesosomes and melanosomes include: garnet (Gt) + biotite (Bt) + 

sillimanite (Sill) + plagioclase (Plg) + quartz (Qz), Gt+ hornblende (Hb) + Bt + Plg + Qz, and orthopyroxene (Opx) + Bt + Qz. Leucosomes are predominated by Plg + Qz, 

and contain Gt, kyanite (Ky), Sill, and retrograde muscovite (Musc). 

Moecher et al. (2004) concluded that these rocks followed a counterclockwise P-T path with peak conditions at 850 - 900°C, 8-9 kbar. However, the occurrence of relict Ky 

and staurolite overgrown by Gt and Sill, rutile included in Gt or rimmed by ilmenite, and texturally early Ky in leucosomes relative to intergranular fibrolite, all suggest that 

these rocks followed a clockwise P-T path in which dehydration melting of muscovite began in the stability field of Ky. Rinds of Plg + Qz + Musc separating Gt from Bt, and 

Bt inclusions in Opx suggest the onset of dehydration melting of Bt. Calculations using THERMOCALC and compositions of Gt and Bt separated by Qz or Plg (XAn = 0.35) 

suggest equilibration at 750 to 830°C, 7 to 9 kbar. This was followed by a stage of near isobaric cooling during which K- feldspar back reacted to Musc, and Sill + Bt 

replaced Gt. 

Two monazite crystals from a Bt + Gt + Sill + Qz + Plg schist, display patchy zoning for Th, Y, U, and Ca. Statistical analysis of microprobe age profiles across these grains 

yields three age populations of 353 ± 11 Ma, 450 ± 8 Ma, and 488 ± 8 Ma, with the oldest ages restricted to the grain interiors. A third monazite associated with Sill and Bt 

truncating Gt is almost homogeneous, and yields ages of ~ 348 ± 8 Ma. These data suggest that peak T metamorphism and partial melting in the eastern Blue Ridge was 

Taconic (~450 Ma) during which monazite crystals that record an earlier (~490 Ma) event, experienced dissolution and reprecipitation of new monazite rims. The younger 

ages of ~350 Ma reflect monazite growth during near isobaric cooling probably effected by some melt extraction. 

Introduction

The Winding Stair Gap (WSG), NW of Franklin, North Carolina (Fig. 1), exposes some of the highest grade 

metamorphic rocks of the eastern Blue Ridge province, and has long been considered part of the thermal axis 

of Paleozoic metamorphism in the southern Appalachians. Rocks exposed in the WSG include pelitic schists 

and gneisses, Gt ïHb ïBt granofelses, and ñorthopyroxenitesò. The pelitic schists and gneisses contain 

small leucocratic pods of Plg + Qz ± Kspar, and grade into stromatic migmatites and minor diatexites (Fig. 2), 

indicating the onset of partial melting at this locality. 

Recent petrological and geochronological studies of the WSG give a wide range of estimates for the 

conditions and timing of peak metamorphism. Absher & McSween (1985) suggest peak P-T conditions of 750 

ï775°C, 6.5 ï7 kbar and a segment of near isobaric cooling for these rocks, whereas Eckert et al. (1989), 

Moecher and Sharp (1999) and Moecher et al. (2004) concluded that the same rocks reached conditions of 

800 ï900°C, and 8 ï10 kbar. Moecher et al. (2004) also suggested that these rocks had a counterclockwise 

P-T path with an isobaric cooling segment during which kyanite crystallized across the predominant foliation. 

On the other hand, McLellan et al. (1989) concluded that these rocks record evidence of two discrete 

metamorphic events with clockwise P-T paths and peaks in the fields of sillimanite and kyanite respectively. 

Peak metamorphism was determined as having been Taconic based on U-Pb ages in the range 458 ï509 Ma 

obtained by TIMS and SHRIMP dating of zircons from the metapelites and leucosomes (e.g. Miller et al., 

2000; Moecher et al., 2004). Monazites from the same rocks yielded Th-Pb SHRIMP ages of 430 ï450 Ma 

(Miller et al., 1998), and monazite chemical ages of 459 ± 7 Ma (Eckert, 2002).

Mineralogy

Textural observations:

üAt least two distinct foliations in pelitic schists: S1 defined by coarse Bt2, S2 by 

fine Bt3 + Sill2 (Fig.3 a - c); most Gt with inclusions of Bt1 and Sill1. 

üEarly Ky ± St with S1 (Fig. 3d & e); St included in Gt (Fig. 3f); some Ky cuts 

across S1 (Fig. 3b). 

üGt with inclusions of Bt1 and Sill1 (Fig. 3j & n).

üNeoblasts of Ky and Gt in some leucosomes (Fig. 3g, h & i). 

üRt mostly as inclusions in Gt, matrix crystals rimmed by Ilm (Fig. 3j & k).

üQz + Plg ± Musc rinds around Gt (Fig. 3l); Bt and Qz inclusions in Opx (Fig. 3m)

üGt resorbed and crosscut by S2 (Bt3 + fibrolite or Sill2, Figs. 3n & o)

üMusc replacing Bt2 along rim and growing across S1ïS2 (Figs. 3p & q); fibrolite 

(Sill3) along Plg grain boundaries + myrmekites (Fig. 3r).

Fig. 1: Geological map of the Eastern Blue Ridge 

Province showing the location of the Winding Stair Gap 

and the Opx ïin isograd (from Moecher et al., 2004). 

üConstrain ñpeakò P-T conditions and conditions of partial melting

üConstrain P-T paths: Clockwise vs. Counterclockwise

üConstrain ages of peak metamorphism and partial melting

Objectives of this study
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Abbreviations:

Ab: albite; Alln: allanite; Alm: almandine; An: anorthite; Ank: ankerite; Anth: anthophyllite; Ap: apatite; Bt: biotite; Cc: calcite; Chl: chlorite; Czo: clinozoisite; En: enstatite; 

Grs: grossular; Gt: garnet; Hb: hornblende; Hm: hematite;Ilm: ilmenite; Ksp: K-feldspar; Ky: kyanite; Mgt: magnetite; Mnz: Monazite; Musc: muscovite; Opx: orthopyroxene; 

Plg: Plagioclase feldspar; Prp: pyrope; Py: pyrite; Qz: quartz; Rt: rutile; Sill: sillimanite; Sps: spessartine; St: staurolite; Ttn: titanite; V: vapor; Xn: xenotime; Zrn: zircon.

Fig. 2: Types of leucosomes/ migmatites: (a) & (b) leucocratic pods in pelitic schist; (c) & (d) stromatic migmatites (e) Leucosome dykelets crosscutting Gt ïHb 

granofels; (f ) & (g) diatexites.
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Fig. 3: Selected textural relations: (a) ï(f), (j) ï(l), (n) ï(q) metapelites (mesosomes), (g), (h), & (i): leucosomes, (m): ñorthopyroxeniteò 

WSG-14/ WSG-2b WSG-14/ WSG-2b WSG-14/ WSG-2b/ S9110 WSG-27b/ WSG-35/ WSG-2b WSG-2b/ WSG-14 WSG-23/ WSG-14 WSG-14/ WSG-35

Mineral Chemistry:

Garnet: Is almandine rich with XAlm = 0.73 ± 0.05, XSps = 0.07 ± 0.05, XPrp = 0.19 ± 0.03, and XGrs = 0.05 ± 0.015. All 

garnet crystals are virtually unzoned regardless of their grain size (Fig. 4), shape (euhedral vs. resorbed), rock type 

(mesosome vs. leucosome), or mineral assemblage, although crystals in contact with Bt display evidence of retrograde 

rim re-equilibration (Fig. 4a).

Biotite: All biotite crystals in the pelitic schists and gneisses are unzoned. With the exception of the inclusions in Gt, all 

matrix crystals in the same sample are similar in composition regardless of their textural generation or grain size 

(Mg # = 0.5 ï0.58; Alvi = 0.42 ï0.98; Ti = 0.06 ï0.34). A few inclusions in Gt are characterized by significantly higher Ti 

(0.24 ï0.42), Mg # (0.55 ï0.68) and relatively low Alvi (usually < 0.5). Generally, Ti is negatively correlated with Alvi, and 

positively correlated with Mg # (Fig. 5).  In the ñorthopyroxenitesò, Bt is more magnesian (Mg # = 0.75 ï0.8) and less 

aluminous. Inclusions in Opx tend to be lower in Ti (0.21 ï0.34) and higher in Mg compared to matrix crystals. Unlike 

the pelitic schists,  Ti and Alviare not correlated in Bt from the ñorthopyroxenitesò.

Other minerals:  Plagioclase crystals are unzoned and have the same composition within the same sample (XAn = 0.38 ±

0.03, XAb = 0.62 ± 0.04, XOr < 0.015). Ilmenite is ubiquitous with the composition XIIm = 0.97 ï0.99, although the more 

oxidized sample WSG-14 has blebs of ilmenite (XIlm = 0.87 ï0.89) exsolving out of Ti-hematite. Orthopyroxene in the 

orthopyroxenites is rich in enstatite (XEn = 0.63 ï0.74; XWo < 0.006) and unzoned. It is often rimmed by anthophyllite  

(Aliv <0.15; Mg # = 0.705 ± 0.004).  

Figure 4: Zoning profiles in (a) coarse; and (b) fine-grained Gt partially 

including Mnz  and  with rind of Qz + Plg; both from pelitic schists

Figure 5: Biotite composition 

in pelitic schist WSG-2b 

P-T conditions 

Three pelitic schists (WSG-2, WSG-2b, and WSG-14) with subequal amounts of Gt and Bt and an ñorthopyroxeniteò (WSG-23) were selected for 

thermobarometric analysis. Attempts at using solid inclusions in Gt and Opx to constrain points on the prograde P-T path were unsuccessful, as 

these inclusions had mostly re-equilibrated through fractures in their hosts (Figs. 4 & 5). Analyses of rims of adjacent Gt and Bt separated by Plg 

yielded the most consistent P-T estimates using a set of independent equilibria calculated  in the system NCKFMASHTi using routines ñAXò and  

ñAverage PTò of the program THERMOCALC (Powell & Holland, 1994; 2002). The results, summarized in Table 2 and Fig. 11, suggest that peak 

conditions were in excess of 830°C, 9 kbar. The high fit values and failure to pass the 2 test results for WSG-14 are probably due to the effects 

of retrograde re-equilibration. 

a

b

a

b

Sample Texture T (°C) P (kbar) �! fit

WSG2_3 rims 817 ± 56 9.1 ± 1.1 0.466 0.63

WSG2_4 rims 827 ± 55 9.1 ± 1.2 0.456 0.65

WSG2_5 rims 823 ± 55 8.1 ± 1.2 0.439 0.57

WSG2b_23 rims 768 ± 79 8.6 ± 1.6 0.485 1.47

WSG2b_25 cores 830 ± 56 7 ± 1.2 0.400 0.88

WSG14_2 cores 754 ± 131 6.9 ± 3.5 0.428 3.15

WSG14_6 cores 736 ± 131 6.9 ± 3.5 0.453 3.17

WSG14_25 inclusions 766 ± 146 7.1 ± 4 0.505 3.47
Monazite Ages

Eight monazite crystals from pelitic schist WSG-14 were selected 

for chemical age dating using the microprobe. These crystals are 

either included or partially included in Gt (Mnz 1, Fig. 8a &b), 

included in Plg, shielded by Bt2 and Gt (Mnz 6; Fig. 6a & b), or 

elongated in the direction of S2 (Mnz 7 & 10, Figs. 7a & 8a). The 

crystals range from euhedral to elongated with resorbed outlines, 

ranging in size from 20 to 150 m. Most crystals exhibit patchy 

zoning (Fig. 6c), but a few matrix crystals in S2 are nearly unzoned, 

except for higher Y in their outermost rims (Fig. 8c). 

Monazite crystals with patchy zoning are characterized by Y-rich 

cores and grain interiors that yield ages of 440 & 490 Ma overgrown 

by rims with ages of ~ 330 ± 10  Ma (Figs.6e ïg). Inclusions in Gt 

show only a bimodal age distribution of 440 and 490 Ma (Fig. 8b), 

whereas unzoned Mnz crystals in S2 yield flat age profiles of  350 ±

10 Ma (Fig. 8d). Statistical analysis of all age data shows three age 

populations at 484 ± 22, 446 ± 8 Ma, and 361 ± 8 Ma (Fig. 9).
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P-T-time evolution

ÅStaurolite replaced by Gt Ky (Fig. 2d - f) according to reaction: St + Musc = Gt + Bt + Ky + V. This stage may 

have been in part coeval with the deformation that produced foliation S1.

ÅHigh P (10 ï12 kbar) dehydration melting of Musc according to reaction (5) of Fig. 10 to produce Ky neoblasts 

across S1, and/ or in leucosomes (Fig. 2g).

ÅDehydration melting of Bt (+ Plg + Qz; reaction 6; Fig. 10) in pelitic schists (as evidenced by Qz + Plg rinds 

around Gt; Fig. 2l) and metagreywackes to produce Gt + Ksp and Opx Ilm, respectively. This would explain the 

occurrence of Ksp +Sill1 inclusions in Gt (Fig. 2n), Bt + Qz inclusions in Opx (Fig. 2m), and inclusion ïfree Gt in 

leucosomes (Fig. 2h). This stage took place close to 800 C, and P >10 kbar (Fig. 10).

ÅAs the rocks underwent heating and decompression, Ky was partially replaced by Sill1 along its rims (Fig. 2i), Gt 

+ Rt were partially replaced by Sill1 + Ilm Plg (Fig. 2k), and peak T (800 ï900 C) were reached.

ÅNear isobaric cooling and deformation resulted in (i) crystallization of Bt3 + Sill2 at the expense of Gt + Ksp and 

the development of S2 (Fig. 2o), (ii) the release of volatiles from the solidifying melt and the crystallization of late 

Musc + Plg + Qz at the expense of Ksp + Sill + L (Fig. 2p ïq), leaving behind Sill3 at Plg grain boundaries (Fig. 

2r), and amphiboles after Opx, and (iii) partial re-equilibration of Gt and Bt2 along their rims, and the release of 

Ilm (or Rt) from Ti-rich Bt2. 

Conclusions

ÅWSG rocks followed a clockwise P-T path with a stage of near isobaric cooling. This is indicated by early Ky + St 

replaced by Gt + Bt, Ky replaced by Sill, and the paucity of retrograde hydrous phases.

ÅPartial melting was triggered by high P dehydration melting of Musc and some Bt, and is supported by lack of 

cordierite and development of  ñorthopyroxenitesò which are products of partial melting of metagreywackes 

rather than metamorphosed ultrabasic rocks.

ÅPeak T metamorphism and partial melting took place during the Taconic Orogeny (~450 Ma) following some 

earlier (protracted?) deformational/ metamorphic event (~ 490 Ma).

ÅDuring the Acadian/ Neoacadian Orogeny, deformation facilitated extraction of some melt, resulting in near 

isobaric cooling during which Gt was replaced by Sill + Bt, and Ksp was replaced by retrograde Musc. 

ÅEarly formed monazite crystals were partially dissolved (by melt?) and reprecipitated during the Taconic Orogeny 

before being overgrown by new rims (with Bt3 + Sill2) during the Acadian/ Neoacadian Orogeny .

Bt

Fig. 8: Monazite-7: (a) textural relations 

showing Mnz 7 oriented in S2 defined by 

Sill2 & Bt3 (b) BSEI of Mnz inclusion in Gt 

showing age distributions (c) Yttrium X-

ray map of Mnz-7 showing line of profile 

(d) Age and chemical profiles along 

direction shown in (c). 

Fig. 9: Analysis of all Mnz ages 

(a) ñUnmixò ages (isoplot v. 3.0, 

Ludwig, 2003) (b) Th/U vs. age 

plot showing three distinct age 

populations with overlapping 

Th/U values (c) Th* Chime plot 

(Suzuki & Adachi, 1991) of all 

three age populations.

Table 2: P-T estimates calculated with THERMOCALC

Gt Sill
Bt

Musc

a
Y

c

d Age

Th*0.01

U*0.1

Fig. 10: P-T diagram showing the P-T 

estimates for pelitic schists WSG-14, WG-2 & WSG-2b. 

Reactions 1, 7, 8, and 9 calculated using PTX (Perkins 

et al., 1986) and Bermanôs (1991) Dec 06 database, 

reaction 2 from Spear & Cheney (1989), dash ïdotted 

curves are from Thompson (2001), dotted curve: Bt 

dehydration melting (6) from Le Breton and Thompson 

(1988), dashed lines represents the range of partial 

melting of metapsammites (Stevens et al., 1997). Key: 

1: Fe-St + Qz = Ky/Sill + Alm + V; 2: St + Musc + Qz = 

Gt + Bt + Ky/Sill + V; 3: Musc + Ksp + Ab + Q + V = L; 

4: Musc + Ab + Qz + V = Ky + L; 5: Musc + Ab + Qz = 

Ksp + Ky + L; 6: Bt + Ky + Plg + Qz = Gt + Ksp + L; 7: 

Musc + Qz = Ksp + Ky/Sill + V; 8: Ky = Sill; 9: And = Sill.
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