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Abstract

The Tugaloo terrane in the eastern Blue Ridge, located in the high-grade southern Appalachian crystalline core,contains small internal basement massifs, the Neoproterozoic Tallulah Falls Formation, and Paleozoic granitoid plutons.  Detailed geologic mapping in the Lake Toxaway and eastern Big Ridge quadrangles was done to better understand the regional tectonic history.
Whole-rock geochemistry was used to determine similarities between the augen phase of the 1.15 Ga Toxaway Gneiss and the 1.15 Ga Wiley Gneiss of northeastern Georgia.  The study found that all eastern Blue Ridge orthogneisses are similar and probably share a source.

The previously identified Whiteside, Looking Glass, and Pink Beds plutons, and the newly identified Horseshoe Rock and Round Mountain plutons were also characterized.  All plutons are low-K, catazonal granodiorites and trondhjemites that plot as volcanic arc or syn-collisional granites on tectonic discrimination diagrams.  The Looking Glass, Pink Beds, and Round Mountain plutons were dated using U-Pb SHRIMP zircon geochronology, and their ages are 333 + 16 Ma, 371.3 + 4.2 Ma, and 342.5 + 2.4 Ma, respectively.  Zircon saturation temperature estimates for these plutons, and a Whitney and Stormer two-feldspar estimate for the Round Mountain pluton, indicate that they intruded at 700-800° C.  


Whole-rock geochemistry was used to constrain the origin of amphibolites and hornblende gneisses around the Toxaway dome.  One sample was a metabasalt with MORB composition, like other eastern Blue Ridge samples.  Two other samples have a metasedimentary protolith .  Migmatitic aureoles found in the amphibolite facies rocks around the Whiteside, Looking Glass, and Horseshoe Rock plutons are syn-intrusional and represent a zone of contact metasomatism.  

The new pluton ages constrain the regional deformation history.  At least 6 deformations are recognized in the eastern Blue Ridge.  Dominant regional foliation is traditionally attributed to the second event (~466 Ma).  However, foliations measured within all plutons are identical to foliations measured in the surrounding rock, indicating that foliations had to form after the youngest pluton intruded (~333 Ma), and that Alleghanian deformation was dominant in this region.  These observations do not explain cross-cutting relationships observed around older plutons and raise new questions about southern Appalachian tectonics.
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Chapter I: Introduction
Introduction and Purpose of Research

Understanding each interrelated part of an orogeny is essential to understanding the mountain-building process.  This task is much more difficult when a mountain chain has been affected by multiple orogenies.  This is the case with the Appalachians in the eastern United States.  Three orogenic events have affected the mountain chain, each producing deformation, accreting new crust to the Laurentian margin, and involving pluton emplacement (Fig. 1.1; Hatcher et al., 2007).  This study focuses on unraveling the complex history of a small part of the southern Appalachians.  It examines geology of the the Lake Toxaway 7-1/2 minute quadrangle, the eastern part of the Big Ridge quadrangle, and the Looking Glass and Pink Beds plutons in the Shining Rock quadrangle in southwestern North Carolina (Fig. 1.2).  The purposes of this research were to: (1) produce detailed geologic maps of the Lake Toxaway and eastern Big Ridge 7.5 minute quadrangles;   (2) reexamine previous data on the ion microprobe ages of the Pink Beds and the Looking Glass plutons (Miller et al., 1997), as well as provide new age data on other, previously unidentified, plutons; (3) provide new geochemical data on the metaigneous units exposed within the field area; and (4) to delimit the multiple deformational events in this field area with the goal of understanding them in a regional context.  The tools used to accomplish these goals are a combination of detailed field mapping, U-Pb SHRIMP zircon geochronology, geochemical analyses, petrographic analyses, and structural analyses.
Field Area

The Lake Toxaway and Big Ridge quadrangles are located in southwestern North Carolina, between 35° 07‘ 30” and 35° 15‘ N, and 82° 52’ 30” and 83° 03‘ 36” W.  Parts of Jackson and Transylvania Counties, including the communities of Lake Toxaway, Quebec, and the western portion of Balsam Grove, were included in the study area. The topography consists of mountains separated by narrow valleys.  Elevations range from below 2,600 ft above sea level along Bear Creek Lake, to 4,777 ft at the top of Toxaway Mountain (Fig. 1.3).  These mountains are part of a temperate rain forest, receiving 65 to 100 inches of rain annually (http://www.srs.fs.usda/gov/coweeta/data/).  The eastern continental divide also crosses this area; the Tuckaseegee and French Broad Rivers flow out of the field area and eventually into the Mississippi River, while the Toxaway River drains toward the Atlantic Ocean.  
General Geologic Setting

The study area is located in the eastern part of the Blue Ridge of the southern Appalachians in North Carolina, an area that is commonly divided into three parts: the western Blue Ridge, central Blue Ridge, and eastern Blue Ridge (Fig. 1.2).  The Great Smoky fault separates the western Blue Ridge from the Valley and Ridge.  The Hayesville fault separates the western Blue Ridge and the central Blue Ridge, and the Chattahoochee-Holland Mountain fault system  (Allatoona fault in Georgia and Alabama) separates the central and the eastern Blue Ridge (Fig. 1.2)   The eastern Blue Ridge extends eastward to the Brevard fault zone (Hatcher, 1978); and the Inner Piedmont is located east of the Brevard fault zone.

The western Blue Ridge provides context for understanding some aspects of the central and eastern Blue Ridge.  East of the Miller Cove fault, it consists of low-grade metasandstones, metapelites, and bimodal volcanics (e.g., Aleinikoff et al., 1995; Hatcher et al., 2004).  Metamorphic grade increases toward the Hayesville fault.  This rift-to-drift sequence is recorded in the Ocoee Supergroup, which also represents the beginning of a Wilson Cycle (Hatcher et al., 2007) with the breakup of Rodinia and the development of the Theic ocean.  This Wilson Cycle explains the existence of small fragments of continental crust in the middle of an oceanic basin, as well as sets the stage for the three Paleozoic orogenies (Fig. 1.1, Hatcher et al., 2007).

The central Blue Ridge is bounded to the east by the Hayesville fault (Fig. 1.2).  This boundary is easily recognizable by the truncation of units on both sides of the fault, the appearance of mafic and ultramafic rocks east of the fault, and a change in mineralogy from two-mica, two-feldspar metasandstones to quartz-plagioclase-biotite dominated metasandstones (Hatcher, 1978; Hatcher et al., 2004, 2005).  This province contains several important terranes: the Cowrock terrane, the Cartoogechaye terrane, and the Dahlonega gold belt (Fig. 1.2).  The Cowrock terrane consists of metasandstones, metapelites, mafics, and ultramafic rocks.  The Cartoogechaye terrane contains metasandstone, pelitic schists, Grenville basement, and mafic and ultramafic rocks.  They were metamorphosed during the Ordovician to assemblages as high as granulite facies (Eckert et al., 1989).  The Dahlonega gold belt contains metasandstone, pelitic schist, and mafic-ultramafic complexes.  These metasedimentary rocks are characterized by their two-mica, two-feldspar composition, like those in the western Blue Ridge.  They are exposed in the Great Balsam Mountains window, just northwest of the study area (Fig.1.2, Hatcher et al., 2005), and further south in Georgia.  All of these rocks probably represent distal Laurentian margin sequences (Hatcher et al., 2005); however, their relationship to the WBR is problematic structurally.  

The study area is located in the eastern Blue Ridge.  The eastern Blue Ridge consists of the Tugaloo terrane.  This terrane comprises the eastern Blue Ridge and western Inner Piedmont, east of the Chattahoochee-Holland Mountain-Burnsville-Gossan Lead fault and west of the Brindle Creek thrust.  It consists of highly deformed country rock of the Tallulah Falls Formation, several granitoid plutons, several small basement massifs, and numerous small ultramafic and mafic-ultramafic bodies (Hatcher et al., 2005).  The Tallulah Falls Formation consists of a lower amphibolite-rich biotite paragneiss unit, a middle garnet-aluminous schist unit, and an upper biotite paragneiss unit.  Some amphibolite is present in the upper unit as well (Hatcher, 1971).  It was probably deposited on the Iapetus ocean floor along Laurentia and emplaced before metamorphism during the Taconic orogeny (Hatcher, 2002, Hatcher et al., 2005).  Basement units are Grenvillian orthogneisses, ranging in age from 1.2-1.0 Ga (Carrigan et al., 2003; Bream, 2003).  Plutons are dominantly trondhjemitic or granodioritic in composition and range in age from Ordovician to Mississippian (Miller et al., 1997; Stahr, 2008; Miller et al., 2000).  

The Inner Piedmont, which extends from central Alabama to the Virginia-North Carolina state line (Fig. 1.2), contains the eastern part of the Tugaloo terrane and the Cat Square terrane.  It is composed of a polydeformed stack of gently dipping crystalline Type F thrust sheets (fold nappes—Hatcher and Hooper, 1992; Hatcher et al., 2007).  The Inner Piedmont is characterized by a generally gently dipping S2 foliation, a curved L2 lineation pattern observed both in field studies and aeromagnetic data (Merschat et al., 2005; Daniels, 2007, unpublished), and an F2 fold pattern that is coaxial with L2 (Goldsmith, 1981).  This F2-L2 lineation holds true across the Brevard fault zone in the study area as well; however, most lineations trend to the north or northwest (Plate 1).  

The three-part stratigraphy of the Tallulah Falls Formation is recognizable in the Tugaloo terrane on both sides of the Brevard fault zone (Hatcher, 1971, 2002).  The ortho- and paragneisses in this terrane are metamorphosed to sillimanite and higher grades, with lower grade rocks closer to the Brevard fault zone and the central Piedmont suture (Hatcher et al., 2007; Merschat, 2009).  The only exposed basement rocks in the Inner Piedmont are Grenvillian orthogneisses exposed in the Tugaloo terrane (Merschat, 2009). 

Observations in the Inner Piedmont and central Blue Ridge are important for understanding the tectonic history of the Lake Toxaway and Big Ridge areas.  The central Blue Ridge, as well as other parts of the eastern Blue Ridge, contains strong evidence for Taconic deformation.  This evidence includes metamorphic ages and deformational fabrics.  The Inner Piedmont contains equally strong evidence for Neoacadian deformation.  Major Alleghanian structures, such as the Chattahoochee-Holland Mountain fault system, which is the boundary between central Blue Ridge terranes and the eastern Blue Ridge, have also been mapped in the surrounding area.  Obviously, the geologic history of this part of the Appalachians is complex, but understanding the observations here is key to understanding other parts of the mountain chain.
Major Structures


The Blue Ridge contains several interesting structures that are important in understanding the structures observed in the field area (Fig. 1.2).  The Great Smoky fault is the westernmost of these features; this Alleghanian brittle fault separates the Blue Ridge province from the Valley and Ridge.  The next major structure to the east is the Miller Cove fault, which brings up the first metamorphosed rocks in the Blue Ridge (Hatcher et al., 2004), followed by the Hayesville fault, an important terrane boundary and the boundary between the western Blue Ridge and central Blue Ridge.  West of this fault, the rocks are Laurentian metasedimentary clastics and bimodal rift-related volcanics (Aleinikoff et al., 1995); east of it is the first appearance of exotic rocks, mafic and ultramafic rocks, and the mineral assemblage present in the rocks is very different (Hatcher et al., 2005).  These sequences are distal Laurentian rocks of the Cowrock terrane, Cartoogechaye terrane, and Dahlonega gold belt.  The mafic and ultramafic rocks may be Ordovician ophiolites related to the emplacement of these terranes during the Taconic orogeny (e.g., Hatcher et al., 1984; McSween and Hatcher, 1985; Hatcher et al., 2005).  The Hayesville fault has been considered to be premetamorphic because metamorphic isograds cross the fault in southwestern North Carolina and Georgia. This cannot be the case, however, if the Soque River fault is part of the same fault system because isograds are truncated around that fault (Hatcher, pers. comm., 2008).  The Chattahoochee-Holland Mountain-Burnsville-Gossan Lead fault is another major boundary, separating these central Blue Ridge terranes from the Tugaloo terrane (eastern Blue Ridge) (Hatcher et al., 2005).  Hatcher et al. (2005) state that because this fault truncates the 335 Ma Rabun pluton (Acker and Hatcher, unpub. map); this fault has to have formed post-335 Ma, during the Alleghanian orogeny. 

The Brevard fault zone is one of the most easily recognizable and most frequently debated structures in the Appalachians.  This 1-3 km-wide ductile strike-slip fault is easily visible in aeromagnetic maps and topography along its entire length of ~750 km (Hatcher, 2001) from Virginia south to Alabama. This fault is very linear, with some splaying at its ends (Hatcher, 1978).  Hatcher (1972) concluded that the Brevard cannot be a suture, because the same physical stratigraphy is found on either side of the fault.  The complex history associated with this structure began in the Late Devonian-Early Carboniferous Neoacadian orogeny. It was reactivated during the Late Carboniferous-Early Permian (Alleghanian orogeny) as a dextral strike-slip fault.  In the late Alleghanian, the brittle Rosman fault formed (Horton and Butler, 1986).  
The Toxaway dome is an elongate, northwest-verging structure.  It has been described as a refolded antiformal core of Grenville gneiss with “an isolated boomerang of Tallulah Falls rocks preserved in its core” (Hatcher, 1977; Hatcher et al., 2004).  The dome is surrounded by Tallulah Falls Formation rocks on all sides; all three members of this formation are present on the flanks of the dome, but the lower member is missing in the interior boomerang (Hatcher, 1977; Hatcher et al., 2004).  It is one of only a few exposed basement massifs in the eastern Blue Ridge, with an age of ~ 1.15 Ma (Fig. 1.2; Carrigan et al., 2003).  
Previous Work

Structural geologists and geologic mappers have worked in the Lake Toxaway and Big Ridge areas since the start of the Twentieth Century.  Keith (1907) was the first to produce a geologic map of the region.  While subsequent mapping efforts have refined various contacts and subdivided some units, many of his original names are still in use.  He was also the first to map the Toxaway Gneiss, although he did not differentiate it from the granitoids in the region and called it and the other granitoids the Whiteside granite.  King et al. (1958) mapped the Great Smoky Mountains National Park, and like Keith (1907), many of their conclusions and descriptions are still in use.  Reed and Bryant (1964) identified the Brevard fault zone as a dextral strike slip with at least “135 miles” of displacement, but Bryant and Reed (1970) concluded it was sinistral.  The Toxaway dome was first mapped by Livingston (1966), and the term Toxaway gneiss was first suggested by McKniff (1967) for exposures at Toxaway Falls in the northern part of the Reid 7.5-minute quadrangle (Hatcher et al., 2004); the name was formalized by Hatcher (1977).  Both Livingston (1966) and McKniff (1967) mapped parts of the Big Ridge and Lake Toxaway quadrangles; their structural data were compiled with this work (Plate 1).  Marr (1975) also mapped part of the Lake Toxaway quadrangle, although his work was less detailed than previous maps. Hatcher (1987) summarized the major divisions and features of the southern and central Appalachian core, and Hatcher and Goldberg (1991) summarized much of the history of geology in the Carolinas.  Williams and Hatcher (1982, 1983) and Zen (1983) applied the concept of accreted terranes to the southern Appalachians.
Current Research


This research seeks to build on previous work in the southern Appalachians to gain an understanding of the Cradle-of-Forestry-in-America fault and its surroundings, and their importance in the southern Appalachians through mapping, petrographic and geochemical analyses, structural analysis, and geochronology.  Detailed geologic mapping was completed in the Big Ridge and Lake Toxaway areas (Plate I).  As part of this effort, a detailed geologic map (1:2,400) of the Pisgah Astronomical Research Institute, in the eastern portion of the Lake Toxaway and western portion of the Rosman (1:24,000) quadrangles, was also completed (Plate II).  This mapping was then incorporated into a larger compilation map that incorporates recent and earlier mapping efforts in western Tugaloo terrane (Plate III).  Because most of the quadrangles surrounding the field area have already been mapped in detail, this work is important in connecting “islands” of detailed work.  Structural analyses, including construction of cross sections, were completed using these data as well (Plates I and III).  Samples collected throughout the field area were analyzed petrographically and geochemically, and samples of the Round Mountain, Looking Glass, and Pink Beds plutons were taken to the Stanford University Micro Analysis Center facility for U-Pb SHRIMP zircon geochronology.  The results from the petrographic, geochemical, geochronologic, and structural studies are presented here in Chapters II (rock units), III (basement geochemistry), IV (geochronology, geochemistry, and geothermometry of Paleozoic plutons), V (amphibolite geochemistry), VI (metamorphism), and VII (structure).  These results are then summarized in Chapter VIII (conclusions).

Chapter II: Rock Units

Introduction

The most important result of this research is the detailed geologic map that was compiled after twelve months of fieldwork in 2006 and 2007 (Plate I; Fig. 2.1).  All other parts of the research grew out of this mapping effort.  Because the detailed geologic mapping is such an integral part of this research, it is imperative to understand how each map unit was recognized in the field and in the laboratory.  Although brief descriptions are provided with the map (Plate I), more detailed field and petrographic descriptions are necessary.  


The purposes of this section are to: (1) provide a detailed explanation for the geologic map of the Lake Toxaway and eastern Big Ridge 1:24,000 quadrangles (Plate I, Fig. 2.1); and (2) describe each rock unit in detail, based on outcrop observations and petrography.  The rock units discussed here include the Mesoproterozoic Toxaway Gneiss, the Neoproterozoic-Cambrian(?) Tallulah Falls Formation, and associated mafic and ultramafic rocks, and a suite of Paleozoic granitoids that have been mapped in parts of the field area.  
Tugaloo Terrane


All of the rocks exposed in the study area are part of the Tugaloo terrane in the eastern Blue Ridge (Fig. 2.2).  The Tugaloo terrane is in the Chattahoochee-Holland Mountain thrust sheet, and is bounded by the Chattahoochee-Holland Mountain fault to the west and the Brindle Creek fault to the east.  It consists of several small Grenville basement massifs, the Ashe-Tallulah Falls Formation, several mafic and ultramafic bodies, and a suite of Paleozoic plutons.  Field, hand sample, and petrographic descriptions, as well as modal analyses of each rock type, are given below.
Basement: Toxaway Gneiss

The Mesoproterozoic (~1.15 Ga, Carrigan et al., 2003) Toxaway Gneiss is exposed in the southeastern part of the study area (Fig. 2.1).  It is among the oldest rocks in the eastern Blue Ridge (Carrigan et al., 2003).  It was first mapped as the “Old Whiteside Granite” by Keith (1907).  Livingston (1966) subdivided the Old Whiteside Granite into the Toxaway gneiss and Cashiers gneiss.  Hatcher (1977) formalized the name, for exposures at Toxaway Falls, immediately south of the study area.  Schaeffer et al. (1979) also recognized that there were two phases to the Toxaway Gneiss: a banded phase, and an augen phase that intrudes it.  Hatcher et 
al. (2004) suggested that the augen phase may make up as much as 50 percent of the Toxaway Gneiss outcrop area north of the North Carolina state line; however, recent mapping has shown that the augen phase makes up less than 20 percent of outcrop area, at least in the field area (Fig. 2.1).  Detailed geochemical analyses of Toxaway Gneiss samples from the Lake Toxaway area are presented in Chapter III.  

Toxaway Gneiss: Banded Phase

The banded phase of the Toxaway Gneiss accounts for ~80 percent of the total outcrop area of the Toxaway Gneiss (Fig. 2.1).  These rocks are composed dominantly of granitic and quartz monzonitic orthogneiss (Conn, 1972; Table 2.1; Fig. 2.3).  The banded phase consists of strongly foliated mm- to cm-scale bands of alternating quartzofeldspathic and biotite-rich material (Conn, 1972; Fig. 2.4).  Soils derived from the banded gneiss are sandy white to gray.  The topography in this part of the field area is much flatter than the rest of the study area, with only a few small, gentle ridges.  

The quartzofeldspathic bands contain plagioclase + quartz + microcline + muscovite + apatite + sericite (Fig. 2.4).  Most quartzofeldspathic grains tend to be subhedral to anhedral.  Both Carlsbad and albite twinning occur in plagioclase (An17-20).  Quartz grains tend to be elongated in the bands, and most contain subgrains and undulatory extinction.  Many quartzofeldspathic grains contain inclusions of muscovite and biotite.  The mafic bands consist mostly of brownish-green pleochroic biotite + zircon + quartz + plagioclase + microcline + chlorite + epidote + titanite + muscovite + clinozoisite.  Regional retrograde metamorphism can be seen in the transformation of biotite and epidote to chlorite and in the sericitization of plagioclase grains.

Only one modal analysis of the banded phase was performed on a thin section from the Lake Toxaway quadrangle.  This modal analysis is compared to modal analyses of samples from Oconee County, South Carolina (Conn, 1972), and an average composition of basement orthogneisses (Hatcher, 1973; Table 2.1; Fig. 2.3).  The banded Toxaway sample contains slightly less quartz and more plagioclase than other banded Toxaway samples, but it plots in the monzogranite field, like all of the other samples.  The composition is much different from the average composition reported by Hatcher (1973), possibly because many of the granitic gneisses that were thought to be basement at that time have been identified as Paleozoic granitoids since that time (e.g., Bream, 2003).
Toxaway Gneiss: Augen Phase

Although it is not obvious in most field exposures, the augen phase of the Toxaway Gneiss intrudes the banded phase (Schaeffer et al., 1979), and geochronologic studies have shown that their ages are too close to resolve (Carrigan et al., 2003).  Compositionally, the banded and augen phases are very similar (Table 2.1; Fig. 2.3).  The augen phase is thought to be correlative with the Wiley Gneiss (Hatcher, 1974; Stieve, 1989).  Modally, the Wiley and both phases of Toxaway Gneiss are very similar, but the Wiley contains more quartz and K-feldspar than any of the Toxaway Gneiss samples (Fig. 2.3).  Detailed whole-rock geochemistry is discussed in Chapter III.

The augen Toxaway Gneiss contains ~1 cm augen consisting of coarse-grained, subhedral to anhedral quartz, plagioclase, and microcline.  The Wiley Gneiss often contains larger augen of the same composition.  The dominant mineral varies from one auge to the next, but, overall, microcline is most common (Fig. 2.5).  Apatite is also present in the augen, although these grains are generally much smaller and more common near the mafic bands.  Plagioclase (An20-22) is often subhedral to anhedral, with Carlsbad and albite twinning.  The augen phase is inequigranular, with the coarsest grains in the augen and smallest grains near the curved bands of biotite + chlorite + quartz + microcline + plagioclase + zircon + titanite + epidote.  
In areas where the augen phase has been mapped, the topography is very similar to areas where the banded phase has been identified: small, gentle ridges that are much flatter than the 

rest of the study area.  The saprolite derived from the augen phase, however, is easily distinguishable from the banded phase.  It is usually reddish brown to orange, like the amphibolite saprolite observed in the study area, but it contains cm-scale augen.
Tallulah Falls Formation

The most common rock unit in the Tugaloo terrane is the Tallulah Falls Formation, which consists of a lower graywacke-schist-amphibolite member, a middle garnet-aluminous schist member, and an upper graywacke-schist member (Hatcher, 1971; Fig. 2.6).  The Tallulah Falls Formation consists of a deep-ocean assemblage of metasedimentary and metavolcanic rocks, with fragments of ocean crust and mantle (Hatcher, 2002).  All three members of the Tallulah Falls Formation have been mapped in the surrounding areas (e.g., Horton, 1982; Stahr, 2008; Cyphers, 2009; Merschat, 2009).  Mappable pods of amphibolite have been identified around the 
Toxaway dome and in the northeastern corner of the Lake Toxaway quadrangle (Fig. 2.1).  Detrital zircon geochronology has indicated that the Tallulah Falls Formation had a Laurentian source (Bream, 2003).  
Graywacke-Schist-Amphibolite Member

The lowermost member of the Tallulah Falls Formation is the graywacke-schist-amphibolite member.  It unconformably overlies the Toxaway Gneiss in the southeastern part of the study area (Figs. 2.1, 2.6), and is exposed throughout the rest of the study area.  The graywacke-schist-amphibolite member consists of dark gray to black biotite schist, biotite gneiss, migmatitic biotite gneiss, and interlayered amphibolite.  The abundance of amphibolite interlayers is essential for distinguishing the upper and lower members of the Tallulah Falls Formation.  Many amphibolite bodies are quite thick and can be traced along strike for ~0.5 km in the study area (Fig. 2.1).  The petrography and field characteristics of these amphibolite layers are discussed separately in this chapter.  

The graywacke-schist-amphibolite member consists of mostly fine- to medium-grained plagioclase, biotite, and quartz, with lesser amounts of garnet, opaque minerals, epidote, titanite, zircon, apatite, and K-feldspar (Table 2.2; Fig. 2.7).   It is strongly foliated and has a granular 

texture.  Subhedral to anhedral Carlsbad and albite twinned plagioclase grains (An15-30) often contain inclusions of quartz, biotite, and muscovite.  Small muscovite grains are usually found with pleochroic brown biotite grains.  Quartz often has subgrains and undulatory extinction. 
Garnet-Aluminous Schist Member


The garnet-aluminous schist member of the Tallulah Falls Formation is the marker unit of this formation.  It is a distinct, thin (<100 m thick) continuous layer that separates the graywacke-schist-amphibolite member from the graywacke-schist member of the Tallulah Falls Formation.  This unit was first identified by Teague and Furcron (1948) and Hatcher (1971), and it has since been recognized almost everywhere the Tallulah Falls Formation has been identified.  Identification of this unit is essential for mapping large structures throughout the Tugaloo terrane, both in the eastern Blue Ridge and the western Inner Piedmont (Hatcher, 2002).  


The garnet-aluminous schist is a muscovite-rich, coarse-grained schist.  It contains muscovite + plagioclase (An17-28) + quartz + biotite + garnet + opaques + apatite + zircon + kyanite/sillimanite + staurolite (Fig. 2.8).  The garnet-aluminous schist has a lepidoblastic texture in most field exposures, and in areas with poor outcrops, the unit can easily be traced, using its sandy, garnet-rich soil (Fig. 2.8).  Garnet porphyroblasts range from 0.5 to 5 mm in diameter and account for 10-20 percent of the rock (Fig. 2.8).  Some thin sections contain large poikiloblastic staurolite grains as well.  These grains range from 0.3 to 0.5 mm in diameter and crosscut foliation (Fig. 2.8).  
Graywacke-Schist Member


The graywacke-schist member of the Tallulah Falls Formation consists of light to dark gray, medium-grained biotite gneiss with interlayered biotite schist, muscovite schist, and calc-silicate boudins (Fig. 2.9).  Merschat (2009) identified a map-scale calc-silicate body in the upper member of the Tallulah Falls Formation in the southeastern Sam Knob quadrangle; however, this unit was not recognized in the Lake Toxaway area.  Stahr (2008) and Cyphers (2009) also recognized several small (outcrop-scale) calc-silicate bodies in the graywacke-schist member.  Although no mappable bodies of calc-silicate were identified in the field area, a few outcrop-scale boudins were identified (Fig. 2.9).  Some amphibolite has been mapped in the graywacke-schist member, but the amphibolite bodies are smaller and less common than they are in the lower member of the Tallulah Falls Formation.  In some areas, where the garnet-aluminous schist member was poorly exposed, the paucity of amphibolite bodies in the graywacke-schist member was used to subdivide the Tallulah Falls Formation.

One modal analysis was made of a thin section from the graywacke-schist member (Fig. 2.9).  This thin section consists of strongly foliated plagioclase (An10-28), quartz, and biotite, with accessory amounts of zircon, apatite, epidote, opaques, garnet, muscovite, and titanite.  Subhedral plagioclase grains exhibit albite and carlsbad twinning, and some grains have a poikiloblastic texture, with inclusions of biotite, quartz, epidote, and zircon.  Quartz grains are anhedral, with subgrains and undulatory extinction.  The main mineralogical difference between the upper and lower members of the Tallulah Falls Formation is that the upper graywacke-schist member contains less biotite and more epidote than the lower member (Stahr, 2008; Cyphers, 2009).  Stahr (2008) suggested that calc-silicate abundance may be an additional tool for distinguishing between the two members, but, because calc-silicate is scarce throughout the study area, amphibolite is considered to be a more reliable indicator.
Protolith

Protolith of a metasedimentary rock can be determined, using the quartz, feldspar, and mica content of a rock (Fig. 2.10; Table 2.2).  The QFM diagram (Pettijohn, 1954) can be used with several assumptions.  These assumptions are that quartz and feldspar reactions are minimal and that the minerals are present in their original abundances, volume change is negligible, and mica represents metamorphosed clay (Hadley and Goldsmith, 1963).  These results were compared to those of Cyphers (2009).  Although both samples from Cyphers (2009) contain 
more plagioclase and less mica than any of the samples from this study, all samples plot as metagraywackes.  The graywacke-schist-amphibolite member is more mica-rich than the graywacke-schist member (Fig. 2.10).  The garnet-aluminous schist sample plots in the graywacke field, despite the fact that it probably originated as a layer of clay.  However, many modern siltstones and claystones contain interlayers and discontinuous lenses of sandstone, and this sample may have originated as part of a small sandstone lens.  This sample does contain more quartz than some of the metagraywacke samples, supporting this possibility (Table. 2.2). This may indicate that the lower two members of the Tallulah Falls Formation were more poorly sorted than the graywacke-schist member; however, more samples that differentiate between the lower and upper Tallulah Falls Formation would be necessary to clearly define a trend.
Amphibolite and Hornblende Gneiss

Amphibolite and hornblende gneiss are common throughout the study area.  It is most common in the lower member of the Tallulah Falls Formation, but a few bodies of amphibolite and hornblende gneiss too small to separate on the geologic map (Fig. 2.1) have been identified in the upper member as well.  It is often interlayered with the metagraywackes and schists of the lower member, but it can be found in larger bodies as well.  Some of the larger amphibolite bodies that were mapped in the study area are located around the Toxaway dome in the southeastern corner of the Lake Toxaway quadrangle and near Bald Rock in the northern-central Lake Toxaway quadrangle (Fig. 2.1).  Topographic expression varies depending on the size of the amphibolite body and the surrounding rocks, but large amphibolite bodies tend to form linear ridges with overhanging cliffs (e.g., Bald Rock, Devil’s Elbow; Plate I).  Saprolite is red to orange, and often contains brick-shaped pieces of severely weathered rock.

Amphibolite is medium- to coarse-grained, moderately to well-foliated, black, nematoblastic hornblende + plagioclase + quartz + epidote ± titanite ± garnet ± microcline banded gneiss (Table 2.3; Fig. 2.11).    Some exposures have a mineral lineation, defined by aligned hornblende needles, and quartz veins are sometimes observed as well.
Ultramafic Rocks


Only one small ultramafic body (< 100 m2) has been identified in the Lake Toxaway quadrangle, along N.C. 281 between Tanassee Creek and the Wolf Creek Lake Dam (Fig. 2.1).  It is easily recognizable in the field as a hillside of yellowish-green to brownish-green rock adjacent to the Looking Glass pluton (Fig. 2.12).  It is cut by a set of northeast-striking joints, and antigorite fills the joints in outcrop.  It consists of metadunite with about euhedral to subhedral olivine and chromite (Fig. 2.12).  Chlorite reaction rims surround each chromite grain (Fig. 2.12).
Paleozoic Plutons

Three Paleozoic episodes of plutonism have been recognized in the eastern Blue Ridge: one associated with the Taconic orogeny at ~466 Ma, another associated with the Neoacadian orogeny at ~370 Ma, and a third, Alleghanian episode at ~335 Ma (Miller et al., 2000; Miller et al., 2006; Stahr, 2008).  Petrographic analyses and field descriptions of each pluton are discussed here.  In the Lake Toxaway and eastern Big Ridge quadrangles, the Whiteside (466 Ma; Miller et al., 2000), Round Mountain (343 Ma; Chapter IV), Looking Glass (333 Ma; Chapter IV), and Horseshoe Rock plutons have been identified.  Although it does not outcrop in the study area, the Pink Beds pluton is also discussed here for comparison with analyses in Chapter IV.  Geochronologic, geochemical, and geothermometry data for these plutons are presented in Chapter IV.  

Some thin sections that were used for modal analysis were collected from the Shining Rock quadrangle (Acker, 1982); these thin sections are samples LG1 and LG2, which were collected from the Helipad and main exfoliation surface at Looking Glass Rock, and PB1, which was collected from a quarry ~5 km east of N.C. 276 on Forest Service Road 1206 in the Cradle-of-Forestry-in-America National Historic Site.  This quarry was the source of zircons used for geochronology in Chapter IV (Miller et al., 2000; Fig. 2.2).  
Whiteside Pluton


The Whiteside pluton is the largest granitoid body exposed in the study area (100 km2; Miller et al., 1997; Figs. 2.1, 2.2).  Its composition and texture are more variable than other plutons in the study area, ranging from trondhjemite with no almost K-feldspar to granodiorite, but trondhjemite is more common (Miller et al., 1997; Table 2.4; Fig. 2.13).  Textures within the pluton range from igneous to strongly foliated (Fig. 2.14).  Both undeformed and deformed pegmatite and aplite dikes are common.  The pluton has a sheetlike geometry and broad migmatitic border zones (Miller et al., 1997; Burton, 2006).  Schistose enclaves are common along the margins of the pluton as well (Fig. 2.14).  Many exposures of the Tallulah Falls Formation, especially close to the pluton, contain granitic interlayers and porphyroclasts; these are probably the transposed remnants of dikes and sills related to the Whiteside pluton (Fig. 2.14).


Two Whiteside thin sections are clear examples of the compositional and textural variation in the pluton.  One sample, LT 71, was collected in the southeastern Lake Toxaway quadrangle in the Sutton Creek area north of Cold Mountain Road (Plate I).  Modal analysis shows that this sample is granodioritic in composition; the sample also has a strong igneous texture (Fig. 2.13; Fig. 2.14).  A weak overprinting foliation is apparent as an alignment of micas.  The other sample, LT 2222, was collected near Miser Creek in the western-central part of the Lake Toxaway quadrangle (Fig. 2.1).  This sample is strongly foliated, and the igneous texture is completely overprinted.  Modally, this sample is a trondhjemite (Fig. 2.13, Fig. 2.14).  Although the two samples are quite different, they contain varying proportions of the same minerals: plagioclase (An15-20), quartz, muscovite, biotite, microcline, apatite, titanite, epidote, and zircon (Table 2.4).


The Whiteside pluton is actually the most difficult pluton to recognize in the study area, because it varies dramatically in texture.  The only consistent characteristics of the Whiteside pluton are its medium-grained granular texture and its rugged topographic expression.  This pluton forms the highest mountains in the study area, with steep exfoliation cliffs and flat tops.  The valleys below are relatively flat and narrow and generally have a creek or river flowing through them.  The saprolite derived from this pluton is sandy tan to gray.
Pink Beds Pluton

The Pink Beds trondhjemite (20 km2; Miller et al., 1997) is located northeast of the study area.  It has been mapped in both the Dunsmore Mountain quadrangle (Dabbagh, 1975) and the Shining Rock quadrangle (Acker, 1982).  Acker (1982) was the first to recognize that the Pink Beds was distinct from the Whiteside pluton, calling it the Pink Beds phase of the Whiteside 
pluton.  It was named by Acker (1982) for exposures at the Pink Beds picnic area in the Cradle-of-Forestry-in-America National Historic Site.  Despite the name, the rock is not pink; the name is derived from the pink flowers that bloom around the picnic area (N.C. Historic Marker, Pink Beds picnic area along US 276).  A sample from the Pink Beds was extracted from a quarry along F.S. 1206 in the Dunsmore Mountain quadrangle and used for geochronologic and geochemical analyses (Miller et al., 2000).  A sample was also collected from that quarry and used in this study for petrographic analysis (Fig. 2.15).
This pluton has a well-preserved igneous fabric that is overprinted by a weak but pervasive tectonic foliation. This coarse-grained, weakly foliated trondhjemite contains abundant oligoclase and quartz, with minor K-feldspar, muscovite, biotite, zircon, and apatite (Table 2.4; Fig. 2.13; Fig. 2.15).  In outcrop, it is very homogeneous, with a few undeformed aplite dikes (Miller et al., 1997).  It has a granular texture, with subhedral, albite-twinned plagioclase 

(An15-22) and anhedral K-feldspar.  Many plagioclase grains contain aligned inclusions of muscovite, biotite, and zircon that may represent an early magmatic foliation (Fig. 2.15).  Most quartz grains are anhedral with subgrains and have undulatory extinction.  
Round Mountain Pluton

The Round Mountain pluton is a small (< 4 km2), fine-grained, weakly foliated granitoid body located in the western Lake Toxaway quadrangle (Fig. 2.1).  Its name comes from exposures at and around Round Mountain, along N.C. 281, in the study area.  Compositionally, it ranges from granite to trondhjemite (Table 2.4; Fig. 2.13).  It was mapped as a separate pluton based on its weak foliation, the fact that it crosscuts regional S2 foliation, and the fact that it intrudes the Tallulah Falls Formation (Fig. 2.16).  The relationship between this pluton and regional structure is discussed in detail in Chapter VI.  Its contact with the surrounding upper Tallulah Falls Formation rocks is very sharp, with no contact aureole (Fig. 2.16).  
The Round Mountain pluton consists of mainly plagioclase, with lesser amounts of quartz, biotite, K-feldspar, zircon, apatite, muscovite, epidote, allanite, clinozoisite, and tourmaline (Table 2.4).  One sample contains a large opaque mineral with an epidote-rich reaction rim (Fig. 2.16).  Epidote-rich reaction rims are also present around clinozoisite (Fig. 2.16).  Plagioclase grains (An35-45; see Chapter IV) are twinned; however, electron microprobe analyses revealed no zonation across the grains.

The Round Mountain pluton is easily distinguished from other granitoids by its weak foliation and fine-grained texture.  Its exfoliation surfaces form steep cliffs, with flat to gently rolling topography above.  The saprolite from this granitoid is white to tan, with mm-scale flakes of biotite.
Looking Glass Pluton

The Looking Glass pluton occurs across most of the northern part of the study area and extends to the northeast into the Rosman and Shining Rock quadrangles (Figs. 2.1, 2.2; Acker, 1982; Horton, 1982).  Like the Pink Beds pluton, the Looking Glass was first identified as a distinct phase of the Whiteside pluton (Acker, 1982).  Later studies further demonstrated the geochemical and geochronologic differences between the Pink Beds, Looking Glass, and Whiteside plutons (e. g., Miller et al., 1997, 2000; see Chapter IV).

 This pluton (~35 km2) is composed of equigranular medium-grained granodiorite with moderately to strongly foliated granoblastic texture (Miller et al., 1997; Table 2.4; Fig. 2.13; Fig. 2.17).  It is dominantly composed of quartz, plagioclase (An20), K-feldspar, biotite, muscovite, and myrmekite.  Trace and accessory minerals include zircon, apatite, epidote, titanite, and opaque minerals.  Miller et al. (1997) reported that the Looking Glass is metamorphosed and deformed.  In the field, this is indicated by its folded contacts with the Tallulah Falls Formation (Fig. 2.1).   The pluton is recognizable by its strong foliation and by its tan saprolite exposures.  It forms long ridges in the northern Lake Toxaway and Big Ridge areas and large exfoliation cliffs in the Shining Rock quadrangle (Fig. 2.17).

In the Cradle-of-Forestry-in-America National Historic Site, the Looking Glass pluton outcrops very close to the Pink Beds trondhjemite; however, it is easily distinguished by its texture and by its truncation against the Cradle-of-Forestry-in-America Fault northeast of the study area (Dockal, 2007).  This pluton contains more K-feldspar than the Pink Beds pluton; it is 
granodioritic in composition (Fig. 2.17).  The foliation is crosscut by small but widespread aplite dikes (Miller et al., 1997).
Horseshoe Rock Pluton

The Horseshoe Rock pluton (<5 km2) has been mapped in the northwestern Lake Toxaway quadrangle and the southeastern Sam Knob quadrangle (Merschat, 2009; Fig. 2.1).  It is named for exposures at Horseshoe Rock, a prominent cliff in the northwestern Lake Toxaway quadrangle.  Mapping in the Sam Knob quadrangle has shown that this pluton crosscuts older structures and fabrics, indicating that it must be relatively young.  It occurs as a large, continuous body in the Lake Toxaway quadrangle; to the north, however, it has a sheetlike geometry and is interlayered with the Tallulah Falls Formation (Merschat, 2009).   These sheetlike exposures may be sills or transposed dikes intruding the Tallulah Falls Formation.  Like the Whiteside pluton, it has wide migmatitic border zones and gradational contacts.  
The Horseshoe Rock pluton consists of fine-grained, strongly foliated granodiorite to trondhjemite (Table 2.4, Fig. 2.13; Fig. 2.18).  It contains plagioclase + quartz + K-feldspar + biotite + muscovite + apatite + myrmekite + epidote + titanite.  Most grains are aligned with foliation; however, some plagioclase grains (An15-22) occur at ~70° to foliation.  These grains have the characteristic herringbone arrangement of micas associated with sericitic alteration (Fig. 2.18).  Pegmatite dikes, some of which are folded, are also common in this pluton (Fig. 2.18).  
A series of strange pits are observed crossing the exfoliation surface at the Horseshoe Rock type locality (Fig. 2.19).  These pits are > 50 cm in diameter and > 10 cm deep.  They are usually circular and occur in linear arrangements.  Some pits are connected, suggesting that water has travelled through them.  However, some of the pits crosscut pegmatite dikes that are a few centimeters higher than the rest of the cliff (Fig. 2.19).  The composition of the rock inside the pits does not appear to be different than the composition of the rest of the pluton, suggesting that they are not xenoliths.  The origin of these structures is unknown.
Summary


Rocks of the Lake Toxaway and eastern part of the Big Ridge 7 ½ minute quadrangles are located in the Tugaloo terrane in the eastern Blue Ridge.  The rocks exposed here include metasedimentary and metavolcanic rocks of the Ashe-Tallulah Falls Formation, rocks that were deposited in the Iapetus ocean; both phases of the Toxaway Gneiss; and a series of plutons that were intruded during each of the three Paleozoic orogenies that affected the region.  
Chapter III: Geochemical Comparison of Middle Proterozoic Orthogneisses
Introduction


The concept of “basement” is very important to structural geology; generally, basement consists of rocks that have been through an earlier tectonic event, and in thin-skinned foreland fold and thrust belts, basement rocks are not commonly involved in deformation (i.e., Hatcher, 1973, 1999; Hatcher et al., 2007).   This is exactly the case throughout most of the western Valley and Ridge of the southern Appalachians.  Basement rocks are very involved in deformation in the interior of the mountain chain.  They are common throughout the western Blue Ridge, but the eastern and central Blue Ridge contain only a few basement fragments.  These fragments were formed following the breakup of Rodinia (Thomas, 2006).  New ocean crust was generated between the continental fragments, and sediments were deposited on the oceanic and continental crust before being re-attached to Laurentia as part of the Tugaloo terrane during the Neoacadian orogeny (Hatcher, 2002; Hatcher et al., 2005, 2007).  

The similarities between these granitic orthogneisses have been used to correlate between various units.  They are similar in age, and in the eastern Blue Ridge, they are exposed in similar structural locations.   The augen phase of the Toxaway Gneiss and the Wiley Gneiss, in particular, have been correlated, based on similarities in appearance, age, and limited geochemical studies.  The purpose of this chapter is to use geochemical analysis of two new samples of the augen phase of the Toxaway Gneiss to evaluate the validity of this correlation.

Previous Work 

 There are a very small number of internal basement massifs exposed in the eastern Blue Ridge.  Three of these massifs are exposed on or around two structural domes, the Toxaway dome and the Tallulah Falls dome, in southwestern North Carolina, northwestern South Carolina, and Georgia (Fig. 3.1; Fig. 3.2).  Structurally, both the Toxaway and Tallulah Falls domes are fold-related structures that were involved in Paleozoic folding events with the surrounding Tallulah Falls Formation (Hatcher, 1974, 1977).  There are four basement units exposed in these two domes.  These units are the Toxaway Gneiss, a peraluminous, felsic orthogneiss characterized by an older banded phase and a younger, intrusive augen gneiss with similar 

Figure 3.1. Generalized tectonic map of the southern Appalachians, modified from Hatcher et al. (2007).  The approximate area shown in Figure 3.2 is outlined in yellow; the area shown in Fig. 3.5 is enclosed by the white box.  Abbreviations: Abbreviations: g: Grenvillian orthogneisses; mh: Mars Hill terrane; DGB: Dahlonega gold belt; GMW: Grandfather Mountain window; GBMW: Great Balsam Mountains window; NW: Newton window; SMW: Sauratown Mountains window; SRA: Smith River allochthon; FM: Fort Mountain massif; SC: Salem Church massif; C: Corbin massif; TR: Trimont Ridge massif; TFD: Tallulah Falls dome; TD: Toxaway dome; Ct. terr.: Cartoogechaye terrane; AA: Alto allochthon.  Faults:  AnF: Anderson; BCF: Brindle Creek; BFZ: Brevard; FF: Forbush; MF: Marion; MSF: Mill Spring; PMF: Paris Mountain; RF: Ridgeway; SNF: Six Mile; SMtf: Sugarloaf Mountain; WLF: Walhalla.  Granitoids: Och: Caesars Crossroads; Od: Dysartsville; Oh: Henderson; Opc: Persimmon Creek; Ows: Whiteside; Sbc: Brooks Crossroads; Dma: Mt. Airy; Dpb: Pink Beds; Dsm: Stone Mountain; Dsp: Spruce Pine; Dt: Toluca; Dwt: Walker Top; Dy: Yonah; Mc: Cherryville; Mgc: Gray Court; Mr: Rabun; Mrr: Reedy River; Mlg: Looking Glass; Pe: Elberton; Ppm: Pacolet Mills; an: Antreville; rf: Rocky Face; sm: Sandy Mush; st: Starr.  Towns: An: Anderson; Gr: Greenville; Gs: Gainesville; Gw: Greenwood; Hk: Hickory; Hv: Hendersonville; Mg: Morganton; Sh: Shelby; Sp: Spartanburg.

Figure 3.2. A. Regional tectonic setting of the Tallulah Falls and Toxaway domes.  B. Detailed geologic map of the Tallulah Falls dome, showing the locations of basement units.  Abbreviations: Ysc: Sutton Creek Gneiss; Yw: Wiley Gneiss; Ywc: Wolf Creek Gneiss; tfl: Tallulah Falls Formation graywacke-schist-amphibolite (lower) member; tfa: Tallulah Falls Formation garnet-aluminous schist member; tfg: Tallulah Falls Formation graywacke-schist (upper) member; tfq: Tallulah Falls Quartzite; ms: metasandstone and muscovite-biotite schist beneath the Tallulah Falls Quartzite; tfu: Tallulah Falls Formation, undivided; tfm: Tallulah Falls Formation migmatite; gg: unnamed granitoid gneiss; q: quartzite and metasandstone; u: ultramafic rocks; Mr: Rabun granodiorite; My: Yonah granitoid; WS: Woodall Shoals; of: Otto Formation, undivided; Olb: Lake Burton mafic arc complex; cg: Coleman River Formation metasandstone and schist; Opc: Persimmon Creek tonalite; Jd: diabase dikes.  Numbers represent sample locations.  1: Sutton Creek Gneiss sample SC-RC; 2: Wiley Gneiss sample WG-CS; 3: Wolf Creek Gneiss.  (From Hatcher et al. (2004, 2005.)
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Figure 3.2.
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mineral composition; the Wiley Gneiss, a quartzofeldspathic, biotite-bearing augen gneiss; the Sutton Creek Gneiss, a fine-grained, strongly foliated granitoid gneiss; and the Wolf Creek Gneiss, a fine- to medium-grained, strongly foliated granitoid orthogneiss (Hatcher, 1974; 1976; 1977; Hatcher et al., 2004).  Hatcher et al. (2004) previously noted that the Wolf Creek Gneiss is significantly different geochemically from other eastern Blue Ridge basement units; however, it is discussed here for completeness’ sake.  Sample locations, ages, and descriptions of these additional samples are provided in Table 3.1.

U-Pb ion microprobe zircon geochronological data has shown that these basement units are similar in age (Fig. 3.3, Table 3.1).  Carrigan et al. (2003) interpreted all southern Appalachian basement orthogneisses as part of the same magmatic episode between 1165-1150 Ma.  All contain a Mesoproterozoic metamorphic overprint (~1028 Ma) and some evidence of later Paleozoic events as well (Carrigan et al., 2003).  Whole-rock Pb isotopic data also show that southern Appalachian basement may be exotic to Laurentia (Sinha et al., 1996; Sinha and McLelland, 1999; Berquist et al., 2005).  Loewy et al. (2003) noted similarities in Pb isotopic composition between these basement units and Amazonia (Fig. 3.4).  These data, together with Nd isotopic data (Tohver et al., 2004), suggest that southern Appalachian basement may have been Amazonian crust, sutured to Laurentia during a ~ 1 Ga collision between Laurentia and Amazonia, and left behind after Rodinia broke apart (Hatcher et al., 2004; Berquist et al., 2005).

Methods

Two samples of augen Toxaway Gneiss were analyzed at Activation Laboratories in Ancaster, Ontario.  Fresh samples were collected from outcrops in the Lake Toxaway quadrangle (Fig. 3.5).   Standard thin sections were cut perpendicular to foliation, and several 1-2 cm thick slabs were cut for geochemical analysis.  The slabs were dried overnight, wrapped in a thick layer of newsprint, and broken down to pea-gravel-size pieces.  Those pieces were then powdered in a ShatterboxTM, using a ceramic mill.  At least 20 g of each sample were sent for whole-rock geochemical analysis to Activation Laboratories in Ancaster, Ontario.  Multi-element whole-rock analyses were performed using lithium metaborate/tetraborate fusion inductively coupled plasma emission spectroscopy (FUS-ICP), ICPMS, and instrumental neutron activation analysis (INAA).  The petrology and detailed descriptions of each sample are presented in Chapter II (Rock Units).

	Table 3.1. Descriptions of additional eastern Blue Ridge basement samples, from Carrigan et al. (2003) and Hatcher et al. (2004).

	Sample ID
	Sample Location (quadrangle1, state)
	Basement Unit
	U-Pb zircon ion microprobe age 2
	Sample Description

	TOX1B
	Cashiers, NC
	Toxaway Gneiss
	1149 + 56 Ma
	quartzofeldspathic banded gneiss

	TOX-1
	Cashiers, NC
	Toxaway Gneiss
	1151 + 17 Ma
	quartzofeldspathic banded gneiss

	TXFL
	Reid, NC
	Toxaway Gneiss
	1147 + 32 Ma
	quartzofeldspathic augen gneiss

	SC-RC
	Clarkesville NE, GA
	Sutton Creek Gneiss
	1156 + 23 Ma
	fine grained, foliated granitoid gneiss

	WG-CS
	Tiger, GA
	Wiley Gneiss
	1158 + 19 Ma
	quartzofeldspathic biotite-bearing augen gneiss.

	UPST3
	Not listed
	Wolf Creek Gneiss
	1129 + 23 Ma3
	fine- to medium-grained, strongly foliated microcline-oligoclase-quartz-biotite orthogneiss

	
	1 map scale 1:24,000

2 data from Carrigan et al. (2003)

3 data from Hatcher et al. (2004)
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B.

Figure 3.3. A. Tera-Wasserberg concordia diagrams of common Pb corrected analyses of the Toxaway and Wiley Gneisses, from Carrigan et al. (2003).  B. Summed frequency plots of ages of the Toxaway and Wiley Gneisses, from Carrigan et al. (2003).  In both sets of plots, the light gray curves are metamorphic ages; black curves are magmatic interiors.  Paleozoic metamorphic events are not shown.
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Figure 3.4. Comparison of Pb isotopic data from southern and central Appalachian basement rocks, other Grenville basement rocks in Laurentia, and the trend of Amazonian craton rocks. Modified from Sinha and McLelland (1999), Loewy et al. (2003), Tohver et al. (2004), and Hatcher et al. (2007).

Geochemical Analyses

Geochemical analyses of the two augen Toxaway samples are presented in Table 3.2.  Detailed petrography of each sample is discussed in Chapter II.  The samples were compared to 

Toxaway Gneiss and Tallulah Falls dome basement samples (Sutton Creek, Wiley Gneiss, and Wolf Creek Gneiss) from Carrigan et al. (2003) and Hatcher et al. (2004).  All are metaluminous to peraluminous granitoids, with 64-74% SiO2 (Fig. 3.6).  The basement units have weak correlations between Fe2O3, MgO, Al2O3, TiO2, and P2O5 on Harker diagrams (Fig. 3.7), and all, except for the Wolf Creek sample, plot as granites on the normative feldspar diagram of Barker (1979) (Fig. 3.8).  There are no clear correlations on TiO2 variation diagrams (Fig. 3.9).  CIPW normative compositions of the two new samples are given in Table 3.3.  

Trace elements and rare earth elements (REEs) that are used to describe the composition of an igneous rock can reveal significant similarities and differences between samples.  In this case, all of the samples are relatively similar. The trace element patterns of the samples are similar to other eastern Blue Ridge basement rocks (Fig. 3.10); they are all relatively depleted in high field-strength (HFS) elements compared to large ion lithophile (LIL) elements (Fig. 3.10).  Almost all of the samples have similar REE patterns, with enrichment in the light REEs, a negative Tl anomaly, and depletion in heavy REEs.  

Tectonic discrimination diagrams can be very useful in determining the tectonic environment into which a granite was emplaced.  Discrimination diagrams (Pearce et al., 1984), show that both phases of the Toxaway Gneiss are volcanic arc granites in most plots, and the Wiley Gneiss sample consistently plots as a within plate or ocean ridge granite (Fig. 3.11).  One sample plots as a volcanic arc granite, and the other plots as a within-plate granite (Fig. 3.11).  Most samples plot as volcanic arc granites in the tectonic diagrams of Rollinson (1993), with the exception of one of my Toxaway samples, which plots as a late or post-collisional granite (Fig. 3.11).  Both augen Toxaway Gneiss samples, and the samples from Carrigan et al. (2003), consistently plot closer to the banded Toxaway Gneiss samples than to the Wiley Gneiss.

Discussion and Conclusions

 
It is obvious from normative mineralogies, tectonic discrimination diagrams, U-Pb zircon ages obtained using the SHRIMP, Pb isotopic compositions, and REE diagrams, that all basement in the southwestern North Carolina-northeastern Georgia portion of the eastern Blue 
Table 3.2. Geochemical analyses of new augen Toxaway Gneiss samples from the Lake Toxaway quadrangle, North Carolina.

	
	
	
	
	Samples

	Oxide/Element Symbol
	Unit Symbol
	Detection Limit
	Analysis Method
	LT2299
	ATOX

	SiO2
	%
	0.01
	FUS-ICP
	72.09
	73.69

	Al2O3
	%
	0.01
	FUS-ICP
	13.7
	13.21

	Fe2O3(T)
	%
	0.01
	FUS-ICP
	2.13
	1.96

	MnO
	%
	0.001
	FUS-ICP
	0.053
	0.031

	MgO
	%
	0.01
	FUS-ICP
	0.37
	0.35

	CaO
	%
	0.01
	FUS-ICP
	1.66
	1.68

	Na2O
	%
	0.01
	FUS-ICP
	3.06
	2.84

	K2O
	%
	0.01
	FUS-ICP
	5.32
	5.1

	TiO2
	%
	0.001
	FUS-ICP
	0.373
	0.235

	P2O5
	%
	0.01
	FUS-ICP
	0.13
	0.07

	LOI
	%
	 
	FUS-ICP
	0.32
	0.63

	Total
	%
	0.01
	FUS-ICP
	99.2
	99.8

	Ba
	ppm
	1
	FUS-ICP
	630
	1229

	Be
	ppm
	1
	FUS-ICP
	5
	2

	Bi
	ppm
	0.1
	FUS-MS
	0.4
	< 0.1

	Cd
	ppm
	0.5
	TD-ICP
	< 0.5
	< 0.5

	Cs
	ppm
	0.1
	FUS-MS
	1.7
	0.4

	Cu
	ppm
	1
	TD-ICP
	2
	< 1

	Ga
	ppm
	1
	FUS-MS
	26
	16

	Ge
	ppm
	0.5
	FUS-MS
	1.5
	1.1

	Hf
	ppm
	0.1
	FUS-MS
	9.3
	4.3

	In
	ppm
	0.1
	FUS-MS
	< 0.1
	< 0.1

	Mo
	ppm
	2
	FUS-MS
	< 2
	2

	Nb
	ppm
	0.2
	FUS-MS
	26.8
	6.6

	Ni
	ppm
	1
	TD-ICP
	3
	2

	Pb
	ppm
	5
	TD-ICP
	43
	24

	Rb
	ppm
	2
	FUS-MS
	357
	150

	S
	%
	0.001
	TD-ICP
	0.004
	0.002

	Sn
	ppm
	1
	FUS-MS
	4
	< 1

	Sr
	ppm
	2
	FUS-ICP
	155
	208

	Ta
	ppm
	0.1
	FUS-MS
	3.1
	0.3

	Th
	ppm
	0.05
	FUS-MS
	55.5
	5.15

	U
	ppm
	0.05
	FUS-MS
	13.9
	0.76

	V
	ppm
	5
	FUS-ICP
	14
	15

	Y
	ppm
	1
	FUS-ICP
	69
	19


	Table 3.2, cont.
	
	
	
	Samples

	Oxide/Element Symbol
	Unit Symbol
	Detection Limit
	Analysis Method
	LT2299
	ATOX

	La
	ppm
	0.05
	FUS-MS
	81.1
	41.6

	Ce
	ppm
	0.1
	FUS-MS
	169
	76.2

	Pr
	ppm
	0.02
	FUS-MS
	20.6
	9.01

	Nd
	ppm
	0.05
	FUS-MS
	65.2
	28

	Sm
	ppm
	0.01
	FUS-MS
	12.7
	5.37

	Eu
	ppm
	0.005
	FUS-MS
	1.38
	1.37

	Gd
	ppm
	0.02
	FUS-MS
	10.8
	4.34

	Tb
	ppm
	0.01
	FUS-MS
	1.87
	0.63

	Dy
	ppm
	0.02
	FUS-MS
	11.6
	3.56

	Ho
	ppm
	0.01
	FUS-MS
	2.37
	0.71

	Er
	ppm
	0.01
	FUS-MS
	7.16
	2.05

	Tl
	ppm
	0.05
	FUS-MS
	1.41
	1

	Tm
	ppm
	0.005
	FUS-MS
	1.11
	0.296

	Yb
	ppm
	0.01
	FUS-MS
	7.12
	1.84

	Lu
	ppm
	0.002
	FUS-MS
	0.926
	0.261

	Au
	ppb
	1
	INAA
	< 1
	< 1

	Ag
	ppm
	0.5
	MULT INAA / TD-ICP
	< 0.5
	< 0.5

	As
	ppm
	1
	INAA
	< 1
	< 1

	Br
	ppm
	0.5
	INAA
	< 0.5
	< 0.5

	Co
	ppm
	0.1
	INAA
	2.4
	3.6

	Cr
	ppm
	0.5
	INAA
	< 0.5
	8.9

	Hg
	ppm
	1
	INAA
	< 1
	< 1

	Ir
	ppb
	1
	INAA
	< 1
	< 1

	Sb
	ppm
	0.1
	INAA
	< 0.1
	0.7

	Sc
	ppm
	0.01
	INAA
	4.19
	4.82

	Se
	ppm
	0.5
	INAA
	< 0.5
	< 0.5

	W
	ppm
	1
	INAA
	< 1
	< 1

	Zn
	ppm
	1
	MULT INAA / TD-ICP
	64
	43

	La
	ppm
	0.05
	INAA
	76.2
	N/A

	Ce
	ppm
	1
	INAA
	178
	N/A

	Nd
	ppm
	1
	INAA
	66
	N/A

	Table 3.2, cont.
	
	
	
	Samples

	Oxide/Element Symbol
	Unit Symbol
	Detection Limit
	Analysis Method
	LT2299
	ATOX

	Sm
	ppm
	0.01
	INAA
	11.4
	N/A

	Eu
	ppm
	0.05
	INAA
	1.32
	N/A

	Tb
	ppm
	0.1
	INAA
	2.3
	N/A

	Yb
	ppm
	0.05
	INAA
	6.99
	N/A

	Lu
	ppm
	0.01
	INAA
	1.09
	N/A

	Mass
	g
	 
	INAA
	1.862
	1.536


[image: image8.png]4 T T T T T T T T 0.6 T T AT
* v
05—
3 -
o m]
[e]
O L
Fe,0(T) Ti0; 0.4
o) (o}
2F o
03[
! P S S I S ! 02 P R T
08 f T T T I T T T 6 T T T T
* v
07 T 5 *
o
0.6 [~ - 4
Mgo K20
05— o [m} — sk
a
04 . 2k
o
© o
0.3 ! ! I 1 | I I I 1 ! ! I I
20 t T T t T T T t 7 t t | }
¢}
19 1 o
s
18 T
17 F B S
A0 Na:0
16 [~ 1
4k
15— big =
o O 3 *
14 A
y Z e
13 | ! | | ! | ! 2 1 ! | L
4 T T T T I T T T 02 T T e
o
3k 4
[e]
Ca0 P05 0.1 |-
[e]
ok 4
v ih o
*
4 L L ! L 1 I ! L 00 L L L L
65 67 69 71 73 65 67 69
Si0; SiO;
@ sogen Toavay (s sudy) O sugenToxaway (Camigan etal 2003)
anded Toxaway (Cariganetal, 2003) X7/ Wiey (Camigan e, 2003)
ton Creek(Canigan etal, 2003 O Wl Creek Hatcher et al, 20041





[image: image9.emf]
Figure 3.6. Harker diagrams of all major oxides for selected eastern Blue Ridge basement orthogneisses from the Toxaway and Tallulah Falls domes.
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Figure 3.7. Shand’s index of basement orthogneisses.  Symbols are the same as in Fig. 3.5.  All samples plot as metaluminous or peraluminous (after Maniar and Piccoli, 1989).  

[image: image11.emf]
Figure 3.8. Normative feldspar classification of basement samples, using the same symbols as in the previous two figures (after Barker, 1979).

[image: image12.emf]
Figure 3.9. TiO2 variation diagrams of basement orthogneiss samples.  Symbols are the same as in Figure 3.6.

Table 3.3. CIPW Normative Compositions of Eastern Blue Ridge Basement Orthogneisses

	Sample
	Quartz
	Orthoclase
	Albite
	Anorthite
	Corundum
	Diopside
	Hypersthene
	Ilmenite
	Hematite
	Apatite
	Titanite
	Rutile​
	Total

	LT2299
	30.2
	31.4
	25.9
	7.4
	0.2
	0
	0.9
	0.1
	2.1
	0.3
	0
	0.4
	98.9

	ATOX
	33.7
	30.1
	23.0
	7.9
	0.1
	0
	0.9
	0.1
	2.0
	0.2
	0
	0.3
	98.2

	WG-CS
	30.6
	33.9
	19.2
	7.5
	0.9
	0
	1.8
	0.1
	3.4
	0.4
	0
	0.5
	98.3

	SC-RC
	27.3
	29.7
	26.4
	6.5
	2.0
	0
	1.9
	0.1
	3.4
	0.4
	0
	0.7
	98.4

	Tox-1
	28.6
	30.1
	26.7
	7.4
	0.4
	0
	1.1
	0.1
	2.8
	0.2
	0
	0.4
	97.8

	TXFL
	28.9
	23.6
	30.7
	10.9
	0
	0.2
	0.1
	0.1
	2.9
	0.2
	0.7
	0
	98.2

	Tox-1b
	29.3
	31.1
	26.8
	7.7
	0.5
	0
	1.3
	0.1
	2.6
	0.2
	0
	0.4
	100

	UPST
	16.4
	8.1
	52.5
	16.1
	1.7
	0
	1.7
	0.1
	2.7
	0.2
	0
	0.4
	99.9
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Figure 3.10. Trace element and rare earth element diagrams for eastern Blue Ridge basement orthogneiss samples. A. Selected primitive mantle-normalized elements (after Sun and McDonough, 1989). B. Primordial mantle-normalized elements (after Thompson, 1982).  C. Chondrite-normalized trace elements (after Holm, 1985).  D. Primordial mantle-normalized trace elements (after Wood et al., 1979).  E. Chondrite-normalized rare earth elements (after Sun and McDonough, 1989).  Symbols are the same as in Figure 3.6.

Figure 3.11. Tectonic discrimination diagrams of eastern Blue Ridge basement orthogneisses, after Pearce et al. (1984), Harris et al. (1986), and Rollinson (1993). Samples plot as within-plate (WPG), volcanic arc (VAG), or syn-collisonal granites (syn-COLG) in each diagram.  ORG stands for orogenic granite.  One of the new augen Toxaway samples plots as a late or post-collisional granite in the Hf-Rb/30-Ta x 3 diagram. 
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Figure 3.11.

Ridge is quite similar, with the possible exception of the Wolf Creek Gneiss, as previously discussed (Hatcher et al., 2004).  Two samples were collected from the northeastern portion of the Toxaway dome and analyzed to determine if the augen phase of the Toxaway Gneiss is correlative with the Wiley Gneiss, but these data do not conclusively support this correlation.  

These orthogneisses are geochemically very similar to other eastern Blue Ridge samples; however, my Toxaway samples appear to be more similar to the banded phase of the Toxaway Gneiss and to the Sutton Creek Gneiss than to the Wiley sample.  The similarity to the banded phase is understandable: the augen phase may have assimilated some of the banded phase when it was intruded, and both phases of the Toxaway Gneiss have been in close contact through multiple metamorphic events that could have altered their original compositions.  However, there is no firm geochemical evidence that the augen phase is more similar to the Wiley Gneiss than to other basement gneisses in the eastern Blue Ridge, except for the banded Toxaway phase.


Carrigan et al. (2003) noted that basement units across the eastern Blue Ridge and other parts of the southern Appalachians are relatively uniform with respect to composition, age, and tectonic setting.  These orthogneisses have broadly arc-like trace-element signatures, and many of them plot as volcanic arc granites; however, the mafic to intermediate component of the arcs are missing.  Isotopic and bulk compositions indicate that these granites were derived from mixtures of older crustal material and more primitive melts, or possibly from the 1.4-1.5 Ga granite-rhyolite terrane rocks.  Although no new isotopic data have been presented here, the geochemical analyses of my two augen Toxaway samples that were collected near at the northeastern end of the Toxaway dome support these conclusions.  These similarities show that the basement orthogneisses throughout the eastern Blue Ridge probably have a common source, as well as a common origin and history.
Chapter IV: Geochronology, Geochemistry, and Geothermometry of Eastern Blue Ridge Plutons

Introduction
Background

A small portion of the North Carolina eastern Blue Ridge is characterized by a high concentration of felsic plutons.  This area, located between the North Carolina/South Carolina state line and the Interstate 40 corridor, has a higher concentration of plutons than the rest of the eastern Blue Ridge (Fig. 4.1; Hatcher et al., 2007).  Many felsic sills and dikes have been mapped and mined in the Spruce Pine area, north of I-40, but this group is less diverse in age and composition, and less extensive volumetrically (e.g., Miller et al., 1997, 2000; Mapes, 2002).  Early geologic mapping by Keith (1907) identified a large area of granitic rocks in the eastern Blue Ridge of southwestern North Carolina, which he termed the Whiteside Granite.  Mapping by Livingston (1966), McKniff (1967), and Hatcher (1973) began the process of subdividing Keith’s (1907) granite into weakly foliated granite, called the Whiteside Granite or the Cashiers gneiss, and strongly foliated basement orthogneiss, called the Toxaway Gneiss.  More recent studies of the Toxaway Gneiss have concluded that it is a ~1.15 Ga basement orthogneiss, significantly older than the granitoids that intrude the Tugaloo terrane (Carrigan et al., 2003; Bream, 2003; Hatcher et al., 2004), and the Toxaway Gneiss-Tallulah Falls Formation contact is not intrusive; rather, it is probably an unconformity (Hatcher, 1977; Hatcher et al., 2004).  The geochemistry of the Toxaway Gneiss is addressed in Chapter III (Basement Geochemistry).

 Hatcher (1974) noted that the original umbrella term “Whiteside Granite” was confusing, and suggested abandoning the term; however, the name is confined to the granitoid pluton exposed at Whiteside Mountain, near Cashiers, North Carolina (e.g., Horton, 1982; Miller et al., 1997).  Additional efforts in this area subdivided Keith’s (1907) Whiteside Granite by texture and composition into the Looking Glass, Pink Beds, Rabun, and Whiteside plutons (referring to the pluton whose type locality is at Whiteside Mountain), all of which are large (>20 km2) granitoid intrusions (Acker, 1982; Horton, 1982; Miller et al., 1997) (Fig. 4.1).  Several small plutons such as the Walnut Creek granodiorite (Stahr, 2008), the Tuckaseegee pluton (Cyphers, 
2009), the Round Mountain trondhjemite, and the Horseshoe Rock pluton (this study) have been identified through more recent detailed geologic mapping.  


The use of geochemistry and geochronology in the eastern Blue Ridge has further clarified the distinctions between these plutons.  Studies by Miller et al. (1997) and Mapes (2002) clearly showed that, although all eastern Blue Ridge plutons and felsic 

intrusions are geochemically very similar, they are not identical.  In many cases, the plutons have different textures as well (Miller et al., 1997; Mapes, 2002).  U-Pb ion microprobe geochronology revealed that the plutons vary greatly in age.  This indicates that many plutons with similar geochemical characteristics and varying textures were intruded and probably metamorphosed during at least two different orogenies.  More recent studies (e.g., Miller et al., 2006) have confirmed that plutonism was a key characteristic of the Taconic, Neoacadian, and Alleghanian orogenies in the southern Appalachians.  Mapping, geochemical analysis, and radiometric dating have revealed a much more complicated geologic history in this part of the Blue Ridge than early work had suggested.

Mapping and characterizing eastern Blue Ridge plutons yields a more complete picture of southern Appalachian orogenesis.  U-Pb zircon geochronology and geochemical analysis are used to describe the plutons in this part of the eastern Blue Ridge.  The purposes of this chapter are to (1) present radiometric ages for the Pink Beds, Looking Glass, and Round Mountain plutons, using U-Pb sensitive high-resolution ion microprobe (SHRIMP) zircon geochronology; (2) characterize the geochemistry of eastern Blue Ridge granites using whole-rock geochemistry and zircon rare earth element (REE) data; and (3) characterize the thermal conditions in the eastern Blue Ridge during pluton emplacement.  
Occurrence of Plutons


Detailed geologic mapping in the Lake Toxaway and eastern half of the Big Ridge 7 ½ minute quadrangles has identified two new plutons:  the Round Mountain and Horseshoe Rock plutons (Fig. 3.5, see Chapter II).  Contacts between the Looking Glass and Whiteside plutons and the surrounding country rock have also been mapped in detail.  Like other eastern Blue Ridge plutons, the newly identified plutons are low-K, peraluminous, two-mica granitoids with weak tectonic foliations (Mapes, 2002; Miller et al., 2006).  Both the Round Mountain and Horseshoe Rock plutons are <10 km2, much smaller than the Looking Glass (35 km2) or Whiteside plutons (100 km2) (Miller et al., 1997), but similar in size to the Tuckaseegee pluton (~2 km2; Cyphers, 2009).  
Geochronology
Zircon Geochronology Rationale and Techniques


Relative age relationships between plutons can be understood in the field, based on crosscutting relationships with regional structures and foliation; however, radiometric age dates punctuate the relative timeline and constrain the timing of each intrusion and deformational event.  In the eastern Blue Ridge, SHRIMP is the most appropriate method of U-Pb zircon dating, because the zircons are known to be complex (e.g., Miller et al., 2000).  The technique is less precise than other dating methods; however, the precision problems can easily be overcome by acquiring many measurements on small portions of each zircon.  Cathodoluminescence (CL) is used to map zonations, cracks, and inclusions in each grain, and 20-40 µm diameter areas with similar zonation are dated.  Many relatively imprecise measurements together will yield a meaningful age, free of the complications that arise from mixing very old, U-poor cores with young, U-rich magmatic and metamorphic overgrowths.  SHRIMP also permits resolution of ages of inherited cores, zoned overgrowths, and metamorphic rims with greater precision than LA-ICPMS.
Previous Work


Data regarding the crystallization ages of eastern Blue Ridge plutons were sparse prior to the last several decades.  Early attempts at dating these rocks utilized the K/Ar or Rb/Sr isotopic systems, but low Rb/Sr ratios and variable initial ratios, along with the limitations of the techniques, yielded imprecise ages (Miller et al., 1997).  Regional mica K-Ar ages were similarly imprecise (Kish, 1989).  The low temperatures necessary to re-equilibrate these systems make them very difficult to use in areas with polydeformational and polymetamorphic histories.  Despite these problems, Miller et al. (1997) stated that all intrusions were emplaced between 440 Ma and 340 Ma; this age range is similar to results from subsequent U-Pb studies.

Using the U-series to date eastern Blue Ridge plutons has been much more successful and much more reliable than other, lower temperature isotopic systems.  Early U-Pb zircon ages obtained using Isotope Dilution Thermal Ionization Mass Spectrometry did not account for xenocrystic cores (Miller et al., 1997) and resulted in ages that were much older than the Rb-Sr age range.  Later work, using the ion microprobe at UCLA, yielded more precise ages, leading Miller et al. (2000) to conclude that all eastern Blue Ridge plutons were emplaced during the Taconic and Neoacadian orogenies, although they are not extensive enough to have constituted a magmatic arc.  Also, Miller et al. (2000) recognized that all eastern Blue Ridge zircons contain inherited cores.  Most inherited cores have Grenville ages (1.2-1.0 Ga), but some ~1.4 Ga (granite-rhyolite province ages?) and Archean cores are also present (Miller et al., 2000).  Mapes (2002) noted that zircons from Inner Piedmont plutons lack inherited xenocrystic cores compared with inheritance-rich eastern Blue Ridge plutons, possibly indicating the prevalence of zircon-undersaturated melts and higher temperatures east of the Brevard fault zone.  More hydrous conditions may have also existed in the eastern Blue Ridge at the time of intrusion (Mapes, 2002).

Many eastern Blue Ridge plutons have zircons that yield a wide range of ages, making it difficult to determine a single age of formation.  Only zircons from the Whiteside pluton yield a well-defined, concordant U-Pb ion microprobe age with a normal distribution around a mean age of 466 + 10 Ma (Fig. 4.3; Miller et al., 2000).  The other plutons studied by Miller et al. (2000) have more irregular distributions of ages with multiple peaks on relative probability plots (Fig. 4.3).  With this type of distribution, identifying the magmatic age(s) and interpreting other peaks is difficult.  Miller et al. (2000) approached this problem by calling the oldest large peak the magmatic age and attributing all younger peaks to lead loss; however, results from other studies have questioned this approach.  Miller et al. (2006) redated the Persimmon Creek Gneiss, the Chalk Mountain pluton, the Mt. Airy pluton, the Stone Mountain pluton, and the Rabun granodiorite, using ID-TIMS and carefully abrading the grains to remove any metamorphic overgrowths.  This study showed that plutonism was associated with the Alleghanian orogeny in the southern Appalachians as well.  Specifically, the Rabun pluton was found to have a U-Pb zircon crystallization age of ~335 Ma (Miller et al., 2006), roughly 40 Ma younger than the U-Pb zircon ion microprobe age reported by Miller et al. (2000).  Stahr (2008), using SHRIMP, confirmed the age obtained by Miller et al. (2006) and dated the Walnut Creek pluton at 339 Ma.  

The Looking Glass and Pink Beds plutons were also analyzed by Miller et al. (2000).  Their ages had been roughly constrained, using the Rb-Sr and K-Ar isotopic systems, to 310-330 Ma for the Pink Beds pluton (Kish, 1989) and ~415 Ma for both plutons (Kish, 1989); and using U-Pb zircon dating, to a 206Pb/238U age of 443-480 Ma and a 207Pb/206Pb age of 499-844 Ma for the Pink Beds pluton (Miller et al., 1997).  

Methods

Zircons used in this study from the Looking Glass and Pink Beds plutons were previously extracted by Calvin Miller at Vanderbilt University for the Miller et al. (2000) ion microprobe analyses.  Both of these samples were obtained from quarries within the pluton; their locations are given in Miller et al. (2000) and Figure 4.4.  Zircons from the Round Mountain pluton were extracted from approximately two kilograms of fresh rock from a fresh roadcut in the Lake Toxaway quadrangle.  The rock was crushed, powdered into >500 µm diameter grains, and minerals were separated, first by density using water and heavy liquid separation techniques, and then using a Franz magnetic separator at Vanderbilt University, using techniques discussed by Bream (2003).  All separates were hand-picked and at least 50 zircon grains were mounted in epoxy at the USGS-Stanford SHRIMP facility (SUMAC); these grains were then ground to expose their centers.  Zircon standards VP10 (1195 Ma) and R33 (419 Ma) were mounted with the unknown grains.  Zonation, cracks, inclusions, and other characteristics were identified using cathodoluminescence and reflected light imaging, using the Stanford JEOL JSM5600 scanning electron microscope equipped with a Hamamatsu photo multiplier tube for CL imaging.  These images served as zircon maps that were used to choose sample locations.

Prior to sample analysis, the mounts were cleaned and coated with a ~10 nm-thick coating of gold.  Routine analytical techniques, data processing, and error-correction procedures similar to those used by Bacon et al. (2000) were followed and are described here.  Before each analysis, the targeted spot and surrounding parts of the grain were bombarded by the ion beam for 2-4 minutes to remove the protective gold coating and any surface contamination, a process called rastering.  A primary 16O2- beam, focused through a 100 µm Kohler aperture, at a primary beam current of 3.1-3.7 nA, was used with a spot size of ~40 µm diameter for the Looking Glass and Pink Beds grains and a ~20 µm diameter spot size for Round Mountain grains.  The change in spot size was due to a part replacement between analyses (aperture?).  Secondary ions were extracted at 10 keV and mass-analyzed.  Each grain underwent five cycles of analysis.  Data for each spot were collected for Zr216O, 204Pb, 206Pb, 207Pb, 208Pb, 238U, 232Th, 16O, and 238U16O at a mass resolution of 6500.  Data were then reduced using the SQUID software program (version 1.02; Ludwig, 2001), and the age calculations and concordia diagrams were produced using Isoplot/Ex software (version 3; Ludwig, 2003).  Zircons from the Pink Beds pluton and one population from the Round Mountain pluton were analyzed in May, 2007, and grains from the Looking Glass and the second Round Mountain population were analyzed in August, 2007, on the SHRIMP-Reverse Geometry at SUMAC.  REE data were also collected for each analyzed spot, using methods outlined by Mazdab and Wooden (2006).  These data are discussed with whole-rock geochemical data later in this chapter.

Results


New U-Pb SHRIMP geochronological data for zircons from the Pink Beds, Round Mountain, and Looking Glass plutons are presented in Table 4.1.  This section contains detailed descriptions of grains from each pluton, as well as a description of the results for each pluton.

Pink Beds

Seventeen analyses were made on 15 grains.  Of these, five were core analyses and the remaining 12 were rim analyses.  High uranium metamorphic rims were usually very thin and were not analyzed; the term “rim” in this case refers to magmatic overgrowths on xenocrystic cores.  Two grains were analyzed for both rim and core ages.  Most grains were between 100-300 m long, and 75-150 m wide.  Grains are generally euhedral to subhedral, with some broken grains as well.  Almost all grains have low-U xenocrystic cores.  In some cases, these cores appear to have been partially resorbed.  Core overgrowths include darker areas of regular, oscillatory, magmatic zoning and sometimes rounded, high-U metamorphic overgrowths (Fig. 4.5).

Five zircon cores were analyzed to confirm the presence of Grenville inheritance described by Miller et al. (2000).  Of these cores, two were highly (>25%) discordant, probably due to lead loss.  The remaining three cores have typical Grenville 207Pb/206Pb ages of 1098 Ma, 1014 Ma, and 945 Ma (Table 4.1, Table 4.2).  Of the 12 analyzed rims, three were > 25% discordant and were not used to calculate the age of the pluton.  The weighted average 206Pb/ 238U age of the other nine grains is 371.3 + 4.2 Ma (Fig. 4.6).  Metamorphic rims were not large enough to analyze, but are probably Alleghanian. 

Round Mountain
 Two types of zircons are present in the Round Mountain sample.  The first of these is a population of larger (100-500 m in length) zircons with xenocrystic, inherited cores and magmatic overgrowths (denoted LT6 in Tables 4.1 and 4.2).  The second group is a population of small (~100 m in length), acicular grains that lack inherited cores (denoted RMG in Table 4.1 and 4.2; Figs. 4. 7 and 4.8).  Twenty rim analyses and seven core analyses of 22 grains were made on LT6 zircons from the first population.  Five cores yielded typical Grenville 207Pb/206Pb ages of 1274 Ma, 1151 Ma, 1122 Ma, 1063 Ma, and 1038 Ma, one analysis yielded a 207Pb/206Pb age of 2692 Ma, and the other core analysis yielded 204Pb-corrected 206Pb/238U age of 476 Ma; the 476 Ma age is appropriate for the Taconic orogeny (Table 4.1, Table 4.2).  All core analyses are >75% concordant.  Three rim analyses are discordant (> 25%) and were not included in age calculations.  A U-Pb concordia age of 347 + 23 Ma was calculated, and the median age, which is better for determining the central tendency of the data (Ludwig, 2003), is 343.5 + 5.4/-19 Ma (Fig. 4.9). 

Eight grains from the RMG zircon population were analyzed.  These acicular grains are interpreted to have formed during one magmatic event, because they do not have inherited cores, and they are >20% of the size of the LT6 grains.  All of the analyses were >75% concordant, but one sample was excluded from age calculations because it contained anomalously high U.  Four grains form a coherent group with an age of 342.5 + 2.4 Ma (95% confidence) (Fig. 4.10).  This age is within error of the median age of the LT6 grains.  Because the acicular grains are known to accurately represent one magmatic event, the age of this population should accurately represent the crystallization age.

Looking Glass

Thirteen grains were analyzed.  Of these analyses, three were core analyses.  Two groups of Looking Glass zircons were observed: a group of smaller (~100 µm in length, >40 µm in width), acicular grains, and a second group of slightly larger, more rounded grains with low-U xenocrystic cores and more U-rich magmatic overgrowths (Fig. 4.11).  Some fragments were analyzed as well.  The two populations were analyzed together, with preferential sampling of euhedral, acicular grains.  Two cores yielded ages of 640-620 Ma, but one was highly discordant 

(91%).  The other core yielded a typical Grenville age of ~1145 Ma.  Of the remaining ten analyses, all were >75% concordant.  The calculated U-Pb concordia age is 333 + 16 Ma (Fig. 4.12).

Geochemistry
Methods

Whole-rock geochemical analyses were performed on two Round Mountain samples and one Horseshoe Rock sample to characterize these newly identified plutons.  Because they were mapped close to the Whiteside pluton, a sample of Whiteside was also collected for comparison (Figs. 2.1 and 3.5).  Of the two Round Mountain samples, one is from the same location as the sample analyzed for age dating.  The Horseshoe Rock pluton was not identified in time for geochronologic analysis, and geochemical data have already been collected on the Pink Beds and Looking Glass geochronology samples (Miller et al., 1997; 2000).  My data were compared with data on the Rabun, Looking Glass, Pink Beds, Whiteside, Walnut Creek, and Tuckaseegee plutons from previous studies by Miller et al. (1997), Stahr (2008), and Cyphers (2009).  Samples of fresh rock were extracted from outcrops, cut into centimeter-thick slabs on a prep saw, washed and allowed to dry over night, and powdered using a ceramic ShatterboxTM.  At least 10 g each of sample was sent to Activation Laboratories in Ancaster, Ontario, for analysis in May and August 2008.  Multi-element whole-rock analyses were performed using lithium metaborate/tetraborate fusion inductively coupled plasma emission spectroscopy (FUS-ICP), ICPMS, and instrumental neutron activation analysis (INAA).  Standard thin sections were made of each analyzed sample as well.  The petrology and detailed lithologies of each rock are presented in Chapter II.

Whole Rock Geochemistry

New geochemical analyses are presented in Table 4.3.  All new samples contain ~72% silica, similar to the values reported by Stahr (2008) and Cyphers (2009).  Normative feldspar compositions from CIPW normative calculations (Table 4.4) for the Round Mountain and Horseshoe Rock plutons plot in the trondhjemite and granite fields, while the Whiteside sample plots as a granodiorite (Fig. 4.12).  Point counted thin sections yielded similar results (see Chapter II).  These samples plot in the same range as other samples from the eastern Blue Ridge 
(Miller et al., 1997).  Mineralogy and geochemistry indicate that they are uniformly peraluminous (Fig. 4.13).  Harker variation diagrams show negative linear trends for Al2O3 and Fe2O3 for samples from several eastern Blue Ridge plutons (Fig. 4.14).  Correlations between other major oxides and silica are poorly expressed.  There is a positive correlation between Nb/Y and TiO2, but there is no trend between U/Th concentrations and TiO2 (Fig. 4.15).  The Horseshoe Rock and Round Mountain samples are both enriched in Nb/Y, compared with the Tuckaseegee and Walnut Creek samples, but they contain low U/Th concentrations compared to the other eastern Blue Ridge plutons.   

All eastern Blue Ridge granitoids have similar REE and trace element patterns (Figs. 4.16 and 4.17).  All are light REE (LREE) enriched and depleted in HREE.  My Whiteside sample is slightly enriched in Eu (Fig. 4.16).  All of my granite samples are enriched in large ion lithophiles (LILs) and depleted in high field strength elements (HFSE) (Fig. 4.17). All samples are enriched in K, Rb, and Th.  The Horseshoe Rock sample is enriched in Ta, and one Round Mountain sample is enriched in Ce.  All of my samples are depleted in Ti and Nb, and the Round Mountain and Horseshoe Rock samples are depleted in Y.  All eastern Blue Ridge samples are enriched in Pb relative to primitive mantle (Fig. 4.17).


Tectonic discrimination diagrams are valuable tools for understanding the tectonic setting into which granites are emplaced.  Most eastern Blue Ridge samples plot as volcanic arc granites on all tectonic diagrams, but the Horseshoe Rock, Whiteside (Miller et al., 1997), and Pink Beds samples plot as syn-collisional granites on the Ta versus Nb diagram of Pearce et al. (1984) (Fig. 4.18).  Most of them plot as volcanic arc granites on the diagrams of Harris et al. (1986) and Rollinson (1993); however, the Horseshoe Rock sample plots as a within-plate or post-collisional granite in both cases (Fig. 4.19).  On the Hf-Rb/30-Ta*10 diagram, one sample each of the Tuckaseegee and Walnut Creek plutons plot in the post-collisional region as well (Fig. 4.19).  
Zircon REE Results

Zircon REE data were collected for each zircon as geochronological isotopic data was collected on the SHRIMP-RG at SUMAC in May and August 2007 (Table 4.5).  All samples are depleted in LREEs and enriched in HREEs, with a positive Ce anomaly (Figs. 4.20, 4.21, and 4.22).  The Pink Beds sample shows a negative Eu anomaly as well (Fig. 4.20).  Round Mountain and Looking Glass zircons lack the negative Eu anomaly (Fig. 4.21, Fig. 4.22).  Some Round Mountain samples actually have a slight positive Eu anomaly (Fig. 4.21). 
Geothermometry
Background


Identifying the thermal conditions in the crust at the time that a pluton is intruded is difficult; this is due to the lack of minerals that record temperature-sensitive cationic exchange reactions and by re-equilibration that occurs as the rock cools over time (Miller et al., 2003).  Many studies in the region surrounding the study area have focused on peak metamorphic conditions (e.g., Cyphers, 2009; Moecher et al., 2004); but very few studies have examined the thermal conditions in the plutons (Mapes, 2002; Miller et al., 2003; Stahr, 2008).  The zircon saturation geothermometer of Watson and Harrison (1983) is used here to identify the magmatic temperature in the Whiteside, Round Mountain, and Horseshoe Rock plutons.  Temperature conditions were determined for the Round Mountain pluton using the two-feldspar thermometer of Stormer (1975) and Whitney and Stormer (1977).
Methods

Whole-rock geochemical analyses of the Round Mountain and Horseshoe Rock plutons were used to calculate zircon saturation temperatures, using the equation from Watson and Harrison (1983).  A thin section, taken from the same Round Mountain sample location as the sample used in SHRIMP analysis, was also analyzed using a Cameca SX 50 electron microprobe at the University of Tennessee’s electron microprobe facility.  Settings were 15 eV excitation potential and 10 nA.  Spot size was 2 microns.  Approximately 210 analyses were completed, including analyses of quartz and standards.  Acquired data were then used to estimate the temperature of the Round Mountain pluton, using Stormer’s (1975) and Whitney and Stormer’s (1977) two-feldspar thermometers.  
Results

Using data gathered using the EMP, proportions of Na, Ca, and K in feldspars were calculated, relative to the total amount of these cations in each analysis.  The complete set of analyses is presented in Appendix B.  Most plagioclase falls in the range of An30-40, and most K feldspars are in the Or 90-100 range (Fig. 4.23).  Each grain is homogenous, with no zonation across the grains.  The same original data were also used to estimate the temperature at which the feldspars equilibrated.  The two-feldspar thermometer (Stormer, 1975) yielded a temperature of 860° C for the Round Mountain pluton.  The Whitney and Stormer (1977) two-feldspar thermometer yielded a temperature of 803° C.

Zircon saturation geothermometry was also used to calculate temperatures for the Round Mountain, Looking Glass, Whiteside, and Horseshoe Rock samples (Table 4.6).  Error associated with this geothermometer is + 50 degrees, so this geothermometer only provides a general temperature range at which the sample could have crystallized (Hanchar and Watson, 2003).  These analyses yielded crystallization temperatures of 736° C and 777° C for the Round Mountain pluton and 756° C for the Horseshoe Rock pluton.  The crystallization temperature for the Whiteside sample was calculated at 736° C, very close to the 731° C zircon saturation estimate of Miller et al. (2000).  A zircon saturation temperature of 616° C was calculate for the Tuckaseegee pluton, based on geochemical data from Cyphers (2009), but this temperature is outside of the tested range of this thermometer (Watson and Harrison, 1983).  With the exception of the Tuckaseegee pluton, all of these temperatures are similar to other eastern Blue Ridge plutons (Fig. 4.24).   
Discussion


Important questions regarding eastern Blue Ridge plutons include their ages and whether their compositions evolved through time.  This study has shown that the Pink Beds pluton intruded ~371 Ma, the Round Mountain pluton intruded ~342 Ma, and the Looking Glass intruded at ~333 Ma.  This confirms the fact that plutonism was a component of each Appalachian orogeny (see Figure 1.1).  Although the Tuckaseegee and Horseshoe Rock plutons have not been dated, field relationships indicate that they are young, and they probably have similar ages to the Looking Glass and Round Mountain plutons.  If this is the case, then it appears that the Alleghanian orogeny in this part of the mountain chain was characterized by many small plutons intruded between two larger ones.  Although only two of the smaller plutons (Round Mountain and Walnut Creek) have been dated, it appears that the smaller plutons may be slightly older than the larger Rabun and Looking Glass bodies.  It appears that the older plutons are more likely to be trondhjemitic than granodioritic as well.

One important difference between this research and previous U-Pb ion microprobe zircon dating efforts is the approach used to obtain an age.  Miller et al. (2000) chose the oldest concordant age from each sample as the age of the rock.  All other ages were attributed to lead loss.  This research used a similar approach to that of Stahr (2008).  In that study, the largest clusters of zircon ages were assumed to represent the magmatic age of the zircon.  Significantly older zircons were excluded from calculations, and ages with large errors were also excluded (Stahr, 2008).  One of the ages obtained by Stahr (2008) duplicated a U-Pb Isotope Dilution Thermal Ionization Mass Spectrometry age obtained by Miller et al. (2006) for the Rabun pluton.

This study also determined ages using the age distribution.  The age of the pluton was assumed to be represented by the highest concentration of ages, and younger ages were attributed to lead loss.  Older ages were thought to be mixing ages.  This study differed from Stahr (2008) in the criteria used to exclude zircons from age calculations.  In this study, zircons were only excluded from calculations if they were highly discordant (> 10% discordant for the Pink Beds and Round Mountain pluton; > 25% for the Looking Glass pluton).  


Because pluton ages here have significant implications for the timing of deformation in the eastern Blue Ridge, it is important to ensure that the ages obtained from this research are truly representative.  The oldest concordant zircon age from this study is 415.7 + 0.4 Ma, but the U concentration of this zircon is five times higher than any other Pink Beds zircon.  Also, this age is not appropriate for any of the orogenic events in the eastern Blue Ridge.  Other zircon ages cluster tightly between ~390 Ma and ~368 Ma, further supporting the Neoacadian magmatic age presented here.  The oldest concordant age with reasonable U concentrations from the Looking Glass pluton in this research is 374.2 + 0.7  Ma.  This age is appropriate for the Neoacadian orogeny.  The fact that six of the ten magmatic rim analyses yielded ages >350 Ma suggests that a younger age may be more representative, but the small number of analyses poses serious difficulties for determining the age of this pluton.  Regardless, the age of the Looking Glass pluton is younger than previously reported.  The age reported here for the Round Mountain pluton is the most reliable.  Although the oldest age is 371.6 Ma, the presence of acicular grains, which are interpreted to form in the most recent magmatic event, delimits the age of this pluton to ~343 Ma. This age is appropriate for the early part of the Alleghanian orogeny.  Even if the oldest magmatic age is interpreted to be the most representative for each pluton, this research shows that plutonism occurred until at least 343 Ma.
Geochemically, all of the eastern Blue Ridge plutons are very similar.  Whole rock, rare element, and trace element compositions do not vary with age.  The plutons also contain only one mafic phase, biotite.  The only exception is the Rabun Granodiorite, which contains <2% hornblende (Stahr, 2008).  The most puzzling observation is that most of the plutons plot as volcanic arc or syn-collisional granites (Fig. 4.16), even though the eastern Blue Ridge was not in a volcanic arc setting during the Neoacadian or Alleghanian orogenies.  The volcanic arc signature is further substantiated by the REE and trace element diagrams, which show a typical arc-like signature.  The plutons are all peraluminous, and they all contain inherited zircons, indicating that crustal material was recycled into these granitoids.  Older crust had to be assimilated, and some of that material must have come from an arc.  Evidence that these granitoids are themselves part of an arc is sparse though (Miller et al., 1997).

Although the data are limited, there appears to be a correlation between zircon REE patterns and time.  REE patterns in zircons from the Round Mountain and Looking Glass plutons lack the Eu anomaly characteristic of magmatic zircons in a granitic melt.  The Pink Beds zircons have a REE pattern typical of granitic rocks, but they are also ~35 Ma older.  There are several likely explanations for this observation.  Most REEs have a 3+ valency; however, Ce and Eu can oxidize or reduce, respectively, to Ce4+ and Eu2+.  Eu can oxidize during normal magmatic processes.  Most zircons derived from granitoids have a negative Eu anomaly (Mazdab and Wooden, 2006).  This anomaly occurs because plagioclase usually crystallizes first, preferentially incorporating Eu2+ into the Ca site (Neal and Taylor, 1989).  Zircon, which crystallizes later, has the same depletion in Eu as the remaining melt.  In the case of the Round Mountain and Looking Glass plutons, however, there is no Eu anomaly observed in the zircons.  Understanding the importance of this observation requires an understanding of REE behavior in zircons.

The Ce and Eu anomalies observed in most zircons are partially due to the chemical behavior of REEs.  Most zircons derived from granitoids have a negative Eu anomaly and a positive Ce anomaly (Hoskin and Schaltegger, 2003).  These anomalies may be explained by oxidation and reduction.  A positive Ce anomaly indicates that the melt was oxidized, and no Eu anomaly would be found.  However, normal granitoids have both anomalies, which would mean that both oxidation and reduction occurred (Hoskin and Schaltegger, 2003).  This paradox indicates that other factors besides oxidation and reduction are at work (Maas et al., 1992).  One possible explanation for the paradoxical occurrence of both a Ce anomaly and an Eu anomaly is plagioclase fractionation of REEs.  The Eu anomaly occurs because plagioclase usually crystallizes first, preferentially incorporating Eu2+ into the Ca site in its structure (Neal and Taylor, 1989).  

There are several potential explanations for why the negative Eu anomaly was not observed in Round Mountain and Looking Glass zircons. One possibility is that these granites contained more Eu than other granites, although whole-rock REE patterns do not reveal a positive Eu anomaly that would support this hypothesis.  Another possibility is that either plagioclase crystallized at a higher temperature than normal, or zircon crystallized at a lower than normal temperature.  Evidence such as plagioclase inclusions in zircon or anhedral zircons that appear to have grown in between plagioclase could confirm this, but neither has been observed in thin section.  Overlapping zircon saturation temperatures and plagioclase closure temperatures could also support this hypothesis, but this was not observed either.  The most likely possibility is that the melt was oxidized and most Eu was trivalent.  The presence of oxidized minerals, such as hematite, would confirm the former possibility, although none of the analyzed samples contain obvious signs of oxidation.  It is interesting to note that both plutons with unusual Eu anomalies intruded ~340 Ma; this could indicate that oxidizing conditions prevailed throughout this part of the eastern Blue Ridge at the time.  The fact that agmatite and migmatite, which could have formed as a result of excess water around the pluton when it intruded, were mapped throughout the study area could support this hypothesis as well.  Collecting REE data on other Alleghanian zircons could confirm the regional nature of these conditions during the Alleghanian.

 Feldspar compostions in the Round Mountain trondhjemite seem to indicate that conditions were stable as the pluton was forming.  There is no significant chemical variation across any of the feldspar crystals.   Because these feldspar compositions were used to determine the temperature at which the feldspars equilibrated during the crystallization of the pluton, it is apparent that temperature was fairly constant while feldspars were forming.  Both temperatures calculated for the Round Mountain pluton are higher than expected, but not unreasonable.  Because the Whitney and Stormer (1977) thermometer was tested on plutons that formed in a similar part of the crust, the temperature from this thermometer is more reliable. Plutons that contain inherited zircons are usually thought to have formed at temperatures below ~800° C (Mapes, 2002).  Both temperature estimates are within this range.

Both the Whitney and Stormer (1977) and zircon saturation temperature estimates reveal a similar trend regarding temperatures in younger plutons.  The Round Mountain and Horseshoe Rock plutons crystallized at slightly higher temperatures than many of the older plutons, but it was in a similar range as the Rabun and Looking Glass plutons.  Most of the Alleghanian plutons have a higher range of temperature estimates than older plutons, suggesting that this part of the eastern Blue Ridge was somewhat warmer during this time than during previous orogenies.  The only exception to this rule is the Tuckaseegee pluton, which did not have enough Zr to provide a reasonable temperature estimate (Fig. 4.24).
Synthesis and Conclusions


Plutonism was a key component of all three Paleozoic orogenies in the eastern Blue Ridge, particularly in the region between I-40 and the North Carolina-South Carolina state line.  Geologic mapping in the Lake Toxaway quadrangle has identified two new plutons, the Round Mountain pluton and the Horseshoe Rock pluton.  Contacts between the Whiteside pluton and Looking Glass pluton were also mapped in detail.  New U-Pb ages, geochemical analyses, and geothermometry estimates are presented for these plutons, as well as the Pink Beds pluton, located to the northeast of the study area. 

Many eastern Blue Ridge plutons were radiometrically dated previously; however, questions regarding the accuracy of these ages have arisen as a result of conflicting U-Pb ages on the Rabun pluton (Miller et al., 2000; Miller et al., 2006).The Looking Glass and Pink Beds plutons, two of the previously studied granites, and the newly identified Round Mountain pluton were dated using U-Pb SHRIMP zircon geochronology.  The Pink Beds pluton was found to be ~371 Ma, zircons from the Round Mountain pluton yielded an age of ~343 Ma, and Looking Glass zircons yielded an age of ~333 Ma.  All reported ages were calculated using only concordant analyses, and all of them represent the most common group of obtained ages.
Four new whole-rock geochemical analyses were done on eastern Blue Ridge granites: two samples from the Round Mountain pluton, one sample from the newly identified Horseshoe Rock pluton, and one sample of Whiteside Granite.  These were compared with previously published data on the Whiteside, Looking Glass, Pink Beds, Rabun, and Tuckaseegee plutons (Miller et al., 1997; Stahr, 2008; Cyphers, 2009).  All plutons are geochemically very similar.  They are peraluminous granites, granodiorites, and trondhjemites that plot as volcanic arc granites, with the exception of the Horseshoe Rock pluton, which plots as a syn-collisional or within-plate granite.  REE and trace-element data are very similar for all eastern Blue Ridge plutons.

Zircon REE data on the Pink Beds, Round Mountain, and Looking Glass plutons were also collected.  Pink Beds zircons are enriched in LREE and depleted in HREE; they also have the characteristic positive Ce anomaly and negative Eu anomaly.  Round Mountain and Looking Glass zircons, however, lack the Eu anomaly.  The two plutons that do not have the Eu anomaly are also much younger than the Pink Beds pluton.  These plutons probably formed under oxidizing conditions.  As a result, they do not contain much Eu2+, and plagioclase could not preferentially take it up.  Field evidence also suggests that water was associated with the intrusion of the Looking Glass pluton.

Zircon saturation geothermometry and the two-feldspar thermometer of Stormer (1975) and Whitney and Stormer (1977) were used to estimate the temperatures of these plutons when they formed.  Electron microprobe analyses were used to characterize feldspar compositions in the Round Mountain pluton and to yield a temperature estimate of 860° C, using the Stormer (1975) thermometer, and 803° C, using the Whitney and Stormer (1977) thermometer.  Whole-rock geochemical data were used to estimate the zircon saturation temperatures of the Round Mountain, Horseshoe Rock, and Whiteside plutons.  These temperatures were in the same range as other eastern Blue Ridge plutons.  Some of the Alleghanian plutons and plutons that are thought to be young have slightly higher temperatures than older plutons.  This suggests that the Alleghanian orogeny may have been a little hotter in this region than previous events; however, the temperature differences are not enough to be detected by looking at metamorphic conditions, and these temperatures are still within error of the older plutons.

Miller et al. (1997) used major and trace element compositions, along with isotopic compositions from eastern Blue Ridge plutons, to develop an explanation of how these plutons formed.  The source region had to consist of K-feldspar poor mafic to ultramafic rock with low Mg#, high SiO2, low total feldspar content, LILE-poor composition, and either highly depleted rock or rock with abundant hornblende or garnet to account for the HREE composition of the resulting melts.  Isotopic compositions and the presence of inherited zircon cores suggest mixing between this crustal material and the other material.  Because the granites in this area are very similar in composition regardless of age, the same or similar crust had to be beneath this region from the early Taconic until at least the early Alleghanian.  Miller et al. (1997) concluded that a volcanic arc-like source is more likely than MORB to account for enrichment in Ba, Sr, and LREEs and relative depletion in U, Th, and HFSE.  20-30% melting of a calc-alkaline mafic source could produce melts of the appropriate composition, leaving a garnet-pyroxene amphibolite residue (Miller et al., 1997).  Miller et al. (1997) suggested that mafic material, possibly derived from  the subducting slab, underplated continental crust, and partial melting of the mafic and felsic material through multiple orogenies produced the granitic compositions observed in the eastern Blue Ridge.  

Although no isotopic data were collected on the new eastern Blue Ridge samples, the whole-rock geochemical data from these plutons support this model.  These plutons may be derived from slab material that was subducted to the east during the Ordovician orogeny and underplated the crust.  Subsequent orogenies thickened the crust, causing partial melting in the mafic material, which rose through the continental crust, causing anatexis.  These two melts mixed to produce granitoid bodies of granitic, granodioritic, or trondhjemitic composition, depending on the amount of continental material the melt assimilated.
Chapter V: Geochemistry of Central and Eastern Blue Ridge Amphibolites and Hornblende Gneisses
Introduction

 The fact that mafic and ultramafic rocks occur east of the Hayesville fault, but not west of it, is one of the most important clues that the Hayesville fault separates Laurentian sediments of the western Blue Ridge from other, more distal terranes in the eastern Blue Ridge (Hadley and Goldsmith, 1963; Hadley and Nelson, 1971).  These mafic and ultramafic rocks are found throughout most of the terranes in the eastern Blue Ridge and Inner Piedmont of the southern Appalachians, including the Tugaloo terrane.  In the Tugaloo terrane, amphibolites that are interpreted as metabasalts are common, particularly in the lower member of the Tallulah Falls Formation (Fig. 2.6, Hatcher, 2002; Hatcher et al., 2007).  These mafic rocks are interlayered with Tallulah Falls metagraywackes, or they occur as discrete boudins, indicating that their origin is closely linked with that of the metagraywackes.  Previous studies have suggested that some of these bodies, particularly those associated with metaultramafic rocks, may be dismembered ophiolites (e.g., McElhaney and McSween, 1983; Misra and Keller, 1978; Hatcher et al., 1984; Misra and McSween, 1984; McSween and Hatcher, 1985; Misra and Conte, 1991; Swanson et al., 2005; Peterson et al., 2006, 2009); although discrete bodies of amphibolite are geochemically different from amphibolite that is interlayered with metagraywacke (e.g., Hatcher et al., 1984).  

The area around the northeastern end of the Toxaway dome (Figs. 2.1 and 3.5) contains numerous amphibolite and hornblende gneiss bodies, most of which are concentrated in the lower member of the Tallulah Falls Formation.  What were the protoliths of these rocks, and why are they here?  The purpose of this chapter is to examine these gneisses in order to understand their origin and to classify them according to their geochemistry.
Previous Work

The origins of Appalachian mafic and ultramafic rocks were debated for most of the 20th Century.  Mafic and ultramafic rocks have been recognized in the southern Appalachians for a century (i.e., “Roan gneiss” of Keith, 1907).  Hess (1939; 1955) recognized that these rocks were found in two belts on either side of the central part the Appalachians; these were two of the most important early papers regarding the origins of ultramafic rocks in mountain chains (Moores, 1982).  Larrabee (1966) refined Hess’ (1939; 1955) distribution.  Misra and Keller (1978) summarized previous ideas regarding the origin of these rocks.  These include interpretations as mantle diapirs, dismembered ophiolites, fragments in tectonic mélanges, and fragments of oceanic crust (i.e. Misra and Keller, 1978; Misra and McSween, 1984; Abbott and Raymond, 1984; Raymond et al., 1989).  Geochemical analyses (i.e., Hatcher et al., 1984; Misra and Conte, 1991; Quinn, 1991) showed that many of the amphibolites and ultramafic complexes in the southern Appalachians originated as ophiolitic material; however, none of these analyses contained the complete suite of elemental analyses that are included in modern studies (i. e., Wilson, 2006; Cyphers, 2009).  Raymond et al. (1989) examined amphibolite blocks contained in mélanges in the Toe and Cullowhee terranes (defined earlier as the Tugaloo terrane and Dahlonega gold belt; e.g., Hatcher et al., 2007; Stahr, 2008; Cyphers, 2009; Merschat, 2009).   Cyphers (2009) examined amphibolites from mesoscale block-in-matrix structures in the Dahlonega gold belt.  The results of each study are similar, with Raymond et al. (1989) suggesting an ophiolitic origin for the amphibolites.  Swanson et al. (2005) summarized the mineralogical, petrological, and geochemical data on eastern Blue Ridge mafic and ultramafic rocks, and Peterson et al. (2006) examined the petrogenesis of central Blue Ridge mafic and ultramafic rocks.  Both studies also supported the hypothesis that southern Appalachian amphibolites and ultramafic rocks represent dismembered ophiolites that formed between the rifting of Rodinia and the Taconic orogeny.  Peterson et al. (2009) examined geochemical and field evidence from the Buck Creek ultramafic complex in order to describe its emplacement and metamorphic history, and reached similar conclusions.

Several geochemical studies of Tugaloo terrane amphibolites, however, indicate a different origin for some southern Appalachian amphibolites.  Hatcher et al. (1984) suggested that the amphibolites that are interlayered with the lower member of the Tallulah Falls Formation have different geochemical compositions than the larger boudins, but fresh samples of these amphibolites are very difficult to collect because they do not outcrop in creeks, and as a result, there are few, if any, analyses of this type.  Bream (1999), Davis (1993), Yanagihara (1994), and Kalbas (2003) examined the Poor Mountain Amphibolite, part of the Middle Ordovician Poor Mountain Formation that unconformably overlies the Tallulah Falls Formation east of the Brevard fault zone (Hatcher, 2002).  Most samples plot as mid-ocean ridge basalts on tectonic discrimination diagrams (Bream, 1999; Davis, 1993; Yanagihara, 1994; Hatcher, 2002; Kalbas, 2003), although several of the samples plot as island arc tholeiites.  
Methods

Previously published data from the Dahlonega gold belt (block-in-matrix amphibolites of Cyphers, 2009), Tugaloo terrane (Ashe/Alligator Back amphibolites of Misra and Conte, 1991; Laurel Creek complex of Hatcher et al., 1984), and the Cartoogechaye terrane (Carroll Knob complex of Hatcher et al., 1984) were compiled.  The tectonic setting and field characteristics of each are described in Table 5.1.  Three new samples of fresh amphibolite were also collected from the Tugaloo terrane near the northern end of the Toxaway dome (Fig. 3.5).  The new samples come from continuous amphibolite layers that range from 1-5 meters thick, with no associated ultramafic rocks mapped nearby.  The fresh amphibolite samples were cut into ~1 cm slabs at the University of Tennessee, washed, allowed to air dry for at least 24 hours, powdered in a ceramic mill in a Shatterbox™, and at least 10 g of powder per sample was sent to Activation Laboratories in Ancaster, Ontario, for bulk geochemical analysis.  Multi-element analyses were performed using lithium metaborate/tetraborate fusion inductively coupled plasma emission spectrometry (FUS-ICP), total digestion (TD-ICP), inductively coupled plasma mass spectrometry (ICP-MS), and instrumental neutrol activation analysis (INAA).  Standard thin sections were cut from the same samples.  Point counts and detailed petrography are discussed in Chapter II.

Geochemistry

Geochemical analyses of the three new Tugaloo terrane samples are given in Table 5.2.  All three samples are foliated, quartz-plagioclase (An37)-epidote-hornblende gneisses, containing 42-61% SiO2.  Some samples contain biotite, garnet, and opaque minerals (ilmenite?) as well. The CIPW normative compositions of each new sample were calculated using IgPet™ and are given in Table 5.3.  The Niggli Mg-(Al-alkali)-Ca ternary diagram is used to distinguish between para- and ortho-amphiboles (Fig. 5.1) (Leake, 1964).  One amphibolite sample plots on the late basic igneous rocks line in the diagram; the other two samples plot on the line between metapelites and limestone.  This may indicate that the amphibolites are metasedimentary rocks.  

Other geochemical data show that the two samples from north of the Toxaway dome are significantly different than other eastern Blue Ridge amphibolite samples.  Fractionation indices like SiO2, Mg#, and FeO/MgO normally show a negatively sloping linear trend when plotted against the major element oxides and trace elements in igneous rocks.  In most cases, these diagrams show no trend at all (Figs. 5.2 and 5.3).  This may also be a result of the small number of samples and analytical uncertainty, since most of the oxides plot within a few parts per million of each other.  Using an element such as Zr, which is immobile and highly incompatible, as the fractionation index should provide more reliable data regarding the pre-metamorphic composition of these rocks (Figs. 5.4 and 5.5).  These diagrams of the major element oxides, however, only show obvious linear trends in SiO2, MgO, and CaO, all of which are elements that may have been mobile during metamorphism (Fig. 5.4).  Diagrams of selected trace elements (Fig. 5.5) show a weakly negative linear trend in Nd and a strong positive linear trend in Hf.  With the exception of one Cartoogechaye terrane sample, all Blue Ridge amphibolites plot as tholeiitic basalts on the Floyd and Winchester (1975) diagram (Fig. 5.6).  Samples also plot in the tholeiitic series on the AFM diagram (Fig. 5.7; Irvine and Baragar, 1971).  They plot as picrite, picrobasalts, basalts, basaltic andesites, and andesites on the LeBas et al. (1986) diagram (Fig. 5.8).  It is interesting to note that two of the new samples plot as andesites; this may truly reflect their composition and the fractional crystallization processes that generated them, or it may be a result of increased silica in a metasedimentary rock with significant basaltic input. 

One way to examine the origin of the two andesitic samples is to plot trace and rare earth element diagrams (Fig. 5.9).  There is significant variation in the multi-element diagram of Pearce (1983). Part of this variation is due to the fact that the two earlier studies (Hatcher et al., 1984; Misra and Conte, 1991) did not include as many analyses as some of the modern studies (i.e., Cyphers, 2009); nevertheless, they are still useful in analyzing overall trends.  Most samples are extremely variable in high field strength elements, but the pattern is much flatter for large ion lithophiles.  The variation in high field strength elements is probably because those elements are highly fluid mobile.  The chondrite-normalized REE pattern (after Sun and McDonough, 1989) is similar (Fig. 5.9B) for all of the samples, except for one of the samples from Misra and Conte (1991).  All have a relatively flat pattern, with slight enrichment in light REEs and slight depletion in heavy REEs.  Two of the new samples have a slight negative Eu anomaly; the third sample has a slight negative Gd anomaly.  If the andesitic samples are the result of fractional crystallization, more evidence of fractionation, such as a strongly negative Eu anomaly, would be expected.  

Tectonic discriminant diagrams are some of the most powerful tools in understanding the provenance of Appalachian amphibolites.  All samples plot as basalts, basaltic andesites, or andesites (Fig. 5.10).  There is more variability on some of the diagrams, however.  Tugaloo terrane samples plot as calc-alkali basalts or ocean floor basalts on the Zr-Ti/100-Y*3 diagram (Fig. 5.10A; Pearce and Cann, 1973), mid-ocean ridge basalts or within-plate basalts on the tectonic discriminant diagram of Pearce and Norry (1979)(Fig. 5.10B), and mid-ocean ridge or calc-alkali basalts on the Zr-Ti diagram (Pearce and Cann, 1973; Fig. 5.10C).  Cartoogechaye terrane and Dahlonega gold belt samples plot consistently as mid-ocean ridge basalts (Fig. 5.10).  In all tectonic discrimination diagrams, appropriate compositional screens were observed.
Discussion

Central Blue Ridge amphibolites are geochemically more homogeneous than eastern Blue Ridge amphibolites.  Most of the amphibolites in central Blue Ridge have a strong MORB affinity, and the multi-element diagrams show trends very similar to MORBs and to arc andesites.  Amphibolite and chromite geochemistry from the Webster-Addie complex in the Cartoogechaye terrane suggests that these potential ophiolites may have a supra-subduction zone origin (McElhaney and McSween, 1983; Quinn, 1991; Soraruf et al., 2002a, 2002b; Peterson et al., 2004).  Geochemically, eastern Blue Ridge samples are much less consistent than central Blue Ridge samples; they are more variable in terms of rock types (Fig. 5.8) and tectonic setting (Fig. 5.10).  They plot as calc-alkali basalts, MORBs, and ocean floor basalts.  

The amphibolite sample used in this study is geochemically very similar to the other Blue Ridge amphibolites.   If they originated as ophiolitic basalts, the central Blue Ridge samples most likely came from a mid-ocean ridge setting.  Some of the eastern Blue Ridge samples may have an ophiolitic protolith as well.  One new sample has an igneous protolith, and originated as a tholeiitic basalt.  The two northern samples are geochemically very different from other eastern Blue Ridge amphibolites.  Both of these hornblende gneisses plot as metasedimentary rocks, and contain more silica than other amphibolites, but the REE composition is very similar to the other Blue Ridge amphibolites.  These samples are from the same unit, and that unit may have a completely different protolith from other amphibolites and hornblende gneisses in this area.  They may be from a metatuff deposit, or they may in fact be metasedimentary rocks that contain more finely interlayered metagraywacke than other amphibolites.  The REE composition suggests that a basaltic component has to be present in these rocks, and that metabasalt controls the REE composition.  The basaltic component is likely to have a similar composition to the other amphibolite sample collected south of the Toxaway dome.
Chapter VI: Metamorphism

Introduction


The Blue Ridge of North Carolina and Tennessee contains a complete Barrovian metamorphic sequence (Fig. 6.1; Hadley and Goldsmith, 1963; Drake et al., 1989; Eckert et al., 1989; Hatcher and Goldberg, 1991).  Metamorphic grade increases from anchizone near the Great Smoky fault to granulite facies in the central Blue Ridge before decreasing to amphibolite facies (kyanite-staurolite grade) along the Brevard fault zone (Fig. 6.1; Butler, 1973; Force, 1976; Absher and McSween, 1985; Butler, 1991; Hatcher and Goldberg, 1991; Moecher et al., 2004).  The Brevard fault zone contains amphibolite facies rocks with a strong greenschist facies overprint (Fig. 6.1; Hatcher, 2001).  East of the Brevard fault zone, metamorphic grade increases again from lower amphibolite facies (garnet grade) to granulite facies in the Sauratown Mountains window and near Newton, North Carolina (Merschat, 2009; Byars, 2009), before decreasing to amphibolite facies (kyanite grade) along the Central Piedmont suture (Fig. 6.1).  


The purpose of this chapter is to describe metamorphism in the Lake Toxaway and eastern Big Ridge quadrangles.  Although all of the electron microprobe data presented are from plutons, field and petrographic observations of pelitic rocks provide insight into the metamorphic conditions in the study area. This main purpose includes several lesser goals: (1) To describe the mineral assemblages throughout the study area.  (2) To determine whether or not the contact metamorphism, similar to that described by Stahr (2008) around the Whiteside, Rabun, and Walnut Creek plutons, extends into my field area as a characteristic of Ordovician and Mississippian plutonism. (3) Determination of the timing of metamorphism relative to plutonism and deformation in the study area.

Metamorphic Isograds


Detailed geologic mapping has been completed in all of the quadrangles north, east, and west of the Lake Toxaway and eastern Big Ridge quadrangles (Fig. 6.2).  Part of this detailed geologic mapping includes identification of metamorphic isograds.  Stahr (2008), Cyphers (2009), and Merschat (2009) identified the sillimanite isograd northwest and north of the study area (Fig. 6.2).  Horton (1982) determined that the eastern Blue Ridge portion of the Rosman quadrangle is wholly in the kyanite zone.  Isograds in other, surrounding quadrangles were determined by other geologic mappers who worked in each area (see Chapter VII, Fig. 7.9).  These observations, with the field observations from this study, indicate that almost the entire 
study area must be within the kyanite and kyanite-staurolite zone (Figs. 6.2 and 6.3).  Field observations confirm that the sillimanite isograd crosses the extreme northwestern portion of the study area (Fig. 6.3).  Sillimanite has been observed in a few outcrops in the northern part of the study area as well.  The central portion of the study area consists of Ordovician and Alleghanian plutons surrounded by migmatitic biotite gneiss.  Staurolite has been observed in the migmatitic areas, mostly in the garnet-aluminous schist member of the Tallulah Falls Formation.  Kyanite is mostly observed south of the plutons, closer to the Toxaway dome.  Staurolite is observed most commonly in the central portion of the study area inside the migmatitic aureole around several of the plutons.  This distribution suggests that the kyanite isograd lies between the Whiteside pluton and the Toxaway dome in the southeastern part of the study area (Figs. 6.2 and 6.3).

Field and Petrographic Observations


Field and petrographic observations confirm that the entire study area has undergone amphibolite facies metamorphism.  The garnet-aluminous schist member of the Tallulah Falls Formation is particularly useful in this area, because it contains important index minerals that can be used to delimit the temperature and pressure conditions to which the rock was subjected.  The Barrovian index minerals kyanite, sillimanite, and staurolite were observed in outcrop and hand sample (Fig. 6.3).  Sillimanite and staurolite were also observed in thin section (Figs. 6.4-6.6).  No kyanite was observed in thin section, probably because most thin section samples were taken collected from the migmatitic aureole.  
Mineral Assemblages


The observed mineral assemblage in the garnet-aluminous schist consists of muscovite + biotite + quartz + plagioclase + opaque minerals + garnet + staurolite + clinozoisite + chlorite + aluminum silicate (listed in order of decreasing abundance).  Fibrolite is only present in the core of one garnet porphyroblast (Fig. 6.4).  Garnet porphyroblasts vary in size and shape.  They are commonly fractured and contain inclusions.  Some garnets have aligned inclusion trails that preserve an earlier foliation, while others have obviously been rotated during growth (Fig. 6.5).  Coarse-grained muscovite is ubiquitous and defines the foliation in all thin sections and in many outcrops.  Brown pleochroic biotite is also common, although it is not as coarse-grained as muscovite.  Quartz and plagioclase are anhedral and vary in size, with undulatory extinction in the quartz and albite twinning in the plagioclase.  Opaque minerals are elongate and lie within 
the foliation in many cases.    Staurolite porphyroblasts range from 0.5 mm to a centimeter in diameter and range from euhedral to anhedral.  Larger porphyroblasts contain quartz and biotite inclusions in their cores, with inclusion-free rims (Fig. 6.5).  Fine-grained, euhedral clinozoisite occurs in the matrix, commonly surrounded by muscovite.  Chlorite is usually found with biotite or in fractures in garnets.

Peak Metamorphism and Metasomatism


Although these rocks are in the kyanite and sillimanite zones, almost no kyanite or sillimanite was observed in the migmatitic region in the central part of the Lake Toxaway and eastern Big Ridge quadrangles (Fig. 6.3).  Rectangular-shaped muscovite grains were observed in the field though.  The most likely explanation for these observations is that water associated with the intrusion of the plutons reacted with the aluminum silicate (kyanite) to form muscovite.  The rectangular muscovite crystals are probably kyanite pseudomorphs.  The expected hydration reaction is 
Kyanite + Quartz + Water + K2O = Muscovite 

       3Al2SiO5 + 3SiO2 + 2H2O + K2O = 2 KAl3Si3O10(OH)2

 
(R1)

Although no quantitative pressure or temperature estimates were obtained in this study, observed mineral assemblages and textures provide key information about peak and retrograde metamorphism.  Davidson (1995) and Cyphers (2009) determined that peak metamorphic conditions just northwest of the study area reached 650-710° C and 5.7-7.6 kbar.  The peak metamorphic conditions generated the observed aluminum silicate minerals, and similar temperature and pressure conditions would be expected in the field area.

Staurolite replacement by muscovite has been observed in parts of the study area as well (Fig. 6.6).  This reaction requires hydration, and K+ has to be carried in with the fluid, because there is no K-feldspar available for the reaction.  Fe2+ would have to be removed by the fluid as well.  The expected reaction is given below.

Staurolite + Quartz + Water + K+ = Muscovite + Fe2+


Fe2Al9O6(SiO4)4(OH)2 + 5SiO2 + 2H2O + 3K+ = 3KAl3Si3O10(OH)2 + 2Fe2+
 (R2)

Retrograde Metamorphism


Several retrograde reactions and textures occur in the study area.  These retrograde reactions probably occurred under lower greenschist facies conditions. These reactions have to be Alleghanian because they have been identified in Mississippian plutons, as well as in the surrounding rocks.  The reactions are probably a result of fluids from the Brevard fault zone percolating through the surrounding rocks and altering the mineral assemblage.  Some estimates require a fluid: rock weight ratio of 250:1 in the Brevard fault zone during the Alleghanian (e.g., Sinha et al., 1996), and the zone affected by these fluids includes areas ~ 1 km outside of the fault zone (Edelman et al., 1987).  Deformation from the Brevard fault zone has been recognized in the extreme southeastern part of the study area, so a retrograde overprint from the Brevard fault zone would be expected here.  An Alleghanian greenschist overprint that is not attributed to the Brevard fault zone has also been described throughout the Blue Ridge, however (e.g., Reed and Bryant, 1970; Cyphers, 2009; Merschat, 2009), so retrograde metamorphism would be expected throughout the study area.  

Three reactions are recognized both in the plutons and the surrounding Tallulah Falls Formation.  The first of these is the sericitization of plagioclase (Fig. 6.7).  Sericitization is a common alteration process in feldspars (Raymond, 2002), and in the study area it is most commonly observed in plutonic rocks.  Plagioclase is found in most of the pelitic samples as well, but sericitization is much less common in those samples. The second reaction is the breakdown of biotite to chlorite (Fig. 6.8).  This reaction is characteristic of the greenschist facies overprint in this area (e. g., Hatcher, 2001; Raymond, 2002).  Another reaction is the breakdown of garnet to biotite and chlorite or to chlorite.  This retrograde reaction is observed along fracture planes within garnets.  
Migmatization and Plutonism


Stahr (2008) observed migmatitic border zones and other textural and mineralogical evidence of contact metamorphism around the Whiteside, Rabun, and Walnut Creek plutons.  Burton (2007) also recognized that the Whiteside pluton has wide migmatitic aureoles.  The migmatitic zone was observed around the ~466 Ma Whiteside pluton (Miller et al., 2000) throughout the study area (Figs. 6.2 and 6.3).  Migmatitic zones are present around the Looking Glass (~333 Ma, Chapter IV) and Horseshoe Rock (undated, thought to be Alleghanian; Merschat, 2009; Chapter IV) plutons as well (Figs. 6.2 and 6.3).  The migmatitic aureole around the Horseshoe Rock pluton was not recognized to the north, probably because the northern part of the pluton consists of a small folded sheet of granodiorite that would not provide a sufficient amount of heat, and the main body of the pluton is further south (A. J. Merschat, 2009, pers.
 comm.).  All of these plutons are similar in age to those that Stahr (2008) identified as having contact aureoles.  These migmatitic aureoles probably formed as the plutons were intruded.  Abundant water was probably present at the time, causing partial melting of felsic material.  For the pressure-temperature-time path discussed below, water is assumed to be derived from dehydration reactions only.  

The migmatitic zones around the Horseshoe Rock and Looking Glass plutons are much wider than the migmatitic zone surrounding the Whiteside pluton.  Similar observations were made between the Walnut Creek and Rabun plutons in the western Big Ridge quadrangle (Stahr, 2008).  Stahr (2008) suggested that the wide migmatitic zone formed in response to thermal energy derived from both plutons.  The thermal energy associated with Whiteside intrusion was sufficient to raise the temperature around the pluton by >>50° C, and even higher temperatures affected the rocks around the Walnut Creek and Rabun plutons (Stahr, 2008).  The wide migmatitic zones around the Horseshoe Rock and Looking Glass plutons probably formed for similar reasons.  The two plutons are <1 km apart, and the Looking Glass pluton is folded so that there is a <2 km wide area with Looking Glass granodiorite on either side of it.  All of the Alleghanian plutons intruded at temperatures up to 100° C hotter than the Whiteside pluton as well, meaning that more thermal energy was available to raise the temperature of the surrounding rocks.  Excess water is also thought to have been involved in the intrusion of the Looking Glass pluton, based on the presence of agmatite near the pluton (see Fig. 7.10).  Water may have facilitated migmatite development, especially around the Looking Glass pluton. 
No migmatization was observed around the Round Mountain pluton (Fig. 6.3; Plate I).  Temperature could not have been a controlling factor in migmatite development, because the Round Mountain pluton was intruded at temperatures similar to other plutons that have migmatitic aureoles (Mapes, 2002; Chapter IV).  The controlling factor in migmatization around the plutons here must have been the presence of water.  
The migmatitic area between the Whiteside and Looking Glass plutons is rather wide.  All migmatites in this area appear to have formed in situ, based on the lack of mylonitization or other evidence that they moved.  They probably formed as a result of igneous injection, based on the criteria of Yardley (1978).  This migmatitic region may have formed during peak metamorphism, but it is probably not the result of increased temperature and fluid from the pluton.  It is important to note, however, that the plutons were probably more extensive when they intruded, and the migmatite between the two plutons may be the only remaining evidence of the Whiteside pluton in that area.  If these migmatites are not pluton-related, then significant amounts of water, released by prograde metamorphic reactions, probably caused partial melting and migmatization in this area, as well as other areas throughout the eastern Blue Ridge.  Based on modal analyses (Table 2.2), as much as 499 moles of water (~9 x 103g water per 2.5 x 105g rock) could be released from every 1000 moles of upper Tallulah Falls Formation rock.  Up to 617 moles of water could be released from every 1000 moles of lower Tallulah Falls Formation rock (~1.1 x 104 g water per 2.8 x 105g rock).  Cross sections through this area show a thin, folded sheet of Whiteside trondhjemite in the same area (see Chapter VII, Fig. 7.21), but this granitoid sheet may be too thin to provide enough heat to cause migmatization.  It should also be noted that the bodies of Whiteside trondhjemite in this area may be small, isolated bodies, rather than a sheet connected to the main pluton (see Chapter VII). 

Timing of Metamorphism


Numerous studies have been carried out to understand the timing of metamorphism in the southern Appalachians.  At least six deformation events have been recognized, and thermal pulses are linked with most of them (see Chapter VII).  Textural evidence and published 40Ar/39Ar, Sm-Nd, Rb-Sr, and U-Pb mineral ages provide evidence of Ordovician, Devonian, and Mississippian metamorphism, throughout the southern Appalachians.  Merschat (2009) examined metamorphic rims on zircons, using U-Pb SHRIMP geochronology, and recognized five metamorphic age domains in the southern Appalachians (Fig. 6.9).  The eastern Blue Ridge contains metamorphic overgrowths on zircons and other mineral isotopic ages including the Taconic orogeny (465-450 Ma), the Neoacadian orogeny (360-340 Ma), and the Alleghanian orogeny (330-300 Ma; Merschat, 2009).  

At least four metamorphic events have been recognized in the eastern Blue Ridge (Merschat, 2009).  M1 is preserved in amphibolite boudins, and similar mineral assemblages suggest that M1 is an early stage of M2, the dominant metamorphic event in the region.  M2 assemblages contain inclusion-rich garnet, inclusion-rich staurolite, kyanite, and sillimanite.  The metamorphic isograds shown on Figs. 6.1, 6.2, and 6.3 were produced by M2.  Moecher et al. (2004) dated the Winding Stair granulites at ~458 Ma, effectively dating peak metamorphism and M2.  Rb-Sr and Sm-Nd ages on Blue Ridge garnets yielded similar ages of 472-450 Ma (Dallmeyer and Goldberg, 1997).  Both estimates constrain metamorphic conditions during M2 
as well.  Moecher et al. (2004) estimated peak metamorphic conditions of ~850° C and 8 kbar at Winding Stair Gap.  Garnets from one of the samples dated by Goldberg and Dallmeyer (1997) from the Spruce Pine thrust sheet, west of the Grandfather Mountain window, yielded P-T estimates of 7-9 kbar and 640-700° C for garnet cores and inclusions, and 4-6 kbar and 550-610° C for garnet rims and matrix.

M3 is defined by the growth of kyanite + staurolite + muscovite + biotite.  In the field area, staurolite and garnet overgrowths are commonly observed in thin section (Figs. 6.5 and 6.6; Merschat, 2009).  These overgrowths are recognizable by their lack of inclusions.  Merschat (2009) linked M3 with the Devonian Neoacadian orogeny, based on metamorphic ages from zircons.  Goldberg and Dallmeyer (1997) also found Devonian Rb-Sr and Sm-Nd garnet ages, and Devonian 40Ar/39Ar, Rb-Sr, and Sm-Nd hornblende ages.   

Although previous studies have described M4 as an Alleghanian retrograde overprint, field data from the Lake Toxaway and eastern Big Ridge quadrangles suggest otherwise.  Foliations and lineations measured in Alleghanian plutons and the Tallulah Falls Formation are coplanar and consist of high P-T fabrics (Fig. 6.10).  The youngest pluton is ~333 Ma, thus foliations have to be post-333 Ma.  These facts show that a third amphibolite facies event had to occur during the early Alleghanian to generate those high temperature fabrics.  40Ar/39Ar hornblende ages of 333-322 Ma from the Tallulah Fall dome confirm that the eastern Blue Ridge reached amphibolite facies conditions at this time (Dallmeyer, 1988), and similar U-Pb SHRIMP ages on zircon metamorphic rims confirm the timing of this high temperature event (Merschat, 2009).  The regional retrograde overprint, usually defined by the chlorite growth, had to be later.  This event should be termed M5 and is constrained by the pluton ages to late or post-Alleghanian.
The early Alleghanian M4 event is somewhat paradoxical.  In order to form high temperature minerals in the foliation, conditions had to reach amphibolite facies conditions; however, all isograds that were mapped through the area appear to be Taconic (Fig. 6.2).  Moecher et al. (2004) noted that peak metamorphic conditions in the Winding Stair Gap area, west of Franklin, reached granulite facies at ~460 Ma.   The observed mineral assemblages that define foliation in the Lake Toxaway and eastern Big Ridge quadrangles had to form later, because foliation formed during the Alleghanian (see Chapter VII).  There are two explanations for these high temperature minerals in the foliation.  One is that M4 was a higher temperature 
event, at least locally, due to pluton intrusion.  Stahr (2008) expected temperatures >>50° C hotter than the regional temperature for a “considerable distance” away from the plutons.  Most of the study area is <3 km from a pluton, and most of the northern half of the study area is <3 km from an Alleghanian pluton that was known to intrude at higher temperatures than other, older plutons.  Another factor that may explain the observations is that the distribution of samples used to examine metamorphic conditions is biased toward areas near the plutons that may have experienced more heat than other regions.  A regional comparison of foliation-forming minerals would confirm the influence of M4.
P-T-t Paths

Although no quantitative temperature and pressure estimates were made as part of this research, the mineral assemblages and previous estimates can be used to construct a rough pressure-temperature-time path (Fig. 6.11).  The petrogenetic grid used to construct this path is the NCKFMASH grid of Spear et al. (1999).  This grid is useful for pelitic rocks that have undergone partial anatectic melting and produced migmatite, much like the rocks in the migmatitic aureoles in the study area.  The only assumption of this grid is that the only water available comes from dehydration reactions, which could occur in a migmatitic zone surrounding a pluton, or as a result of prograde metamorphic reactions in pelitic rocks.  This grid has been used for studies in the New Hampshire Appalachians (Spear et al., 1999), as well as to describe pressure-temperature-time conditions in the Glenville and western Big Ridge quadrangles of North Carolina (Stahr, 2008).  The only drawback of this petrogenetic grid is that it does not include reactions at temperatures and pressures appropriate for greenschist metamorphism, so only the high temperature part of the path can be shown.

The P-T estimates from Stahr (2008) and Cyphers (2009) are plotted on the petrogenetic grid, with the mineral assemblages observed in this study (Fig. 6.11).  Petrographic evidence from the Lake Toxaway and eastern Big Ridge quadrangles is compatible with those previous P-T estimates for peak temperature, although Cyphers’ (2009) data suggest slightly lower pressures to the northwest.  This may be real, or it may be an artifact of the GASP barometer.  Because pressure estimates along strike are closer to the range indicated by the mineral assemblage in the Lake Toxaway area, the difference in pressure is likely to be an artifact of the analyses.  The later retrograde metamorphic conditions described by Stahr (2008) and Cyphers (2009) are also compatible with the temperatures and pressures at which hydration reactions could occur in the 
Lake Toxaway area.  Both Stahr (2008) and Cyphers (2009) have also reported similar greenschist retrograde metamorphic overprints as well.  In all cases, qualitative observations regarding mineral assemblages and reactions agree with previously reported temperatures and pressures.
Determining the timing of peak metamorphism in this area is rather complicated.  Obviously, the Tugaloo terrane has a polymetamorphic history that includes several time periods during which temperature and pressure conditions were such that metamorphic zircon rims could be generated.  Migmatitic aureoles, pluton ages, and mineral assemblages throughout the study area constrain the timing of these events.  One high temperature event had to occur during the Ordovician, because kyanite, the peak metamorphic mineral in that region, was overprinted by metasomatism associated with Whiteside intrusion at ~466 Ma.  The U-Pb TIMS and SHRIMP zircon ages for peak metamorphism (Moecher et al., 2004) are within error of the U-Pb ion microprobe zircon age for the Whiteside pluton (Miller et al., 2000), so kyanite within the migmatitic aureole around the Whiteside pluton can be attributed to M2.  However, Alleghanian structures, such as foliations and lineations, contain high temperature minerals such as hornblende, staurolite, and sillimanite.  All of these high temperature phases appear to be stable, prograde minerals (Figs. 6.6 and 6.10).  Alleghanian metamorphism must have reached a second set of peak conditions, similar to the conditions of M2.  Stahr (2008) recognized similar, localized metamorphic conditions within Alleghanian contact aureoles.  The fact that similar Alleghanian structures, with similar mineral assemblages, have been observed throughout the eastern Blue Ridge suggests that M4 may have had a more regional impact.  P-T-t paths for both events are shown in Fig. 6.11 and constrained by P-T estimates in surrounding areas and in plutons, as well as the observed mineral assemblage.
Conclusions 


Metamorphic conditions in the study area were assessed, using mineral assemblages and previously published temperature and pressure estimates from around the study area.  The entire study area consists of amphibolite facies rocks of the kyanite-staurolite, kyanite, and sillimanite zones.  The sillimanite zone crosses the northwestern corner of the study area, and the kyanite isograd is located between the Whiteside pluton and the Toxaway dome in the southeastern part of the study area.  The common mineral assemblage observed in the garnet-aluminous schist member through the Lake Toxaway and eastern Big Ridge quadrangles is muscovite + biotite + quartz + plagioclase + opaque minerals + garnet + staurolite + clinozoisite + chlorite + aluminum silicate.  

Metamorphism was episodic in the eastern Blue Ridge.  M1 correlates with the early part of the Taconic orogeny, and M2, the peak metamorphic event in the central and western Blue Ridge, corresponds to the main phase of the Taconic orogeny.  M3 corresponds to the Neoacadian orogeny.  M4 metamorphism was an early Alleghanian amphibolite facies event, during which regional fabrics and the high temperature minerals that they contain formed.  A late to post-Alleghanian retrograde event (M5) consisting of chloritization has also been observed throughout the Blue Ridge.

Migmatitic aureoles were observed around the Whiteside (~466 Ma; Miller et al., 2000), Looking Glass (~333 Ma; Chapter IV), and Horseshoe Rock (not dated but thought to be Alleghanian; Merschat, 2009; Chapter II; Chapter VII) plutons.  Stahr (2008) observed similar aureoles around other Mississippian plutons.  The migmatite probably formed as a result of increased temperature and water from the intruding plutons.  Migmatite also formed in the country rock away from the plutons.  No migmatite was observed around Round Mountain pluton (~342 Ma; Chapter IV), despite the fact that this pluton intruded at a temperature similar to other Alleghanian plutons (Chapter IV).  Two episodes of pluton-related migmatization are recorded: one at ~466 Ma with the intrusion of the Whiteside pluton; and another at ~333 Ma with the intrusion of the Looking Glass and Horseshoe Rock plutons.  The second episode produced wider migmatitic zones, probably due to an increased abundance of water near the plutons and due to the fact that the younger plutons intruded at higher temperatures than the Whiteside pluton.  The source of water in both episodes is assumed to be dehydration reactions resulting from the heat of the intruding plutons, although pluton-derived water was probably available as well.

Peak temperature and pressure are estimated at ~700° C and 8-9 kbar in surrounding areas.  Lower peak pressure conditions have been reported northwest of the study area.  Stahr (2008) noted several lower temperature hydrothermal reactions in the western Big Ridge quadrangle associated with pluton intrusion as well.  Mineral assemblages from the Lake Toxaway and eastern Big Ridge quadrangles are compatible with all of these P-T estimates.  Retrograde metamorphism during the latter part of the Alleghanian overprinted both the plutons and the Tallulah Falls Formation.  

 Chapter VII:  Structure and Tectonics of Lake Toxaway and Big Ridge Quadrangles, North Carolina

Introduction


Unraveling the complexities of a mountain chain such as the southern Appalachians is necessary to truly understand the tectonic history of the area, but sometimes the observations made in any area seem contradictory.  Structural geology provides the context in which those observations can be understood.  No detailed geochemical, geochronologic, or petrologic studies are possible in such a region without the framework provided by structural geology.  This is especially true in the southern Appalachians, where almost every subdiscipline of geology works hand-in-hand to make a cohesive, coherent tectonic picture.  Tectonics encompasses more than just the structures that are described in a textbook; factors such as depositional environment, temperature and pressure, timing, and the presence of fluids are just as important in understanding how mountain chains evolve, and how this particular mountain chain has grown.

The primary motivation of this project is to understand the tectonic history of a small part of the southern Appalachians, in order to better understand the tectonic history of the larger mountain chain.  Geochemical, geochronologic, petrologic, and petrographic observations have already been discussed; the purpose of this chapter is to discuss the structures and deformational history of the Lake Toxaway and eastern half of the Big Ridge quadrangles.  These observations will add detail to the regional picture.  Regional-scale structures, specifically those that have been mapped in at least two other quadrangles, will also be examined.  The minimum of two other quadrangles is chosen, because the Pisgah Ridge fault has only been mapped in two other quadrangles, and all other regional-scale structures have been mapped in more than two other quadrangles.  Finally, these structural observations will be integrated into cross sections that will add a third-dimensional perspective.

Eastern Blue Ridge Deformational History


The eastern Blue Ridge has a particularly complex deformational history.  Several researchers, including Hatcher (1977, 1995), Hopson et al. (1989), and Hopson (1994), have recognized as many as six different overprinting deformational events, and possible Cenozoic uplift may be considered a seventh (Prowell and Christopher, 2000).  Almost no sedimentary or volcanic primary structures are preserved here, because they have been obliterated by transposition and formation of tectonic fabrics.  The only clearly preserved primary structure is the Tallulah Falls stratigraphy, which was discussed in detail in Chapter II.  Compositional differences, such as that between calc-silicate boudins (possibly metamorphosed dolomite enclaves?) and the surrounding metagraywacke or between leucosomal layers (transposed granitoid dikes?) and the biotite gneiss, are also preserved in some places, but the primary bedding and original structures have been transposed.  Merschat (2009) summarized the deformational events, associated structures, peak metamorphic conditions, and timing of each deformational event in the eastern Blue Ridge.  It is important to note that a different deformational history is described east of the Brevard fault zone (Merschat et al., 2005).  Because this study only focused on rocks west of the Brevard fault zone, the Inner Piedmont deformational history is not discussed here.  It should also be noted that structures of any one generation may be very similar to structures of another generation, and while this discussion provides a general guideline based on relationships observed in several locations throughout the eastern Blue Ridge, no true conclusions can be drawn about the relative ages of structures without crosscutting relationships or radiometric dating (Williams, 1970, 1985).   

D1 Deformation


Evidence of D1 is sparse throughout the eastern Blue Ridge.  It occurred during or before the early Taconic (~465 Ma).  Early garnet porphyroblasts preserve aligned inclusion trails that are interpreted as an earlier foliation (S1?; Fig. 7.1; e.g., Stahr, 2008).  Other evidence of D1 includes early foliations preserved in amphibolite and calc-silicate boudins, intrafolial folds preserved in basement orthogneisses, and isoclinal folds preserved in boudins (Hatcher, 1974; Hatcher et al., 2004).  Even the map-scale structure of the Toxaway dome requires F1 folding, although the map-scale structure is the result of a later deformation (Fig. 7.2; Hatcher, 1977; Hatcher et al., 2004).  Other D1 structures may include the pre-metamorphic Greenbrier fault and Hayesville fault, although some studies indicate that the Greenbrier fault has to be a post-metamorphic structure (Clemons and Moecher, 2009; Merschat, 2009).

D2 Deformation


D2 has been the most widely recognized deformation event in the eastern Blue Ridge.  It occurred 465-450 Ma during the Taconic orogeny, and includes foliation and lineation development (S2, L2), folding, and faulting.  Crosscutting relationships with the Whiteside pluton 
Figure 7.2. A. Detailed geologic map of the southwest end of the Toxaway dome in North and South Carolina.  Ytx: Toxaway Gneiss (undifferentiated); am: amphibolite; tfg: graywacke-schist member of the Tallulah Falls Formation; tfa: Garnet-aluminous schist member of the Tallulah Falls Formation; tfl: graywacke-schist-amphibolite member of the Tallulah Falls Formation. B. North-south cross section across the Toxaway dome showing the polyphase fold structure necessary to explain the outcrop pattern of basement and cover rocks, from Hatcher et al. (2004).  Points 1, 2, and 3 are locations for whole-rock geochemistry and U-Pb zircon geochronology samples discussed in Carrigan et al. (2003) and Chapter III.
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(~466 Ma, Miller et al., 2000) have helped delimit the timing for this deformation event (e.g., Stahr, 2008).    The Taconic orogeny included peak metamorphic conditions, with some parts of the central Blue Ridge reaching granulite facies conditions (Force, 1976; Hatcher and Butler, 1979; Absher and McSween, 1985; Eckert et al., 1989; Butler, 1991; Moecher et al, 

2004; Hatcher et al., 2005).  Rb-Sr and Sm-Nd radiometric dates on garnet porphyroblasts confirm the coeval nature of metamorphism and deformation (Goldberg and Dallmeyer, 1997).  Many of the thrust faults throughout the eastern Blue Ridge were also active at this time (Merschat, 2009).  NE-trending S2 foliations and inclined to recumbent F2 folds that are axial-planar to foliation are commonly found throughout the eastern Blue Ridge (Fig. 7.3; e.g., Hopson et al., 1989; Hopson, 1994; Hatcher, 1995; Stahr, 2008; Cyphers, 2009; Merschat, 2009).  Sheath folds have also been described (Merschat, 2009).

D3 Deformation


D3 has been interpreted to be a Neoacadian event, based on its crosscutting relationships with D2.  Massey and Moecher (2005) indicated F3 folds in the Cartoogechaye terrane NW of the present study are likely correlative with Neoacadian tectonism in the Inner Piedmont. This is broadly consistent with previous work in the eastern Blue Ridge (e.g., Hatcher et al., 2005).  F3 folds are inclined to tight, NE-vergent, upright to open folds that fold F2 folds (Fig. 7.4).  Their axes trend NE-SW or E-W, and occasionally axial planar S3 foliations have been observed (e.g., Stahr, 2008).  D3 (or later) deformation was also observed at the microscale as deformed garnets in schist (Fig. 7.5).  Further east, channel flow began, buttressed by the Brevard fault zone, and caused most of the deformation in the Inner Piedmont (Hatcher, 2001; Merschat et al., 2005).  Mineral lineations and fold hinges in my field area trend and plunge NE, much like the NE- and SW-plunging mineral lineations within the Brevard fault zone that were involved in channel flow, suggesting that Neoacadian and early Alleghanian channel flow may have affected areas northwest of the Brevard fault zone as well (Merschat et al., 2005; Hatcher and Merschat, 2006).

D4 Deformation

D4 is the last recognized ductile event in the eastern Blue Ridge.  Its timing has been constrained by foliations in Alleghanian plutons such as the Rabun Granodiorite (Stahr, 2008) and the Looking Glass Granodiorite (Chapter IV).  Deformation attributed to D4 is usually observed as crenulation cleavage with NE or SE plunging axes, or upright open folds that trend 
NW-SE or NE.  Merschat (2009) also described an S4 foliation that reactivates S3.  Cyphers (2009) recognized outcrop-scale dome-and-basin fold interference patterns in the Tuckaseegee and Sylva South quadrangles and attributed them to D4.  Instead, these fold interference patterns are probably a result of D5 or D6 deformation. 

Data from the study area show that D4 deformation is very likely to be the main structure-forming event in the eastern Blue Ridge, despite results from previous studies (e.g., Stahr, 2008).   Foliations formed during D4 are pervasive in this part of the eastern Blue Ridge.  Foliations in my area are nearly identical, regardless of whether they were measured inside a pluton or in the surrounding Tallulah Falls Formation.  Similar observations were made in the western Big Ridge quadrangle and the Glenville quadrangles (Stahr, 2008).  In thin section, the foliation is observed as an orientation in muscovite and biotite grains in the plutons and in the country rock, although higher temperature minerals such as hornblende and sillimanite are also present in the foliation (Fig. 7.6).  

Several ductile faults were also active at this time.  Motion continued along the dextral Brevard fault zone, along with dextral strike-slip motion along the Cradle-of-Forestry-in-America fault and thrusting along the Pisgah Ridge fault and Dill Falls Shear Zone (Hatcher, 2001; Dockal, 2007; Merschat, 2009).  Motion along the Chattahoochee-Holland Mountain fault is constrained to the Alleghanian, orogeny based on the fact that the fault crosscuts the Rabun Granodiorite (Lamb, 2001; Acker and Hatcher, unpublished).  Both the Brevard fault zone and the Cradle-of-Forestry-in-America fault have older (Neoacadian or early Alleghanian?) amphibolite facies mineral assemblages that have been overprinted by greenschist facies metamorphism during the Alleghanian  (Dockal, 2007).


Folds were also mapped in the Cradle-of-Forestry-in-America fault zone.  These folds are generally isoclinal to tight, recumbent to inclined, and their axial planes parallel the dominant foliation.  Although they are similar to folds attributed to D2, the fact that these folds are found in an Alleghanian fault zone and in the Alleghanian pluton that the fault zone truncates indicates that they have to be a product of D4.  They probably formed as a result of motion along the fault.  D5 Deformation


The middle to late Alleghanian D5 event is the first brittle event in the eastern Blue Ridge.  Structures that developed during this event consist mostly of mineralized joints, regional broad, open to gentle folds that trend NE and NW, and brittle, NW-directed thrust faults.  Major 

regional structures attributed to this event include the late Alleghanian Great Smoky and Rosman faults.

D6 and Later (?) Events

All of the deformational events before D6 are attributed to collisional events.  Structures that developed as a result of D6 resulted from Mesozoic extension during the breakup of Pangea, and Cenozoic uplift.  These structures include filled and unfilled joints, some striking NW, regional broad, gentle, NE- and NW-trending folds, meso- and macroscale normal faults, and mapscale lineaments.   Diabase dikes, siliceous cataclasites, and possibly quartz  mylonites, in the Inner Piedmont and in some parts of the eastern Blue Ridge record the breakup of Pangea, although the timing and role of the quartz mylonites has not been firmly established (e. g., Hatcher et al., 2009; Davis, 2010).  

Abundant geomorphic evidence suggests that the southern Appalachians have been uplifted in the Tertiary.  Perched upper parts of westward-draining rivers beheaded by east-draining streams (Acker and Hatcher, 1970; Hack, 1982), and Coastal Plain overlapping the Blue Ridge province in Alabama (Osborne et al., 1989) may indicate that the southern Appalachians were eroded flat, and the areas northeast of the present Coastal Plain were uplifted again during the Tertiary to form the modern topography (Prowell and Christopher, 2000).  This is more complicated by the fact that the crust beneath the eastern Blue Ridge is ~50 km thick (Hawman, 2008).  The uplift suggests that significant volumes of material have been removed from the surface by erosion to allow it to rebound.  
Map-Scale Structures


Several large, regional scale structures are exposed in and around the study area (Fig. 7.7).  These structures include the Toxaway dome, the Cradle-of-Forestry-in-America (CFA) fault, the Pisgah Ridge fault, and the Brevard fault zone.  Deformation related to each of these structures has been observed in the Lake Toxaway area.  They are discussed in more detail below. 

Toxaway Dome

The northeastern part of theToxaway dome is located in the southeastern portion of the study area (Fig. 7.7).  It is an elongate, northwest-verging structure that has been described as a refolded antiformal core of 1.15 Ga (Carrigan et al., 2003) orthogneiss with “an isolated 

boomerang of Tallulah Falls rocks preserved in its core” near the SW end (Hatcher, 1977; Hatcher et al., 2004).  The dome is surrounded by Tallulah Falls Formation rocks on all sides; all three members of this formation are present on the flanks of the dome, but the lower member is missing in the interior boomerang (Fig. 7.3; Hatcher, 1977; Hatcher et al., 2004). 

Hatcher (1977) identified a series of folding events on the Toxaway dome.  These fold generations are related to the eastern Blue Ridge deformational history and discussed in detail here.  F1 [F0 folds of Hatcher (1977)] folds are small, isoclinal, originally recumbent, pre- to synmetamorphic structures with strong axial planar foliation.  They are generally found as intrafolial folds, but larger, map-scale F1 structures that have been refolded at least twice have also been identified.  The structural complexity of the Toxaway dome, with the boomerang of Tallulah Falls Formation rocks outcropping on the crest of the dome, means that F1 [F0 of Hatcher (1977)] folding had to occur (Hatcher et al., 2004).  It is impossible to unfold without an F1 fold.  F2 folds have similar orientations and geometry.  They have east to northeast axial orientation, with north to northwest vergence.  S2 foliation is axial planar to these folds.  Many of these folds have been refolded by F3.  F3 folds are upright, tight isoclinal to open folds with strong northeast axial orientation and northwest vergence.  They have strong linea​tions and foliation is axial planar (Hatcher, 1977).  F4 folds are characterized as crenulation cleavage, again with northeast axial orientation and northwest vergence.  F5 and F6 are less prominent open flexural folds that trend northeast and northwest, respectively.

The nature of the contact between the Tallulah Falls Formation and the Toxaway Gneiss on the dome and on its flanks has been the subject of some controversy.  Horton et al. (1986), Rankin et al. (1993), and Merschat et al. (2003) suggested that this contact is a fault; however, Hatcher (1977), Carter et al. (2002), and Hatcher et al. (2004) do not support this conclusion.  There is no textural evidence (mylonite, rotated porphyroclasts, mineral lineations, etc.) to suggest that this contact is anything more than a disconformity.  Hatcher et al. (2004) noted that a fault would have to have formed very early and follow the same stratigraphic level almost all the way around the dome.  They also noted that the deformational event that would have produced the fault has never been recognized, despite the extensive detailed mapping on and around the Toxaway dome.

Cradle-of-Forestry-in-America Fault


The CFA fault was first recognized by Dockal (2007) as a dextral strike-slip fault that truncates both the the northwest side of the Looking Glass and the southeastern side of the Pink Beds plutons.  The fault zone is 0.4-0.6 km wide and dips steeply northwest.  Multiple episodes of dextral strike-slip motion are recorded along the fault (Dockal, 2007).  Dockal (2007) described blocks of strongly tectonized amphibolite-facies rock in a micaceous(greenschist facies) matrix.  Shear-sense indicators in the blocks have been rotated, but all indicate dextral motion.  The micaceous matrix commonly displays an S-C fabric.  In some exposures, shear sense indicators are disturbed by brittle faults (Dockal, 2007). 

Initially, the fault was thought to project into the Lake Toxaway quadrangle near Balsam Grove community and then trend southwest, approximately parallel to the Brevard fault zone (Dockal, 2007), through the northeastern part of the field area (Fig. 7.7).  Reconnaissance mapping in the Shining Rock quadrangle identified the CFA fault ~0.5 km north of Forest Service Road 1206.  There it is exposed as an annealed mylonite containing recrystallized quartz, biotite, muscovite, and plagioclase (greenschist facies).  It dips moderately to the NW.  It is very strongly foliated (Fig. 7.8), and tailed porphyroclasts can be seen above the waterfall on the main trail (Fig. 7.8).  Dockal (2007) suggested that the fault might project further to the northwest, near Fletcher, North Carolina, but no reconnaissance mapping was done northwest of the Cradle-of-Forestry-in-America National Historic Site.
The fault is poorly exposed in the Lake Toxaway quadrangle and must terminate ~ 6 km west of the Balsam Grove community (Fig. 7.9).  In the Shining Rock quadrangle, the CFA fault truncates the Looking Glass pluton; however, in the Lake Toxaway area, the Looking Glass pluton is present on both sides of the fault zone, although exposures to the northwest are usually strongly foliated and discontinuous (Fig. 7.7).  Mylonite is rare.  A ~0.5 km wide zone of reduced grain size, strong foliation, and late tight-to-isoclinal (interlimb angle 10-25°), inclined-to-recumbent folds in the Looking Glass pluton and in Tallulah Falls Formation rocks close to the contact has been observed, and is interpreted to be the fault zone in this area (Fig. 7.8).  Tailed porphyroclasts, fold hinges, and lineations along the fault all trend NE.  This means that the CFA fault must be post-333 Ma.  Dockal (2007) suggested that the Looking Glass and Pink Beds plutons were once parts of the same pluton; however, their compositions and ages are too different for this to be a possibility (Miller et al., 1997; Chapter II).
A. [image: image16.jpg]


            

B.  [image: image17.jpg]



Figure 7.8.
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Figure 7.8, continued.  A. Tight recumbent fold in the 333 Ma Looking Glass pluton, near the CFA fault in the northeast Lake Toxaway quadrangle, blue pen for scale.  Folds with similar geometry have been observed along the fault zone in the Lake Toxaway quadrangle near Balsam Grove, North Carolina.   B. Strongly lineated mylonite observed in the Cradle-of-Forestry-in-America National Historic Site, northwest of Brevard, North Carolina.  C. σ porphyroclast in CFA mylonite, displaying a dextral shear sense.  The porphyroclast is ~1.5 cm long. 

Figure 7.9: Compiled geologic map of parts of the western, central, and eastern Blue Ridge of Tennessee, North Carolina, South Carolina, and Georgia.  Modified from Merschat (2009).  Fault abbreviations: CFAf: Cradle-of-Forestry-in-America fault; CGMf: Chunky Gal Mountain fault; CHMf: Chattahoochee-Holland Mountain fault; Hf: Hayesville fault; PRf: Pisgah Ridge fault; SFf: Shope Fork fault; SRf: Soque River fault; SCw: Shooting Creek window.  Profile B-B’-B” is discussed later in the chapter.  Also see Plate III.
The CFA fault terminates ~6 km southwest of the Balsam Grove community, in the Lake Toxaway quadrangle.  Although the area in which it terminates contains poor exposure, it is possible to make some conclusions regarding how it ends.  Some of the ways that motion can be transferred when a fault terminates include splays and an increase in folding.  Both are possibilities for the CFA fault.  The magnitude and prevalence of folds increases closer to the end of the fault, suggesting that displacement may be taken up in folding after the fault ends.  Also, several small, outcrop-scale mylonitic zones have been observed along strike and parallel to the fault further southeast.  These outcrop-scale mylonitic zones may be splays, but the lack of exposure prevents mapping them to where they join the main fault.
Pisgah Ridge Fault


The Pisgah Ridge fault crosses into the northeastern part of the study area (Fig. 7.7).  It was first identified in the Shining Rock quadrangle by Acker (1982), who named it for exposures at Pisgah Ridge.  Acker (1982) described the fault as a northwest-dipping fault that thrust the Shining Rock group and migmatitic rocks on top of the Davidson River group.  Acker (1982) also stated that these rocks are “virtually assured” to correlate with the Tallulah Falls Formation 
by mapping in the adjacent Rosman quadrangle (Horton, 1982) and further south on the Toxaway dome (Hatcher, 1977).  Merschat (2009) traced the Tallulah Falls Formation into the Sam Knob quadrangle, but found that exact correlation with the mapping by Acker (1982) was not possible, because the garnet-aluminous schist member of the Tallulah Falls Formation was grouped with other parts of the Tallulah Falls Formation (Acker, 1982; Merschat, pers. comm., 2009).  


Despite the descrepancies in terminology, Merschat (2009) was also able to trace the Pisgah Ridge fault through the southeastern corner of the Sam Knob quadrangle (Fig. 7.9; Fig. 7.10).  It is located ~12 km northwest of the Brevard fault zone and ~2 km northwest of the CFA fault.  The fault is a >100 m wide zone that dips 30-40° northwest and has northeast plunging fold axes and lineations.  L-tectonites are common along the fault; even agmatitic zones along the fault contain abundant lineations (Fig. 7.10).  The fault probably formed as a backthrust to accommodate dip-slip motion along the CFA fault, and is probably a product of D4 or later deformation.   
Brevard Fault Zone

The Brevard fault zone does not occur in the study area, although deformation associated with the fault has been identified in the extreme southeastern corner of the study area.  It was mapped through the Rosman quadrangle to the east (Horton, 1982), and through all of the Reid quadrangle to the south (Hatcher, unpub. data). This 1-3 km wide, northeast-trending fault zone can be traced over 750 km from Virginia south to Alabama (Fig. 7.11).  It is obvious in satellite imagery, on topographic maps, in seismic reflection profiles, and in field studies (Hatcher, 2001).  It forms the northwestern border of the Inner Piedmont, even though the same lithologies are present on both sides of the fault.  This fault is very linear, with some splaying at its ends (Hatcher, 1978).  

The complex history of the Brevard fault zone began in the Late Devonian-Early Carboniferous Neoacadian orogeny, when it acted as a buttress that forced Piedmont thrust sheets to the southwest (Hatcher, 2001).  Evidence in the surrounding rocks suggests that the fault zone was active in a high temperature (middle- to upper-amphibolite facies) environment. It was reactivated during the Late Carboniferous-Early Permian (Alleghanian orogeny) as a dextral strike-slip fault, and the Neoacadian assemblages were strongly retrograded to lower greenschist 
facies.  Also, during this time its prominent imbricate structure formed, and large amounts of fluid moved through the mylonitized zone of rock (Sinha et al., 1988).  In the late Alleghanian, the cataclasites of the Rosman fault formed (Horton and Butler, 1986).  The Rosman fault probably acted as a back-limb thrust, as indicated by the presence of exotic carbonate horses that the fault brought up from the older footwall (Hatcher, 1971).    Brevard fault zone deformation observed in the study area consists of button schist and mica fish in a badly weathered amphibolite-bearing outcrop of the lower member of the Tallulah Falls Formation behind the Silversteen gas station in the southeast corner of the Lake Toxaway quadrangle.
Paleozoic Plutons


Four different plutons have been identified in the study area (Fig. 7.7).  These plutons are the Whiteside, Round Mountain, Looking Glass, and Horseshoe Rock.  Petrographic and field characteristics of these plutons are discussed in Chapter II; the geochemistry, geochronology, and geothermometry of these plutons are discussed in Chapter IV; and metamorphism related to these plutons is discussed in Chapter VI.  All four plutons are foliated, and foliations from all 
except the Round Mountain have very similar orientations.  Although young plutons crosscut older structures (Fig. 7.12), foliation in the plutons is very similar in orientation to the dominant foliation observed in other parts of the study area, magmatic epidote has been observed in all of the plutons (Chapter II), and the contacts around many of these plutons is gradational, implying catazonal emplacement.  Stahr (2008) confirmed this, using Al-in-hornblende geothermometry on the Rabun pluton in the western Big Ridge quadrangle to yield an emplacement depth of 6.8–7.3 ± 0.6 kbar (23–29 km).  However, clear identification of emplacement processes is very difficult because emplacement-related structures within the plutons have been overprinted by regional foliation.  Foliation had to form syntectonically or post-tectonically, according to the criteria of Paterson et al. (1989).  The main evidence suggesting that foliation is syn- or post-tectonic is that quartz contains evidence of strain and recovery (e.g., undulatory extinction, subgrains, recrystallization),  and that plagioclase and K-feldspar are subhedral to anhedral, but poorly aligned with each other or with foliation.  All of these criteria can form syntectonically, or if the granitoid pluton is subjected to amphibolite or higher facies conditions after intrusion.  Because amphibolite facies conditions have been described in the eastern Blue Ridge at ~330 Ma (Dallmeyer, 1989; Goldberg and Dallmeyer, 1997; Merschat, 2009), the syntectonic timing of foliation development is more plausible.
Meso- and Microscale Structures

Foliation


Approximately 2,400 foliation measurements were collected in the study area.  These foliation measurements were separated into homogeneous domains, based on their relative orientations and location.  These foliations are probably S2, based on the fact that the only older foliations that can be observed are S1 and only preserved in garnets and boudins.  A form-line map shows the structural trend throughout the study area, and from that, domain analysis was done (Fig. 7.13).  Three domains were identified in the study area.  These domains correlate with other domains identified in the surrounding areas (Fig. 7.14).  Domain II covers most of the study area (Fig. 7.13).  Its foliations strike NE-SW, although some folding, probably F5 or later, is observed as well (Fig. 7.15).  Domain I strikes more E-W than Domain II, and is the smallest domain.  Domain III is located in the southeast corner of the study area and consists of the core of the Toxaway dome (Fig. 7.15).  Within each domain are areas that are inhomogeneous.  These 
areas are shown on the form-line and domain map, but their foliations were not plotted separately (Fig. 7.13).


Foliation measurements from within each pluton were also compiled in an effort to distinguish between Taconian (D2) and Alleghanian deformation (D4) (Fig. 7.16).  All four plutons within the study area contain tectonic foliations, while the Round Mountain pluton contains evidence of a second set of foliations (Fig. 7.16).  These foliations are indistinguishable from the first set of foliations in the field, but they appear to plot as a completely separate great circle with a different β axis on stereonets.  However, there are only 36 measurements from within the Round Mountain pluton, and the limited amount of data make distinguishing between multiple foliations more difficult.  

The tectonic foliations from all four plutons are remarkably similar. In all cases, micas comprise the foliations, although in some samples of the Whiteside pluton, quartz and feldspars lie within the foliation as well (see Chapter II).  This is particularly interesting, because the plutons formed at least 130 million years apart, during different orogenies (Chapter IV).  The orientations of these foliations are also very similar to the foliations in the country rock (Fig. 7.17).  If the foliations in areas surrounding the plutons are essentially the same as the foliations within the plutons, the foliations in the surrounding areas must have formed at the same time as the foliations within the plutons, suggesting that Alleghanian deformation may be dominant in this area.  

Folding


Folding is pervasive throughout the study area.  Five parameters were measured to characterize each fold:  strike and dip of axial surfaces, trend and plunge of fold hinges, interlimb angle, vergence, and the foliation in the outcrop around the fold.  Fold axes were not measured because they are only applicable to cylindrical folds (Hatcher, 1995).  Folding in the eastern Blue 
Ridge is assumed to be noncylindrical, because folds are noncylindrical in outcrop and in regional-scale map patterns.  Although determination of which deformational event created these folds is only definite if crosscutting relationships have been observed, these measurements can be used to roughly sort the folds into generations.  

Measured interlimb angles of folds in the Lake Toxaway and eastern half of the Big Ridge quadrangles ranged from close to zero to 170°.  Folds were divided into four groups by 
interlimb angle, and scatter plots were done for fold hinges and poles to axial surfaces (Fig. 7.18).  Because the timing relationships were not clear in every case, this discussion is limited only to fold geometries.  All fold axial surfaces strike northeast to northwest and dip moderately to steeply.  Most isoclinal folds are axial-planar to foliation, and they are northeast to southwest vergent (Figs. 7.3 and 7.4).  Most of them have northeast- to northwest-trending, gently to moderately plunging fold hinges.  Tight folds are also mostly northeast or southwest vergent, with northeast- to northwest-trending, moderately plunging fold hinges (Fig. 7.4).  Almost all open folds are northeast or southeast vergent, with northeast- to northwest-trending, moderately to steeply plunging hinges.  Most gentle folds are northeast to northwest-vergent, with northeast- to northwest-trending, gently to moderately plunging fold hinges.  

Mineral Lineations and Crenulations

Mineral lineations were observed throughout the study area as well (Fig. 7.19).  These consist of aligned biotite, quartz, plagioclase, and hornblende crystals.   Most lineations trend to the northeast or northwest, perpendicular to foliation (S4), and plunge downdip (gentle to moderate plunge) (Appendix II).  In some outcrops, these lineations are parallel to fold hinges (Fig. 7.18; Fig. 7.19).  Lineations are subparallel to β axes for foliations (Figs. 7.15-7.17) as well.  Stahr (2008) described a similar relationship between foliation and lineations in the Big Ridge and Glenville quadrangles.  Stahr (2008) determined that foliations, folds, and lineations were products of the same deformational event, and the fact that these structures occur within ~333 Ma plutons constrains the time of their formation to the early Alleghanian (D4).

Crenulation axes were also measured throughout the study area.    Most crenulations were found in biotite and muscovite-rich schists throughout the study area and have similar orientations to lineations.  This implies that the crenulations formed at the same time as lineations, probably during the early Alleghanian (D4).  They are consistent in orientation with previously described F4 structures throughout the Blue Ridge (e. g., Hopson et al., 1989; Merschat, 2009).
Map Patterns and Cross Sections

Pisgah Astronomical Research Institute


A detailed 1:2,400 scale geologic map of the Pisgah Astronomical Research Institute (PARI), located in the northeastern part of the Lake Toxaway quadrangle and the northwestern 
part of the Rosman quadrangle, was made as part of this research (Fig. 7.20; Plate II).  The facility was originally built by the Department of Defense.  Its original purpose was satellite monitoring and data collection, but it closed in 1995 and was given to the National Forest Service.  PARI began operations at the site in 1999 as a not-for-profit educational center and observatory (PARI website; http://www.pari.edu/about_pari/history/).  Because the facility was a national security interest in its early days, a topographic map of the site was made after the satellite dishes were installed.  The staff at PARI provided that topographic map as a basemap, and the geology was mapped in detail at their request.  The rocks at PARI consist of all three members of the Tallulah Falls Formation and the part of the Whiteside pluton.  Small amphibolite bodies were also mapped.  The dominant structure at the site is a large refolded fold involving Whiteside trondhjemite, and later folds preserved in the Tallulah Falls Formation rocks (Figs. 7.6 and 7.20).

Cross Section Analysis


Several large-scale folds have been mapped in the Lake Toxaway and eastern Big Ridge quadrangles (Fig. 7.21).  These folds can usually be traced into the neighboring quadrangles as well (Fig. 7.22).  Most of these folds plunge to the northeast.  Identification of these fold axes was instrumental in constructing cross sections.  The folds are labeled based on crosscutting relationships in cross section.  The relative age of the fold may or may not correspond to the traditional fold generations discussed earlier.


Four cross sections were constructed through the Lake Toxaway and eastern Big Ridge quadrangles (Figs. 7.7 and 7.21; Plate I).  One of these cross sections is connected to a cross section through the Tuckaseegee quadrangle (Cyphers, 2009; Figs. 7.9 and 7.22, Plate III).  All of the cross sections contain evidence of D1, D2, D3, D4, and D5.  Two of the cross sections 
contain the CFA fault and show that folding near the fault is much tighter than in other parts of the study area.  The CFA fault also cuts the garnet-aluminous schist member of the Tallulah Falls Formation in cross section C-C’, but a precise determination of vertical or lateral displacement could not be made.  All but the southernmost cross section also contain the Toxaway Gneiss and structures associated with the Toxaway dome.  The structure described by Hatcher (1977) and Hatcher et al. (2004) further south along the dome was used to delimit the structure in the Lake Toxaway and Big Ridge quadrangles.  The sheet-like nature of the Whiteside pluton, described 
by Burton (2007) was also used to delimit the shape of the pluton, particularly where small, folded bodies of the Whiteside trondhjemite were mapped.  It is important to note, however, that these small bodies of trondhjemite may be separate from the main pluton, and the cross sections show multiple interpretations to account for that.  Foliation data clearly show an upright fold through the region, and the nose of one folded sheet of trondhjemite has been mapped  in the northwestern part of the field area (Fig 7.7), but there is no clear evidence to confirm that the sheet of trondhjemite is connected to the rest of the pluton.  

Discussion 


Structures traditionally attributed to all recognized deformational events were recognized in the Lake Toxaway and eastern Big Ridge quadrangles.  Although D2 has been described as the most important, most pervasive event in the eastern Blue Ridge (e.g., Stahr, 2008), field evidence from this area, together with the U-Pb SHRIMP zircon ages from plutons,  suggest that D4 overprinted planar fabrics in this area.  Metamorphic rims on zircons from the western Blue Ridge, Cowrock terrane, and Cartoogechaye terrane clearly show that Alleghanian metamorphism is less pervasive in the central and western Blue Ridge than the eastern Blue Ridge (Merschat, 2009), but the structures mapped in these areas are coplanar with structures in the eastern Blue Ridge, suggesting that the same deformational event is present throughout the eastern Blue Ridge.  The data from the Lake Toxaway and Big Ridge quadrangles clearly show that this deformational event could not have occurred prior to the Alleghanian.


These data also show that using orientation and structural style to delimit different deformational events in an area without continuous exposure is a flawed approach.  Using orientations and general shapes of structures to define a generation of deformation is fine in a small area with continuous exposure, but without crosscutting relationships or other absolute criteria, it probably oversimplifies the tectonic history of an area (Williams, 1970, 1985).  Data from the Lake Toxaway and Big Ridge quadrangles indicate that the tectonic history outlined by earlier studies is wrong, and most of the deformation in the eastern Blue Ridge, and probably the central and western Blue Ridge, occurred as part of the Alleghanian orogeny.  In any case, it is clear that the deformational history of the eastern Blue Ridge is much different, and structures formed in a shorter time period than previously thought.  

Paradoxes and Other Possibilities
Although the data are clear that deformation had to occur during the Alleghanian, some observations do not agree with this information.  One problem that arises involves map patterns around the Whiteside pluton (Fig. 7.7).  Crosscutting relationships on the southern side of the pluton clearly show that the pluton intruded coevally with deformation.  In some areas, the pluton crosscuts mapscale folds, but in other areas, the pluton is involved in folding.  Foliations are folded with the mapscale structures as well.  Another paradox is the fact that both the Horseshoe Rock and Round Mountain plutons crosscut structures at their contacts with the Tallulah Falls Formation, even though the structures should be younger than the plutons.
There has to be another explanation for the structures observed in and around the Whiteside pluton, because the pluton is ~120 million years too old to have intruded during the Alleghanian orogeny.  One possibility is that the age reported for the Whiteside pluton is not correct.  This is unlikely, because statistically, the Whiteside pluton has the clearest age of any eastern Blue Ridge plutons.  It is the only pluton in the area whose ages are normally distributed around a mean value, and that mean is interpreted to be the age of the pluton (see Chapter IV).  
Another possibility is that the ages reported for the Alleghanian plutons are wrong.  This explanation is more likely, because the zircon ages obtained in this study are not normally distributed, and there are multiple possible ages.  However, even if the age reported in Chapter IV for the Looking Glass pluton is wrong and the true age of the pluton is one of the older ages, there are other plutons with the same foliation that must be Alleghanian (Stahr, 2008).  One of these plutons, the Rabun pluton, has been dated with two different U-Pb zircon techniques, and both techniques yielded ages of ~335 Ma (Miller et al., 2006; Stahr, 2008).  This suggests that the age is representative for the pluton, and provides the same time constraints for regional foliation.

It is more likely that the observed map patterns resulted from older structures.  One possible explanation for the observed map patterns is that the crosscutting relationships may be primary.  The pluton may have intruded in such a way that it crosscut all three members of the Tallulah Falls Formation, and when the package of rocks was folded, it was folded as well.  If this were the case, abundant xenoliths of Tallulah Falls Formation would be observed in the part of the pluton that intruded into stratigraphically higher regions, but no more xenoliths or schlierren were observed in this part of the pluton than anywhere else. Another possibility is that D2 and D4 produced structures that have the same orientation.  For this to be the case, stresses would have to have the same alignment during two deformational events that were ~120 million years apart.  Fabrics developed during D2 (e. g., F2, S2) would be very difficult to distinguish from D4 structures.  D2 structures would probably be crosscut by the plutons around the contacts, and D2 and D4 structures would have the same orientation.  The likelihood that two events in a transpressive orogen would have the same orientation ~120 million years apart is very low, but such a scenario would explain the map patterns around the Whiteside, as well as observations showing that the Round Mountain and Horseshoe Rock plutons crosscut structures at the contacts with the Tallulah Falls Formation.  Foliations throughout the field area could be S2 or S4; without cross-cutting relationships, distinguishing between the two would be very difficult.  Foliations within Alleghanian plutons would certainly be S4.  Although this is not a very likely possibility, it is the most plausible explanation for the observations.  Regardless, the data from the Lake Toxaway and eastern half of the Big Ridge quadrangles clearly show that Alleghanian deformation was much more important in the Blue Ridge than previously thought.

Chapter VIII: Conclusions
1. Tugaloo terrane rocks and plutons from the Taconic and Alleghanian orogenies are exposed in the Lake Toxaway and eastern Big Ridge quadrangles.

2. Samples of the augen phase of the Toxaway Gneiss collected from the northeast end of the Toxaway dome are no more geochemically similar to the Wiley Gneiss than to other eastern Blue Ridge basement orthogneisses.

3. Geologic mapping has identified two new plutons, the Round Mountain and Horseshoe Rock plutons, and  provided  new information on the relationships between all host rock units, and all plutons in the field area.

4. U-Pb SHRIMP zircon geochronology yielded the following ages: 371.3 + 4.2 Ma for the Pink Beds pluton, 342.5 + 2.4 Ma for the Round Mountain pluton, and 333 + 16 Ma for the Looking Glass pluton.  
5. All eastern Blue Ridge plutons are peraluminous granite, granodiorite, and trondhjemite that plot as volcanic-arc granites in tectonic diagrams, with the exception of the Horseshoe Rock pluton, which plots as a syn-collisional or within-plate granite.  REE and trace-element data for eastern Blue Ridge plutons also have volcanic-arc signatures, indicating that older crust had to be assimilated into the granitoids.  
6. Pink Beds zircons are enriched in LREE and depleted in HREE and have the positive Ce anomaly and negative Eu anomaly characteristic of plutonic zircons.  
7. REE data on the Round Mountain and Looking Glass zircons lack the Eu anomaly, and the zircons are also 30-40 m. y.  younger than those in the Pink Beds pluton.  These plutons probably formed under oxidizing conditions.  
8. Zircon saturation and two-feldspar thermometry yielded temperature estimates of 700-800° C for all plutons from the Lake Toxaway and eastern Big Ridge plutons.  

9. The source region for eastern Blue Ridge plutons consisted of K-feldspar poor mafic to ultramafic rock with low Mg#, low total feldspar content, LILE-poor composition, and either highly depleted rocks or rocks with abundant hornblende or garnet.  Isotopic compositions and the presence of inherited zircon cores suggest mixing between continental crust and mafic material that may have underplated the crust.  
10. Because the granites in this area are very similar in composition regardless of age, the same or similar crust had to occur beneath this region from the early Taconic until at least the early Alleghanian.  
11. Central Blue Ridge amphibolites are geochemically more homogeneous than eastern Blue Ridge amphibolites.  Eastern Blue Ridge amphibolites plot as calc-alkali basalts, MORBs, and ocean floor basalts.
12. Two hornblende gneisses from the Lake Toxaway area have a very different composition from the other eastern Blue Ridge amphibolites and may be metasedimentary or metatuffs.
13. The entire study area consists of amphibolite facies rocks in the kyanite-staurolite, kyanite, and sillimanite zones.  Isograds are a product of the Taconic orogeny.
14. Several metamorphic events are recorded in the eastern Blue Ridge.  M1 is probably represented by the early part of the Taconic orogeny.  M2 corresponds to the main phase of the Taconic orogeny and is the peak metamorphic event.  M3 corresponds to the Neoacadian orogeny.  M4 is an early Alleghanian amphibolite facies event, during which the dominant foliation formed in the eastern Blue Ridge.  M5 is a later, retrograde event during the Alleghanian or later.
15. Migmatitic aureoles around the Whiteside, Looking Glass, and Horseshoe Rock plutons are similar to those in other parts of the eastern Blue Ridge, and probably formed as a result of increased temperature and water from the intruding plutons.  
16. No migmatitic aureole was observed around Round Mountain pluton, despite the fact that this pluton intruded at a temperature similar to other Alleghanian plutons.  Water may have been the limiting factor in migmatite development around the plutons.

17. Two episodes of pluton-related migmatization are recorded: one at ~466 Ma with Whiteside intrusion, and another at ~333 Ma with Looking Glass and Horseshoe Rock intrusion.  The source of water in both episodes is assumed to be dehydration reactions derived from the heat of the plutons.
18. Migmatization not associated with plutonism is also present here.

19. Alleghanian retrograde metamorphism (M5) overprinted the entire field area.  
20. Foliations and other structures inside Alleghanian plutons have the same orientation as those in the surrounding areas and formed under amphibolite facies conditions.  This means that the dominant regional foliation is Alleghanian.  

21. Similar structures throughout the Blue Ridge indicate that the dominant deformation event for the whole region is Alleghanian. 

22. Even if only the oldest zircons from each newly analyzed pluton are considered, fabrics must be younger than ~343 Ma.  If the Rabun and Walnut Creek plutons from the western Big Ridge quadrangle are considered, then the fabrics must be post-335 Ma.

23. Paradoxes in structural observations may be explained if both the Taconic and Alleghanian orogenies produced structures and fabrics with similar orientations.  The likelihood of two orogenies having the same stress orientations ~120 million years apart in a transpressional orogen is very low though.
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APPENDICES
Appendix I: Electron Microprobe Data
Round Mountain Pluton

All data collected at the University of Tennessee Electron Microprobe Facility in October-November 2007.
Same color indicates same grain.

Abbreviation:
ORTHO: Orthoclase.

Appendix II: Structural and Lithological Data

Abbreviations Used:

Quadrangle:

LT: Lake Toxaway

BR: Big Ridge

Lithology:

atox: Toxaway Gneiss (augen phase)

btox: Toxaway Gneiss (banded phase)

metass: metasandstone/metagraywacke


amph: amphibolite


gn: gneiss


sch: schist


um: ultramafic


Ow: Whiteside pluton


Mrm: Round Mountain pluton


Mlg: Looking Glass pluton


hrg: Horseshoe Rock pluton


peg: pegmatite

Mineralogy:


biot: biotite


musc: muscovite


gt: garnet


ky: kyanite


plag: plagioclase


qtz: quartz

Other:

mig: migmatitic


int: interlayered


+: and


R: recumbent fold
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Figure 3.2, continued.
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