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(ABSTRACT)
I

The Altavista area lies at the north end of a large area of continuous detailed mapping in the

proposed westward thrusted Smith River Allochthon of the Southwest Virginia Piedmont. lt also

lies at the south end of an area of continuous mapping in the central Virginia Piedmont. The

stratigraphy of the Smith River Allochthon has not been related to any other in the Southem

Appalachians. The units defined to the north of Altavista are Late Precambrian to Early Paleozoic

in age and correlated to many other areas in the Central and Southern Applalchians. At Altavista

the two stratigraphies merge and are correlatable. The Bowens Creek Fault, which bounds the west

side of the Smith River Allochthon, separates blocks that contain the same stratigraphy. If

allochthonous at all, the Smith River Allochthon has therefore not been thrusted any great distance.

The rocks of the Smith River Allochthon have been metamorphosed to midzlle to upper

amphibolite facies conditions during the Taconic Orogeny whereas those of Central Virginia only

acheived upper greenschist conditions during this event. The Evington Group pelitic schists and

gneisses in Altavista exhibit an inverted prograde metamorphism and subsequent retrogression. The

Pressure·temperature path for these rocks forms the lower part of a loop from high pressure to

lower pressure and higher temperature followed by a nearly isobaric retrogression. Paths of this type

are characteristic of terranes that have experienced nappe emplacement. The Altavista area repres-

ents the footwall beneath a nappe that has been eroded away because the metamorphic gradient is

inverted yet the stratigraphy is upright. Two phases of deformation in this event formed isoclinal

folds and refolded isoclinal folds and a pervasive S2 foliation.

The formation of large domes along the Bowens Creek Fault postdates the high grade

metamorphism. The structures were formed in a three·stage dextral transpressional event. This

Carboniferous dextral transcurrent event is Appalachian wide and well documented in the

Brookneal zone to the east. The Bowens Creek Fault is therefore unrelated to the high grade

metamorphism, further disproving the existence of the Smith River Allochthon.
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APPALACHIAN CARBONIFEROUS DEXTRAL STRIKE-SLIP FAULTS:

AN EXAMPLE FROM BROOKNEAL, VIRGINIA

A.E. Gates , C. Simpson and L. Glover III

ABSTRACT ·
The northern Appalachian, dextral fault system of late Paleozoic age is also present

in the central and southem Appalachians. An example ofa dextral strike-slip fault is the

4 km wide Brookneal shear zone in the southwest Virginia Piedmont. The shear zone

is, in part, superimposed on the Melrose Granite where an S-C mylonite was produced

by dynamic recrystallization of all constituent minerals. The Arvonia metasedimentary

and Charlotte belt metavolcanic rocks contain spaced dextral shear bands at a consistent

+ 24° zi: 3° to the shear zone boundary. A minimum displacement estimate of 17 km

was obtained from rotated foliation measurements in the Melrose Granite. The age of

movement on the Brookneal shear zone has been constrained by isotopic dating to be-

tween 324 and 300 Ma. Other faults in the southern Appalachians, including the

Nutbush Creek and Modoc zones show similar ages and relative offsets. Possible plate

tectonic models that could account for the late Paleozoic dextral fault system through-

out the Appalachians include: (1) tectonic escape resulting from the collision of a plate

with North America to the north of the Canadian Appalachians, (2) postcollision inter-

plate readjustments involving counterclockwise rotation ofAfrica relative to North

America, and (3) oblique convergence of eastern North America with an oceanic plate

moving west.
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INTRODUCTION

The geologic provinces that lie to the east of the Blue Ridge, Green and Long

Mountains of the Appalachians (Figure 1) are generallyconsidered to have been

produced by compressional tectonics [Bird and Dewey, 1970; Hatcher, 1972 and 1978;

Rankin, 1975; Rodgers, 1970]. Interpretations of recent seismic sections across the

Appalachians show that the thrust faulting and associated folding, which are character-

istic of the western part of the orogen, continue eastward to the Atlantic Coast [Cook

et al., 1979; Harris and Bayer, 1979]. Evidence for a late Paleozoic transcurrent or

transpressional episode in the northern Appalachians however, has been steadily grow-

ing over the past few years [Bradley, 1982; Webb, 1969; McCabe et al., 1980; Anderson,

1972; Johnson and Wones, 1984]. In this paper, we discuss new evidence for late

Paleozoic transcurrent faults in the southern Appalachians, and suggest that a trans-

current fault system of orogenic proportions existed during that time.

Dextral strike-slip faults in the northern Appalachians were first recognized by

Webb [1969]. Several researchers reached similar conclusions over the next few years

but results were not compiled until the work of Bradley [1982]. This compilation sum-

marized all documented faults and associated pull-apart basins in the northern and

maritime Appalachians. Ages of sediments in the pull-apart basins indicate that fault

activity in the northern Appalachians occurred from the late Devonian to early Permian,

with peak activity between 340 and 285 Ma [Bradley, 1982]. Although the Cobequid-

Chedabucto fault ofNova Scotia (Figure 1) is estimated to have had as much as 225 km

of dextral offset [McCabe et al., 1980] most of the faults have dextral olfsets of 50 km

or less.
The strike-slip faults have been incorporated into several tectonic models in recent

years. Arthaud and Matte [1977] considered several of the known dextral faults in the

northern and maritime Appalachians to be part of a late Variscan, right—lateral Riedel

2
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shear system between the Euro~American and African plates. Lefort and Van der Voo

[1981] examined the middle to late Carboniferous strike·slip faults of the Appalachian

chain and found a distinctive geometric pattern: an east-west set of dominantly dextral

faults, and a southwest-northeast set of both sinistral and dextral faults. These authors

applied the models of Tapponnier and Molnar [1976, 1977] and Molnar and Tapponnier

[1977], wherein a rigid indenter into a rigid-plastic plate causes lateral escape of material

along strike·s1ip faults on either side of the compression zone. According to Lefort and

Van der Voo [1981], in the case of the Appalachians, the rigid indenter was the Reguibat

Uplift on the West African Shield, and the position of indentation was somewhere in the

central Appalachians. This model was used to explain both dextral and sinistral faults

in the northern Appalachians, but in the central and southern Appalachians, a sinistral

strike-slip fault (the New York-Alabama lineament) as well as northwest-directed thrust

faults were predicted [Lefort and Van der Voo, 1981].

Dextral movement within the Eastern Piedmont fault system of Hatcher et al.

[1977] was predicted by Bobyarchick [1981] on the basis of analogy with the Eocene-

Miocene collision of Arabia and Eurasia. A promontory of the African plate in collision

with North America at an unspecilied position "north of Virginia" was postulated to

have caused rocks in the Suwanee basin of Florida to escape to the south

[Bobyarchick, 1981].

This paper documents the continuation of the late Paleozoic dextral strike-slip

system through the central and southern Appalachians, based on new data from the

Central Piedmont Suture at Brookneal, Virginia, and compilation of published work on

other faults (Figure 1). Some of the faults shown in Figure 1 have complex kinematic

histories that include a component of dextral movement, for example: the Beaverhead

shear zone of the Narragansett Basin [McMaster et al., 1980; Mosher, 1983], the Lake

Char fault [Goldstein and Hutton, 1984], the Brevard zone [Sinha and Glover, 1978;

Bobyarchick, 1984],and the Kings Mountain shear zone [Horton, 1982] (Figure 1).



BROOKNEAL SHEAR ZONE

A particularly clear example of a dextral ductile fault zone occurs in the Brookneal

area of the southwestern Virginia Piedmont (Figures 1, 2 and 3). The Brookneal area

contains the Central Piedmont Suture between a dominantly metavolcanic terrane to the

east and a dominantly metasedimentary terrane of North American aflinity to the west

[Glover and Sinha, 1973; Hatcher, 1978; Williams, 1978; Gates, 1981] (Figures 2 and 3).

The suture zone contains the late Cambrian to Ordovician, 512 i 5 Ma (by zircons), 470

Ma (by Rb/Sr whole rock) [A.K. Sinha, personal communication, 1984] Melrose Gran-

ite, which was subsequently cut by a 4-km-wide dextral shear zone (the Brookneal shear

zone) during the late Paleozoic (Figure 3). The Brookneal shear zone, therefore, is a V

simple dextral shear zone because it represents a single phase of deformation in the

Melrose Granite.

The Melrose Granite is undeformed along its westem edge where the coarse,

seriate, biotite-titanite granodioritic to quartz dioritic rocks contain well preserved

igneous textures. In the westem, least deformed portion of the Brookneal shear zone,

the Melrose Granite is foliated and grainsize is slightly reduced. Quartz is flattened and

exhibits undulose extinction, subgrain formation and recrystallization. One to two cen-

timeter microcline phenocrysts and sausseritized plagioclase exhibit brittle fractures and

recrystallized grain boundaries. Green, retrograde biotite grains are bent around more

rigid grains and commonly contain kink bands. Half centimeter titanite grains appear

to ”float” undisturbed through the deforrning matrix at low strain but are severely frac-

tured and far less abundant in the higher strain regions of the shear zone. Thin, widely

spaced zones of intense shearing cut the mildly deformed granite. The microstructures

within these zones resemble those of the main shear zone. Metamorphic grade is indi-

cated to be in the albite—epidote, lower amphibolite facies by the stable albite-epidote-

biotite assemblage.
A
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Within the main portion of the Brookneal shear zone, the rocks have undergone a

reduction in grain size dominantly by ductile deformation mechanisms and have ac-

quired two mylonitic foliations. Earlier S foliations, defined by quartz ribbons (Type 2B

of Boullier and Bouchez [1978]) and aligned chlorite, green biotite and white mica grains,

curve into C planes (Figure 4), (where C stands for ”cisaillement" or shear) [Berthe et

al., 1979; Simpson, 1984; Lister and Snoke, 1984]. Plagioclase and K feldspar

porphyroclasts show evidence for brittle fracturing followed by dynamic recrystallization

along grain margins and fracture planes. The resulting structure (Figure 5) is that of a

Type I, S-C mylonite, using the terminology of Lister and Snoke [1984]. The C planes

strike 040° and dip 50°SE, subparallel to the mapped boundary of the Brookneal shear

zone. Mineral elongation lineations vary in plunge from ca. l2° toward 230°, through

horizontal, to 8° toward 050°. Narrow (centimeter scale) ultramylonite zones occur

throughout the Brookneal shear zone and increase in concentration eastward. All min-

erals are dynamically recrystallized into 5 to 20 um grains within these ultramylonites.

The easternmost 0.3 km of the exposed zone is almost entirely composed of

ultramylonitic granite. Foliations and lineations within the ultramylonite are very simi-

lar in orientation to those within the C planes farther to the west. Sense of movement

determinations using such features as S-C planes [Berthe et al., 1979], fractured and re-

crystallized feldspar grains, elongate, dynamically recrystallized quartz grains [Simpson

and Schmid, 1983] and mica ”fish" [Lister and Snoke, 1984] all give consistent results:

movement on the Brookneal shear zone was dominantly dextral strike-slip. Minor

components of normal and less common reverse movement are indicated by the gently

SW and NE plunging elongation lineations, respectively. The plunge of the lineations

however could have been produced by later deformation.

The effects of the dextral Brookneal shear zone continue to the east of the Melrose

Granite into the lineated granite, metavolcanic-volcaniclastic Charlotte belt rocks and

the metasedimentary Arvonia Formation (Figure 3). Dextral shear features in these

8



Figure 4. Melrose Granite deformed in the Brookneal Shear Zone displays S (schistosity) that
curves into C ("cisail1ement" or shear) planes, Movement sense is right lateral. Scale bar = lcm.

Figure S. Photornicrograph of Melrose Granite deformed in the right lateral Brookneal shear
zone. S = schistosity, C = shear planes, M = muscovite·biotite intergrowth, F = potassiurn fcldspar
porphyroclasts, rxf= dynamically recrystallized feldspar. Scale bar = 1 mm, plane polarized light.

9
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rocks, unlike in the Melrose Granite, occur in discrete, spaced zones that diminish in
intensity and regularity to the east. The lineations in the strongly deformed, lineated

granite are very similar in orientation to those in the Melrose Granite, indicating that

the dextral deformation episode affected both bodies. The lineated granite however,

contains no movement indicators.
”

The metasedimentary Arvonia Formation contains a thick section of graphite

schist with good dextral movement indicators. The main foliation, defined by muscovite,

graphite and quartz ribbons, is cut by a centimeter scale, spaced extensional crenulation

cleavage or shear banding [Platt and Vissers, 1980] with a consistent dextral movement

sense (Figure 6). The shear bands, defined by fine-grained muscovite and graphite,. de-

flect the main foliation into sigmoidal shaped lozenges (Figure 6).

The shear bands in the Arvonia Formation are neither parallel to the Brookneal

shear zone boundary nor to the ”C" bands in the Melrose Granite (Figure 3).

Stereographic projections of poles to the shear bands yield a tight concentration of

points at + 24° dz 3° from the pole to the main shear zone orientation (Figure 7). In

their analysis of a dextral shear zone from central Spain, Weijermans and Rondeel

[1984] showed that shear bands in anisotropic rocks were oriented consistently at 18 to

25° to the shear zone boundary. They developed a method to determine shear strain if

initial orientations of anisotropies are known. In the case of the Arvonia Formation

however, the entire belt of rock has been sheared, precluding this method of strain cal-

culation.
Shear bands also occur sporadically in the hornblende-andesine, metabasalts of the

Charlotte belt (Figures 2 and 3). Broadly spaced (1-2 cm) dextral shear bands in the

eastem map area (Figure 3) cut the medium- to coarse-grained schists. The shear bands
are defined by fine spindles of pale green amphibole, chlorite, magnetite and epidote and

deflect the earlier foliation defined by aligned hornblende. Closer to the main shear zone,

11



Figure 6. Arvonia graphitic schist with dextral shear bands cutting the main foliation. S = main
foliation. SB = shear bands. Scale bar= lcm.
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Figure 7. Contoured stereographic projection of poles to shear bands with great circle of C planes
and shear zone boundary. SZBP= pole to shear zone boundary. 175 points.
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andesine is albitized and hornblende is patchy and partially or totally replaced by

epidote, fine amphibole and chlorite masses.

METAMORPHIC CONDITIONS OF DEFORMATION

The Brookneal shear zone in the Melrose Granite is defined by a stable assemblage

of epidote, albite, green biotite, muscovite, calcite and chlorite. Thin, 3 to 4 m mafic

dikes in the granite are composed of pale green amphibole, albite, minor amounts of

chlorite and opaques. These assemblages indicate an albite-epidote, lower amphibolite

facies metamorphic condition during deformation. Recrystallization of feldspar along

grain boundaries indicates temperatures greater than 450°C [Voll, 1976; Tullis, 1983] but

probably not much greater because recrystallization is not ubiquitous and is almost ab-

sent in low strain areas. In the Arvonia Formation, metamorphic conditions of defor-

mation cannot be constrained because the composition is inappropriate for the

formation of index minerals. The Charlotte belt metavolcanic rocks contain a primary

hornblende—andesine assemblage, indicative of middle to upper amphibolite facies con-

ditions. Where sheared however, the rock contains pale green amphibole, albite, epidote

and chlorite, which indicate albite-epidote amphibolite facies.

Metamorphic conditions ofdeformation in the Brookneal shear zone were therefore

laterally consistent and of albite-epidote facies (approximately 450°C). The temperature

estimate is probably imprecise because the ductile response of feldspar is governed by

strain rate, fluid pressure, fluid composition and confining pressure as well as temper-

ature.
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DISPLACEMENT ESTIMATES FOR THE BROOKNEAL SHEAR ZONE

Several features support the assumption that the C and S planes in the Melrose

Granite formed during the same deformational event in the Brookneal zone. The west-

ern margin of the Melrose Granite is undeformed and yet both S and C planes occur in

even the lowest strain portions of the zone (Figure 3). There is also a general parallelism

of ultramylonite foliation, C planes and the Brookneal shear zone margin. Using the

V models of Berthe et al. [1979] and Simpson [1984] the S planes are considered to have

first formed at 45° to the shear zone boundary in response to initial compression across

the Brookneal shear zone. The C planes are considered to have initiated and remained

subparallel to the shear zone boundary. With increasing shear strain, the S planes ro-

tated toward parallelism with C planes. Thus, to a first approximation, the S planes can

be considered to track the trajectory of the long axis of the finite strain ellipsoid between

the C, or shear planes. Angular relationships (G') between S and C planes vary across

the Brookneal zone and have been used to compute approximate values for shear strain

(y) and displacement using Ramsay and Graham's [1970] equations:

2 . Xy = displacement (S) = y dx
O

Sixteen points were measured in a linear traverse across the shear zone (Figure 3), and

like values were averaged to yield the twelve graphed points for the integration (Figure

8). A minimum displacement estimate of 17 km dextral offset is obtained by these

methods. Regions of discontinuous outcrop within ultramylonite zones on the

easternrnost margin of the Brookneal shear zone were not included in the displacement
estimate calculations. The well-developed shear bands with dextral offset that continue

far to the east of the Melrose Granite in the Arvonia Formation and volcanic units
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(Figure 3), cannot be used for additional displacement calculation because the orien-

tation of the initial anisotropy is not known. Thus, actual displacement values may be

well in excess of 20 km.

AGE CONTROL ON TI—IE STRIKE SLIP EVENT

An exact date for movement on the Brookneal shear zone is difficult to determine

due to the problems inherent in dating mylonites. Isotopic equilibration may be pre-

cluded during mylonitization, resulting in a partial reset of the system and therefore er-

roneous ages [Hickman and Glassley, 1984; Sinha et al., 1984]. Two samples of

deformed Melrose Granite for age determination were taken from a drill core (Figure 3)

to ensure fresh rock from an otherwise deeply weathered terrane. The samples were

prepared using standard separation and columnation techniques. Dating was performed

by S. Becker on the Orogenic Studies Laboratory thermoionic sourced mass

spectrometer. Results were standardized using SRM 987. Rb/Sr biotite-whole rock

dating of the two samples yields a metamorphic cooling age of 300:1: 5 Ma (Table 1).

This age appears to postdate most of the movement on the shear zone because the clo-

sure temperature of "Sr in biotite is 300°C [Dodson, 1973]. Under these conditions,

feldspar grains would be expected to deform by brittle failure. Grain size reduction of

feldspar in the Brookneal shear zone however, is accomplished mainly through dynamic

recrystallization, which suggests temperatures in the range of 450°C during deformation

[Voll, 1976; Tullis, 1983].

Constraining the older age limit on the shear zone is a little more difficult because

of the complex nature of the metamorphism in the Brookneal area. Gates [1981] and

Glover et al. [1983], identified an abrupt western termination of the regional ”Acadian"

metamorphism at the Brookneal zone, possibly as a result of faulting. ”Acadian" mineral
I
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mmmum DISPLACEMENT CALCULATION <RAmsAY AND GRAHAM, 1970>
S = f Ydx
Y = 2 /10 n 2 S'
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Figure 8. Graph of shear strain (y) versus distance across the Brookneal shear zone. Integration
of area under the curve yields a minimum displacement estimate of 17 km dextral offset. Inset:
angular relationships used to determine 7.
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TABLE 1. Isotopic Data For Melrose Samples

Sample "Rb/“°Sr "Sr/“°Sr Sr ppm Rb ppm
ML3·37 0.472 0.70837 468 76
ML3·37(bt) 21.656 0.80021 43 318
ML3-44 0.405 0.70804 574 80
ML3-44(bt) 26.239 0.81783 37 329
ML3-50 0.444 0.70838 498 22

Biotite·who1e rock age determinations on samples from core of deformed Melrose
Granite. Based on replicate analyses, the precisiorx of the isochrorx ages is i 5 Ma
(1 6).
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cooling ages can be obtained from the consistent upper amphibolite grade, metavolcanic

rocks of the Charlotte belt [Glover et al., 1983]. The belt has been extended into

southern and central Virginia through field mapping [Tobisch and Glover, 1971; Henika

and Thayer, 1977] without major Iithologic or metamorphic changes. An "°Ar/”Ar

hornblende cooling age of 324 :t 3 Ma was obtained from typical Charlotte belt rocks in

central Virginia (Figure 2), which agrees well with ages from southern Virginia [Glover,

et al., 1983]. This age is interpreted to represent cooling through a 500d: 50°C blocking

temperature [Hanson and Gast, 1971; Harrison and McDougall, 1980].

The Charlotte belt hornblende-andesine amphibolites in the Brookneal area (Figure

3) are cut by dextral shear bands defined by a lower grade epidote-amphibole·albite·

chlorite assemblage. The dextral shear foliation postdates the regional ”Acadian"

metamorphism and exhibits the same metamorphic assemblage as the Melrose Granite

in the adjacent main shear zone. Movement on the Brookneal shear zone is therefore

reasonably constrained to between 300:1: 5 Ma and 324:1: 3 Ma. This movement age is

supported by the following stratigraphic constraints: (1) the late Ordovician to early

Silurian(?) [Tillman, 1970], sheared, metasedimentary Arvonia Formation,

unconformably overlies the Melrose Granite [Gates, 1981]; and (2) undeformed Triassic

sediments of the Danville Basin overlie the Melrose Granite (Figure 2) and postdate the

dextral shear zone [Gates, 1981].

To the east of Brookneal, the dextral Nutbush Creek shear zone (Figure 1) is con-

strained in age by the synkinematic, 312 Ma Buggs Island Granite and the postkinematic

285 Ma Wilton Granite [Druhan and Rollins, 1984], both ofwhich lie within the shear

zone (Table 2). Dextral offset in the Nutbush Creek zone is indicated by S-C mylonites,

shear bands, and vergence of small scale folds [Bartley et al., 1984]. This zone has been

suggested on the basis of gravity and magnetic data to continue farther south as the
Modoc zone (Figure 1) [Hatcher and Zietz, 1980]. The dextral Modoc zone is con-

strained in age by the synkinematic 313 Ma Lake Murray and 292 Ma Lexington

20



plutons and the postkinematic 285 Ma Columbia pluton [Kimbrill et al., 1984; Snoke

and Secor, 1983] (Table 2). However, Secor et al. [1984], suggest that the Lake Murray

pluton is prekinematic and that the 25 km dextral offset across the Modoc zone, deter-

mined by offset structures, is conlined to the interval 292 to 285 Ma (Table 2).

The approximate 324 to 300 Ma age of cooling and deformation for the Melrose _

Granite agrees with the 313 to 285 Ma activity range for the other dextral faults in the

central and southern Appalachians [Snoke and Secor, 1982] (Table 2) and falls within the

340 to 285 Ma peak activity range for those of the northem Appalachians [Bradley,

1982]. These faults have relatively minor offset (generally less than 50 km), however the

extent and consistency in age and movement sense attcst to the distributed nature of this

Appalachian-wide dextral strike-slip event.

COMPARISON WITH SEISMIC REFLECTION DATA

Recent seismic traverses across the Blue Ridge and Piedmont terranes by COCORP

[Cook et al., 1979], USGS [Harris et al., 1980], and Virginia Tech [L. Glover et al., un-

published manuscript, 1984] show extensive thrust faulting. The lines show the listric

nature of these faults but show no high angle, strike-slip faults. Their absence may ei-
1

ther indicate that the thrust surfaces were largely reactivated as strike-slip faults during

the dextral event (Figure 9) or that near-vertical offsets with real or apparent minor

displacement caused by the dextral transcurrent faulting are not easily resolved by seis-

mic rellection methods.
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TABLE 2. Age Control on Southern Appalachian Faults

Fault Zone Granites Age Ma Tectonics
Brookneal Melrose 512:b 5 (U/Pb)I prekinematic

300:*: 5 (Rb/Sr)*2 synkinematic
Nutbush Creek Buggs Island 313i 15 (Rb/Sr)3’° synkinematic

Wilton 285i 10 (Rb/Sr)"° postkinematic
Modoc Lake Murray 313:h 24 (Rb/Sr)’ synkinematic

Lexington 292i 15 (Rb/Sr)"’ synkinematic
Columbia 285:1:7 (Rb/Sr)"’ postkinematic

U/Pb ages on zircons, Rb/Sr ages on whole rock samples.
*Rb/Sr biotite-whole rock metamorphic cooling age.
IA. K. Sinha, personal communication, 1984.
IBecker, unpublished manuscript, 1983.
’Kish, 1983.
‘Ful1agar and Butler, 1979.
’Snoke et al., 1980.
°Druhan and Rollins, 1984.
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Figure 9. Block diagram illustrating one mechanism by which an earlier thrust fault may be
reactivted into a dextral strike-slip fault. Thrust hanging wall lies to the east.
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TECTONIC IMPLICATIONS

The continuation of the northern Appalachian, Carboniferous dextral strike-slip

system of Bradley [1982] through the central and southern Appalachians modifies some

of the previously proposed tectonic models. Many of the models employ the escape

tectonics mechanisms proposed by Tapponnier and Molnar [1976, 1977] and Tapponnier

et al. [1982] in which a rigid indenter impinges upon another more passive lithospheric

plate. Blocks on the colliding face of the indented plate are forced away from the colli-

sion zone in opposite directions along large strike-slip faults. Lefort and Van der Voo

[1981] proposed an escape model for the Appalachians that explains the northern dextral

faults but requires coeval thrust faults as well as a sinistral strike-slip fault in the

southern Appalachians. Similarly, Bobyarchick [1981] predicted the southern

Appalachian dextral faulting event with an escape tectonics model that requires an

indenter just north of Virginia and therefore, coeval sinistral faulting in the northern

Appalachians. A viable model that employs these mechanisms to explain the

Appalachian-wide event, is that proposed by Burke and Sengor [1985] in which the rigid

indenter impinged the North American plate to the north of the maritime Canadian

provinces. The southward escape of an eastern block (Africa?) would require a dextral

strike-slip fault zone throughout the entire Appalachian orogen. This model requires

concomitant sinistral strike-slip faults throughout the North Atlantic Caledonides.

Arthaud and Matte [1977] and Dewey [1982] ascribed the northern Appalachian dextral

faults to minor plate readjustments subsequent to the Acadian Orogeny or during the

Alleghanian Orogeny.
Although only a small number of dextral faults have been identilied in the central .

and southern Appalachians, many known fault zones of apparently similar age have

unclear or unstudied movement histories. In the central Appalachians, where proven ‘

strike-slip faults are almost conspicuously absent, Ratcliffe [1971] documented the reac-
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tivation of the dextral Ramapo fault into a Triassic graben-bounding normal fault (Fig-

ure 1). Bobyarchick and Glover [1979] demonstrated the Triassic reactivation of large,

late Paleozoic faults ofundetermined movement sense into basin-bounding normal faults

in the eastern Virginia Piedmont. The extensive Triassic normal and oblique fault sys-

tem, especially well developed in the central Appalachians, may therefore coincide with,

and partially obscure, many faults displaying Carboniferous dextral movement. The

Modoc-Nutbush Creek fault (Figure 1) is partially covered by Atlantic coastal plain

sediments. Other dextral faults may be completely covered by the coastal plain units

or may lieoffshore.Cumulative
dextral offset was calculated for those faults along the line a—a' on

Figure 1 for which displacement estimates could be found. A total of 341 km dextral

otfset was obtained: 225 km for the Cobequid-Chedabucto [McCabe et al., 1980], 65 km

for the Lubeck-Belleisle [Webb, 1969], 35 km for the Norumbega [Johnson and Wones,

1984] and 16 km for the Catamaran [Anderson, 1972]. The line a—a' also intersects faults

for which no displacement estimates are published, and the cumulative displacement

does not include covered and offshore faults, nor strain absorbed by rocks outside of the

shear zones.
McKerrow and Ziegler [1972] proposed large-scale rotation of a South American-

African plate relative to North America during the late Paleozoic. Their model requires

approximately 2000 km of dextral offset in the Appalachians, nearly an order of magni·

tude greater than the cumulative displacement estimates suggest. McKerrow and

Ziegler’s [1972] model does, however, suggest an alternate solution, that of a major

transform system similar to the San Andreas fault system in California.

The models of Arthaud and Matte [1977] and Dewey [1982] each call for minor .

plate readjustments, but the total extent and cumulative displacement of the ·

Carboniferous dextral fault system, while in agreement with their basic models, suggests

that the readjustment event was in fact fairly major (Figure 10).
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Figure 10. Suggested Carboniferous rotational readjustment of the African plate relative to North
America and the resultant dextral transcurrent fault system in the Appalachians.
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An alternative model for the late Paleozoic Appalachian transcurrent system is that

of oblique convergence of North America with an oceanic plate that was subducted to

the west-southwest [Snoke and Secor, 1982]. Sinha and Zietz [1982] in an attempt to

explain late Paleozoic plutonism in the central and southem Appalachians, suggested

that a subduction zone along the eastern margin of the Avalon terrane initiated at about

330 Ma, followed by an Alleghanian continental collision at 270 to 240 Ma. The 324

to 300 Ma transcurrent movement on the Brookneal shear zone could coincide with such

a subduction event. An oblique convergence model to explain the strike·slip faults

within the Sunda arc of the western Pacific was proposed by Fitch [1972]. Oblique

convergence of an oceanic portion of the India plate with the southem margin of the

China plate along the Sunda island arc has resulted in dextral transcurrent movement

along Semangko fault on Java and Sumatra. The faulting is accompanied by thcrmal

bulging and magmatism [Fitch, 1972]. A similar model for oblique convergence between

North America and an oceanic plate could have resulted in movement along the

Brookneal and other Appalachian dextral shear zones during the late Paleozoic.

CONCLUSIONS

The late Paleozoic dextral transcurrent system extends from the Canadian mari-

times through the southem Appalachians. A clear example of the fault system is the

Brookneal shear zone which has a minimum of 17 km dextral offset. At least three valid

models may explain the transcurrent system: (1) escape tectonics due to an indenter

north of Canada [Burke and Sengor, 1985], (2) plate readjustments subsequent to major

orogeny [Arthaud and Matte, 1977; Dewey, 1982], and (3) oblique continent-ocean col-

lision [Snoke and Secor, 1982]. The available evidence is insuflicient to constrain these

models at the present time.
P
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TRANSPRESSIONAL DOME FORMATION

IN THE SOUTHWEST VIRGINIA PIEDMONT.

A. E. Gates

ABSTRACT

A series of domes lie along the Bowens Creek Fault which bounds the west side

of the Smith River Allochthon terrane in the Southwestem Virginia Piedmont. Several

well developed domes at Altavista are characterized by multiple crenulation cleavages,

reverse faults and dextral transcurrent shear bands. Detailed structural analysis indi-

cates that the domes were formed in a three stage deformational event that resulted

from transpression in a major shear zone.

The foliation, structures and stratigraphy were sub-horizontal prior to the

transpressional event. The first stage of the event was characterized by the formation

of north-south oriented, en-echelon folds and crenulation cleavage. The structures

were then rotated in a northeast trending dextral transcurrent shearing. The final stage

of deformation is characterized by northeast trending folds and crenulation cleavage.

The interference pattern of the early north-south folds on the late southwest

trending folds form the domes and saddled antiforms. The domal structures are

bounded by reverse faults that were active concurrently with the transcurrent faults.

The domes are therefore proposed to be ”positive flower" or ”keystone" structures

generated through compression across the transcurrent fault zone. The Altavista area
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forms an external zone to the major Carboniferous dextral transcurrent Brookneal

zone, 10 km to the east.

INTRODUCTION

The Bowens Creek Fault bounds the western edge of the Smith River Allochthon

in the southwest Virginia Piedmont (Figures ll and 12). The Bowens Creek along with

the Ridgeway-Chatham Fault on the eastern side of the Smith River allochthon (Fig-

ure 12) were proposed to be the surface expression of the decollement upon which the

allochthon was transported (Conley and Henika, 1970; 1973; Conley, 1978). The pri-

mary basis for the proposal ofan allochthonous Smith River terrane was an erroneous

Grenville age on the Leatherwood Granite which intruded the amphibolite grade rocks

subsequent to the peak of metamorphism (Conley and Henika, 1973). The Blue Ridge

rocks upon which the allochthon was to have been thrusted, are Late Precambrian to

Early Paleozoic in age (Conley and Henika, 1970; 1973; Conley, 1978). The Bowens

Creek Fault also fortuitously coincides with amphibolite facies isograd in the Taconic

metamorphism that decrease in grade progressively to the west (Gates and Speer, in

prep.). The fault therefore appears to have thrusted higher grade rocks over those of

lower grade.
The Bowens Creek fault has been correlated by detailed mapping with the

Brevard Zone (Figure 11) (Rankin et al., 1972; Espenschade et al., 1975; Rankin, 1975;

Conley, 1979). Reed and Bryant (1964) and Bobyarchick (1984) have proposed a

dextral transcurrent origin for late movement on the Brevard zone in North Carolina.

Lemmon (1980) noted consistant northeast trending, horizontal mineral stretching
lineations ofpost 440 Ma age near the transition of the Brevard into the Bowens Creek

Fault, further supporting a strike-slip origin of the faults. Although a strike-slip origin
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for the Bowens Creek Fault has not previously been proposed, Scheible (1980) ques-

tioned the proposed thrust origin on the basis of steepness of dip and continuity in

orientation of the fault zone. ‘

The movement on the northern Brevard zone and Bowens Creek Fault is pro-

posed to have occurred between 356 and 300 Ma (Conley, 1978) through a compila- _

tion of available K/Ar and Rb/Sr mineral age data. Fullagar and Dietrick (1976) and

Mose (personal communication, 1986) also found a predominance of Rb/Sr mineral

ages within this range along the Bowens Creek Fault. A late Devonian to

Carboniferous age of uplift and cooling is therefore suggested.

A series of north to northeast trending domes and antiforms with saddled crests

occur along the Bowens Creek Fault (Espenshade, 1954; Brown, 1958; Redden, 1963;

Conley and Henika, 1970; 1973; Price et al., 1980; Marr, 1984) (Figure 12).

Transpressional dome and anticline formation is well documented in transcurrent fault
( zones (Wilcox et al., 1973; Sylvester and Smith, 1976; Harding and Lowell, 1979;

DeSmet, 1984). The structures are formed through compression across an otherwise

transcurrent zone. The antiformal structures are produced by both reverse faulting and

folding concurrent with the strike-slip movement, or transpression (Harland, 1971).

This paper presents a detailed analysis of the northeast trending domes in the Altavista

area which include the Hundley dome, the Reed Creek dome, and the southern part

of the large Sherwill dome (Figure 13). Through analysis of stratigraphy,

metamorphism, multiple creulation cleavages and meso-megascopic structures, the

continuation of transcurrent deformation into the Bowens Creek Fault is tested.
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PRE-DOME GEOLOGY OF THE ALTAVISTA AREA

The oldest unit in the Altavista area is the Late Precambrian, Lynchburg For-

mation (Brown, 1958; Espenshade, 1954; Wehr and Glover, 1985) which is exposed in

the cores of the domes (Figure 13). The Lynchburg in Altavista is composed of

metamorphosed arkosic to lithic conglomerate that grades upward into medium

grained, feldspathic sandstone to graywacke with thin micaceous laminations (Gates

and Glover, in prep.). The sandstones are locally intruded by muscovite-biotite-gamet

pegmatite and granite dikes. Overlying the Lynchburg Formation is the Late

Precambrian, metavolcanic Catoctin Formation (Brown, 1958). The medium to

coarse-grained, Catoctin hornblende-andesine schists include 5 to 60 m thick discon-

tinuous layers of quartzite, local tonalitic pegmatites or metamorphic segregations and

epidote-quartz layers and boudins.

Conformably overlying and in gradational contact with the Catoctin Formation

is the metasedimentary Evington Group of latest Precambrian to Cambro-

Ordovician(?) age (Espenshade, 1954; Brown, 1958; Evans, 1984). The Evington

Group consists of a basal metagraywacke with cross-beds, that coarsens upward into

a massive quartzite (Gates and Glover, in prep.). The upper Evington Group consists

of a thick pelitic sequence with sporadic, thin ca1c-silicate/siltstone to sandstone layers.

The pelitic rocks are sillirnanite-staurolite-garnet schists to gneisses that are

retrograded to chloritoid-chl_orite schists in discrete zones that contain hydrothermal

kyanite and tourmaline deposits (Gates and Speer, in prep.). The pelites are locally

rnigmatitic and intruded by garnet-tourmaline pegmatite, aplite and granite dikes. The

middle and upper portions of the pelitic unit contain two 5 to 50 m thick, thinly lay-

ered calc-silicate units that are composed ofdiopside·amphibo1e-gamet-epidote schist
with pelitic laminations. Associated with the upper calc-silicate unit is a massive,

coarse grained, calc-silicate bearing quartzite.
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The Lynchburg through Catoctin units have been interpreted as a rift basin se-
quence capped by rift generated basalts (Brown, 1958; 1970; Rankin, 1975; Wehr and

Glover, 1985). The overlying Evington Group has been interpreted as a drift sequence

(Wehr and Glover, 1985) and the deeper water equivalent of the Valley and Ridge shelf

(Brown, 1970; Evans, 1984).

Glover et al. (1983) have proposed that the regional metamorphism of the Smith

River Allochthon terrane is attributable to the Taconic Orogeny. The Leatherwood

Granite intrudes the Smith River area subsequent to the peak of metamorphism

(Conley and Henika, 1973; Conley, 1978) and has been dated at 462:1: 20 Ma using

Rb/Sr whole rock methods (Odom and Russell, 1975). Rb/Sr biotite-whole rock ages

of 440:1: 22 Ma (Odom and Russell, 1975) were obtained from pelitic, sillimanite-

staurolite gneisses in the center of the allochthon. These ages indicate that the

amphibolite grade M1 metamorphism is Ordovician or Taconic in age.
i

The Taconic deformation which is concurrent with M1 is characterized by two

phases of deformation, D1 and D1. The associated F1 and F1 fold generations are

recumbent isoclinal and coaxial. S1 and S1 foliations were also developed during the

D1 and D1 deformational events respectively. S1 was transposed into the pervasive S1

foliation and is preserved as intrafolial folds in pelitic gneisses and aligned inclusions

in porphyroblasts that are oblique to the enclosing S1 foliation. S1 is defined by

prismatic and platy minerals that were produced during the M1 metamorphism (Gates

and Speer, in prep.). A late M1 retrogression produced slightly foliated to randomly

oriented rninerals that were apparently formed late in D1. Because the M1

metamorphism is Taconic in age and deünes S1 and S1, both D1 and D1 are Taconic

or older. Stereographic projections of poles to S1 foliation in the eastern and least de-

formed portion of the area (Figure 14A), yield a tight cluster of points. These data

were measured on the south llank of the Sherwill dome and appear to have undergone

passive rotation from the sub-horizontal orientation they exhibited as a result of
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Taconic deformation. The dip of the foliation flattens to the south ofAltavista (away

from the Sherwill dome) (Marr, 1984) and is sub-horizontal in the center of the Smith

River area farther to the south (Conley and Henika, 1973).

DOME GEOMETRY

Three of the domes in the Altavista area were mapped in detail: the Hundley

dome, the Reed Creek dome and a flank dome on the composite Sherwill dome, herein

named the Otter River dome (Figure 13). Each dome exhibits the same stratigraphic

sequence of Lynchburg Formation in the core and Catoctin Formation through lower

Evington Group comprising the rim. The westemmost Hundley dome is lozenge-

shaped with a general sigmoidal geometry. The northwest side of the westem limb and

southeast side of the eastem limb of the dome are straight, nearly parallel and strike

045° The Catoctin Formation and lower Evington Group units are thinner along these

sides than the others and locally have been reverse faulted. The other sides of the

dome exhibit a more northerly strike and the northeast side exhibits parasitic folds.

The dome is generally divisible into three subareas on the basis of the major fold axis

and the orientation of intersection lineations. Stereographic projections of these sub-

areas (Figure 14B) show that the ß-axes derived from poles to SZ, plunge 19/033 in the

northern section, approximately 21/195 in the central, and 17/221 in the southern

section. The axis therefore reverses plunge direction in the northern section of the

dome and is generally sigmoidal in shape.

The southern half of the Otter River dome was mapped in detail (Figure 13). The

geometry is generally similar to the Hundley dome but the southern terrninus contains

many mesoscopic folds, and the southeast limb is more curved. The dome fold axis of
“ 5

47



S2 FOLIATION
S2 FOLIATION EAST HUNOLEY OOME NORTH

N - I 50, CONTOURS = |.5, IO, 20, 30 °/• N - 7l, CONTOURS - I, 2.5, 5, IO °/•

S2 FOLIATION S2 FOLIATION
HUNOLEY DOME CENTER HUNOLEY OOME SOUTH

O

N- 68, CONTOURS- I,2.5, 5, IO °/• N- 45, CONTOURS
-

I, 2.5, 5, |O‘/•

Figure 14. Stereographic projections of poles to S2 foliation. A) From the castcm Altavista map
area. B) Northern, central and southem Hundley dome as indicated.
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the southern portion plunges 18/230 and the central 6/209, similar to the Hundley

dome but trending more towards the west.

The Reed Creek dome (Figure 13) is the smallest and farthest south of‘ those

studied. The northwest side exhibits thinned units, is generally straight and is oriented

at about 038° but the southeast limb is strongly curved to the west. The southwest and ‘
northeast sides are f'olded on both the outcrop and map scale. The northwest and

southeast sides are cut by Gast and west dipping reverse faults respectively that locally

remove the Catoctin and lower Evington Group units. The plunge of’ the f“old axis in

the southern area is 22/234, the central 15/212 and the northem 8/226. The northern

terminus of the dome is removed by a west dipping reverse fault that strikes 356

(Figure 13).

STRUCTURAL ELEMENTS

D1 and D1 Deformational Events

Early deformational events D1 and D1 are associated with the Taconic high grade

metamorphism (Gates and Glover, in prep). F1 and F1 mesoscopic isoclinal folds and

rootless isoclines are preserved in the pelitic gneisses and calc-silicate units. Map scale

isoclinal folds occur in the southeastem map area (Figure 13) with axial planes of F1

subparallel to those of F1. The pervasive foliation in the Altavista area is S1 which is

defined by all platy and elongate minerals. S1 is poorly developed or almost thoroughly

transposed into S1. It is preserved only locally in isoclinal hinges and rootless isoclines

in the S1 schistosity and as obliquely aligned inclusions in the cores ofporphyroblasts.
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D1 Deformation

The D; and D4 deformational events formed the domes in the Altavista area

(Figure 13). Structural features produced in these events appear intimately related in

space and are best developed in discrete zones. Greenschist grade platy mineral growth

that characterizes the M1 metamorphism, defines the cleavages developed in these

deformational events. The maximum intensity of deformation occurs around the

domes and occupies a belt approximately 15 km in width. Crenulation cleavages

formed in these events however, occur far outside of the high strain area.

Mesoscopic F1 folds are locally preserved in the Altavista area. They are upright,

open to gentle and symmetric to slightly asymmetric in most areas. Wavclength of the

mesoscopic folds varies from 3 to 10 cm and amplitude is 1 to 4 cm. In most cases

however, F, folds have undergone rotation, and have been tightened and overturned

during D4. They are preserved in the Lynchburg Formation, Catoctin Formation and

calc-silicate rocks of the Evington Group.

An S; crenulation cleavage formed during the D1 event. S1 (Figure 15) is tightly

(3 to 5 mm) spaced and forms symmetric to slightly asymmetric, zonal microfolds

(Gray, 1977) in the S1 foliation. S1 appears approximately axial planar to the F1

structures but both have been tightened and rotated during the D4 deformation. S1 is

well developed in micaceous units and overprints the slightly to randomly oriented

rninerals of the M1 retrogression, including the hydrothermal kyanite deposits. Aligned

fine grained muscovite and chlorite replace the M1 minerals along S3 cleavage planes.

In the southeast corner of the study area (Figure 13), outside of the the 15 km

wide intensely deformcd area, weakly developed intersection lineations (S1 X S2 or

L1) in pelitic schists form a tight concentration ofpoints on a stereographic projection

(Figure 16A). The orientation is 24/ 197 and the tight clustering indicates that subsc-

quent deformation was minor or involved only passive rotation. Plots of S2 from the
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Figure 15. Sample of mica schist from the upper Lynchburg Formation showing S; and Sa
crenulation cleavage intersections with the S2 surface. Scale bar = 5 cm.

Figure 19. Photomicrograph of shear bands in chloritoid-chlorite, Evington Group pelitic schist.
c = chloritoid, m = mica, q = quartz ribbon and SB = shear bands with movement directions
shown by arrows. Scale bar = 1 mm.
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same area (Figure 14A) also yield a tight clustering. Around the domes however, the
L, lineations form a diffuse concentration of points with trends ranging from that of

the eastern area (197) to approximately 255, with the major concentration at 220

(Figure 16B). In the Hundley dome, L3 lineations form a sigmoidal pattern that fol-

lows the major dome axis (Figure 13). Poles to S; form a girdle that defmes a fold axis

of 16/219 (Figure 16C). The early crenulation cleavage was therefore folded during a

later event. The axis and distribution of poles to S3 in Figure l6C is comparable to

.the plot of poles to S2 in the southem Hundley dome (Figure 14B).

Map scale F3 structures are identifyable in and between the domes (Figure 13).

F3 folds produce the northeast and southwest closures of the domes in otherwise

northeast trending anticlines (Figure 13). The original orientation of F3 structures is

difficult to determine because of subsequent deformation. The trend of the F3 fold axes

ranges from 188 to 240 and plunge varies from 40S to 15N. Mesoscopic folds in the

core of the Hundley dome and map scale structures there and between the Reed Creek

and Otter River domes (Figure 13) suggest that the initial orientation of F3 axes were

approximately horizontal and trended nearly north-south. Because the north-south

oriented structures are only present along the northeast trending Bowens Creek Fault,

they were probably originally en-echelon as some still are (Figure 12).

D4 Deformation

The F4 folds are northeast trending and well developed on the outcrop and map

scale (Figure 13). Mesoscopic folds are tight and asymmetric with axial planes in-

clined to the northwest. The F4 folds contain well developed parasitic folds on the
limbs and are best displayed in the Evington Group pelites. These folds occur on most

commonly the southwest and northeast parallel sides of the domes and comprise the
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Figure 16. Stereographic projections of: A) L3 lineations (S3 X S2) from the eastern map area
(minor D4 deformation), B) L; lineations from within the domed area and C) poles to S3 from
within the domed area.

54



parasitic folds on the terminations (Figure 13). Fold axes trend 225 and plunge ranges

from 30 SW to 10 NE depending upon the position on the F3 structure.

The S4 crenulation cleavage overprints the S2 and S; cleavages (Figure 15). S4 is

upright to asymmetric to the northwest and narrowly (3 · 4 mm) to widely (1 - 2 cm)

spaced with irregular to sinuous axes. The cleavage is a spaced, zonal type (Gray,

1977) forming microfolds in the S2 pervasive foliation. Where S4 crosses S4, the re-

sultant interference pattern displays S, crenulations that wind sinuously across the S4
v

crenulation axes (Figure 15). A stereographic projection of poles to S4 yields a cluster

of points that defines an approximate plane of 036 64 SE (Figure 17A) indicating that

S4 is not axial planar to the F4 folds. The angle between S4 and S; crenulation

cleavages is highly variable. S4 usually lies in a counterclockwise direction (negative

rotation) from S3 as in Figure 15, but is also found with a clockwise (positive) angle.

L4 (S4 X S,) intersection lineations form a similar cluster trending approximately

22/214 (Figure 17B) and indicating that S4 underwent only minor rotation. This axial

orientation is nearly identical to that defined by the poles to S4 and poles to S2 in the

southern Hundley dome. S2 and S4 were therefore folded about an F4 fold axis.

The map scale F4 folds produce the major northeast trend of the domes. The

folds are more asymmetric and inclincd to overturned in the westem portion of the

map area than in the east (Figures 13 and 18). The en-echelon, north·south oriented
F, structures form saddles on the F4 northeast trending anticlines. The domes there-

fore represent a type 1, 0-90° (Ramsay, 1967) interference pattern.

Also intersecting the S; and S, cleavages are shear bands (extensional crenulation

cleavage of Platt and Vissers, 1980) with consistant dextral offset. The shear bands are

narrowly (3 mm) to widely (2 cm) spaced and best developed in the pelitic Evington

Group schists. M2 chlorite and muscovite grains are bent into ”fish" (Eisbacher, 1970;

Lister and Snoke, 1984) and M1 chloritoid forms sigmoidal porphyroclasts with tails

trailing into the shear bands (Figure 19). Sigmoidal quartz ribbons (type 2B and 4B
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Figure 17. Stereographic projections of A) poles to S4 crenulation cleavage and B) F4 fold axes
and L4 (S4 X S2) intersection lineations.
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of Boullier and Bouchez, 1978) are layered with the rnica, chlorite and chloritoid. The

shear bands are defined by fine recrystallized chlorite and muscovite and offset the

earlier foliations. Kyanite is also kinked and bent into the shear bands. Thin granite

and pegmatite dikes in the Lynchburg Formation are offset in a dextral sense by

spaced extensional step faults. The shear bands however, are rare in the Lynchburg

and Catoctin formations. Poles to shear bands from the entire field area define a rather

diffuse partial girdle. In areas where F4 structures are poorly developed (between the

Otter River and Reed Creek domes and in the central Hundley dome), the shear bands
4

generally trend 071 65 SE to vertical. The shear bands were therefore reoriented during

D4.
In the small granite dikes of the southeastem map area (Figures 13 and 20) C and

S bands (Berthé et al., 1979) are also developed. Early formed S planes (schistosity)

defined by quartz ribbons (type 2B of Boullier and Bouchez, 1978) and aligned mica
A curve into C planes (cisaillement or shear planes) in a consistant dextral sense.

Feldspar porphyroclasts show evidence of brittle fracturing followed by dynamic

recrystallization along the grain margins. The resulting structure is a type I S-C

mylonite of Lister and Snoke (1984). .

Mineral Lineations

Mineral stretching lineations are also common in the Altavista area. Biotite,

muscovite, chlorite and less commonly homblende, tourmaline, staurolite and rods of

quartz are aligned on the S2 surface. The stereographic projection of the lineations is

nearly indistinguishable from that of F; fold axes and L4 intersection lineations. ln
hand sample, the mineral lineations are parallel to L4 lineations, L4 lineations, lie

somewhere between the two or show no apparent angular relationship. The variability
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of the orientations suggest that several sets of mineral lineations of varying age and

degree of reorientation may exist. The main concentration of data lies at 19/223 (Fig-

ure 21) or approximately at the F, fold axis.

Faults

There are many large and small scale ductile and locally brittle faults. Offsets

range from several centimeters to several meters for small scale faults and tens to

hundreds of meters for large scale faults. Movement directions were determined by

offset units, missing or tectonically "thinned" units and ”dragged" foliation against the

fault plane but in some cases, they were indeterminate. Three distinct groups of faults

are apparent.

Group one minor faults are reverse faults that exhibit consistent strikes of 015

and steep dip angles to both east and west (Figure 20). The large scale fault of group

one trends 356 and has faulted out the north end of the Reed Creek dome (Figure 13).

Offset for this fault appears large (approximately 250 m to l km) but cannot be ac-

curately estimated. The orientation of the group one faults suggests that they were

active during D3.

Group two reverse faults are the most common and strike 045 to 059 with dips

of 45 to 60 to both northwest and southeast. Large scale faults of group two include

reverse faults that bound the northwestem Hundley dome, both sides of the Leesville

Anticline and the northeast side of the Reed Creek dome (Figure 13). Many of the

other northeast trending, straight limbs of the domes exhibit intense cleavage devel-

'
U
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Figure 20. Detailed geologic map of the eastem Altavista map area. Inset: simple shear model
of principle stress with resulting dextral and sinistral shears and compression and extension di-
rcctions.
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MINERAL LINEATIONS

N = 67, CONTOURS =I, 5, IO °/¤

Figure 21. Stereographic projection of mirxeral lineations.
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opment, thinned units and near vertical, northwest or southeast oriented (pure dip-

slip) rnineral lineations locally. These sides appear to be sheared in a reverse sense

which suggests that the domes emerged along faults as well as by folding (Figure 18).

Because of the orientation and well developed S4 crenulation cleavage, group two

faults appear to have been active during the D, deforrnation.

The final group (three) is represented only by four documented examples of

normal faults oriented at approximately 100 with variable dips to both north and

south (Figure 20). The deformation episode that these faults are associated with is

questionable but because they mainly occur in areas that experienced cnly mild D.,

deformation, they are attributed to the D, event.

There are many other minor faults in the area the orientations of which are ap-

propriate for these groups, but for which movement directions could not be deter-

mined. Similarly, there are several minor faults in the area which cannot be classified

into the three groups. Most of these faults are in another orientation or are strike-slip

faults and represented by too few examples.

STRUCTURAL DEVELOPMENT

The structures in the Altavista area indicate a complex kinematic history. The

domes, reverse faults and multiple crenulation cleavages support a history of

compressional tectonics but many other structural elements require deformation as-

— sociated with transcurrent movement.

The consistent and widespread dextral shear bands which form in initially

anisotropic rocks (Platt and Vissers, 1980), indicate that dextral transcurrent move-

ment occurred throughout the Altavista area. C and S bands (Berthé et al., 1979) in

small granite bodies in the eastern map area also show consistant dextral movement.
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C planes, which are formed in initially isotropic rocks, are assumed to parallel the

shear zone boundary (Berthé et al., 1979) which in this case is 045 - 050. The shallow

plunge of the majority of the mineral lineations, if associated with shear movement,

also supports a dominantly transcurrent shear zone. The dominant trend of the min-

eral lineations is 223, which defines the stretching direction, agrees with the orientation

of the C planes. The shear bands are therefore oriented at +2l° to +28° from the ·

shear zone boundary. Gates et al. (1986) found that shear bands in the nearby trans-

current Brookneal zone (Figure 12) similarly formed at + 24 :1: 3° to the shear zone

boundary. The Brookneal zone is also dextral and oriented at 040.

Employing the dextral shear model, the first post-Taconic (D1, D; and M1)

structures formed in the Altavista area were the large and small scale F1 folds and S1

crenulation cleavage. The initial orientation of the structures cannot be absolutely

deterrnined but the weakly overprinted center of the Hundley dome and nearly

undeformed S1 crenulation cleavage of the eastem map area indicate a trend of ap-

proximately 195 to 200. If the structures were produced in a simple shear system, they

would have been formed with axial surfaces parallel to the X-Y plane of the finite

strain ellipsoid (Ramsay and Graham, 1970; Ramsay, 1980). The D3 structures (Figure

22A) would then be analogous to the early S bands formed in isotropic rocks (Berthé

et al., 1979; Simpson, 1984). In simple shear with a horizontal initial orientation (in

the X-Y plane), the folds would have formed at -45° to the shear zone boundary

(Ramsay and Graham, 1970). According to field and experimental observations how-

ever, compressive structures in a transcurrent system actually form at approximately

25 to 45° from the shear zone boundary (for actual estimates see Ghosh, 1966;

Tchalenko, 1970; Wilcox et al., 1973; Dubey, 1980; DeSmet, 1984; Ingles, 1985). This

angle is dependent on the rheology of the rock (Tchalenko, 1970), the initial orien-

tation of the anisotropies (Ramsay et al., 1983) and the amount of pure shear or

transpression in the system (Harland, 1971; Sanderson and Marchini, 1984).
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Figure 22. Schematic diagrams of: A) D; deformation with F; structures, shear zone boundary
and principle stress directions, B) dextral shcar and partial reorientation of structures, and C) D4
cleformation with F4 structures and reverse faults.
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The Bowens Creek Fault has an approximate strike of 045 to 050. If associated

with the fault, the F, structures were en-echelon and formed with an initial orientation

of 000 to 015 (180 to 195) or the approximate orientation of the least deformed

structures. These structures may also have undergone minor clockwise rotation during

the subsequent dextral shearing or F, folding event. In the eastern map area where

relatively little D, deformation took place (Figure 20), group one reverse faults are

oriented at 35 to 45° from the strike of the C planes in the granite (approximate shear

zone boundary). ln this area, normal faults are oriented approximately 90° from the

reverse faults and an apparent conjugate left lateral fault is oriented 75° from the C

planes (Figure 21). This configuration of compressional, extensional and conjugate

faults is essentially that predicted by the simple shear model.

After formation of the D, structures which include the F, folds, S, crenulation

cleavage, group one reverse faults and group three normal faults, rotation of the

structures through dextral shearing apparently took place (Figure 22B). Evidence for

this phase is only well documented in the dextral shear bands. The F, crenulation axes
(L, lineations) are deformed and offset by the shear bands which are in turn locally

folded in F., folds. There is also a great variability (both positive and negative rotation)

in the acute angle between S, and S., foliations. The variability in the angle cannot

purely reflect the degree of reorientation of S, during D, deformation or the angle

would vary inversely with S, intensity. This relation was not observed and does not
I

explain the rotation of S, to S, in both positive and negative senses.

Mineral lineations intersect, are parallel to and are folded by F, crenulation axes.

This variability indicates that they probably formed continuously throughout the D,

deformation and possibly also in the D, and D, events. lf the majority of the line-

ations are associated with dextral shear zone movement then they approximate the

shear orientation (223).
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The D4 deformation (Figure 22C) produced the northeast-trending F4 map scale

and mesoscopic folds, S4 asymmetric crenulation cleavage, group two reverse faults

and apparent reverse shear zones on the northeast trending sides of the domes. Reo-

rientation and transposition of many of the early structures occurred during the D4

event. The D4 structures appear to reflect northwest-southeast oriented compression

and can be explained by two possible processes. The first is that of transpression as

proposed by Harland (1971), Sylvester and Smith (1976), Harding and Lowell (1979),

DeSmet (1984) and Sanderson and Marchini (1984) for many other fault systems.

According to Sanderson and Marchini (1984), the angle of the compressional struc-

tures to that of the transcurrent zone is a function of the amount of pure shear or

compression across the zone. Compressional features that parallel the transcurrent

zone would require a system of pure compression with no simple shear.

Sylvester and Smith (1976), Wilcox et al. (1973) and Harding and Lowell (1979)

found that reverse faults could be active concurrently with strike-slip faults. Low to

high angle reverse faults that dip in opposite directions are synchronously active with

nearby parallel strike-slip faults on portions of the San Andreas fault and in the

Ardmore Basin, Oklahoma. The reverse faults emerged from basement, cut the cover

rocks and produced asymmetric structures that verge in opposite senses. The fault

movement caused emergence of antiformal, fault bounded basement blocks in

"keystone structures" (Sylvester and Smith, 1976) or "positive flower structures"

(Harding and Lowell, 1979). The compression appears late in the developement of the

shear zone but synchronous with strike-slip movement (Figure 22). Sylvester and

Smith (1976) attribute the two strain directions to tectonic transpression (Harland,

1971) but where zones of pure compression and zones of simple shear are simultane-

ously operative. Woodcock and Robertson (1982) found a similar strike-slip/reverse

fault combination in the Antalya complex of southwestern Turkey. They could not

resolve whether the two movement directions were synchronously formed but con-
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strained them to have both been active over a relatively short period of time. They

proposed that the oblique strain may have been resolved into concurrent

compressional and transcurrent forces. i ·
In Altavista, D, formed the en-echelon structures that were subsequently vari-

ably rotated. The D., event involved folding, cleavage development, continued forma-

tion of subhorizontal stretching lineations and zones of intense deformation that

parallel the shear zone boundary. The stratigraphically documented reverse faults oc-

cur on the straight limbs of the southeast Reed Creek dome, the northwest Hundley

dome and both limbs of the Leesville anticline. The unfaulted straight limbs of the

domes exhibit intense S, cleavage development and are tectonically thinned. Locally

developed near vertical mineral lineations have been found in the intense cleavage

zones suggesting that they were sheared. The antiformal cores of the Altavista domes

have therefore emerged through the cover rocks (Figure 18) as ”keystone structures"

described in the San Andreas system (Sylvester and Smith, 1976) or ”positive flower

structures" described in the Ardmore Basin (Harding and Lowell, 1979) and the Betic

Cordilleras (DeSmet, 1984).

If the Rb/Sr and K/Ar mineral ages on the northern Brevard zone (Conley, 1978)

and Bowens Creek Fault (Fullagar and Dietrich, 1976; D. Mose, pers. comm., 1986)

reflect the uplift and dextral transcurrent movement, then the fault was active at ap-

proximately 350 to 275 Ma. The dextral Brookneal zone which lies 10 km to the east

ofAltavista was active from 324 to 300 Ma (Gates et al., 1986). The geometry of this

central major transcurrent zone and the concurrently active transpressional to

compressional area with structural vergence away from the center (Figure 23) is anal-

ogous to the Crevillente zone (DeSmet, 1984) in the Betic Cordilleras. The geometry

of the domes of the two areas is also similar as are the sequence of events.

DeSmet (1984) found that domal "positive flower" structures formed in the ex-

ternal zone of a major strike—slip fault in the Betic Cordilleras of southern Spain. The
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Crevillente strike-slip fault is flanked by inversely symmetrical zones of compressional

structures that verge away from the central fault. The progression from center to edge

of the zone is: a purely transcurrßnt zone; an area of sigmoidal, slightly asymmetric,

dominantly fault bounded domes and an area of thrust faults and highly asyrnrnetic

structures. De Smet (1984) proposed a three stage formation for the domes. A series

of en—eche1on structrues were formed at 25° from the main shear zone boundary in the

early stage. In the middle stage, structures were rotated in some cases and faulted in

others depending on local conditions. In the final stage, compression across the zone

occurred, producing thrust faults and asymmetric structures as in Altavista.

A second possibility for Altavista is that the D4 deformation may have occurred

in a subsequent compressional event that was unrelated to D, and the dextral shear-

ing. Both the D3 and D4 events were ductile however, and took place under the same

M2 metamorphic conditions (middle to upper greenschist) suggesting a short time

span between the two because mineral ages indicate uplift during this deformation.

TECTONIC IMPLICATIONS

The domes and Bowens Creek Fault formed through the interaction of two de-

formational events (D; and D4). If both the D4 and D4 events were produced as two

phases in a single transpressional event, then only one compression direction is re-

quired. According to the simple shear model (Ramsay and Graham, 1970), the major

compression direction lies 45° from the shear zone and perpendicular to the major

structural trend. In both Altavista and Brookneal the compression would have been

oriented approximately east-west.

If the D3 and D4 events are unrelated, then two compression directions are re-

quired. The D4 compression is that described above (east-west). The D4 compression
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direction would have been oriented approximately southeast-northwest or perpendic·

ular to the F., structural trend. This model does not require strict transpression.

The main drawback in applying the formation of the Altavista domes to tectonic

models is the lack of solid age constraints on each phase of deformation (D, and

D.,). The deformations overprint rocks with Taconic deformational features which

constrains the age to approximately post Ordovician. Deformation predates the °

Jurassic age diabase dikes and Triassic age brittle deformation associated with the

formation of the Danville Basin (Figure 12). Fullagar and Dietrick (1984) and Mose

(personal communication) the Rb/Sr whole rock and mineral ages of 350 to 275 Ma “

from rocks along several portions of the Bowens Creek Fault falls within that range

and agrees with the activity range of the nearby, dextral Brookneal zone (Figure 12).

The Brookneal zone exemplifies the Appalachian dextral shear system that extends

from Maritime Canada to Georgia. Bradley (1980) summarized the transcurrent faults

of the Northern Appalachians and found the peak activity to have occurred between

345 and 285 Ma. The age, metamorphic grade of deformation and orientation of the

Bowens Creek deformation zone in Altavista is nearly the same as the Brookneal zone.

The Bowens Creek-Brevard zone deformation apparently formed during this

Carboniferous Appalachian dextral transcurrent event (Gates, et al., 1986).

CONCLUSIONS

The domes in the Altavista area of the western Virginia Piedmont were imposed

on a terrane that was previously deformed and metamorphosed during the Taconic

Orogeny. The terrane contained horizontal foliation and structures of D, and D, de-

formational events prior to the development of the domes. The D3 deformation

produced en-echelon north-south oriented symmetric map scale and mesoscopic F,
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folds, S, crenulation cleavage and group one small and large scale reverse faults. It

also formed the group three east-west oriented normal faults and the northeast trend-

ing horizontal mineral lineations, dextral shear bands and dextral C - S mylonites in

small granite bodies. These D4 structures were partially rotated by continued dextral

shear across the area.

The subsequent D4 deformation is similar to D4 in location and metamorphic

grade. D4 structures include northeast trending asymmetric F4 map scale and

mesoscopic folds, S4 crenulation cleavage and group two reverse faults and shear

zones on the limbs of the domes. The D4 deformation produced "keystone" or ”posi-

tive flower" structures represented by the northeast trending anticlines that are sepa-

rated into domes by F4 synclines.

The transpressional event is constrained to have occurred between Ordovician

and Jurassic. It may be related to the Carboniferous Appalachian dextral transcurrent

event as suggested by nearby K/Ar and Rb/Sr age deterrninations. The Altavista area

forms an extemal zone to the nearby dextral transcurrent Brookneal zone that exhibits

a similar age of activity metamorphic grade of deformation to Altavista.
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PROGRADE METAMORPHISM AND HYDROTHERMAL RETROGRESSION

DURING NAPPE EMPLACEMENT, SOUTHWEST VIRGINIA PIEDMONT

I
A. E. Gates and J. A. Speer

ABSTRACT _

The northem terminus of a broad belt of Taconic age amphibolite grade

metamorphic rocks that includes the Inner Piedmont Belt of the southen Appalachians

occurs in the southwest Virginia Piedmont. The prograde metamorphism in Altavista is

inverted in an upright stratigraphy. A sil-in, st—out isograd across the northern and

western map area represents the reaction: mus + st -• grt + bt + als. Ten kilometers

to the south or the high temperature side of the isograd there are rnigmatites and small

granite, aplite and pegmatite dikes. On the low temperature side, metamafic rocks define

the isograd between amphibolite and greenschist facies conditions.

The prograde metamorphic rocks later underwent retrogression in continuous but

incomplete reequilibration. The sil—bea1ing rocks (bt + grt + sil) underwent the reaction

: grt + bt + als + H20 -> mus + st. The st armored the grt and the assemblage was

bt + st + sil (st-retrograde rocks). Although some rocks retain this assemblage, many

continued to receive fluid and underwent cld-production reactions: st + grt + bt + H20

-» cld + mus and st + bt + H20 —> cld + chl. Several other assemblages are included

in these cld-retrograde rocks such as spessartine rich grt + cld + chl from the reaction
st + grt + chl —» cld and ky + cld + chl from st + chl -• cld + als. These zones of

retrogression are approximately parallel to structural trend. At the center of several
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zones are deposits of pure kyanite and deposits of‘ pure tourmaline, both of’ which indi-

cate extreme hydrothermal activity that was apparently confined to structurally con-

trolled fluid conduits.
Pressure-temperature calculations both on rims and in mineral profiles indicate that

peak temperature conditions fbllowed higher pressure lower temperature conditions.

Peak temperature ranged from 650° C in sil-bearing rocks to 570° C in st-bearing pro-

grade rocks. Application of the retrograde rocks to an experimentally calibrated

petrogenetic grid indicates nearly isobaric cooling through l20° C. The P-T path there-

fore represents the late stage of’ a P-T loop that characterizes nappe emplacement. Early

thrusting of the nappe caused a rapid pressure increase in the footwall which had previ-

ously undergone regional metamorphism. Thermal equilibration and decompression

caused an increase in temperature and decrease in pressure in these rocks. The thermal

equilibration produced the inverted prograde metamorphism and drove dehydration re-

actions which liberated fluids. The fluids then flushed back up through the pile along the

conduits. The fluids drove retrograde reactions and produced the hydrothermal deposits.

INTRODUCTION

This study documents the processes of Taconic metamorphism and relates them to

the structural and tectonic development of the western Virginia Piedmom in the

Altavista area. The metamorphism records the history of nappe emplacement which in-

cludes a prograde and retrograde sequence. The retrograde portion of' the P-T path was

accompanied by extreme hydrothermal activity along structurally controlled fluid

conduits.
The Altavista area lies in the northern part of the Smith River Allochthon terrane

(Conley and Henika, 1970; 1973) (Figure 24), a large area composed of amphibolite
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grade metamorphic rocks. The terrane is bounded to the east by the Ridgeway fault and

to the West by the Bowens Creek Fault (Conley and Henika, 1970; 1973) which separates

it from an area of greenschist facies rocks to the west. Glover et al. (1983) suggested

that this area records metamorphism that resulted from the Taconic Orogeny. Rb/Sr

biotite-whole rock cooling ages of440i 22 Ma (Odom and Russell, 1976) from pelitic

gneisses and Rb/Sr whole rock ages of 462:1: 20 Ma (Odom and Russell, 1976) and 450

Ma (Rankin, 1975) from the Leatherwood Granite which intruded the Smith River area

subsequent to the peak of metamorphism support the Ordovician Taconic age of

metamorphism. Amphibolite grade Taconic metamorphism continues further south into
the Inner Piedmont belt of the Carolinas and Georgia (Glover et al.., 1983).

To the north ofAltavista, the rocks are of lower grade. In central and northem

Virginia, the western Piedmont rocks are of upper greenschist to lowermost amphibolite

facies (Espenshade, 1954; Brown, 1958; Evans, 1984). The Altavista area therefore re-

presents the northemmost portion of this large amphibolite grade metamorphic belt.

GEOLOGIC SETTING

The oldest unit in the Altavista area is the Late Precambrian Lynchburg Formation

(Brown, 1958; Espenshade, 1954) and is exposed in the cores of the domal structures that

characterize the area (Figure 25). The Lynchburg Formation in Altavista is composed
E

of mica-poor, metamorphosed feldspathic to arkosic, conglomerate that grades upward

into medium grained, feldspathic sandstone to graywacke with thin rnicaceous lami-

nations. The sandstones are sparsely intruded by muscovite—biotite-garnet pegmatite

dikes within the Hundley Dome (Figure 25). Conformably overlying the Lynchburg
Formation is the Late Precambrian, metavolcanic Catoctin Formation (Brown, 1958).

The medium to coarse-grained, hornblende-andesine amphibolite schists include 5 to 60
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m thick discontinuous layers of metasandstone and epidote-quartz layers and boudins.

Conformably overlying the Catoctin Formation is the metasedimentary Evington Group

of latest Precambrian to Cambro-Ordovician(?) age (Espenshade, 1954; Brown, 1958;

Redden, 1963; Brown, 1970). The Evington Group consists of metagraywacke and

quartzite succeeded by a thick pelitic sequence. The pelitic rocks range from sillimanitc-

staurolite-gamet schist/gneiss to chloritoid-chlorite schist. The unit is intruded by

garnet-tourmaline pegmatite, aplite and granite dikes along the southern boundary of

the map area (Figure 25). The upper portion of the pelitic unit contains two 5 to 50 m

thick, thinly layered calc-silicate units with marble and diopside-amphibole-gamet-

epidote schist with pelitic laminations and separated by a pelitic section. The upper

calc-silicate is interlayered with a massive, coarse grained, calc-silicate bearing quartzite.

In the westemmost map area, the deformation is less intense and younging direc-

tion is determined through graded and cross-beds (Gates and Glover, in prep.). The

Catoctin metabasalt is a greenstone in this area indicating that greenschist facies condi-

tions prevailed in contrast to the amphibolite facies that prevailed in the rest of the

Altavista area. '
The Altavista area has undergone four deformational events (Gates, in prep.; Gates

and Glover, in prep.). The first two deformational events D, and D, are related in time

and space to the M, metamorphism and occured during the Taconic Orogeny. D,

structures are difficult to identify in outcrop, but the large isoclinal fold in the south-

westem map area (Figure 25) may be an F, fold. S, has generally been transposed into
S, but rootless isoclines and isoclinal fold hinges in the S, foliation record the earlier

foliation which was folded by F,. Porphyroblasts in the pelitic schists and gneisses con-

tain cores with aligned inclusions (S,) that are oblique to the pervasive S, foliation. The
F, folding event is isoclinal and recumbent and reoriented or modified the F, folds. The

metamorphic assemblages studied in this report were mainly formed during and after the
D, event but the M, metamorphism spans both deformational events.
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The eastern half map area exhibits structures and foliation with an east-west strike
and south directed dip. The D, and D, events produced a horizontal foliation and

recumbent isoclinal folds. This area was later passively rotated to the south during the

formation of the Sherwill Dome (Figure 25) (Gates, in prep). D3 and D4 were the two

latest events and unrelated to the early Taconic events. The D3 and D4 events formed

the folds and domes in the western map area in late transpressive deformational events

(Gates, in prep) but imposed minimal deformation on the eastern map area. The trend

of the F3 and F4 structures is northeast, in sharp contrast with the east-west trending

structures to the east (Figure 25). Multiple crenulation cleavages are well developed in

the areas that exhibit F3 and F4 folds. The M2 metamorphism is related to the late

event and produced muscovite and chlorite overgrowths on the M, minerals.

PETROGRAPHY

The conditions of Taconic (M,) metamorphism in the Altavista area are best de-

termined by the assemblages and textures in the pelitic schists and gneisses of the

Evington Group. There are early prograde assemblages and a series of late retrograde

assemblages that reflect the changing metamorphic conditions. The prograde,

amphibolite grade metamorphism defines a sil-in, st-out isograd between sillimanite

bearing rocks (bt + grt + sil) to the south and east and staurolite bearing rocks (bt +

_ grt + st) to the north and west (Figure 25). The sillimanite bearing rocks are therefore

stratigraphically higher in the section than the staurolite assemblages. The decrease in

temperature to the west is also indicated by the metamafic rocks of the Catoctin For-

mation. The Catoctin is an amphibolite in all parts of the field area except the

westernmost band (Figure 25) where it ranges from an amphibole bearing greenstone at
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the eastem contact to a greenstone. Amphibolite facies conditions therefore prevailed

in the central and eastem areas but greenschist facies prevailed in the west.

Mineral abbreviations in the following discussion are from Kretz (1983).

Prograde Assemblages Southeast of the Sil-Isograd

Unretrograded bt + grt + sil rocks occur in small patches across the southern and

eastem part of the map area (Figure 25). The three phase bt + grt + sil assemblage is

characteristic of this zone. Sandy sections of the Evington Group exhibit grt + bt and

bt assemblages. These assemblages also contain ms + pl + qtz and accessory

tourmaline, magnetite, apatite, ilmenite and zircon. Fine fibrolitic to locally granular

sillimanite defines the S2 foliation with ms + bt or is randomly oriented. Sillimanite oc-

curs throughout the rock, in biotite, muscovite quartz and as porphyroblastic aggre-

gates. Garnet poikiloblasts are subhedral to anhedral and are embayed by the sillimanite

and biotite intergrowths (Figure 29A). The gamet contains quartz inclusions that in

some samples define S1 foliation oblique to the enclosing S2 Small anhedral shards of

gamet occur in intergrowths of sillimanite and biotite and appears to have been con-

sumed in this assemblage. Reversely zoned plagioclase of An38·51 forms subhedral

poikiloblasts that contain quartz and euhedral muscovite inclusions. The biotite and

muscovite in the matrix is subhedral to anhedral and contains inclusions of sillimanite

and ilmenite.

Migmatites occur in the pelites in the southeast field area (Figure 25). Associated

with the migmatites are small two mica, garnet-tourmaline granite, pegmatite and aplite

dikes that are concordant to the D2 trend. The granites are fine grainedmonzogranites

(Streckheisen,l973) with a granitic texture. The mafic phases include gamet, tourmaline,
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epidote, biotite and muscovite and are early in the crystallization sequence. The feldspars

and quartz are late and appear to have crystallized at the same time.

Prograde Assemblages Northwest of the Sil-Isograd

The northern and western area is characterized by the bt + grt + st, st + bt and

bt assemblages. Other phases in these rocks include ms, qtz, pl, mag, ap and possible

ilmenite. The bt + grt + st rocks exhibit a slightly stronger S2 foliation than the sil-

bearing assemblage and porphyroblasts as much as thirty times as large as the enclosing

matrix grains. The staurolite porphyroblasts are up to 3 cm and exhibit inclusion free

rims on quartz included cores (Figure 26A). The aligned inclusions are oblique to the

enclosing S2 foliation. Subhedral gamet is 2 to 4 mm, and inclusion free. Aligned biotite

forms subhedral porphyroblasts and is generally subhedral to rounded. Plagioclase forms

5 mm poikiloblasts that are normally zoned, twinned and generally sericitized. These

rocks are also relatively muscovite rich and quartz poor. In sample AG5-505 (Figure

25), the garnet is l to 3 cm, and includes euhedral unzoned staurolite that composes as

much as 60% of the porphyroblast. These garnets also enclose bt, pl and accessory

fluor-apatite. The rock however contains no quartz.

St-Bearing Retrograde Rocks

The st-bearing retrograde rocks are distinguished from the prograde rocks by the

coexistence of sil + st and the isolation of grt from sil. The rocks at the prograde
isograd also contain bt + grt + st + sil but with all phases in apparent equilibrium and

occurring over a very restricted area. The st·retrograde rocks occur to the southeast of
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the prograde sil-in isograd in all areas between those with rocks that exhibit the bt -1-
grt + sil assemblage and the cld—bearing retrograde assemblages. The rocks also contain

ms + pl + qtz :t ky :1: chl :1: cld and accessory tourmaline, apatite, ilmenite, magnetite
and zircon. These rocks exhibit varying degrees of continual but incomplete re-
equilibration. Prior to the retrogression, the rocks contained the prograde bt + grt +
sil assemblage. Euhedral gamet forms 2 to 6 mm porphyroblasts with muscovite and '

biotite pressure shadows and locally show rotatation. The garnets exhibit a sharp core-
rim boundary defined by aligned to randomly oriented sillimanite fibers that wrap the
cores (Figure 29D). The gamcts are otherwise clearly isolated from sillimanite in all but

a few rocks and are armored by staurolite and biotite. The rounded gamet cores contain

aligned quartz inclusions that are oblique to S2 whereas the rims are inclusion free

(Figure 29D). Small to medium sized (1 · 5 mm), euhedral staurolite grains occur in
aligned fibrolitic sillimanite masses and rim or are included in gamet with biotite laths.

The staurolite is generally clear but larger grains are slightly poikiloblastic with quartz
inclusions. Euhedral kyanite laths have replaced the fibrolite masses in some samples.
Muscovite and quartz contain sillimanite fibers but biotite does not. Normally zoned

and sericitized plagioclase is poikiloblastic with quartz, small poorly developed mica,
magnetite and ilmenite.

Cld-Bearing Retrograde Assemblages

The later retrogression is characterized by cld + chl assemblages that contain ms,
mag and, depending on the rock, qtz, st, ky, grt and/or sil as stable or relict phases. The
cld + chl rocks occur in east-west oriented bands that parallel the S2 foliation and Fg
structural trend (Figure 25) in the eastern map area. The bands are evident on

aeromagnetic maps of the area as weak magnetic highs. In the west, near the domes, the
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bands have been reoriented in the later D3 and D4 deformational events. The

assemblages of the late phase retrogression are:

cld + chl + st
cld + chl + grt
cld + chl + ky.

Cld + chl most commonly occurs as either a two phase assemblage or with staurolite.

Chloritoid forms small subhedral to euhedral grains with muscovite and minor chlorite

in fractured and disaggregated staurolite porphyroblasts with biotite at the margins of

the retrograde zones (Figure 26B). Within the areas of cld-retrograde assemblages

(Figure 25), randomly oriented chloritoid in muscovite and minor chlorite form

pseudomorphs after staurolite (Figure 26C). Chloritoid porphyroblasts in fine chlorite

and muscovite, generally contain small staurolite grains and bundles of sillimanite fibers

as relicts of the earlier assemblages. Chlorite occurs as oriented plates with zircon and

rutile inclusions and rcmnant biotite along cleavage planes or as small fibrous rosettes.

In contrast to the prograde and st·retrograde rocks, muscovite constitutes the most

abundant phase, composing 65 to 95% of the cld + chl rocks.

In sample AG5·929 (Figure 25), gamet occurs with the cld + chl + ms assemblage

(cld + chl + grt). The gamets occur as euhedral to subhedral, 3 to 5 mm porphyroblasts

and inclusions within chloritoid porphyroblasts (Figure 29D). Unlike many other

chloritoid bearing rocks, the garnet-chloritoid rocks contain no staurolite in the matrix

nor within the chloritoid.

In sample AG4-159+ (Figure 25), kyanite occurs as a stable phase with chloritoid

and chlorite (cld + chl + ky) (Figure 26D). l to 2 mm euhedral prisms are both in-

cluded in chloritoid and in the fine chlorite-muscovite matrix. Small, euhedral to

subhedral staurolite grains are included in chloritoid and subhedral to anhedral grains

occur in the matrix. Sillimanite is also enclosed within chloritoid. This sample contains

one small quartz vein but no quartz in the matrix.
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Rocks with Extreme Composition

In some areas, kyanite forms deposits of intergrown laths with 1 to 5% interstitial _

muscovite. These deposits which range from several centimeters to two to three meters

in thickness, occur within chloritoid-muscovite schists. The chloritoid is stable with

kyanite near the deposits. These deposits are rimmed by tourmaline-magnetite-muscovite
I

intergrowns. In other parts of cld + chl areas, deposits of 90% fine randomly oriented

tourmaline with interstitial quartz exhibit the same intergrowth on the rims. Tourmaline

is a common accessory to all of the pelitic rocks but occurs in higher concentrations in

the chlorite-chloritoid schists.

MINERAL CHEMISTRY

Polished sections of eighteen samples were analyzed for mineral chemistries with
an automated , nine spectrometer ARL·EMX electron microprobe. The analytical

schemes used in standardization and analysis are those of Solberg and Speer (1982). .

Data was converted to oxide weight percentages using techniques of Bence and Albee
(1968). Oxide weight percents were recalculated into mineral forrnulae using the

SUPERRECAL computer program (Rucklidge, 1971). In recalculating hydrous phases,

the OH + F + Cl molecular total was summed to the assumed correct stoichiometry

(4 for biotite). Boron was iteratively entered in weight percent for tourmaline analyses

to yield a molecular total of 3.
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Muscovite

The white micas from the Altavista area (Appendix C) are K and Na bearing with

trace amounts of margaritic component. Na/(Na + Ca + Ba) ranges from 0.106 to

0.291 and is generally lower for bt + grt + sil rocks than the other assemblages (Figure

27A). Paragonitic content is similarly lower for these rocks than rocks containing the

other assemblages. Si occupancy ranges from 3.03 to 3.12 atoms/ 12 anions and is

independant of assemblage. Ba ranges from 0.01 to 0.047 atoms/24 anions and is gener-

ally higher for sil-bearing rocks than st- and cld·bearing rocks. Total interlayer occu-

pancy is 1.66s(K + Na + Ca+ Ba)2 1.911 and is higher in sil rocks than in the other

assemblages. F content is from 0.0 to 0.064 /24 anions and is independent of

assemblage.

Plagioclase

Plagioclase (Appendix C, Table 3) is sericitized in many samples and albitized in

most st-bearing prograde and retrograde rocks. Plagioclase is represented by sericite

pseudomorphs in cld-bearing rocks. An content ranges from 6 to 51 % for rim analyses

and exhibits a general decreasing trend from sil-bearing rocks through st-bearing pro-

grade and retrograde rocks (Figure 27B). Michel-Levy optical compositional methods
indicate the same trend but yield slightly higher An components. Individual plagioclase

grains are reversely zoned from An 38 at the core to An 51 at the rim in bt -1- grt + sil

and normally zoned from An 43 at the core to An 15 at the rim for some grains in st-

retrograde samples. All st-prograde and many st-retrograde plagioclase grains are un-

zoned.
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Table 3: Average Plagioclase Analyses used in Thermo-barometry
Sample: 4-59R 5-1066 4-59C
SiOz 55.40 60.25 58.53
TiO2 0.02 0.00 0.00
AIZO; 29.94 25.74 27.77
FeO 0.09 0.10 0.03
MgO 0.02 0.02 -0.03
CaO 10.49 7.28 7.85
BaO 0.00 0.00 0.00
NaZO 5.43 6.89 7.04
KZO 0.05 0.06 0.05
Total 101.48 100.34 101.26
Number of ions with 8 O ·
Si 2.456 2.668 2.581
A1 1.564 1.343 1.443
Ti 0.001 0.000 0.000

4.021 4.012 4.024
Fe 0.003 0.004 0.001
Mg 0.001 0.002 -0.002
Ca 0.498 0.345 0.371
Na 0.467 0.592 0.602
K 0.003 0.003 0.003
Ba 0.000 0.000 0.000

0.974 0.945 0.975
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Biotite

Fe/(Fe + Mg) for biotite (Appendix C, Table 4) ranges from 0.35 to 0.67 and

varies systematically in each of the assemblages. The composition of the biotite in the

sil- and st·bearing'prograde and st-retrograde rocks can be distinguished on the basis of

Fe/(Fe + Mg), Al, A1IV, F, and Ti (Figures 28A — 28C). Fe/(Fe + Mg) ranges from 0.37

to 0.55 for biotite in bt + grt + sil rocks, 0.35 to 0.45 in bt + grt + st rocks and 0.55

to 0.67 in st-retrograde rocks. AIIV varies from 2.42 to 2.85 /24 anions and forms con-

centrations for the st-retrograde rocks at 2.44 to 2.54, bt + grt + st at 2.56 to 2.68 and

bt + grt + sil at 2.65 to 2.8 (Figure 28A). AIVI varies from 0.77 to 1.02 /24 anions

with the major concentration between 0.85 and 0.95 regardless of assemblage. Interlayer

occupancy ranges from 1.72 to 1.83 (K + Na + Ca) atoms/24 anions for the sil

assemblage, 1.64 to 1.80 (K + Na + Ca + Ba) atoms/24 anions for st-retrograde and

1.62 to 1.77 (K + Na + Ca + Ba) atoms/24 anions for st·prograde rocks. Ba is from

0 to 0.04 atoms/24 anions with higher values in st-retrograde than bt + grt + st rocks.

Fluorine contents concentrate between 0.07 to 0.20 atoms/ 24 anions for bt + grt + st

rocks and approximately 0.15 to 0.32 for st-retrograde rocks (Figure 28B). Total

titanium also forms three distinct groups: 0.170 to 0.220 atoms/24 anions for st rocks,

0.210 to 0.170 for sil rocks and 0.125 to 0.175 for st-retrograde rocks (Figure 28C).

Garnets

The garnets in the Altavista area are almandine-rich, containing between 49 and

84 mol % almandine, 7.9 to 14.7 mol % pyrope, 1.5 to 34.5 % spessartine , and 2.1 to

13.3 mol % grossular (Appendix C, Table 5). They show a compositional zoning that

is different for each assemblage. The gamets coexisting with bt + sil exhibit profiles
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Table 4: Average Biotite Arialyses used in Thermo-barometry ‘

Sample: 4-59 5- 1066 5-523 4-225 + 4-217 5-505
Si02 35.19 38.93 34.83 34.84 36.04 35.51
Ti02 1.68 1.86 1.71 1.66 1.60 1.47
A1202, 20.37 19.88 19.28 19.00 19.42 20.01
Fe0 18.49 22.75 21.09 20.97 21.10 23.38
M¤0 0.19 0.09 0.08 -0.01 -0.02 0.08
MgO 11.04 7.82 8.77 8.60 8.34 7.57
Ca0 0.05 0.06 0.01 0.00 0.00 0.06
BaO 0.00 0.00 0.31 0.02 -0.12 0.20
Na20 0.30 0.27 0.22 0.12 0.16 0.29
K20 9.01 8.85 8.37 8.47 8.53 8.65
F 0.00 0.00 0.24 0.32 0.30 0.16
C1 0.00 0.00 0.00 0.00 0.00 0.02
H20 3.85 3.95 3.88 3.84 3.86 3.88
Total 101.17 100.73 98.80 97.84 97.20 101.24
Number of ious with 24 O + OH + F + C1
Si 5.363 5.338 5.355 5.396 5.482 5.370
A1 2.637 2.662 2.645 2.604 2.518 2.630

8.000 8.000 8.000 8.000 8.000 8.000
A1 0.921 0.890 0.847 0.863 0.964 0.937
Ti 0.187 0.193 0.198 0.193 0.183 0.167
Fe 2.292 2.885 2.712 2.716 2.684 2.957
Mu 0.024 0.011 0.010 -0.001 -0.003 0.011
Mg 2.439 1.769 2.010 1.986 1.891 1.707

5.864 5.767 5.777 5.757 5.719 5.779
Ca 0.007 0.010 0.002 0.000 -0.001 0.011
Na 0.086 0.080 0.065 0.036 0.048 0.085
K 1.704 1.713 1.641 1.672 1.655 1.669
Ba 0.000 0.000 0.019 0.001 -0.007 0.012

1.797 1.803 1.726 1.709 1.695 1.777
C1 0.000 0.000 0.000 0.000 0.000 0.004
F 0.000 0.000 0.117 0.155 0.144 0.079
H 3.804 3.996 3.979 3.972 3.913 3.914
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Table 4. Biotite Analyses Continued

Sample: 5-268 4-179 4-2A 4-6 4-3A

SiO2 37.03 35.50 37.18 37.72 37.58
Ti02 1.31 1.56 1.45 1.31 1.72
A1202 18.84 19.89 19.07 19.32 19.13
Fe0 14.03 21.10 13.14 16.94 16.17
MnO 0.09 0.06 0.09 0.07 0.13
MgO 14.07 9.43 14.01 12.87 11.99
CaO -0.02 0.04 0.00 0.02 0.04
Ba0 0.28 0.00 0.21 0.18 0.21
Na2O 0.23 0.24 0.26 0.33 0.25
K20 8.71 8.81 8.61 8.49 8.85
F 0.57 0.00 0.27 0.86 0.76
C1 0.00 0.00 0.00 0.07 0.07
H20 3.73 3.97 3.88 3.69 3.68
Total 98.63 100.59 98.17 101.87 100.60

Number ofions with 24 O + OH + F + C1
Si 5.508 5.346 5.530 5.502 5.545
Al 2.492 2.654 2.470 2.498 2.455

8.000 8.000 8.000 8.000 8.000

Al 0.811 0.876 0.870 0.823 0.872
Ti 0.146 0.176 0.162 0.144 0.191
Fe 1.745 2.658 1.635 2.066 1.995
Mn 0.011 0.008 0.011 0.009 0.016
Mg 3.120 2.115 3.106 2.798 2.637

5.823 5.833 5.785 5.840 5.710

Ca -0.003 0.006 -0.001 0.003 0.007
Na 0.067 0.069 0.076 0.093 0.070
K 1.653 1.691 1.633 1.580 1.666
Ba 0.016 0.000 0.012 0.010 0.012

1.733 1.766 1.720 1.686 1.756

C1 0.000 0.000 0.000 0.017 0.020
F 0.270 0.000 0.126 0.397 0.357
H 3.701 3.984 3.844 3.591 3.627
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that suggest a two stage history. They contain quartz inclusions and embayments of sil

+ bt intergrowths. The cores (Z1) are high Fe and Ca and low Mn and Mg relative to

the rims (Z2) (Figure 29A). The transition between the variable cores and relatively flat

rims is abrupt. At the rim edge Fe increases and Mg decreases causing an inflection in

the Fe/(Fe + Mg) profile.

Garnets coexisting with bt + st generally do not exhibit the Z1 and Z2 core growth

profiles (Figure 29B). They contain a Z3 profile, which is relatively flat with no sharp

core to rim transitions and moderate spessartine and grossular components. Garnets in

the cld + chl retrograde assemblage exhibit a profile unrelated to Z1, Z2 and Z3. They

are unzoned to slightly zoned and contain almandine of 49 to 54 mol %, pyrope of 12.4

to 14.6 mol %, spessartine of 27.2 to 34 mol % and grossular of2.7 to 3.5 mol %. These

gamets defme a Z4 growth phase (Figure 29C).

The gamets from the st·bearing retrograde rocks contain included cores that are

separated from the rims by a layer of sillimanite fibers (Figure 29D). The core profiles

are very similar to those of the gamets from the bt + grt + st assemblage (Figure 29A).

The rims however exhibit flat profiles with high Fe, Mg and Ca contents and low Mn

contents relative to the core. Garnets with compositions similar to those in the cld +

chl rocks also occur in AG4·2A of the st·retrograde rocks where they are more variable

in composition. This low almandine (48.9 to 55.3mol %) gamet represents the Z4 garnet

phase which is associated with kyanite unlike the others in the st-retrograde rocks which

are associated with sillimanite.

Staurolite

The Fe/(Fe + Mg) ratio for staurolites (Appendix C) ranges from 0.865 to 0.74.

Staurolites from the bt + grt + st assemblage range from 0.865 to 0.84 and retrograde
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Table 5: Average Gamet Analyses used Thermo-barometry

Sample: 4-59R 4-59C 5- 1066 4-225 + 4-217 5-505

S10; 38.08 38.93 38.24 37.54 38.04 37.73
TiO2 0.15 0.14 0.10 0.13 0.12 0.15
A120; 20.78 21.43 20.90 21.42 21.00 21.19 .
FeO 28.60 30.46 33.90 35.55 36.14 34.49
MnO 8.62 5.55 4.87 2.84 0.22 2.67
MgO 3.00 3.01 2.16 2.51 2.29 2.71
CaO 2.90 3.79 1.97 0.80 3.21 2.40
Total 102.18 103.38 102.24 100.79 101.01 101.41

Number of ions with 12 O
Si 3.007 3.019 3.029 3.005 3.028 3.000
Ti 0.009 0.009 0.006 0.008 0.007 0.009
A1 0.000 0.000 0.000 0.000 0.000 0.000

3.016 3.027 3.035 3.013 3.035 3.009

A1 1.934 1.958 1.951 2.020 1.970 1.985
Fe 0.066 0.042 0.049 0.000 0.030 0.015

2.000 2.000 2.000 2.020 2.000 2.000

Fe 1.823 1.934 2.197 2.380 2.376 2.279
Mg 0.353 0.348 0.256 0.300 0.272 0.321
Mn 0.577 0.365 0.327 0.193 0.015 0.180
Ca 0.245 0.315 0.167 0.069 0.274 0.204

2.997 2.962 2.946 2.941 2.936 2.984
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Table 5. Gamet Analyses Continued

Sample: 5-523 5-268 4- 179 4-2A 4-6 4-3

SiO2 37.53 37.99 38.06 38.61 37.99 37.13
TiO2 0.13 0.14 0.15 0.13 0.15 0.19
AIZO3 21.19 21.02 21.02 21.12 21.21

21.14
FeO 32.79 22.45 36.63 25.25 33.17 33.75
M11O 6.25 14.83 0.66 9.67 2.01 0.95
MgO 2.23 2.91 2.33 3.63 3.27 2.96
CaO 1.40 1.18 3.21 2.04 3.45 4.88
Total 101.48 100.50 102.14 100.42 101.31 101.14

Number of io11s with 12 O
Si 2.997 3.031 3.011 3.054 3.004 2.956
Ti 0.008 0.009 0.009 0.007 0.009 0.011
A1 0.000 0.000 0.000 0.000 0.000 0.032

3.004 3.040 3.020 3.062 3.013 3.000

Al 1.994 1.976 1.960 1.969 1.976 1.951
Fe 0.006 0.024 0.040 0.031 0.024 0.049

2.000 2.000 2.000 2.000 2.000 2.000

Fe 2.183 1.474 2.383 1.639 2.169 2.199
Mg 0.266 0.346 0.274 0.427 0.385 0.351
M11 0.423 1.002 0.044 0.648 0.135 0.064
Ca 0.120 0.101 0.272 0.173 0.292 0.416

2.991 2.923 2.974 2.888 2.981 3.031
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Figure 29. Textures in gamets with corresponding compostition profiles A) For AG4 · 59 (bt
+ grt + sil), B) For AG4 - 225 (bt + grt + st), C) For AG5 - 929 (cld + chl + grt), D) For
AG4 ~ 3A (st·retrograde).
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staurolite from 0.79 to 0.74. Zinc component is minor from 0.011 to 0.065 atoms/44

anions. Mn content is generally low (0.01 to 0.03 atoms/44 anions) for all but those in

the cld + chl assemblage where it is 0.12 to 0.16.

Chlorite

The Fe/(Fe + Mg) ratio for chlorite (Appendix C) ranges from 0.40 to 0.56.

Chlorite only occurs in the retrograde rocks and is usually a replacement of biotite. The

lowest Fe/(Fe + Mg) ratio occurs where cld + chl replace st + bt, and high ratios occur

in garnet and kyanite bearing rocks. Mn content ranges from 0.02 to 0.04 atoms/ 18

anions for most samples but 0.0 to 0.01 for gamet bearing assemblages. Fluorine content

is variable from 0.02 to 0.06 atoms/ 18 anions.

Chloritoid

The Fe/(Fe + Mg) ratio for chloritoid (Appendix C) ranges from 0.89 to 0.78, the

lower values in replacements of st + bt and the high values with gt or ky. Mn content

is from 1.95 to 6.82 mol %, the highest values (6.82 to 4.5) are in ky bearing rocks,

moderate values (4.3 to 3.0) in the gamet assemblage and low values (4.0 to 1.95) in st

+ chl rocks. .
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Other Minerals

Tourmaline is a common accessory mineral in the Evington Group metapelites and

occurs in vein deposits in the cld + chl schists. Fe/(Fe + Mg) ratios range from 0.36

to 0.45 and are generally lower for tourmaline in the vein deposits. They are relatively

sodic with values from 0.48 to 0.69 atoms/31 anions and calcium values from 0.1 to 0.17.

Fluorine content varies from 0.04 to 0.18 atoms/31 anions and generally higher for

grains in vein deposits and at the non-vein grain rims. Apatite is also a common acces-
sory mineral and occurs as small inclusions in plagioclase and 0.5mm inclusions in garnet

porphyroblasts ofAG5-505. The grains are fluoro-apatite and contain 84 to 95 mol %

F/(F + C1 + OH). Opaque phases include ilmenite, which dominates in the bt + grt

+ sil rocks and magnetite, which dominates in the bt + grt + st prograde and cld- and

st-retrograde rocks. Aluminosilicates, including kyanite and sillimanite porphyroblasts '

contain between 0.3 and 0.4 weight percent Fe + 3.

PETROLOGIC EVOLUTION

Metamorphic reactions are based on petrographic observations (Figures 26A-D

and 29A-D). Many of the reactions were constrained using the least squares, mass bal-

ance methods of LeMaitre (1981) (Table 6) with weight percent oxide analyses from

appropriate samples (Table 7). In some cases, analyses of a mineral were unacceptable

and substituted with those from nearby samples with the same mineralogy and chemistry

(Table 6). In other cases, phases were exhausted in reaction and therefore were not

present in the sample. Analyses were substituted for the missing phases from samples

at a similar stage of retrogression. The prograde and retrograde pseudo binary diagrams
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(Figures 30, 31, and 32) were used to select samples from which analyses could be sub-

stituted.

Prograde Assemblages

The prograde assemblages formed earliest and reflect a regional high temperature

event. To represent this prograde metamorphism, a T·X(Fe + Mg) pseudobinary dia-

gram (Thompson, 1976) (Figure 30) was constructed based on assemblages and chemical

analyses. The unretrograded assemblages and retrograde rocks that contain relicts of the

high temperature event define an isograd of sil-in, st—out (Figure 25). The bt + grt +

sil rocks lie to the southeast and represent the high temperature three phase assemblage.

The isograd between these and the bt + grt + st assemblage rocks to the northwest

represents the discontinuous terminal reaction:

qtz+pl+st+ms—»grt+bt+si1+I—I2O1

(Figure 30) in the KFMASH model system. The sil-bearing assemblage is on the high

temperature side of the reaction and to the southeast in the map area.

The bt -1- grt + st assemblages represent conditions of the continuous reaction:

mag+p1+qtz+st+bt-» gt+ilm+ms+H2O II

(Figure 30). Fe/Fe+ Mg ratios of the bt + grt + st indicate lower temperatures to the

north and especially to the west using the methods of Thompson (1976) (Figures 25 and

30).
The continuous reaction displayed by the bt + grt + sil assemblages is:

grt+ms-»bt+ als+qtz+pl+ilm+mag+ H20 III

(Figure 30 ). Unfortunately most rocks displaying the high temperature assemblages

have been retrograded and are st-bearing. The high Mn content of the high temperature

assemblage garnets, especially in AG4—59, causes non-ternary (AKFM projection) be-
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Table 7: Analyses used in Mass Balance Calculations
AG5-523
Mineral: Grt St Ms Bt Sil P1
Si02 37.53 28.73 44.99 34.83 38.27 63.04
Ti02 0.13 0.23 0.57 1.71 -0.01 0.02
A1202 21.19 52.42 33.97 19.28 60.20 25.00
FeO 32.79 14.57 2.70 21.09 0.39 0.05
MnO 6.25 0.19 -0.03 0.08 0.05 0.03
MgO 2.23 1.55 0.62 8.77 0.09 -0.01
Ca0 1.40 -0.01 -0.02 0.01 0.00 4.53
Ba0 0.15 0.12 0.34 0.31 0.07 0.00
Na20 -0.02 -0.02 1.11 0.22 0.00 8.60
K20 -0.02 -0.03 9.00 8.37 0.07 0.04
F 0.04 0.01 0.03 0.24 -0.04 0.00
H20 0.00 2.35 4.45 3.88 0.00 0.00
Total 101.48 100.11 97.73 98.80 99.10 101.30
AG4-225+ +
Mineral: Grt St Ms Bt Pl Ilm
Si02 37.54 28.14 46.74 34.84 62.04 0.42
Ti02 0.13 0.54 0.22 1.66 -0.01 53.39
A1202 21.42 53.97 36.58 19.00 22.74 0.13
Fe0 35.55 13.63 1.71 20.97 -0.07 45.16
MnO 2.84 _ 0.09 -0.07 -0.01 -0.07 0.72
MgO 2.51 1.36 0.41 8.60 0.00 0.11
Ca0 0.80 -0.02 -0.01 0.00 4.18 0.02
Ba0 -0.03 -0.08 0.00 0.02 -0.08 0.29
Na20 0.01 -0.03 1.60 0.12 8.81 -0.01
K20 -0.02 -0.03 8.66 8.47 0.00 0.03
F 0.01 0.01 -0.04 0.32 -0.02 0.05
H20 0.00 2.36 4.58 3.84 0.00 0.00
Total 100.79 99.93 100.38 97.84 97.54 100.30
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Table 7. Mass Balance Analyses Continued

AG4-59
Mineral: Bt Pl Grt Ms Sil Mt Ilm

8102 36.18 55.40 38.08 46.08 38.16 0.45 0.15
Ti02 1.68 0.02 0.15 0.70 -0.01 0.33 49.91
A1202 20.37 29.94 20.78 34.49 62.63 3.87 0.03
Fe0 18.49 0.09 28.60 2.94 0.37 93.09 49.15
Mn0 0.19 0.02 8.62 0.01 0.03 0.21 1.46
Mg0 11.04 0.02 3.00 0.72 0.04 0.05 0.34
Ca0 0.05 10.49 2.90 0.01 0.03 0.08 0.05
Na20 0.30 5.43 0.02 0.83 0.00 0.13 0.04
K20 9.01 0.05 0.03 9.78 0.00 0.07 0.06
H20 3.85 0.00 0.00 4.49 0.00 0.00 0.00
Total 101.17 101.48 102.18 _100.05 101.25 97.83 101.21

AG5-268+
Mineral: Chl Ms St Bt P1

Si02 25.71 45.88 28.34 37.03 63.92 .
Ti02 0.06 0.33 0.32 1.31 0.01
Al20; 23.89 35.74 53.61 18.84 22.65
Fe0 16.29 1.90 12.61 14.03 -0.07
MnO 0.11 -0.02 0.27 0.09 -0.04
Mg0 19.99 0.43 2.28 14.07 0.00
CaO -0.02 -0.01 -0.02 -0.02 2.78
Ba0 0.06 0.36 0.03 0.28 0.29
Na20 -0.03 1.71 -0.02 0.23 7.98
K20 0.01 7.65 -0.05 8.71 0.00
F 0.08 -0.02 -0.07 0.57 -0.02
H20 11.71 4.48 2.40 3.73 0.00
Total 97.97 98.43 99.73 98.87 97.54
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Table 7. Mass Balance Analyses Continued

AG5-1195
Mineral: Bt St Chl Cld Ms
SiO2 35.51 28.19 25.18 25.05 45.36
Ti02 1.47 0.65 0.20 0.12 0.39
Al202 20.01 53.68 23.02 40.09 36.10
Fe0 23.38 12.98 26.77 23.36 1.93
Mn0 0.08 0.60 0.36 1.11 -0.04
Mg0 7.57 1.22 13.46 2.24 0.47
Ca0 0.06 0.05 0.05 0.34 -0.01
Ba0 0.20 0.00 0.00 0.00 0.33
Na20 0.29 0.06 0.01 0.00 1.43
K20 8.65 0.01 0.13 0.19 8.12
F 0.16 0.00 0.00 0.07 0.02
H20 3.88 2.36 11.49 7.23 4.46
Total 101.24 99.80 100.70 99.80 98.56
AG4-159+
Mineral: Chl Cld Ms Ky Mt St

Si02 24.86 25.09 45.36 37.90 0.14 29.01
Ti02 0.11 0.06 0.39 -0.01 0.25 0.36
A1203 23.63 40.67 36.10 62.08 0.36 55.05
Fe0 21.21 22.11 1.93 0.30 93.09 10.52
Mn0 0.39 1.84 -0.04 -0.08 0.13 0.72
Mg0 15.99 2.99 0.47 0.02 0.02 1.18
CaO 0.00 -0.01 -0.01 -0.02 0.04 -0.01
Ba0 0.00 0.00 0.33 -0.03 ‘ 0.38 -0.01
Na20 0.00 -0.01 1.43 -0.03 0.01 0.02
K20 -0.02 0.03 8.12 -0.05 0.03 -0.04
F 0.15 0.07 0.02 0.00 0.09 0.02
H20 11.36 7.29 4.46 0.00 0.00 2.37
Total 97.69 100.13 98.56 100.01 94.44 99.17

AG5-929
Mineral: Chl Cld Grt Ms Mt Tur
Si02 25.06 25.10 37.91 46.14 0.18 36.35
Ti02 0.08 0.08 0.16 0.65 0.25 0.43
A1202 22.91 40.73 21.21 34.65 0.58 32.11
Fe0 21.04 22.05 24.65 2.96 94.03 7.72
Mr10 0.19 0.80 12.81 -0.06 0.20 -0.03
Mg0 16.71 3.21 3.72 0.72 0.02 6.15
CaO -0.01 0.15 1.02 -0.02 0.03 0.58
Ba0 -0.02 0.00 0.07 0.39 0.14 0.03
Na20 -0.03 0.00 0.00 1.26 0.00 1.69
K20 -0.03 0.04 -0.01 9.07 0.02 -0.02
F 0.09 0.00 0.01 0.06 0.12 0.14
B20] 0.00 0.00 0.00 0.00 0.00 10.51
H20 11.37 7.31 0.00 4.47 0.00 3.55
Total 97.36 99.57 101.47 100.29 95.57 99.18
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havior of the rocks and the discontineous reaction (I) to actually be continuous causing

occurrence over an area.

Garnet profiles from the high temperature assemblage indicate a two stage growth

history, Z1 and Z2 (Figure 29A). The low temperature assemblage profiles show only a

single stage history, Z3 (Figure 29B). If the prograde event is synchronous across the

area then Z2 and Z3 represent the same growth phase under different conditions.

The one problem in construction of the loop is sample AG5-505 (Figure 29). The

bt + grt + st assemblage has a low Fe/(Fe + Mg) ratio in biotite indicating that it

should be the lowest grade sample of that assemblage. The high Fe/(Fe + Mg) ratio in

gamet however, is inconsistent. The sample also contains fluoro-apatite, sillimanite fi-

bers in muscovite and no quartz. The high fluorine activity and lack ofquartz may have

allowed the bt + grt + st assemblage to persist to much higher temperatures. The

Fe/(Fe + Mg) ratios of grt + bt fit the higher temperature portion of the T-X(Fe -
Mg) loop (Figure 30). This high temperature positon is supported by geothermometry

(see thermobarometry section). The assemblage however cannot be used in AKFM

(Thompson, 1957) construction because quartz is absent and is not considered further.

St-Retrograde Reactions I

The st·bearing retrograde assemblages are confined to rocks that were originally

bt + grt + sil bearing. The st-retrograde rocks contain gamets with core profiles that

replicate the full gamet growth profiles Z1 and Z2 of the high temperature assemblage

(Figures 29A and 29D). The gamet cores are also stable with sillimanite which charac-

terizes gamet assemblages at temperatures above reaction I. The production of
staurolite in these rocks occurred through a decrease in temperature and introduction

of fluid as the bt + grt + sil rocks moved to the low temperature side of the reaction
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grt + bt + sil —» st + ms (1) (Figure 31). Textural evidence for the st-retrograde re-

action is the replacement of bt + grt + sil by fine-grained intergrowths of bt + grt +

st. The reaction however did not go to completion because of either a lack of energy

or fluid, or armoring of phases. Staurolite formed around the gamct and armored it

from the bt + sil matrix, isolating the reactants. The stable three phase assemblage then

became bt + st + sil. As temperature further decreased, the bt + st + .si1 assemblage

underwent the continuous retrograde reaction:
mag-1- I—I2O+bt+ a1s—•st+ms+ qtz IV

(Figure 31) depending on the availability of fluid. The staurolite that formed through this

reaction is not associated with garnet. It occurs mostly as smaller euhedral grains in

mats of sillimanite or with biotite. The Fe/(Fe + Mg) ratio in staurolite and biotite de-

creased in the reaction (IV) making them chemically distinct from the prograde bt + st

which underwent reaction II (grt + ms -» st + bt) and became Fe-rich.

The st-retrograde rocks that contain chlorite received a continuous fluid input

during the retrogression and underwent the non-terminal discontinuous retrograde re-

action:
HZO-1-mag+bt+als-»st+chl V

(Figure 31). This retrogression of the prograde st-bearing rocks did not include this re-

action because sillimanite was not stable in that assemblage. Some rocks continued to

receive fluid and energy and proceded along the continuous retrograde reaction:

qtz+ H2O+ st+ bt—»chl+ ms + mag VI

(Figure 31). The only other reaction expressed in these rocks is the polymorphic phase

transition from sil to ky which probably occurred approximately at reaction V (bt + als
—» st + chl) (Figure 31). Many of the st-retrograde rocks contain euhedral kyanite

overgrowths on the fibrolitic sillimanite.
The st-retrograde rocks exhibit varying degrees of continual but incomplete re-

equilibration. Either the fluid or the energy input into these rocks was insufficient to
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Figure 31. Pseudobinary diagram for st-retrograde and cld—retrograde assemblages and reactions
(method of Thompson, 1976).
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drive the reactions to completion, leaving relicts of each reaction. The effect of armoring

and patchy equilibrium is not only to preserve relicts ofearly reactions but also to locally

change the bulk chemistry. Therefore rocks ofa single bulk chemistry can show reactions

that would normally only be observable in multiple samples of differing compositon.

Cld·Retrograde Reactions

I
Those rocks that continued to receive fluid proceeded to the cld—producing, st-

consuming retrograde reactions. There are several cld·bearing assemblages, cld + chl

+ st, cld + chl + grt and cld + chl + ky, all ofwhich postdate both the early prograde

and later st-retrograde reactions. Evidence for the succession of cld~assemblages is both

textural and by mineral chemistry. The formation of cld from st occurs through several

different reactions because there is both high Fe prograde and high Mg retrograde

staurolite (Figure 31). The high temperature cld-producing retrograde terminal discon-

tinuous reaction is:
H20+ st+ grt+ bt—>cld+ mu+ mag VII

(Figure 31) which is restricted to the prograde st·assemblage because the reactants st

+ grt + bt were present and the st inclusions in cld from that assemblage are high in

Fe. Retrogression of the prograde st-assemblage is only documented in one sample.

Most of the cld was produced in the retrograde non-terminal discontinuous re-

action:

HZO + qtz + mag + st + bt -» cld + chl VIII

(Figure 31). Textures showing this reaction include euhedral cld which occurs in and

around anhedral and disaggregated staurolite and forms pseudomorphs with chlorite af-
ter st. Because garnet appears to have been the Iimiting reactant in reaction VII, and

biotite was later chloritized, the products of both reactions VII and VIII are the same.
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St from the retrograde assemblage however is identifiable by its higher Mg content

(Figure 31).
The third st to cld retrograde reaction is non-terminal, discontinuous and affected

both prograde and retrograde staurolites. The reaction is:

qtz + st + H20 —» cld + als + ms + mag + chl IX

(Figure 31). Rocks displaying this reaction texture occur around the kyanite deposits.

Both kyanite and staurolite occur as euhedral inclusions in the chloritoid but only

kyanite is euhedral in the matrix. Another, higher temperature kyanite-chloritoid re-

action that may have occurred around the kyanite deposits is st + chl —» cld + ky. The

evidence for this reaction is not conclusive because the products are the same as reaction

IX. In some samples however, chlorite appears stable and quartz is absent. The mass

balance calculations (Table 6) indicate that reaction IX was operative in those cld + ky

samples analyzed.
The grt + cld assemblages exhibit a different series of reactions. Gamet occurs not

only as porphyroblasts but also as cores in chloritoid indicating that it formed prior to

the chloritoid. In sample AG5-268+ (Figure 25) the gamet exists in a reaction texture

with chlorite and is surrounded by staurolite and biotite. The suggested reaction for this

assemblage is the retrograde, non·terminal, discontinuous reaction:
qtz+H20+st+bt—»grt+chl+ms X

(Figure 32). Reactants may have been consumed or the reaction was incomplete.

Staurolite remained to lower temperatures and the product assemblage underwent the

continuous reaction:

qtz+ H20+ grt—»chl+ st XI

(Figure 32). The rocks finally underwent the terminal discontinuous reaction:

qtz + mag + H20 + 8202+ st + grt + chl —» cld + tur XII

The staurolite was consumed and remnant garnet was included in the chloritoid. These

reactions however, cannot be represented on the main T-X(Fe-Mg) pseudo binary (Fig-
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ure 31) because the garnets contain between 30 and 35 % spessartine and therefore do

not exhibit the ternary behavior modeled by the AKFM system. They overlap the other

cld-producing reactions.

Some of the st-retrograde rocks also contain phases formed during partial re-

equilibration with the cld + chl assemblages. AG5-268+ is the only sample that con-

tains chloritoid but other associated products are present in other samples. AG4-2

contains the high spessartine gamets enclosed by staurolite aggregates. Where garnet

has not developed, staurolite is intergrown with biotite in aggregates. The rock appar-

ently underwent reaction X (st + bt —• grt + chl). In AG4-6 high Fe gamet is rirnrned

by euhedral to subhedral chlorite. The gamets from all other st·retrograde samples ex-

hibit aggregate rims of staurolite and biotite.

Conditions of Metamorphism

Location P-T Reaction Space

The conditions of metamorphism in the rocks from Altavista is observable in P-T

space in the KFMASH system (KFASH and KMASH also) at constant uH20 (Figure

33) (Albee, 1965; Harte and Hudson, 1979). The highest temperature discontinuous re-

action is als + bt + grt —» st + ms (I) which characterizes the prograde metamorphism

and the initial retrogression of the bt + grt + sil rocks. The reaction has a negative

slope and is pressure sensitive over a wide range of temperatures (Figure 33). The next

observed retrograde reaction is als + bt -» st + chl (V), which only occurred in the st-

retrograde rocks. The reaction is isothermal and constrains the first reaction in that the

two meet at the chloritoid cordierite absent invariant point (Figure 33).
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The best constraints on the P·T path are those reactions that define the
aluminosilicate-cordierite absent invariant point. On the low pressure side of the point,
the reaction st + bt + grt -• cld (VII) is the first encountered in retrogression. The
reaction is isothermal but occurs over a limited pressure range (Harte and Hudson,
1979). The second chloritoid reaction, st + bt —» cld + chl (VIII) occurs at slightly
lower temperatures than the first (Figure 33). This reaction is relatively pressure insen-
sitive but also occurs under limited pressure conditions. The two reaction lines that ex-
tend to the high pressure side of the invariant point are documented in the
garnet-chloritoid assemblages. These reactions, st + bt -» gar + chl (X) and st + grt

+ chl —> cld (XII) are also pressure insensitive but occur over a wider range of temper-

atures (Figure 33). The garnets produced in this reaction are spessartine rich and

therefore are not part of the KFMASH system.

The reaction cld + bt -• chl in the KFASH system may have occurred but is not
provable. The grt —> chl reaction on the opposite or high pressure side of the als, cd, st

absent invariant point is only well restricted in temperature for the pure Fe system. The °

final observed reaction is st + qtz -» als + cld (IX) which apparently produced kyanite
in the Altavista area. The reaction occurs over a large range of P-T space. Another
possible kyanite producing reaction that would have occurred prior to reactio IX, is st

+ qtz —• ky + cld.

Thermobarometry

Several geothermometers and one geobarometer were applied to the rocks in the
Altavista area. Although none of the assemblages or compositions of assemblages are
ideal for use with these systems, results are fairly consistent. Combining these data with
application of reaction textures to the petrogenetic grid of Koons and Thompson (1985),
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the P·T conditions of the various reactions can be reasonably constrained. The grt·bt

geothemometer (Ferry and Spear, 1978) with Mn and Ca corrections (Pigage and

Greenwood, 1982; Ganguly and Saxena, 1984) was applied to the data. Generally, the

bt + grt + sil assemblage yielded the highest temperatures (avg. 620—640°C), the bt +

grt + st moderate (avg. 570-590° C) and the st·retrograde moderate to low temperatures

(avg. 500-520° C) (Table 8).

The temperatures for the st·retrograde rocks are questionable because bt + grt may not

be in equilibrium, or may record lower temperature reactions or re-equilibration. Sample

AG5—505 with bt + grt + st assemblage yielded temperatures of 695 to 779° C indicat-

ing that it is the highest temperature sample but with an assemblage indicative of mod-

erate temperatures.
The Ferry and Spear (1978) calibration yields the lowest temperatures but does not

take Mn or Ca into account. The method of Pigage and Greenwood (1982) yield the

highest temperatures, unreasonably high according to Graham and Harte (1985). The

corrections of Ganguly and Saxena (1984) for Ca and Mn yield temperatures that are

similar to, but slightly higher than Ferry and Spear (1978). The Pigage and Greenwood

(1982) method changes the temperature order of the samples. The others appear to

generally support the order indicated by the T·X (Fe·Mg) diagram (Figure 30).

The geobarometer pl + grt + alsil + bt (Newton and Haselton, 1981) was applied

to the bt + grt + sil assemblage. Unfortunately most of the bt + grt + pl + sil

assemblages contain st, for which no geobarometer exists. Garnets with Mn> 0.33Mg

are suggested to be inappropriate for this geobarometer (Newton and Haselton, 1981),

which is exhibited by all of the samples. In an attempt to evaluate and correct for the

effect of Mn, two pressure determinations were performed for each sample. For the first,

the Fe, Mg, and Ca components were used as measured in the pressure calculation. For
the second, ideal mixing of the components with 0 spessartine was assumed. The cal-

culation for an ideal rnixing without Mn yields the higher pressures. Pressures are 5.75
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Table 8: Temperatures from Garnet/Biotite Geothermometry
TEMPERATURES (°C)

SAMPLE ASSEMBLAGE F. & S. G. & S. P. & G.
AG5-1066A bt+gn+si1 617 655 715
AG4—59 bt + grt + sil 588 616 731
AG4·59C 567 585
AG5·523 bt + grt + sil + st 558 591 652
AG4-225 bt + gn + st 570 581 619
AG4—2l7 bt+grt+st 551 571 610
AG5-268 st·retrograde 488 538 667
AG4- 179 st-retrograde 514 533 571
AG4·2A st·retrograde 503 517 643
AG4-6 st—rctrograde 488 487 564
AG4·3 st-retrograde 473 484 559

F. & S. = Ferry and Spear (1978), G. & S. = Ganguly and Saxena (1984), P. &
G. = Pigage and Greenwood (1983); AG4·59C from gamet core, assemblage un-
known.
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and 6.28Kb without Mn and 4.5 and 5.57Kb with Mn (Figure 34). The lower the Mn

component, the closer the results of the two methods.

This calibration was also used for calculating conditions of formation for the core

of the gamets from AG4-59, assuming that the core was stable with the same assemblage

as the rim, that the biotite which is ubiquitously present, had composition comparable

to present and that the growth period and that the zones in plagioclase directly corre-

spond to the zones in the garnet. The results are 585° C and 6.59 kb (rim 6l5° C, 5.75

kb) suggesting a down pressure, up temperature trajectory from core to rim (Figure 31).

Use of Figure 2 of Spear and Selverstone (1983) for the same assemblage yields a similar
trajectory.

P-T Path

The temperature-pressure deterrninations and reactions observed can reasonably

constrain a path in P-T space (Figure 34). Koons and Thompson (1985) have compiled

all experimental data on the KFMASH system and combined them with the phase re-

lations demonstrated by Harte and Hudson (1979) and Albee (1965) to construct a

petrogenetic grid. The observed reaction of highest temperature is bt + grt + sil —» st

+ ms (I). Experimental data indicate that this reaction takes place at 670 to 680° C in

the high pressure portion of the sillimanite field of Holdoway (1971) and throughout the
sillimanite field of Richardson et al.. (1969). The garnet in samples from Altavista con-

tain Mn and Ca and biotite contains Ti which is not modelled in the KFMASH system.

Geothermometry and indicates that the reaction occurred at 595 · 6l5° C. Re-

equilibration of the grt + bt may have reset the ratios to yield lower temperatures. The
next reaction (sil + bt —> st + chl + ms, V) is experimentally calibrated and projected

to occur at 625 to 640° C (Schreyer and Seifert, 1969; Schreyer and Baller, 1971; Koons
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Figure 34. P-T loop for rocks in Altavista area using thermobarometry and reactions for con-
straint. Petrogenetic grid from Koons and Thompson (1985).
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and Thompson, 1985). Geothermometry suggests that the temperature was actually
between 570 and 540° C though constraints are partially imposed by the st·retrograde

rocks in which grt + bt have likely reequilibrated. The rocks indicative of lower tem-
peratures than this reaction show the polymorphic transition of sillimanite to kyanite.

The position of the phase transition constrains the pressure to between 5.0 and 6.1

Kb considering the cld + chl retrograde reactions (VII and VIII). The cld + chl re-
actions occur at 570 to 590° C and between 4.9 and 6.0 Kb in the KFMASH system

(Koons and Thompson, 1985). The Mn content is relatively small in the minerals of

these assemblages as is Zn in the staurolite. The system therefore should behave nearly .

ideally. The kyanite producing reaction, st + qtz -» ky + cld (IX) is experimentally

calibrated (Ganguly, 1972) to 520 to 530° C over the pressure range. The possible, early
ky producing reaction (st + chl —» ky + cld) is proposed to occur at 550 to 560° C and

at pressures above 4.9 Kb (Koons and Thompson, 1985).
The retrogression appears relatively isobaric through 120 to 150° C of cooling.

Geothermometers indicate this cooling trend but generally yield lower temperatures of

reaction than the experimental and projection curves. The presence of Mn, Ca, Na and

Ti however is not modelled by the KFMASH system and subsequent re~equilibration

of the phases may have occurred. The curves also assumc end members or arbitrary

mineral compositions in reactions which causes uncertainty in the position in P·T space.

DISCUSSION

Retrogression and Fluids

The zones containing the cld + chl assemblages form parallel bands across the
eastern map area (Figure 25) that exhibit weak positive magnetic signatures. In the
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central and western map area, the rocks were folded by F2 and F., folding events into a

series of domes. The trend of the retrograde zones is also parallel to these structures.

The retrograde zones were therefore conformable to the horizontal structures and

stratigraphy when they were formed, during the D2 deformational event.

The apparent metamorphic gradient appears to increase away from the centers of
the cld + chl retrograde zones. Although irregular in distribution, the assemblages in-

dicative of lowest temperature tend to lie well within the cld + chl zones. These ky-

bearing assemblages also lie near the rocks of the most extreme composition. The 1 to

2 m thick kyanite segregations with tourmaline and magnetite rims and 0.5 to 1.5 m thick

tourmaline segregations lie immediately within schists of 90 to 95% muscovite.

The areas around the cld + chl, severely retrograded zones are characterized by

partially retrograded rocks. They contain st + bt bearing retrograde assemblages (from

bt + grt + sil) in which the hydration reactions (I and V) have not gone to completion.

The two main cld—producing reactions (VII and VIII) have in most cases, gone to com-

I pletion. Reaction VII (st + grt + bt —» cld + mus) requires 3 H20 for every 2 cld

produced and reaction VIII (st + bt -» cld + chl) requires 11.3 H20 for every 4 cld

produced. 0ther hydration reactions that occur in this zone are replacement of

plagioclase by muscovite and biotite by chlorite. The ky-producing reaction (IX) which

occurs closer to the center of the zone also consumes H20• The kyanite deposits at the

center of the hydrated zones, on the other hand, are anhydrous.

The change in mineralogy and bulk composition directly reflects the conditions and

composition of the infiltrating fluid. Wintsch (1975) has shown that fluids with high
aH+ or aHC1 (low pH) relative to aKCl and aNaC1 will cause muscovite to react to

kyanite by dissolution. Kerrick et al.. (1985) and Mohr (1986) however suggest that such

aluminosilicate segregations actually result from deposition ofAl, transported as Al
complexes in fluid. Both processes require high quantities of fluid. Outside of the

kyanite deposits, tourmaline deposits occur with interstitial quartz and magnetite. The
I
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sodic tourmaline occurs as small intergrown needles that are oriented perpendicular to
the walls of the enclosing schist and randomly oriented within the deposit. The enclosing
muscovite schist contains 5-20% tourmaline adjacent to the deposit and lesser amounts
farther away. Unlike the kyanite deposits, the tourmaline veins are commonly oblique
to the S, foliation. They appear to define fracture fillings that in some cases were folded

during the F, event.
The tourmaline deposits occur near rocks that display reaction XII which produced

tur. The deposits were formed by a B20; rich fluid that removed K + (removal ofms) and
or deposited Na*. Orville (1963) has shown that relatively cool fluids will exchange Na
for K as they move through hot rocks. This suggests that the source for fluids could have
been from lower levels in the pile where temperatures were lower. Away from the de-
posits, plagioclase is replaced by muscovite, suggesting hotter fluids. Yardley and
Baltatzis (1985) have studied a similar situation in the Dalradian schists of Scotland and
Ireland. By calculating fluid compositions for different source rock types they estimated
fluid to rock ratios of between 625:1 for a metamorphic fluid source and 7:1 for a granite
fluid fluid. Source conditions of the fluid in the Altavista area cannot be determined
without isotopic study.

TECTONIC IMPLICATIONS

There are several stages in the evolution of nappe emplacement. The path of P-T

in response to the movement history is documented in many examples (Spear and
Selverstone, 1983; Selverstone, 1984; Spear et al.., 1984). In general, the rocks of the

footwall of a nappe undergo regional metamorphism followed by a rapid pressure rise
as the nappe is thrust over them (P max) (Figure 35). The slow downward conduction
or convection of heat from the high temperature rocks in the hanging wall causes a
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slower therrnal response in the footwall. The temperature therefore increases (T max)

as pressure decreases through erosion of the overlying strata. The final phase involves

cooling through equilibration which is the retrograde path (Figure 35) (Spear et al..,

1984).
The Altavista metamorphic sequence records the final or retrograde phase in the

nappe evolution. The position of most of the study area is on the footwall of a nappe

because the stratigraphy is upright, yet the prograde metamorphic gradient is inverted.

Garnet/plagioclase core compositions suggest that early pressures were higher and tem-

peratures were lower, recording part of the progression from P max to T max (Figures

35 and 36A) (Spear et al.., 1984). The peak metamorphism was the therrnal equilibration

of the upper footwall or the therrnal maximum (Figure 36B). The peak prograde con-

ditions (T max) are represented by the bt + grt + sil and bt + grt + st assemblages

and rnigmatization and granite intrusion in the southem map area (Figure 25). The hot

nappe overlying these rocks caused heat to slowly convect or conduct down to lower

levels in the footwall. The additional heat drove prograde, dehydration reactions in the

rocks (Figure 36B). The liberated fluid from these reactions was then forced up through

the strata along fluid conduits (Figure 36C). The driving force for the fluids was pres-

sure, temperature or chemical gradient and the conduits were structural discontinuites.

This process is summarized by Ethridge et al.. (1983). Derivation of retrograding fluids

from moderately deeper levels in a metamorphic pile was suggested by Mohr (1986) in

possible correlative rocks in North Carolina. The fluid drove retrograde reactions in

rocks adjacent to conduits and partial retrograde reactions in rocks farther away. Rocks

close to the conduits reacted longer and to lower temperatures producing the apparent

decrease in grade into the most intensely hydrated areas and K/Na exchange reactions

in the tourmaline and kyanite deposits.

The retrogression appears to have taken place under nearly isobaric conditions.

The process therefore may not have started until much of overlying orogen and moun-
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Figure 35. Inferred and calculated P·T loop for the Altavista area using terminology of Spear et
al (1984).
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tain system was eroded away. Otherwise, the fluid may have been quite a bit cooler than

the rocks and the process may have taken place relatively quickly. The retrograde por-

tion of the ”idea1” P-T loop is proposed to have been relatively isobaric (Spear et al.,

1984).
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THE SMITH RIVER ALLOCHTHON: GEOLOGY AND REGIONAL CONTEXT L

A. E. Gates and L. Glover III

ABSTRACT

Previous workers have proposed that the Smith River Allochthon is a large rootless

thrust sheet in the Southwesten Virginia Piedmont that contains a Grenville age

stratigraphy unrelated to the rest of the Southern Appalachians. The Ridgeway-

Chatham Fault to the Gast and Bowens Creek Fault to the west of the allochthon were

proposed to merge at depth and represent the basal decollement upon which the

allochthon moved. Mapping in the Altavista area however, has established a

stratigraphy common to both the Smith River allochthon type area and the western

Virginia Piedmont and Blue Ridge. The Early Paleozoic, metasedimentary Evington

Group is correlated with the Fork Mountain Formation of the Smith River Allochthon

and the Late Precambrian, metasedimentary Lynchburg and metavolcanic Catoctin

Formations are correlated with the lower and upper Basset Formation respectively. The

Smith River allochthon therefore contains the same stratigraphy as the Blue Ridge upon

which it was proposed to have been thrust.

The deformed terrane of the central and eastem Smith River Allochthon displays
an inverted amphibolite grade metamorphism. The isoclinal folding and metamorphism
result from nappe emplacement during the Taconic Orogeny. Most of the nappe how-

ever, has been eroded away. The upright stratigraphy and inverted metamorphism indi-
cate that only the footwall of the nappe remains. The major movement on the Bowens
Creek fault appears to have occurred during a ca. 350-300 Ma dextral transpressional
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phase of deformation. The Bowens Creek Fault is proposed to be the northern extension
of the Brevard Zone, which also exhibits late dextral transcurrent movement.

INTRODUCTION

The Smith River Allochthon comprises a large area in the southwest Virginia
Piedmont and northwestern North Carolina Piedmont (Figure 37). On the basis of de-
tailed mapping along the southern Virginia border (Figure 38) Conley and Henika
(1970;1973) proposed that the terrane represented a westward thrusted rootless
allochthon. The allochthon is bounded to the west by the Bowens Creek Fault which
separates it from the Blue Ridge (Conley and Henika, 1970; 1973; Conley, 1979) and to
the east by the Ridgeway-Chatham Fault which separates it from the Sauratown
Mountains Anticlinorium (Conley and Towe 1968; Conley and Henika, 1973; Henika

and Thayer, 1977) (Figure 38). The Sauratown Mountains are composed of Grenville
basement overlain by Lynchburg Formation (Conley and Henika, 1973; Conley, 1979)
which also, in part, comprise the Blue Ridge.

The Smith River Allochthon was considered to consist of rock units that are
ur1relatable to any others in the southem Appalachians. The Bassett Formation and
overlying Fork Mountain Formation were proposed to be of Grenville age based on an
erroneous 1020 Ma age on the Leatherwood Granite which intruded both units after the
peak of metamorphism (Conley and Henika, 1973). The Bowens Creek Fault was

therefore considered to be responsible for transporting the Grenville terrane of the
allochthon onto the Late Precambrian to Early Paleozoic, Lynchburg Formation-
Catoctin Formation-Evington Group sequence of the Blue Ridge (Conley and Henika,
1973).The Leatherwood Granite however was redated at 450 Ma (Rankin, 1975) and 462

Ma (Odom and Russell, 1975) using Rb/Sr whole rock methods and 511 Ma (E. I-lund

143



Y.

2

·
/ Ä

2
§

_

°

·i·
ä

4, . /3)**

¤6

we

2

‘¥“-

‘*‘·¢¢*“3·>
ä Y 6

%

Q
ä

6>

cz.

*6 “ä
‘* (boAäx

·
3

6

\ ~i«_,
\

w

°’
“$

Q, ‘ ‘<>[.r ‘*·
.1:O

(6 ‘° ‘ g·A
* E

cz

Q
Eä‘

\
E;

o

\
Y V;

5
6

\\
Q

(
%

Q
g

k Q
99 /·x
6 · .

Q

\•—-•

/\,

2

\J\
éö

(S31, ‘~ß Q Q \6
*2

» ‘3*2 7
6

l

7
+.

62
2

‘ä>
7- =2
\2

7
gl

..-/% gz,‘°“’a jfl

144



*6L5,
EI
EE •

.~§.52.&¤ r>‘H

*52E2BON
J?Qägc

55452
456ää

gäm
:66*¤‘;
¤·•~
N

-Eä.¤EEmo,9,U
Q.-UV'}

Qäg“1
25@5um

145



0 S
„. ‘ O .. 9 — en-é' ‘¢

ä *9 BE: ¤¤ S 2 33°• L) écvg L9 LL
0*0, I 2 Ü Q1; E25

9 z Zg „ä 2-;:,;;. · -¤ ¤¤ä;Eg z;¤r0 6• @3 §3g>, 5<3$S. E E V9-. Q I
°_ MJ ““ ,52 «,·‘·,_ *.0 ·.ß'°' I

-_ u-
·•

A.,Q
Q *-1 Y!~ s gf 2 1 O

2,ää
IY

2*:}.•°’Q

__S““ I, 1
O 2 2

V) Ä?Ö v «-.. ..,......3 4 YO «, T9 Z
Ü1 9-U')

A- I 2/ \2 I PI takt. O 9)

7 <I°O> L') "äz O)—I** S ¤Z‘o
V)2}_”°1 2 ”

146



and A. K. Sinha, personal communication, 1985) using U/Pb on zircon separates. This
I

Paleozoic age casts doubt on the allochthon being a Grenville terrane but does not place
constraints on its origin. U ·

The central western Virginia Piedmont exhibits the same Lynchburg·Catoctin-

Evington Group sequence as the entire eastem Blue Ridge of Virginia. The

metasedimentary and metavolcanic units are of' Late Precambrian to Early Paleozoic age ’

and roughly correlatable to the rocks of the westem Blue Ridge and lower Valley and

Ridge section (Brown, 1958; 1970; Rankin, 1975; Evans, 1984; Wehr and Glover, 1985).

The western Piedmont units were defined in Lynchburg and Evington, Virginia by

Espenshade (1954) and Brown (1958) (Figure 38) and extended to the Altavista area

through continuous field mappping. The northem extension of the proposed Smith

River Allochthon of Conley (1979) however crosses that area (Figure 38). Through de-

tailed mapping, stratigraphic, structural and metamorphic analysis of the Altavista area

(Figure 38) which spans both the allochthon and part of the Blue Ridge to the west, this

study attempts to place the Smith River Allochthon into the context of the Wcstßrn

Virginia Piedmont and Southern Appalachians. _

STRATIGRAPHY

The Altavista area is important in correlation of the stratigraphy of" the western
Piedmont and Blue Ridge with that of the Smith River Allochthon because it lies at the

juncture of two well mapped areas. Altavista lies at the north end of“ an area of contin-

uous detailed mapping (Redden, 1963; Price, et al. 1980; Berquist, 1980; Marr, 1984) that
extends from the area in which the Smith River Allochthon was proposed (Conley and

Towe, 1968; Conley and Henika, 1970; 1973). It also represents the southern end ofa
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large area of continuous mapping from the type local of both the Evington Group and
the Lynchburg Formation units (Figure 38).

The Evington Group of Espenshade (1954) and Brown (1958) can be correlated

with the Fork Mountain Formation of Conley and Henika (1970; 1973) because they are

mapped directly into each other in Altavista (Figure 38) (Table 9). Along the western

boundary of the Smith River Allochthon, anticlines and domes expose the Bassett For-

mation through the overlying Fork Mountain Formation. Similarly, the Lynchburg-

Catoctin Formations are exposed in domes through the Evingtion Group both within

and to the north ofAltavista. The upper Bassett Formation is an amphibolite that con-

tains preserved amygdules (Conley and Henika, 1973) and is reasonably correlated to the

metavolcanic Catoctin Formation (Table 9). The Lower Bassett Formation is a biotite

gneiss that is correlated to the metasedimentary Lynchburg Formation. The stratigraphy

of the Smith River Allochthon is therefore the same as the Blue Ridge, Sauratown

Mountain anticlinoruim and central western Virginia Piedmont.

The Altavista area (Figure 39) contains a typical stratigraphy for the Southwest

Virginia Piedmont and eastern Blue Ridge. The domes in Altavista (Figure 39) are cored

by Lynchburg and Catoctin Formation and surrounded by Evington Group lithologies.

The rocks in the area are metamorphosed to at least upper greenschist facies and domi-

nantly to upper amphibolite facies conditions. The metamorphism is assumed in the

rock descriptions and lithologies are considered in terms of compositions and protoliths

where demonstrable. Thicknesses given in the descriptions represent lithologic distrib-

ution and in most cases result from deformation. The estimated and measured thick-

nesses have no bearing on depositional thickness. Basic interpretations of the rocks in

terms of protolith and environment of deposition follow each description.
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TABLE 9: SMITH RIVER·ALTAVISTA AREA TIMING AND CORRELATION OF
EVENTS

AGE SMITH RIVER AREA ALTA VISTA

350-300 Ma1 Retrogression on faults M; Metamorphism
Emplacement of allochthon D3 and D4 dextral
on Ridgeway·Bowens Creek transpression and dome
decollement formation

440 Maz Regional cooling to 300°C
462 Ma (Rb/Sr)2 Leatherwood Granite and
511 Ma (U/Pb)’ contact metamorphism

Greenschist retrogression M1 Retrogression
Taconic‘ Regional amphibolite M1 Metarnorphism and D1,

metarnorphism D2 deformation and
nappe emplacement

Ordovician('?)- Fork Mountain Formation Evington Group
Carnbrian’ deposition deposition
Late Precambrian° Upper Bassett Formation Catoctin Formation

volcanism volcanism
Lower Bassett Formation Lynchburg Formation
deposition deposition

Initiation of rifting
unconforrnity

1 Conley (1979) and Mose (pers. comm., 1986); 2 Odom and Russell (1975); 1* Hund and Sinha
(pers. comm., 1985);

‘
Glover et al (1983);

’
Brown (1970) and Evans (1984); ° Brown (1970),

Rankin (1975) and Wehr and Glover (1985).
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LYNCHBURG GROUP

The oldest unit exposed in the Altavista area is the Lynchburg Group (Figure 40)

of late Precambrian age and whose type section is 50 km to the north (Brown, 1958;
1970; Espenshade, 1954). In Altavista, the Lynchburg Group is composed of very

coarse- to medium-grained, terrigenous clastic sediments. The lowest portion of the
Lynchburg exposed, occurs in the core of the Hundley dome. The coarse- to very

coarse-, feldspathic to arlcosic pebble conglomerate beds are discontinous, truncate the
underlying strata and have abrupt basal contacts (Figure 41) (Appendix A). The 0.5 to

2 m thick conglomerate beds grade upward into coarse feldspathic sandstone. The very

poorly sorted conglomerate contains quartz, blue quartz, and K-spar grains and granite

and rip-up clasts of medium- to coarse-grained sandstone. The enclosing poorly to

moderately well sorted feldspathic sandstone matrix contains metamorphic biotite and

muscovite and is well foliated.

The upper portion of the Lynchburg Group is thinly to thickly layered, medium-

to coarse-grained, feldspathic to quartz wacke with rare sedimentary structures. The

moderately well to poorly sorted sandstone contains detrital quartz, rutilated quartz
K-spar, zircon and plagioclase and metamorphic biotite and muscovite. In the upper

portion there is a calc-silicate layer that consists of randomly oriented to slightly aligned

diopside, K-spar, plagioclase, quartz and minor amphibole, epidote, titanite and apatiteI
(Appendix A). The contacts with the sandstone were not observed. The top 50 m of the
Lynchburg Group is composed of medium- to locally fine-grained graywacke to siltstone

with upward fining beds from several centimeters to 0.5 m thick. The massive, medium-

grained sandstone contains sections with thin micaceous laminations with 20 cm to 0.5

m spacing. The upper contact is abrupt in most areas but locally the sandstone is thinly

interlayered with amphibolites of the Catoctin Formation.
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Figure 4l. Conglomeratic channel deposit in lower Lynchburg Formation. Scale bar = 10 cm.

Figure 42. Trough cross·beds in upper graywacke/lower quartzite unit in lower Evington Group.
Scale bar = 10 cm.
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The thickness of the Lynchburg Group in the Altavista area cannot be accurately

estimated because the lower contact is not observed.

Interpretation

The sandstones and conglomerates of the Lynchburg Group have been interpreted

to be a rift basin fill, formed in the opening of the Iapetus Ocean basin (Brown, 1970;

Rankin, 1975; Wehr and Glover, 1985). The lower discontinuous conglomerate beds in

the Altavista area are channel deposits and indicate a very high energy environment.

Wehr and Glover (1985) have shown that the coarse feldspathic wackes cf the

Lynchburg Formation are of deep water origin in central Virginia, in a basin that

deepens to the south. They have also documented three separate fining upward se-

quences, an upper, middle and a lower formation. In Altavista, only one fining upward

sequence is observable. Either only the upper Lynchburg is exposed or because the

sediments exposed in Altavista may have filled a smaller separate basin from the main

rift, there may have only been one fining up sequence developed. In the latter case, the

coarse terrigenous clastics may rest unconformably on Grenville basement.

CATOCTIN FORMATION

Conforrnably overlying the Lynchburg Group in Altavista is the metavolcanic

Catoctin Formation of late Precambrian age (Espenshade, 1954; Reed, 1955; Brown,

1958) (Figure 40). The Catoctin Formation is a greenstone, chlorite—epidote-albite schist
with preserved epidote filled amygdules in the westernmost field area (Appendix A).
Through the rest of the area however, it is an amphibolite consisting of hornblende,
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andesine, titanite, magnetite and quartz with biotite locally developed. The meta-mafic

volcanic is massive in the lower section, but is interlayered with 1 to 3 m thick, discon-

tinuous quartz arenite layers and lenses in the middle of the section. The sandstone lay-

ers contain more pelitic material, and are thicker and more common in the upper section

of the Catoctin Formation (Appendix A). The upper sandstone layers are interbedded

with meta tufli Amygdules are more common in the middle to upper section.

The 1-5 m thick metatuff layers are plagioclase-biotite·quartz gneisses with minor

amounts of epidote, titanite, K-spar, muscovite and amphibole (Appendix A). The up-

per sandstone units are 0.5 to 15 m thick and commonly boudinaged. They consist of

70 to 85% quartz with plagioclase, biotite, muscovite, magnetite, titanite and zircon.

Compositional layering of 1 cm · 0.5 m in the thicker sections, is expressed in mica

content and grain size. There are also boudinaged quartz-epidote layers of 5 cm to 0.5

m thickness. Around the level of the quartz-epidote layers are thin pegmatitic tonalite

veins or metamorphic segregations. The veins are discontinuous and are rirnmed by pure

hornblende schist. Near and within the veins are large (2-5 cm) clots of magnetite with

bomite weathering surfaces. There are also magnetite rich zones in the sandstone and

tuff near the contact with amphibolite.

The Catoctin Formation is highly deformed on the southeast and northwest limbs

of the domes which precludes accurate thickness estimates. The thickness generally ap-

pears to increase to the north and to the east and west relative to the central map area

but is highly variable.

Interpretation

The Catoctin Formation is generally regarded as a rift-generated metabasalt (Reed,

1963; Brown,1970; Rankin, 1975; Brown and Blackburn, 1976) as is the upper Bassett
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Formation (Conley, 1981). The lower Catoctin Formation is massive in nature and lacks

interlayered sediments and amygdules. The fairly coarse discontinuous sandstone

interbeds of the middle section lack pelitic material and suggest a relatively high energy

environment. The presence of amygdules indicates that the fluid pressure in the melt
exceeded the confining pressure. Moore (1965) suggests that the vesiculation only occurs

in water depths of 500 m or less. In the upper section, the Catoctin sandstones contain

more pelitic material, indicating lower energy conditions.

EVINGTON GROUP

The Altavista area was partly mapped by Espenshade (1954), who defined the

stratigraphy of the Evington Group in terms of the formations and proposed a sequence,

but suggested that it might be inverted. The stratigraphy includes the basal Candler

phyllite (pelite), Joshua schist (graphitic/calcareous), Arch marble, Pelier schist (sandy

pelite), Mount Athos quartzite, and the Slippery Creek greenstone (Brown, 1958).

Redden (1963) remapped part of the Altavista area in terms of the Evington Group

formations and proposed that the stratigraphic sequence was inverted. In this study the

Evington Group is described in terms of lithology and not the formation names because

detailed mapping between Altavista and the Evington Group type area is incomplete,

precluding detailed correlation.

Basal Graywacke.

The lowest unit in the Evington Group is gradational from the upper sandstones

of the Catoctin Formation (Figure 40). The amphibolite layers between the sandstone
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units are thinner and less common in the upper Catoctin section. The contact with the
graywacke is therefore gradational and may not be everywhere time equivalent. The
thickness of the graywacke unit is variable from approximately 50 to 250 m.

The basal graywacke is a massive biotite schist with muscovite, epidote,
plagioclase, magnetite, zircon and K-spar and small wispy greenstone or amphibolite
pods. In the upper sections of the unit to the west, layers are weakly, but normally
graded in 0.5 to 1.5 m thick cycles. At the-top of the graywacke unit, the graded cycles

are 20 to 50 cm thick, well defined and contain 2 to 3 cm thick sets of trough cross-

bedding (Figure 42) (Appendix A). The deformation precludes the documentation of

source direction. To the cast, the graywacke grades into a pelitic siltstone to fine
graywacke that lacks sedimentary structures.

Quartzite

Conformably overlying the graywacke in the western Altavista area (Figure 39) is

a quartz arenite (quartzite) consisting of 98% quartz with minor muscovite, biotite,

zircon, epidote and rutile. In the west, the quartzite is massive and up to 100 m thick.

It is more commonly 3 to 10 m thick however and erratic in distribution though gener-
ally coarser and thicker to the north. The quartzite grades eastward into a biotite
metasandstone that is slightly coarser than the underlying graywacke/pelite.

Lower Pelite.

Conformably overlying the quartzite in west Altavista and biotite metasandstone
in eastern Altavista is a highly alurninous pelite (Figure 40). The pelite exhibits middle
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to upper amphibolite facies assemblages of sil + grt + bt to the east and st + grt +
bt to the north and west. The rocks also contain muscovite, plagioclase, quartz, ilmenite
and zircon. In the westemmost area, the rock is a fine silver phyllite with muscovite,
biotite, chlorite, quartz and plagioclase. Some sections in the pelite are sandy (more
quartz rich). The sil + grt + bt schists to gneisses are locally retrograded to chl + cld
schists that contain relicts of the early high grade assemblage. The cld + chl assemblage
also includes muscovite, magnetite, tourmaline and/or kyanite, garnet and staurolite
(Appendix A). .

The schist/gneiss contains migmatites and is intruded by fine-grained two mica, ”

garnet, tourmaline granite, aplite and pegmatite dikes along the southem map area

(Figure 39) (Appendix A). The intrusives are monzogranites (Streckheisen, 1973 classi-

fication) with granitic texture. The mafic phases include muscovite, biotite, garnet,

tourmaline, epidote, and sillimanite locally, all of' which crystallized early in the history.

The feldspars and quartz crystallized late and in no apparent order. The granites appear
both texturally and compositionally to have been minimum temperature melts.

Lower Calc-silicate/sandy pelite.

The lower pelite, grades upward into a less alurninous, more quartz rich pelitic

schist (metasiltstone to sandstone) (Figure 40). To the west, above the sandy zone,
normally graded, silty laminae are interlayered with graphitic pelite and graphitic
calcareous schist (Appendix A). The silty to sandy layers consist of quartz, muscovite,
chlorite and biotite. The graphitic layers are quartz, muscovite chlorite, biotite, graphite,

magnetite, calcite and dolomite. To the east, the unit is a zoned calc-silcate to sandy
pelite (Appendix A). The rocks are zoned in distinct bands dominated by micas, garnet,
epidote, tremolite, and diopside—K-spar in the core. This indicates an original sequence
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of laminated calcareous/pelitic lithologies. The pelite zone consists of sandy biotite

schist.
The rocks enclosing the calc-silicate are sandier than those to the west. Fine

grained sandstone is interlaminated to thinly interbedded with biotite schist. The schist

contains garnet, muscovite and in the thicker sections, staurolite and sillimanite. Defor-

mation has rendered graded bedding unreliable to unidentifiable. No cross bedding was -
recognized in this section. The thickness of the calc-silicate is difficult to determine but

is approximately 5 to 15 m. The enclosing siltstone to sandstone is 40 to 80 m and

thicker to the, cast.

Middle pelite.

The upper contact of the lower calc·silicate/sandy pelite is gradational into a pelitic

schist to gneiss that is indistinquishable from the lower pelite (Figure 40). The middle

pelite appears thicker than the lower section but again, deformation precludes even a

rough estimate.

Upper Calcsilicate/Quartzite Sequence.

The middle pelite is sandy in its upper section and is gradational into a biotite schist

sandstone (Figure 40). The biotite sandstone is sparsely interlayered with calc-silicate

schist of amphibole, epidote, plagioclase, apatite and quartz. The sandstone also grades

into a calcareous sandstone (quartzite) (Appendix A) of 70 to 75% quartz with
amphibole, clinozoisite, epidote, garnet, plagioclase and minor rnica. The associated

quartzite is thick (100 m) in some areas but irregular and locally not developed. In un-
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certain relation with the quartzite but apparently better developed where the quartzite
is thinner, is a highly contorted calc·silicate schist/marble (Appendix A). In the most
calcareous sections, the rock consists of45 to 60% calcite and dolomite with thin spaced
laminations of amphibole-diopside schist. In most areas however, it resembles the other
zoned calc·silicate units with thinly zoned pelite to calc-silicate layers. The sandstone
sequence is present on top of the calc-silicate as well.

The thickness of the calc-silicate/marble is highly variable. In most areas it is 10

to 15 m thick but at structural culminations in the eastern map area, it appears to be

several hundred meters. The complicating factor in estimating thickness is the extremely

complex folding (Figure 43). The thick sections in the culminations and thin sections

on the limbs are likely the result of deformation rather than sedimentation. The thick-

ness of the sandstone/calc-silicate sequence also appears variable but averages 75 to 200

m.

Upper Pelite.

The uppermost unit exposed in Altavista is also a pelitic schist to gneiss unit (Fig-
ure 40). The rock is indistinquishable from the other pelitic units though only a small

amount is exposed.

Interpretation

The Evington Group has been proposed to be a deeper water equivalent of the
Early Paleozoic Valley and Ridge shelf deposits (Brown, 1958; 1970; Evans, 1984). The
Evingtion Group in Altavista is basically a pelitic sequence with sporadic occurrences
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Figure 43. Disharmonic folds in upper calc·si1icate unit of Evington Group. Marble layers weather
out. Scale bar = 10 cm.

Figure 44. F; folds in conglomeratic layer in lower Lynchburg Formation. Folds "point" to higher
competency layer. S; foliation fans but is dominantly axial planar. Scale bar = 10 cm.
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of sandstone and carbonate bearing lithologies. The basal graywacke unit contains

graded beds and trough crossbeds and is tiner grained and more pelitic than those in the

middle of the Catoctin Formation. This graywacke unit is probably a fairly deep water

unit, possibly even a turbidite deposit.

The overlying quartzite is coarse and clean and indicates high energy conditions,

possibly also deposited as a turbidite. The lower pelite unit directly overlying the

quartzite represents a drastic change in energy conditions. The protolith of the unit was

apparently a highly alurninous mud on the basis of the metamorphic mineralogy. The

source of coarse clastics was apparently cut off from the basin and muds were deposited

under low energy conditions.

Slightly coarser material succeeds the mud in a highly graphitic~carbonate rich unit

with thin silty laminae (calc-silicate/sandy pelite). The siltstones to fine sandstones are

normally graded and appear to be very distal turbidite deposits. This unit probably re-

presents the building out of the shelf into a starved basin dominated by carbonaceous

mud. The calcareous material probably was eroded off of the carbonate shelf to the west

because carbonate was not formed in deep water environments during the early

Paleozoic (Read, 1985). Massive black carbonaceous mud in front of a carbonate shelf

is a common association (Wilson, 1969) which may be the case in Altavista. The calc-

silicate is overlain by the middle pelite which signals the return to more quiet water

conditions. The thick shale (pelite) sequence is again interrupted by a sand/carbonate

section. The upper carbonate is clearly better developed than the lower but generally

appears to be of deep water origin. The thin carbonate layers are 2-3 cm thick with a

smaller pelite component than the lower unit. The sandstone is composed of clear

quartz with interstitial calcareous material.
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STRUCTURE AND METAMORPHISM.

The Smith River allochthon is proposed to be a large sheet of amphibolite facies
metamorphic rocks that was thrust over greenschist facies rocks of the Blue Ridge on a
major decollement (Conley and Henika, 1970; 1973; Conley, 1979). Conley and Henika

(1970; 1973) proposed that an early regional amphibolite grade metamorphism produced
a staurolite·sillimanite assemblage in the Bassett and Fork Mountain Formations (Table
9). The rocks were then retrograded to greenschist facies conditions prior to the intru-
sion of the Martinsville Igneous complex (Table 9) (Figure 38). The igneous intrusions
include the Late Cambrian or Middle Ordovician Leatherwood Granite (Rankin, 1975;

Odom and Russell, 1975; E. Hund, personal communication, 1985) and the associated

Rich Acres gabbro, norite and diorite (Conley and Henika, 1973). There was also a late

phase of retrogression during the emplacement of the Smith River Allochthon (Conley
and Henika, 1973; Conley, 1979) (Table 9).

A rigorous structural history has not been proposed for the Smith River
Allochthon though several fold generations and major faults have been identified
(Conley and Henika, 1970; 1973; Price et al., 1980; Berquist, 1980; Marr, 1984). Folding

is proposed to have accompanied the regional amphibolite facies metamorphism (Conley
and Henika, 1973) but the major deformation is associated with emplacement of the
allochthon (Conley and Henika, 1970; 1973; Conley, 1979). The basal decollement on

which thrusting of the allochthon is proposed to have occurred, is exposed on the west-
ern edge of the allochthon as the Bowens Creek Fault and on the east as the

Ridgeway-Chatham Fault (Table 9, Figure 38). The movement on the decollement is
proposed to have occurred between 356 and 300 Ma through Rb/Sr dating of sheared
pegmatites on the Ridgeway Fault and correltation of the Bowens Creek Fault with the
Brevard Zone to the south (Conley, 1979) (Figure 37). The correlation of the

stratigraphy across the Bowens Creek Fault however indicates that the Fault did not
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necessarily experience large scale movement. Minimum displacement on the Bowens

Creek Fault according to the map and interpretation of Conley (1979) is approximately

35 km in the Smith River area (Figure 38).

The continuous detailed mapping from the type area of the Smith River Allochthon

(Redden, 1963; Price et al., 1980; Berquist, 1980; Marr, 1984) (Figure 38) suggests that

the Altavista area exhibits the same metamorphic and deformational features as the rest

of the allochthon. Detailed analysis of the metamorphism and structural elements indi-

cates that the Altavista area underwent four deformational events and two associated

metamorphic events. The D, and D, events are closely related in time and space and

related to the M, metamorphism (Table 9). The D, and D4 events are also both spa-

tially and temporally related and are spanned by the M, metamorphism (Table 9).

D1

The elements of the D, event are largely overprinted and transposed by D, struc-

tural elements. The large recumbent isoclinal fold in the southeast Altavista map area

(Figure 39) may be an F, structure because it appears to be folded by a nearly coaxial

structure unrelated to D, and D4. The shape however, may have been modified by F,

folding which is isoclinal. The main evidence of F, and S, are isoclinally folded gneissic

quartz segregations in the S, pervasive foliation. There are also rootless isoclines with

preserved foliation in the hinge regions, oblique to S, (Appendix A). Cores of garnet

and staurolite porphyroblasts contain aligned quartz and opaque inclusions that are

oblique to the enclosing pervasive foliation. Some gamets exhibit helictic trails of inclu-
sions which indicates that they have rotated.
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Dz

The D2 event imposed the strongest deformation on the Altavista area. The D2

structures appear to increase in intensity towards the eastem portion of the map area

(Figure 39). FZ is characterized by isoclinal and recumbent folding that is best displayed -
in the pelitic gneisses and calc-silicate rocks (Figure 43) of the Evington Group. Small

F2 folds are also displayed in conglomeratic beds in the lower Lynchburg Group (Figure

44). Map scale folds are also isoclinal and apparently nearly coaxial to F, folds. The

large recumbent isoclinal fold defined by the upper calc-silicate unit in the southeastem

map area (Figure 39) is refolded by smaller isoclinal folds. Earlier structures may have

also been tightened during this event.

The strongest structural element in the D, event is the S; pervasive foliation. S2 is

the best developed foliation in the Altavista area. lt is defined by all rnicaceous and

platy minerals in both the high grade an lower grade rocks. S2 is axial planar to the F2

structures and has transposed the S, foliation and minor F, structures into parallelism

with it. The S, foliation is nearly parallel to the preserved bedding in the Lynchburg

Group and sandy Evington Group rocks. This suggests that the S, foliation was hori-

zontal prior to the passive rotation of the eastem area during Sherwill Dome formation
(D, and D,). To the south, away from the Sherwill dome and in the center of the Smith

River Allochthon area, the S2 foliation is sub-horizontal (Conley and Henika, 1973).

Stereographic projections of poles to S2 from rocks to the east of the Reed Creek and

Otter River domes yields a tight concentration of points showing the 25 - 40° rotation

to the south (Figure 45). The tightness of the concentration indicate that the S2 is fairly

uniform and parallel.
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Figure 45. Stereographic Projection of poles to S; from eastem map area.
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M1

The M, metamorphism spans D, and D, showing a long and complex history. The

M, peak metamorphism indicates a thermal gradient that decreased to the west and

northwest (Gates and Speer, in prep.). The peak assemblage is bt + grt + sil and occurs

in the southeastem map area (Appendix A). It is separated from the bt + grt + st

assemblage to the nothwest and west by the sil—in, st—out isograd (Figure 38) (Gates and
' Speer, in prep) (Appendix A). Along the southem margin of the eastern map area, the

pelitic gneisses are migmatitic and intruded by small gamet-tourmaline, two mica granite

dikes (Figure 39) (Appendix A). The Catoctin Formation also shows the gradient in that

it is an amphibolite through most of the Altavista area but is a greenstone in the

westernmost portion. The greenstone, chl + ab + ep schist indicates greenschist facies

conditions which is in contrast to the amphibolite facies conditions that prevailed

throughout the rest of the field area (Figure 39). Garnet/biotite geothermometers also

indicate an increase in temperature to the south and east (Gates and Speer, in prep).

Application of the grt + bt + pl + sil geobarometer (Newton and Haselton, 1981)

to the rocks of appropriate assemblage indicates pressures of 5.5 to 6.2 kb at 6l5° C for

peak metamorphic conditions (Gates and Speer, in prep). The same geobarometer ap-

plied to gamet and plagioclase cores, and assuming equilibrium of garnet cores with

biotite, yields pressures of 6.3 to 6.6 kb at 585° C. The path of the P—T trajectory is

therefore one of decreasing pressure and increasing temperature to peak conditions

(Figure 46). Applying the data to the Gibbs·Duhem method (Figure 2 of Spear and

Selverstone, 1983) yields a similar P-T trajectory (Gates and Speer, in prep.)

The S, foliation was apparently formed in the high pressure phase of
metamorphism because the inclusions that are aligned oblique to S2, correspond to the

position in the zoned garnets where the geobarometer indicates higher pressure. The
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Figure 46. Schematic Pressure-Temperature loop for the Taconic Metamorphism in the Altavistaarea (froxn Gates and Speer, in prep).
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high temperature, lower pressure gamet composition corresponds to S1. The sillimanite

and micas define the S1 foliation in the high grade rocks.

The sil-prograde assemblages were retrograded through staurolite, chloritoid-

staurolite, chloritoid-garnet, and chloritoid-kyanite assemblage conditions in discrete.
zones of hydration (Gates and Speer, in prep) (Appendix A). The retrogression was

nearly isobaric and reasonably constrained by the position of the observed reactions in

P-T space. Koons and Thompson (1985) assembled a P-T grid based on experimental

data and projections that when applied to the rocks of the Altavista area indicates ap-

proximately l50° C of cooling in the retrogression. The st·retrograde rocks exhibit a

strong S1 foliation but the cld-bearing rocks are weakly foliatied to unfoliatied. There-

fore, although the pressure was still high (5.0 to 6.0 kb by reactions) strain was minor

during the later stages of the retrogression.

Interpretation

The inverted metamorphic gradient in an upright stratigraphy coupled with the

geothermometry/geobarometry of zoned minerals indicates that the early D1, D1 and

M1 event reflects nappe emplacement (Table 9). The pressure-temperature path for the

M1 metamorphism (Figure 46) which shows regional metamorphism followed by a rapid

pressure increase and later temperature increase before retrogression, is characteristic

of a terrane onto which a nappe was emplaced (Spear et al., 1984). The exposed

Altavista area is therefore the footwall of a nappe which explains the inverted gradient

in upright rocks. The D1 and D1 deformational features increase in intensity towards the

eastem map area (Figure 39) or the root zone of the nappe. The recumbent isoclinal
folds (now reclined) and rootless isoclines in the gneisses indicate the kind of intense

deformation associated with nappe emplacement.
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D1, D, and M1
I

The D, and D, deformational and M1 metamorphic events clearly postdate the

D1, D1, and M1 events (Table 9). The D1 and D, events formed the domal structures

and reverse faults (Figure 39). They also formed multiple crenulation (S3 and S,) and

dextral shear cleavages that are well developed in Evington Group pelites on the limbs
of“ the domes (Appendix A). The limbs of the domes also exhibit high angle, ductile re-

verse faults in which S, and S, cleavages are well developed and the lower Evington

Group units are tectonically thinned.

D3 and D, are apparently closely related in time and space and spanned by the

M 2 greenschist facies retrogression. The M2 minerals are best developed on the sheared

limbs of the domes where there is intense cleavage development. In these areas, aligned

chlorite and muscovite replace the M1 minerals (especially cld, bt, grt and st).

Interpretation

_ The D1, D, and Mz events appear to be intimately related both in time and space.

Because the effects are more intense in discrete zones that are concentrated and better
developed in the western map area (Figure 39) where Conley (1979) has projected an

extension of the Bowens Creek Fault, the event appears fault related. The dextral shear

bands coupled with analysis of folding and crenulation cleavages, suggest that the the

event reflects dextral transpression (Gates, in prep.). The domes are interpreted to be

”positive flower" structures (Gates, in prep.). F, structures were formed with a north-
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south orientation and then were apparently partially rotated in the transcurrent shear-

ing. The F, structures trend northeast and have refolded the F3 structures. The F, folds

form the saddles in the northeast oriented F, structures (Figure 39) (Gates, in prep).

REGIONAL CORRELATION OF MAJOR STRUCTURES

The Bowens Creek Fault has been mapped by Marr (1984) into an area south of

Altavista that was determined to be unfaulted by Redden (1963) (Figure 38). There are ·

both reverse and strike-slip faults along the westem side of the Altavista area into which

the Bowens Creek Fault may extend (Figure 39). Because the Fork Mountain·Basset

sequence correlates to the Evington Group-Catoctin-Lynchburg sequence however, the

Bowens Creek Fault does not separate units of greatly varying age or grade. The

Bowens Creek Fault to the south separates rocks exhibiting conditions of greenschist

facies from those exhibiting amphibolite facies metamorphism. The change in

metamorphic grade in Altavista however is continuous across the area and decreases to

the west. Gates (in prep) suggests that the Bowens Creek Fault and associated domes

formed in a late dextral transpressional event. The correlation of the Bowens Creek Fault

with the Brevard Zone to the south (Figure 37) (Rankin et al.., 1972; Espenshade et al..,

1975; Rankin, 1975; Conley, 1979), further supports late dextral transcurrent movement

because Bobyarchick (1984) has shown that late movement on the Brevard Zone is

dextral in North Carolina.

Rb/Sr mineral and whole rock dating in the western Smith River Allochthon

(Fullagar and Dietrich, 1976; D. Mose, personal communication, 1986) yield ages of

approximately 360 to 275 Ma or Late Devonian to Carboniferous (Table 9). This age

range correlates well with the 356 to 300 Ma age of movement on the northem Brevard

Zone and proposed age of movement on the Bowens Creek Fault (Conley, 1979) (Table
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9). Rb/Sr biotite-whole rock dating within the Smith River allochthon in the Fork

Mountain gneiss yields ages of 440:1: 20 Ma (Odom and Russell, 1975) (Table 9). These

are interpreted to be cooling ages of Taconic metamorphism (Glover et al., 1983) and

apparently related to the M, metamorphism, D1 and D, deformational events and nappe

emplacement (Table 9). The transpressional event is related to D3 and D., deformations _

which clearly post-date D1, D2 and the concurrent high grade metamorphism. The high

grade metamorphism is therefore unrelated to the major movement on the Bowens Creek

Fault. The late D3 and D, events appear to have been part of the Carboniferous dextral

strike-slip event proposed by Gates et al.. (1986) and exemplified in the Brookneal area,

15 km to the east (Figure 38). The Bowens Creek-Brevard system was active during this

event and may have experienced both reverse and dextral transcurrent motion during the

Late Paleozoic.

TECTONIC EVOLUTION

The Altavista area in the northern Smith River Allochthon area contains a typical

and apparently uninterrupted Late Precambrian to Early Paleozoic sequence for the

western Virginia Piedmont and Blue Ridge. Late Precambrian rifting produced rift

grabens into which the Lynchburg and equivalent lower Bassett Formations were de-

posited (Brown, 1970; Rankin, 1975; Wehr and Glover, 1985) (Table 9). The coarse,

clastic rocks are composed of terrigenous detritus derived from a Grenville basement

source and deposited as turbidites in deep basins (Wehr and Glover, 1985). Late in the

event, the rift-generated basalts of the Catoctin and equivalent upper Bassett Forma-

tions were extruded (Reed, 1963; Brown, 1970; Rankin, 1975; Glover and Wehr, 1985)

(Table 9). Discrimination plots of immobile trace elements support continental
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extrusion for the lavas (Conley, 1981; Blackburn and Brown, 1976) (see Appendix B for
detailed tectonic evolution).

Interlayered with and apparently conformably overlying the Catoctin/upper Bassett
Formation is the Evington Group and equivalent Fork Mountain Formation. The lower
Evington Group consists of fine- to coarse-grained clastic metasedimentary rocks that
include the basal graywacke and quartzite sequence in Altavista and sandy biotite schist
of the Fork Mountain Formation. The position of this unit above the Catoctin Forma-
tion suggests that it may be in part equivalent to the Chilhowee Group of the Valley and
Ridge Province. The Chillhowee Group is middle Cambrian in age (Simpson and
Sundberg, in review). Brown (1970) suggests that the Candler Formation of the
lowermost Evington Group may be the deep water equivalent of the Chillhowee Group.
The upper, pelite-calc-silicate section of the Evington Group probably formed during the
late Cambrian to Cambro·Ordovician carbonate buildup on the Valley and Ridge shelfi
Evans (1984) proposed a unit by unit correlation in this section of the Evington Group

V in Central Virginia.
The southwestern Virginia Piedmont underwent a major

deformational/metamorphic event during the Ordovician. The event is attributed to the
Taconic Orogeny (Gates, 1981; Gates and Glover, 1983; Glover et al., 1983) and is
characterized by west directed fold and thrust nappe emplacement. The nappe
emplacement is recorded in a two phase deformational event that exhibits recumbent

isoclinal folding and a subhorizontal pervasive foliation. The major foliation is S2 and
defined by all platy and prismatic minerals. The accompanying metamorphism also
suggests nappe emplacement. An inverted thermal gradient is suggested by a bt + grt

+ sil assemblage of upper amphibolite facies (approximately 650° C by

geothermometry) grading structurally and stratigraphically lower to upper greenschist
facies conditions (Gates and Speer, in prep). Geobaromatric applications to zoned min-

erals indicate a transition from higher pressures to higher temperatures and lower pres-
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sures (Gates and Speer, in prep) reflecting nappe emplacement followed by thermal
equilibration.

These Taconic nappes however, were eroded away, exposing the footwall through

most of the Smith River Allochthon area. The footwall of the nappe is characterized by
an upright stratigraphy and an inverted metamorphic gradient. If there is any remnant
hanging wall, it lies on the east side of the area mapped as the Smith River Allochthon
area. The western bounding Bowens Creek Fault may have had some Taconic movement

_ but Gates (in prep) has found that most of the deformation is clearly post-Taconic and

transpressive. The Bowens Creek Fault also does not separate units of greatly dilfering
age and therefore as suggested by Rankin et al. (1973), reverse movement is relatively
minor.

CONCLUSIONS

Detailed structural and metamorphic (Gates and Speer, in prep) studies in the
Altavista area suggests that the metamorphism in the Smith River Allochthon is the re-
sult of nappe emplacment. The Smith River Allochthon however is not such a nappe and
is no more allochthonous than the Blue Ridge anticlinorium to the west. The
stratigraphy, which includes a Late Precambrian through early Paleozoic succession is
the same on both sides of the western bounding Bowens Creek Fault and appears com-
plete. The stratigraphy is recognizable throughout the western Virginia Piedmont and is

generally correlatable throughout the Southern Appalachians (review in Wehr and
Glover, 1985). The late deformation in the Smith River Allochthon area is not the result
of nappe emplacement but rather late Paleozoic dextral transpression.
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APPENDIX B

The Regional Correlations and Plate Tectonic Implications

of the Roanoke River Geology, Brookneal to Altavista, Virginia.

Introduction

The western Virginia Piedmont is a key area in constraining the Late Precambrian

through Early Paleozoic history of the Appalachians because it exhibits the rift, drift and

collisional phases in detail. The Piedmont also provides a link to the Blue Ridge and

Valley and Ridge where response to .orogenic events is mostly late and marginal. In

correlating the Piedmont basin stratigraphy to the Valley and Ridge shell] processes of

both can be better understood. The western Roanoke River area (Altavista) in the

southwestem Virginia Piedmont is important not only because it can constrain the tim-

ing of events in the Blue Ridge and Valley and Ridge but also because it links the

greenschist facies central Virginia Piedmont with the middle to upper amphibolite facies

southern Virginia Piedmont.

The stratigraphy of the western central Piedmont has been studied by several re-

searchers (Espenshade, 1954; Brown, 1958; 1970; Evans, 1984; Patterson, in progress)

and roughly correlated to the Blue Ridge and Valley and Ridge section. The southem

Piedmont and Smith River Allochthon has been mapped in detail (Conley and Henika,

1970; 1973; Henika and Thayer, 1977; Marr, 1984; Berquist, 1980) in terms of structure,

metamorphism and stratigraphy but has not been correlated to either the central

Piedmont or the Blue Ridge and Valley and Ridge.
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The eastem Roanoke River area (Brooknea1) contains the suture between an east-

ern volcanic terrane (Charlotte Belt) and the western metasedimentary sequence of

North American aflinity. The suture has been studied in the central and northern
Virginia Piedmont (Bland and Brown, 1977; Pavlides, 1978; Evans, 1984; Bland and

Blackburn, 1980) and is proposed to be the Taconic Suture zone.

Correlation with the Valley and Ridge.

The Lynchburg and Catoctin equivalents and their stratigraphic positions have

been documented on the western side of the Blue Ridge (see Wehr and Glover, 1984).

The Evington Group has been proposed to be equivalent to portions of the Valley and

Ridge section (Conley, 1978; Brown, 1958; 1970) but only Evans (1984) has attempted

a unit by unit correlation. In the Altavista area, the Evington Group stratigraphy ap-

pears better constrained than in the other areas of study. The domes expose the

Lynchburg and Catoctin units in various places throughout the area. The Lynchburg to

Catoctin succession indicates a documented younging direction which coupled with po-

sition of Evington Group lithologies, suggests a stratigraphic order. In the westernmost

map area, cross-beds and graded beds support the succession indicated in the rest of the

area. Certainly however, the intense deformation and lack of outcrop precludes certainty

in any stratigraphic sequence. The gradational nature of the Lower Evington-upper

Catoctin contact and lack of constraints on time equivalence makes correlation of the
lower Chil1howee—upper Catoctin Formation contact difficult. The shelf

chronostratigraphy/sea level curve diagram of Read (in press), however makes rough
correlations possible.

The lower Chillhowee Group in Virginia was deposited during a time of trans-
gression. The lower quartzites of the Unicoi Formation are overlain by the more pelitic
and finer grained Hampton and Murray Formations (Schwab, 1972). Sirnilarly, coarse,
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clean quartzite in the Catoctin was succeeded by graywacke in the lower Evington
Group. On the shelf] sedirnentological evidence suggests an ensuing regression to coarse

sandstone of the Erwin Formation (Schwab, 1972). In Altavista, the graywacke is

overlain by a coarse, clean quartzite, also suggesting a regression. The upper part of the

graywacke exhibits fining up cycles and apparent unidirectional trough cross bedding,

suggesting either distal shelf or deep water turbidite deposition.

The apparent eastward coarsening of the quartzite to the coarse sand-granule

graywacke in Brookneal could be due to deep sea fan formation. The main channel could

have been near Lynchburg or Evington, 30-50 km north and the fan spread laterally in

the depositional lobes some distance to the east. A second possibity is that the coarse

material was deposited adjacent to Lynchburg and Alleghanian dextral transcurrent

faults (Gates, et al, 1986) slid the eastern block containing coarse material to the south

and opposite the Altavista area. Eastward derivation for the unit is not possible however

because there is no source for rutilated quartz and K-spar III the Charlotte Belt which

bounds the Evington Group to the east (Gates, 1981).

The rapid energy decrease indicated by pelite overlying quartzite is then explained

by two events on the Valley and Ridge shelf The first is a rapid transgression at the

Erwin-Shady dolomite boundary (Read, in press; Simpson, personal communication).

This drowned the shelf and therefore prevented transport of coarse clastics across it. The

second event was the formation of the Patterson-Shady carbonate bank which effectively

cut off the shelf from the basin (Pfeil and Read, 1980). As the shelf built out in the

middle Cambrian regression, carbonate and clastic detritus washed out into the basin,

possibly as storm deposits. The thin calcareous graded beds to larninae of the lower

calc-silicate unit were suggested to have had a slope lithofacies similar to the Shady

dolomite (Pfeil and Read, 1980). In fact the Shady and lower Carbonate are very similar

and may be facies equivalents. The shady built basinward during the Rome regression

and could have forrned the lower calc-silicate.190



A carbonate bank was again built on the shelf after Rome deposition in a rapid,

middle Cambrian transgression (Read, in press) (Figure 1). The Elbrook bank cut off the

shelf from the basin and carbonaceous mud dominated in the Piedmont in the middle

pelite. The Elbrook buildup is marked by a gentle transgression and the building out

of the Conasauga shale. In late Cambrian time a rapid regression caused sand to build

out on the shelf in the basal Copper Ridge (Read, in press). The incursion of sand on

the Copper Ridge-Conococheaque platform happened several times with especially ex-
' tensive development at the top of the sequence. The correlation breaks down in this se-

quence because the upper quartzite/calcareous unit of the Evington Group may be

equivalent to all or some of the Copper Ridge sand/carbonate sequence. The calc-silicate

and sandy layers are interlayered with pelites suggesting that it may represent a large

part of the Copper Ridge but correlation of the thick sand sections is not resolvable.

A second possibility for the upper and lower calc-silicate/sandstone sequences is

that they may be facies equivalents of the same unit. The sequence could have been

duplicated through thrust faulting and then folded. The plastic nature of carbonates

caused them to form a series of semi-continuous, contorted pods. Their map pattern is

probably the least reliable of the units in the Altavista area.

Tectonic Synthesis of the Southwestem Piedmont

The geology of the Roanoke River traverse from Brookneal to Altavista displays

a complete late Precambrian through early Paleozoic history for the western Virginia

Piedmont. This history represents the opening and closing of the Iapetus Ocean basin.

The cycle involves a rift stage followed by a drift stage and finally terminates in the

Taconic collision. This Late Precambrian through early Paleozoic history is reflected
throughout the Applachians, but is probably more applicable in timing of events to the

southem Appalachians.

191



The late Precambrian rifting event is well documented in the Central and Southern
Appalachians, in rift basins and rift generated plutonics and volcanics. The Crossnore
Group of peralkaline granites intrude the basement rocks of the Blue Ridge (Rankin,

1975; Odom and Fullagar, 1984). Geochronologic studies of these rocks suggest that the
rifting event occured between 690 and 570 Ma (Odom and Fullagar, 1984). Wehr and

Glover (1985) suggest that this plutonic period also represents the period of normal

faulting and rift sedimentation. The Lynchburg Group basin and correlative Ashe For-

mation and Ocoee Supergroup basins to the south (Rankin, 1975; Wehr and Glover,

1985) formed during this time. Feeder dikes to the overlying Catoctin Formation have

been constrained in age to younger than 570:1: 15 Ma in northern Virginia by cross cut-

ting relations with the Robertson River Granite (Mose and Nagel, 1984). Volcanic ac-

tivity however, may have begun long before this in other areas. On the other hand this

age implies that rifting continued into the lower Cambrian as suggested by Bond et al

(1984).

Shelley fossils in the Hampton Formation and trace fossils in the Unicoi Formation

indicate that the Chilhowee Group is early Cambrian (560-570 and younger) in age

(Simpson and Sundberg, in press). The basal Unicoi Formation is composed of detritus

from rifted basement blocks (Schwab, 1972) and the upper portion contains basalts

(Rankin, 1967). The lower Chilhowee Group was deposited synchronously with the late

Catoctin Formation.

The transition from rift to drift stage and passive margin development (Figure 2)

probably did not take place until the middle of the early Cambrian (550 Ma) or later.

Simpson and Eriksson (1986) suggest that the Hampton and Erwin Formations accu-

mulated in shelf environments. These units probably correspond to the lower quartzite

in the Evington Group. There is also a layer ofamphibolite in the eastern Altavista area

that postdates the quartzite. Immobile trace element discrimination plots indicate that
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the Slippery Creek is a continental rift basalt (Blackburn and Brown, 1977) 1977). Rift-

ing in the basin may have continued into the middle Cambrian.

On the Eastern side of the Evington Group Basin, the eastern volcanic rocks have
been correlated with the Chopawamsic Formation of central and northem Virginia and
to the rocks of the Charlotte Belt of the Carolinas (Gates, 1981; Glover et al, 1983). The

Chopawamsic Formation has been dated at 570 to 540 Ma by zircons (Higgins, et al,

1977; Tilton et al, 1970). According to the chronostratigraphic diagram of Read (in
press) and correlations made herein, the Evington Group and volcanic sequence are

largely time equivalent. The two were therefore deposited on opposite sides of a basin

(Figure 2). The Evington Group built eastward from the west and the volcaniclastic,

graywacke aprons built in front of the volcanic arc (Pavlides, 1978; Gates, 1981). The

source of the distal Evingtion Group pelites may have been from both the west and Cast.

The Cambrian sediments therefore fined eastward on the west side of the basin and

westward on the east side. The presence of dacitic volcanic rocks with the metabasalts

and trace element discrimination plots (Bland and Blackburn, 1980) indicate that the
volcanic sequence is part of an island arc. The coarse graywackes also indicate

topographic relief in a shallow high energy environment.

The Evington basin was apparently rather wide because no dacitic or andesitic

volcanic units are recognized in the Evingtion Group rocks and no ash deposits are

present on the Valley and Ridge shelf (Glover et al, in prep). Simpson and Eriksson

(1985) estimated that the minimum width of the upper Chilhowee basin was 150 to 350
km based on paleowave reconstructions. Other evidence to suggest a large ocean basin

is the lack of carbonate rims on the volcanic arc when at the same time there was high

production of carbonate on the western shelf (Glover et al, in prep).

The Evington Group was intensely deformed and metamorphosed prior to the in-
trusion of the Melrose. Detailed petrologic (Gates and Speer, in prep) and structural
analysis indicates that this orogenic event was characterized by West directed fold and
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possibly thrust nappe emplacement. P·T paths from zoned minerals can determine the
tectonic history, especially in terranes charactexized by nappe emplacement (Spear et al,

1984). Spear, et al (1984) have proposed an ideal P-T loop for such terranes. In their

model, after undergiong regional metamorphism, rocks in the footwall of a nappe expe-

rience a high pressure phase (P max) in response to nappe emplacement. The thermal
response of the footwall to the heat source on the hanging wall is slower. Thermal

equilibration (T max) coincides with depressurization through erosion of the overlying

strata. The retrograde path follows T max as the pile re-equilibrates to the uplift and

removal of overlying strata. In the Altavista area, the zoned minerals record the

progression from P max to T max and the retrograde path.

The P-T path indicated by the M1 metamorphism directly reflects the structural

development and tectonics of the Altavista area. The Taconic D1 and D2 deformations

are closely related and possibly a continuum of a single event or protracted event. The

complexity and degree of deformation indicate that Dl and D2 were intense. The F 1

and F2 folding events are isoclinal and recumbent and correspond to a high grade

metamorphic event. The metamorphism indicates that temperatures were lower at lower

levels in the stratigraphy and to the west. In the upper portions of the mapped

stratigraphy, melting of pelitic rocks took place. The geothermal gradient was therefore

inverted. The folding and metamorphism are the result of nappe emplacement. The high

grade rocks form a continuous zone to Brookneal and the eastem volcanic rocks. The

high grade rocks were thrust or folded westward by Dl and D2 over low grade rocks,

some of which are still preserved in the western field area. Nappe emplacement caused

the pressure to increase on the footwall which comprises most of Altavista. The Fl

isoclinal recumbent fold in the southem part of the eastern area, marks the base of the

hanging wall. The heat of the nappe then caused the reverse metamorphism by con-

duction or convection downward into the footwall. The root zone for the nappe is either
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between Altavista and Brookneal (mainly beneath the Danville Basin) or under the
volcanic rocks of Brookneal.

The direction of nappe emplacement, east over west, suggests the polarity of the
subduction zone in collision. In the Himalayas, the Indian plate subducted beneath Asia.
The high grade nappes that contain anatectic granitic dikes and plutons and exhibit in- ~

verted metamorphic isograds were emplaced southward or away from the suture zone
on the subducting plate (Lefort, 1976).

In the southwestern Virginia Piedmont the age of the collision is constrained by the
Melrose Granite in Brookneal and the associated Leatherwood Granite to the south. If
the zircon ages of 511 Ma are not inherited, then the collision is required to have taken
place in the middle to late Cambrian. If the Rb/Sr whole rock ages are correct, the col-
lision was probably more likely Ordovician though still could have been late Cambrian.
The early age is supported by the zircon ages from the Chopwamsic (540-570) though
they may be inherited (Higgins et al, 1977). Nd/Sm ages of 490 Ma from the Baltimore
malic complex ion the correlative James Run volcanics (Wasserburg et al, 1981) support
the younger age.

The two latest deformational events D3 and D4 and second metamorphic event
M2, occurred late in the development of the area and are probably related to the late
Acadian or Alleghanian orogenic event. The deformational events produced the north-
east trending domal structures in the eastern map area and Sherwill Dome in the westem
map area. Associated with these structures are multiple crenulation and shear cleavages
that overprint the earlier foliations. Metamorphism associatied with the event produces

chlorite and muscovite overgrowths on the early minerals. The late event is of dextral

transpression (Gates, in prep).
The age of the Melrose and mafic associate is the same as the Leatherwood Granite

and Rich Acres associate (Odom and Russell, 1975; Rankin, 1975; Sinha, personal

communication). Both associations have been described as cointrusive and both intrude
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the Evington Group/Fork Mountain Formation. These Cambrian to Ordovician intru-
sives are related to a series of” plutons that define a belt along the eastem contact of the

Evingtion Group and westem contact of the metavolcanic terrane (Gates, 1981; Sinha,
personal

communication).REFERENCES
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M1CfOpfObC Analyscs

SUPER RECAL MUSCOVITE ANALYSES (OH CALCULATEO)
9 10 11 12 13 14

$l02 46.08 46.91 46.91 47.25 43.28 44.99
TI02 0.70 0.47 1.18 0.38 0.13 0.57
A203 34.49 35.82 35.43 37.84 42.78 33.97
FE0 2.94 1.20 1.10 0.87 1.22 2.70
MNO 0.01 0.02 0.02 0.03 0.06 -0.03
MC0 0.72 0.58 0.55 0.48 0.18 0.62
CAO 0.01 0.01 0.01 0.03 0.11 -0.02
BAO 0.0 0.0 0.0 0.0 0.0 0.34
NA20 0.83 0.95 1.37 1.74 0.81 1.11
K20 9.78 9.47 8.77 8.39 7.76 9.00
F 0.0 0.0 0.0 0.0 0.0 0.03
CL 0.0 0.0 0.0 0.0 0.0 0.0
H20 4.49 4.54 4.55 4.64 4.62 4.37
SUM 100.05 99.97 99.89 101.65 100.95 97.65
-O= F+CL 0.0 0.0 0.0 0.0 0.0 0.01
SUM 100.05 99.97 99.89 101.65 100.95 97.64

Sl 6.152 * 6.190 * 6.182 * 6.096 * 5.614 * 6.146 *
AL 1.848 8.000 1.810 8.000 1.818 8.000 1.904 8.000 2.386 8.000 1.854 8.000
AL 3.577 * 3.760 * 3.684 * 3.849 * 4.154 * 3.615 *
TI 0.070 * 0.047 * 0.117 * 0.037 * 0.013 * 0.059 *
FE 0.328 * 0.132 * 0.121 * 0.094 * 0.132 * 0.308 *
MN 0.001 * 0.002 * 0.002 * 0.003 * 0.007 * -0.003 *
MC 0.143 4.120 0.114 4.055 0.108 4.033 0.092 4.075 0.035 4.340 0.126 4.105
CA 0.001 * 0.001 * 0.001 * 0.004 * 0.015 * -0.003 *
NA 0.215 * 0.243 * 0.350 * 0.435 * 0.204 * 0.294 *
K 1.665 * 1.594 * 1.474 * 1.381 * 1.284 * 1.568 *
BA 0.0 1.882 0.0 1.838 0.0 1.826 0.0 1.820 0.0 1.503 0.018 1.878
CL 0.0 * 0.0 * 0.0 * 0.0 * 0.0 * 0.0 *
F 0.0 * 0.0 * 0.0 * 0.0 * 0.0 * 0.013 *
H 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 3.987 4.000
O 24.000 * 24.000 * 24.000 * 24.000 * 24.000 * 24.000 *

MUSC 88.51 86.70 80.75 75.86 85.43 84.34
PARG 11.42 13.22 19.17 23.91 13.55 15.81
MARC 0.08 0.08 0.08 0.23 1.02 -0.16

F/M 2.299 1.180 1.143 1.052 3.992 2.416
F/FM 0.697 0.541 0.533 0.513 0.800 0.707

9 1880 AC4-59 12 418X AC4-6
10 3648 AC4-3A 13 438Y AC5·505
11 380M AC4-6 14 AC5•523
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SUPER REGAL FELOSPAR ANALYSES
1 2 3 U 5SIO2 55.06 55.7ß 55.üO 55.7ß 55.06

TI02 0.02 0.03 0.02 0.03 0.02
A203 29.93 29.96 29.9k 29.96 29.93
FE0 0.05 0.13 0.09 0.13 0.05MN0 0.02 0.03 0.02 0.03 0.02
MGO 0.0ü 0.0 0.02 0.0ü 0.0CAO 10.69 10.30 10.k9 10.69 10.30
BA0 0.0 0.0 0.0 0.0 0.0NA2O 5.36 5.51 5.ü3 5.51 5.36K20 0.05 0.05 0.05 0.05 0.05F 0.0 0.0 0.0 0.0 0.0
CL 0.0 0.0 0.0 0.0 0.0SUM 101.22 101.75 101.ß8 102.18 100.79
-0= F+CL 0.0 0.0 0.0 0.0 0.0
SUM 101.22 101.75 101.ß8 102.18 100.79

SI 2.N¤9 * 2.¤63 * 2.¤56 * 2.457 * 2.¤55 *AL 1.569 * 1.560 * 1.56ß * 1.556 * 1.573 *TI 0.001 ¤.018 0.001 ß.02ß 0.001 H.021 0.001 k.01k 0.001 M.029FE 0.002 * 0.005 * 0.003 * 0.005 * 0.002 *MN 0.001 * 0.001 * 0.001 * 0.001. * 0.001 *MG 0.003 * 0.0 * 0.001 * 0.003 * 0.0 *GA 0.509 * 0.¤88 * 0.ß98 * 0.505 * 0.492 *BA 0.0 * 0.0 * 0.0 * 0.0 * 0.0 *NA 0.¤62 * 0.¤72 * 0.¤67 * 0.¤71 * 0.¤63 *K 0.003 0.980 0.003 0.968 0.003 0.97k 0.003 0.987 0.003 0.961
0 8.000 * 8.000 * 8.000 * 8.000 * 8.000 *AN 52.28 50.66 51.¤7 51.59 51.35AB ß7.¤3 ¤9.0¤ ß8.2¤ ¤8.12 N8.35OR 0.29 0.29 0.29 0.29 0.30

GN 0.0 0.0 0.0 0.0 0.0
F/M 0.985 0.0 3.235 2.250 0.0
F/FM 0.ü96 0.0 0.76ß 0.692 0.0

1 171G ACM-59 RIM M AVERAGE PLUS SIGMA
2 179C AGQ-59 RIM ‘ 5 AVERAGE MINUS SIGMA

. 3 AVERAGE

SUPER REGAL FELDSPAR ANALYSES
1 2 3 M 5SI02 60.M3 60.08 60.25 60.¤3 60.08TI02 0.01 0.0 0.00 0.01 0.0A203 25.12 26.36 25.7k 26.36 25.12

FE0 0.13 0.07 0.10 0.13 0.07MN0 -0.03 0.0 -0.02 -0.00 -0.03MGO 0.05 0.0 0.02 0.05 0.0CAO 6.96 7.60 7.28 7.60 6.96BAO 0.0 0.0 0.0 0.0 0.0NA20 6.81 6.97 6.89 6.97 6.81
K20 0.05 0.07 0.06 0.07 0.05F 0.0 0.0 0.0 0.0 0.0CL 0.0 0.0 0.0 0.0 0.0SUM 99.53 101.15 100.3ß 101.62 99.06
·0= F+GL 0.0 0.0 0.0 0.0 0.0SUM 99.53 101.15 100.3Q 101.62 99.06

SI 2.693 * 2.6kk * 2.668 * 2.6¤7 * 2.690 *AL 1.319 * 1.367 * 1.3H3 * 1.361 * 1.325 *TI 0.000 k.012 0.0 U.011 0.000 ¤.012 0.000 ¤.008 0.0 ü.015FE 0.005 * 0.003 * 0.00M * 0.005 * 0.003 *MN -0.001 * 0.0 * -0.001 * -0.000 * -0.001 *MG 0.003 * 0.0 * 0.002 * 0.003 * 0.0 *CA 0.332 * 0.358 * 0.3¤5 * 0.357 * 0.33M *BA 0.0 " 0.0 * 0.0 * 0.0 ‘* 0.0 *NA 0.588 * 0.595 * 0.592 » 0.592 • 0.591 *K 0.003 0.930 0.00¤ 0.960 0.003 0.9ü5 0.00ü 0.961 0.003 0.929
0 8.000 * 8.000 * 8.000 * 8.000 * 8.000 *AN 35.98 37.¤5 36.73 37.¤5 35.98

AB 63.71 62.1M 62.91 62.1Q 63.71
OR 0.31 0.Q1 0.36 0.¤1 0.31
GN 0.0 0.0 0.0 0.0 0.0
F/M 1.118 0.0 1.903 1.¤59 0.0
F/FM 0.528 0.0 0.656 0.593 0.0 ·

1 kPL2 AG5-1066+ U AVERAGE PLUS SIGMA
2 MPL3 AG5-1066+ 5 AVERAGE MINUS SIGMA3 AVERAGE
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SUPER REGAL 8|0TITE ANALY§ES (H20 INPUTTEB)
1 2 5

SI02 38.01 37.16 37.58 38.01 37.16
TI02 1.74 1.70 1.72 1.74 1.70A203 19.07 19.20 19.13 19.20 19.07FE0 16.37 15.97 16.17 16.37 15.97
MN0 0.02 0.23 0.13 0.23 0.02
MG0 11.69 12.29 11.99 12.29 11.69
CA0 0.03 0.06 0.04 0.06 0.03BA0 0.25 0.18 0.21 0.25 0.18
NA20 0.23 0.26 0.25 0.26 0.23
K20 8.87 8.84 8.85 8.87 8.84F 0.59 0.94 0.76 0.94 0.59GL 0.06 0.08 0.07 0.08 0.06
H20 3.78 3.59 3.68 3.78 3.59SUM 100.71 100.50 100.60 102.08 99.13—O= F+CL 0.26 0.41 0.34 0.41 0.26SUM 100.45 100.09 100.27 101.67 98.87

SI 5.593 * 5.497 * 5.545 * 5.528 * 5.563 *AL 2.407 8.000 2.503 8.000 2.455 8.000 2.472 8.000 2.437 8.000
AL 0.900 * 0.843 * 0.872 * 0.818 * 0.927 *TI 0.193 * 0.189

‘
0.191 * 0.190 * 0.191 *FE 2.015 * 1.976 * 1.995 * 1.991 * 1.999 *MN 0.002 * 0.029 * 0.016 8 0.028 * 0.003 *MG 2.564 5.674 2.710 5.746 2.637 5.710 2.664 5.692 2.608 5.729

GA 0.005 * 0.010 * 0.007 * 0.009 * 0.005 *NA 0.066 * 0.075 ' 0.070 * 0.073 * 0.067 *K 1.665 * 1.668 * 1.666 * 1.645 * 1.688 *' BA 0.014 1.750 0.010 1.762 0.012 1.756 0.014 1.742 0.011 1.770
CL 0.015 '* 0.020

‘
0.018 * 0.020 * 0.015 *F 0.275 * 0.440 * 0.357 * 0.432 * 0.279 *H 3.711 4.000 3.542 4.002 3.627 4.001 3.667 4.119 3.585 3.880

0 24.000 * 24.000 * 24.000 * 24.000 * 24.000 *MG 55.97 57.48 56.73 56.88 56.58
FE 44.03 42.52 43.27 43.12 43.42 ·

’ F/M 0.787 0.740 0.763 0.758 0.767
F/FM 0.440 “ 0.425 0.433 0.431 0.434
A* = 0.152 0.152 0.152 0.150 0.154
A = •0.226 -0.215 -0.220 -0.215 -0.226
M = 0.560 0.578 0.569 0.572 0.566

1 13B*AG4-3A 8181 4 AVERAGE PLUS SIGMA
2 188*8184 5 AVERAGE MINUS SIGMA
3 AVERAGE

SUPER REGAL 1 2 BIOTITE ANALY§ES (H20 INPUTTE3)
5SI02 35.42 35.61 35.51 35.61 35.42T|02 1.55 1.39 1.47 1.55 . 1.39· A203 19.79 20.24 20.01 20.24 19.79FE0 23.42 23.34 23.38 23.42 23.34

MN0 0.10 0.07 0.08 0.10 0.07MG0 7.82 7.33 7.57 7.82 7.33GA0 0.09 0.04 0.06 0.09 0.04BA0 0.19 0.22 0.20 0.22 0.19NA20 0.34 0.24 0.29 0.34 0.24K20 8.54 8.77 8.65 8.77 8.54F 0.19 0.14 0.16 0.19 0.14
CL 0.01 0.02 0.02 0.02 0.01
H20 3.87 3.89 3.88 3.89 3.87
SUM 101.33 101.30 101.31 102.26 100.37—O= F+GL 0.08 0.06 0.07 0.08 0.06SUM 101.25 101.24 101.24 102.18 100.31

SI 5.358 * 5.383 * 5.370 * 5.339
‘

5.402 *AL 2.642 8.000 2.617 8.000 2.630 8.000 2.661 8.000 2.598 8.000
AL 0.886 * 0.988 * 0.937 * 0.915 * 0.959 *TI 0.176 * 0.158 * 0.167 * 0.175 * 0.159 *FE 2.963 * 2.950 * 2.957 * 2.937 * 2.977 *MN 0.013 * 0.009 * 0.011 * 0.013 * 0.009 *MG 1.763 5.801 1.651 5.757 1.707 5.779 1.748 5.787 1.666 5.770
CA 0.015 * 0.006 * 0.011 * 0.014 * 0.007 *NA 0.100 * 0.070 * 0.085 * 0.099 * 0.071 *K 1.648 * 1.691 * 1.669 * 1.677 * 1.661 *BA 0.011 1.773 0.013 1.781 0.012 1.777 0.013 1.803 0.011 1.750CL 0.003 * 0.005 * 0.004 * 0.005 * 0.003 *F 0.091 * 0.067 * 0.079 * 0.090 * 0.068 *H 3.905 3.999 3.923 3.995 3.914 3.997 3.891 3.986 3.937 4.007
0 24.000 * 24.000 * 24.000 * 24.000 * 24.000 *MG 37.21 35.82 36.52 37.21 35.82

FE 62.79 64.18 63.48 62.79 64.18
F/M 1.688 1.792 1.738 1.688 1.792
F/FM 0.628 0.642 0.635 0.628 0.642
A* = 0.166 0.172 0.169 0.169 0.170A = -0.176 -0.190 -0.183 -0.184 -0.182M = 0.373 0.359 0.366 0.373 0.359

1 53Y*AG5-505 4 AVERAGE PLUS SIGMA
2 58Y*TRV 5 AVERAGE MINUS SIGMA
3 AVERAGE
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SUPER RECAL BIOTITE ANALYSES (H20 INPUTTEE)
61 2 3 5

SI02 34.81 34.71 34.98 34.83 34.94 34.72TI02 1.63 1.83 1.68 1.71 1.80 1.63
A203 19.29 19.35 19.20 19.28 19.34 19.22
FE0 20.33 21.42 21.53 21.09 21.63 20.55
MNO 0.06 0.06 0.11 0.08 0.10 0.05MG0 8.89 8.54 8.89 8.77 8.94 8.61
CAO 0.02 0.03 -0.02 0.01 0.03 -0.01
BA0 0.29 0.39 0.26 0.31 0.37 0.26
NA20 0.24 0.22 0.19 0.22 0.24 0.20K20 8.35 8.08 8.68 8.37 8.62 8.12
F 0.26 0.22 0.24 0.24 0.26 0.22CL 0.0 0.0 0.0 0.0 0.0 0.0H20 3.87 3.89 3.88 3.88 3.89 3.87SUM 98.04 98.74 99.62 98.80 100.16 97.44•0= F+CL 0.11 0.09 0.10 0.10 0.11 0.09
SUM 97.93 98.65 99.52 98.70 100.05 97.35

SI 5.373 * 5.342 * 5.350 * 5.355 * 5.322 * 5.388 *AL 2.627 8.000 2.658 8.000 2.650 8.000 2.645 8.000 2.678 8.000 2.612 8.000
AL 0.881 * 0.850 * 0.811 * 0.847 * 0.794 * 0.902 *TI 0.189

‘
0.212 * 0.193 * 0.198 * 0.206 * 0.190 *FE 2.624 * 2.757 * 2.754 * 2.712 * 2.756 * 2.667 *MN 0.008 * 0.008 * 0.014 * 0.010 * 0.013 * 0.007 *MG 2.045 5.747 1.959 5.786 2.027 5.799 2.010 5.777 2.029 5.798 1.991 5.757

CA 0.003 * 0.005 * -0.003 * 0.002 * _ 0.005 ’ -0.002 *NA 0.072 * 0.066 * 0.056 * 0.065
‘

0.070 * 0.059 *K 1.644 * 1.586 * 1.693 * 1.641 * 1.674 * 1.608 *BA 0.018 1.736 0.024 1.680 0.016 1.762 0.019 1.726 0.022 1.771 0.016 1.681
CL 0.0 * 0.0 ' 0.0 * 0.0 * 0.0 * 0.0 *F 0.127 * 0.107 * 0.116 * 0.117 * 0.123 * 0.110 *H 3.985 4.111 3.993 4.100 3.959 4.075 3.979 4.096 3.950 4.074 4.008 4.118
0 24.000 * 24.000 * 24.000 ‘ 24.000 * 24.000 * 24.000 *MG 43.73 41.47 42.27 42.48 42.29 42.68

FE 56.27 58.53 57.73 57.52 57.71 · 57.32
F/M 1.287 1.411 ·1.366 1.354 1.364 1.343
F/FM 0.563 0.585 0.577 0.575' 0.577 0.573
A* = 0.166 0.169 0.156 0.164 0.158 0.170
A = -0.180 -0.153 -0.204 -0.179 -0.193 -0.164
M = 0.438 0.415 0.424 0.426 0.424 0.427

1 2173 AG5•523 H/GT 4 AVERAGE
2 2244 81 S AVERAGE PLUS SIGMA
3 2254 B2 _ 6 AVERAGE MINUS SIGMA

SUPER RECAL 1 2 BIOTITE ANALY§ES (H20 INPUTTEZ) 5 6$I02 37.00 36.87 37.21 37.03 37.17 36.89
TI02 1.32 1.30 1.30 ”1.31 1.32 1.30A203 18.43 18.80 19.30 4 18.84 19.20 18.49
FE0 13.95 14.06 14.07 14.03 14.08 13.97
MN0 0.11 0.08 0.08 0.09 0.10 0.08MG0 13.98 14.25 13.99 14.07 14.20 13.95CAO -0.01 -0.02 -0.02 -0.02 -0.01 -0.02BA0 0.08 0.37 0.38 0.28 0.42 0.14NA20 0.23 0.19 0.28 0.23 0.27 0.20K20 8.73 8.64 8.76 8.71 8.76 8.66F 0.59 0.59 0.54 0.57 0.60 0.55CL 0.0 0.0 0.0 0.0 0.0 0.0H20 3.72 3.72 3.75 3.73 3.74 3.72SUM 98.13 98.85 99.64 98.87 99.84 97.90
-0= F+CL 0.25 0.25 0.23 0.24 0.25 0.23SUM 97.88 98.60 99.41 98.63 99.59 97.67

SI 5.539 * 5.491 * 5.494 ‘ 5.508
‘ 5.482 * 5.534 *AL 2.461 8.000 2.509 8.000 2.506 8.000 2.492 8.000 2.518 8.000 2.466 8.000

AL 0.790 * 0.790 * 0.852 * 0.811 * 0.819 * 0.803 *TI 0.149 ° 0.146 * 0.144 * 0.146 * 0.146 * 0.146 *FE 1.746 * 1.751 * 1.737 * 1.745 * 1.737 * 1.753 *MN 0.014 * 0.010 * 0.010 * 0.011 * 0.013 * 0.010 *MG 3.119 5.818 3.163 5.859 3.079 5.823 3.120 5.833 3.121 5.836 3.119 5.831
CA -0.002 * -0.003 * -0.003 * -0.003 * -0.002 * -0.003 *NA 0.067 * 0.055 * 0.080 * 0.067 * 0.077 * 0.057 *K 1.667 * 1.641 * 1.650 * 1.653 * 1.648 * 1.657 *BA 0.005 1.737 0.022 1.714 0.022 1.749 0.016 1.733 0.024 1.748 0.008 1.719CL 0.0 * 0.0 * 0.0 * 0.0 * 0.0 * 0.0 *F 0.279 * 0.278 * 0.252 * 0.270 * 0.278 * 0.261 *H 3.715 3.994 3.695 3.973 3.694 3.946 3.701 3.971 3.684 3.962 3.719 3.980
0 24.000 * 24.000 * 24.000 * 24.000 * 24.000 * 24.000 *MG 63.92 64.23 63.79 63.99 64.08 63.89

FE 36.08 35.76 36.21 36.01 35.92 36.11
F/M 0.564 0.557 0.568 0.563 0.561 0.565
F/FM 0.361 0.358 0.362 0.360 0.359 0.361
A* = 0.140 0.144 0.151 0.145 0.148 0.142
A = -0.219 -0.198 -0.198 -0.205 -0.198 -0.212
M = 0.641 0.644 0.639 0.641 0.642 0.640

1 2635 AG5-268+ BT1 4 AVERAGE
2 2645 BT2 5 AVERAGE PLUS SIGMA
3 2655 BT3 6 AVERAGE MINUS SIGMA
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SUPER REGAL 1 GARNET ANALYSES
2 3 U 5

SI02 38.30 39.55 38.93 39.55 38.30TIO2 0.13 0.15 0.1k 0.15 0.13
A203 21.35 21.51 21.ü3 21.51 21.35FEO 30.57 30.36 30.¤6 30.57 30.36MNO 5.5ü 5.57 5.55 5.57 5.5ßMG0 3.02 3.00 3.01 3.02 3.00CAO 3.81 3.77 3.79 3.81 3.77BAO 0.0 0.0 0.0 0.0 0.0
NA2O 0.0ü 0.03 0.03 0.0ß 0.03K20 0.03 0.03 0.03 0.03 0.03F 0.0 0.0 0.0 0.0 0.0
CL 0.0 0.0 0.0 0.0 0.0SUM 102.79 103.97 103.38 10ß.25 102.51•0= F+CL 0.0 0.0 0.0 0.0 0.0SUM 102.79 103.97 103.38 10ü.25 102.51
SI 2.995 * 3.0¤2 * 3.019 * 3.037 * 3.000 *TI 0.008 * 0.009 * 0.008 * 0.009 * 0.008 *AL 0.0 3.003 0.0 3.050 0.0 3.027 0.0 3.0¤5 0.0 3.008
AL 1.967 * 1.9¤9 * 1.958 ' 1.9ß6 * 1.971 *FE 0.033 2.000 0.051 2.000 0.0N2 2.000 0.05ß 2.000 0.029 2.000FE 1.967 * 1.902 * 1.93¤ * 1.909 * 1.960 *· MG 0.352 * 0.3üü * 0.3¤8 * 0.3ß6 * 0.350 *MN 0.367 * 0.363 * 0.365 * 0.362 _ * 0.368 *CA 0.319 * 0.311 * 0.315 * 0.313 * 0.316 *NA 0.006 * 0.00ß * 0.005 * 0.006 * 0.005 *K 0.003 3.01ß 0.003 2.927 0.003 2.970 0.003 2.939 0.003 3.002
O 12.000 * 12.000 * 12.000 * 12.000 * 12.000 *AL 65.82 65.75 65.78 65.78 65.79

PY 11.59 11.58 11.58 11.58 11.59
SP 12.08 12.22_ 12.15 12.1M 12.16
GR 10.51 10.k6 10.¤8 10.50 10.¤7
F/M 6.630 6.586 6.608 6.572 6.6üßF/FM 0.869 0.868 0.869 0.868 0.869
A* = 0.295 0.298 0.296 0.296 0.296A = 0.29¤ 0.297 0.296 0.296 0.295M = 0.150 0.150 0.150 0.150 0.150

1 169G AGß·59 CORE M AVERAGE PLUS SIGMA
2 116C AGß·59 CORE 5 AVERAGE MINUS SIGMA
3 AVERAGE

SUPER REGAL 2 GARNET ANALYS§8 u 51
SI02 38.16 38.32 38.2ß 38.32 38.16
TIO2 0.11 0.09 0.10 0.11 0.09
A203 20.7ß 21.07 20.90 21.07 20.7N
FEO 33.89 33.91 33.90 33.91 33.89
MNO k.89 M.85 R.87 ¤.89 ¤.85
MG0 2.19 2.1ß 2.16 2.19 2.1k
CAO 1.97 1.97 1.97 1.97 1.97
BA0 0.0 0.0 0.0 0.0 0.0
NA20 0.0k 0.08 0.06 0.08 0.0ß
K20 0.03 0.0ß 0.03 0.0ß 0.03
F 0.0 0.0 0.0 0.0 0.0
CL 0.0 0.0 0.0 0.0 0.0
SUM 102.02 102.¤7 102.2ü 102.58 101.91
-0= F+GL 0.0 0.0 0.0 0.0 0.0
SUM 102.02 102.k7 102.2ß 102.58 101.91
Sl 3.031 * 3.027 * 3.029 * 3.02U * 3.03ß *TI 0.007 * 0.005 * 0.006 * 0.007 * 0.005 *AL 0.0 3.038 0.0 3.033 0.0 3.035 0.0 3.031 0.0 3.039
AL 1.9¤1 * 1.961 * 1.951 * 1.960 * 1.9¤3 *
FE 0.059 2.000 0.039 2.000 0.0¤9 2.000 0.0¤0 2.000 0.057 2.000
FE 2.192 * 2.202 * 2.197 * 2.198 * 2.196 *MG 0.259 * 0.252 * 0.256 * 0.258 * 0.25k *MN 0.329 * 0.325 * 0.327 * 0.327 * 0.327 *CA 0.168 * 0.167 * 0.167 * 0.167 * 0.168 *NA 0.006 * 0.012 * 0.009 * 0.012 * 0.006 *
K 0.003 2.958 0.00ß 2.961 0.00ß 2.959 0.00H 2.965 0.003 2.95k
0 12.000 * 12.000 * 12.000 * 12.000 * 12.000 *AL 7ß.86 75.09 7¤.98 7ß.87 75.08

PY 8.62 8.ü5 8.53 8.62 8.¤5
SP 10.9M 10.88 10.91 10.9¤ 10.88
GR 5.58 5.59 5.58 5.57 5.59
F/M 9.725 10.025 9.873 9.800 9.9¤9 ·
F/FM 0.907 0.909 0.908 0.907 0.909

A* = 0.279 0.282 0.280 0.282 0.279
A = 0.278 0.281 0.280 0.281 0.278
M = 0.103 0.101 0.102 0.103 0.101

1 3GC1 AG5·1066+ M AVERAGE PLUS SIGMA
2 6GG2 AG5•1066* 5 AVERAGE MINUS SIGMA
3 AVERAGE

219



O N O ·M M F QQMN Qu Fuß$¢Q*Q$*t8#O$GQG3 GG FFQ• • • • • • • ßß NN?GNFO3OFFONN N N G N N FOOF • • • • •~:PMQh33cQQQoMoM OF OQ QQQ
hQP3NNQQQQQQ¤Q0 PF N QQQPQNQM NM u •• m 0 MQ M mmQ3QQQQQQQQMNPQQQQ

MQQNQNQQQQQN

Q Q MQ Q Q NNFG 3M PP3CUOÜOUÜCSÜOUGGGF FG FFP• • • • • • • MQ NN-:3M::MM«Ne: 0 0 M N M gqgn •• „•„°OFGNGOFOOOOONON FF OO OOO
OGFFGFOFO3FOG NG I O O OOFGOGFGGOOO _

P P QQQQQMMPQQQQ
NQQPQNQQQQQN II? Q

•M
~M Q P QP N 3 MGGM PO 33N WBÜÜOSOÜUSCUGSGFGG OG FFF BZ„ „ • • • • • GQ NN? J-3MNG3PQMPNP G G M N N QQON •• ••- limGF3GOGOOOOOOFOF OF OO OOO www

FOFGNNOOOOOOOOO GO O OOGGNNO UUUM NM I I O O OO N OOGOOOO <<(P P QQQQQMMPQQQQGOONONOOOOON
>>>IF <<<
GOFQ Q MN P M QOGO FQ OOOÜUOÜOCÜÜSÜGÜFGFG GG FF?• • • • • • • QQ NN?PMOPMGGOPNP F F M N N OOOG •- •••:O?N3GGMQQQQQNQN F? QQ QQQ

FQP3NNFQQQQQQQQ OO Q GQGONNQM NM | II Q Q PQ P QPQPQQQP P QQQQQMMPPQQQ
MQQNQNQQQQQN

G O 3O N G FOG3 FG 33M
t¢Q*Q*#$¢$GtMGGO GQ FFQ• • • •••• mq Nqp

eMG0MM¤N»-G Q Q M N N NGO? •„ ..•$”3P3GOMGQQQQQFQF O GQ QQQ
O FQPGNNQQQQQQQQQ PO Q 3GNONPQ> M NM • • Q Q QQ N P~¤3QQQ
ä P P QQQQQ3NFQQQQ
Z GQQNQNQQQQQN( IF
FU
2 N Q M¢ O N G 3FGO GN 330UÜOÜOSSÜIÜGIGGON GG FF?• • • • ¤ ¤ • NQ NN?QGFGNNOOMFN M M G N N OOON •• ••·NGFGGGOFOOOOOFOF OF OO OOO

FQPGNNQQQQQQPQP MG O GNFGGPQM NG • ¤ Q Q GQ N FPQQQQQP P 0QQQQMM«QQQQ
NOONONOOOOON

_ F G G +P P 3 GGQ3 PF PPQ +$*O*O$¥¢$$G$???G OG FFF G• •
-

• • • • ng NN? N ·GFGPOPMM NN O O M N N NQOF •• ••• N+++FOFGNOGGOOOOOOOO OF OO
OOOFQPONNQQQQQQPQPQF G PGPG NQ QNNNJ M NM Il O O PO F NGO3 OO <NNN

5 P P QQQQQ3NFQQQQ„•„••„„•..„„ g HJ GOONONOOOOON Il NN OPGO¢ O IFJ>&Z \\
*

33GG+ <¤wQ kk <<!¢ In- ·u NNM Q¥ OOOOOOOONO INI ——JJwWOZ(( PNM3B --2WZ¥(< N JBOD WF(<llIIOZ!OQ wh KI QQZXLQWIQ



G G G
M G G nnum GG SSG_ *#G$G***$*G$SGMP SG GGG• • • •••• gg NNPGSGGGGG NM S S M N N PGPG •• •••FPPGSGNGGGGGGGGG G GG GGG

PGGGGNNGGGGGGG8 PG NGMNGGSMGM NM G NG GSGPMSGGGP P GGGGGMNGNGGG
MGGPGNGGGGGNP

an G •-
G G P NSPN PP GPM$*G*G##$$$G$SPGG SG GGG• • • •••• pg NNPMPPNSGG GS G G M N M GGFG • • • • •°MPMGPMGGGGGGSGS P GG GGG

GGPGGNMGGQGGMGM GG GNSPGGGSGM NM G G GP GMPPSGGGGP P GGGGGMNGNGGG
NGGPGNGGGGGN {SP

Q-•W
GG G S WN G G •-PPN GG Gu'\N WDCÜGCGIOSÜCGÜSPSG SG GGG GZ• • • •••• gg NNp J-GGNMGMP SM S S M N N GGPQ •• ••• LZÜGPGGGMNGGGGGPGP G GG GGG wwwGGPGGNMGGGGGNGN PG GGMSSNPMG GGGn un G G PG GSGPSPGGG <§§•· •• GGGGGMNGNGGG EwwnGGPGNGGGGGN >>>•· <<<

GGPN G PN G G GGGG GG SMGÜÜGUGUSÜIÜGIGMPN GG GGG• • • •••• 3g NNPGGSGGÖG NM N N M N N GGPG •- •••SGSGSGSNÖÖQÖÖGÖG P GG GGG
PGGGGNMGGGGGPGP NG MPSSMGMMGM NM G G PP SGGGGPGGGv- •- GGGGGMNGNGGG

MGGPGNGGGGGNP

M G G
S G S SGSP GG SMG$$G¢G*8$$$G*GGMG NG GGG• •

-
•••• gg NNQGSSPGGM GM N N M N N NGPP •• •••£„GPGGGNGGGGGGPGP G GG GGG

G PGGGGNNGGGGGGGG SG GPPGGGGMG
> M NM G G MG SGGPSNGGGal •· •· GGGGGMNGNGGG
Z MGGPGNGGGGGN( P
PU
Z G G G¢ P G G GGSG GG GGN( SSGÜGÜSSÜSGSPGMG GG GGGQ • • • „••• gg NN-NGGNPSS GS S S M N N GGPG • • • • •NGPSPGMGGGGGGSGS P GG GGG

GGPGGNMGGGGGMGM GG NGGNGGGSGvs Nm G G GG PNGPSGGGGP P GGGGGMNGNGGG
MGGPGNGGGGGNP

N G N
G G •·

G¤nM•·· GG r~I~G$¢G$G$#**$G$NGSS NG GGG GGG• • • •••• QQ NNp gppp
GGPGGPG MM O Q M N M GGPG •• ••• PPPPan-~¤~o«·v•~•GoGoGr~Gr~ G GG
GGGPGPGGNMGGGGGNGNMG SGGPMGGMG SGGGJ n Nm G G GG PNGPSGGGO ¤<<<( P P GGGGGSNGNGGG (

Q •„•„•••••••• [ H pgg
N J NGGPGNGGGGGN IK HN PNGG¢ G •--J>K¢ \\ t G•·•·G

+ (KWG KK ((I
¢ u.Lu Nana GK GGGGOOGGNG ZH! ——44wmoz<< PNMSG —•äWZG(((N JDGG WP((KKZIUZ¥GW WP kIIGGZ¥kGWIW



G
W

3 M M
P«•3•8•••••ä»2$£3 2* äää 26 6 6 6 6666 “° ““” z

P M33NP P '° °°' 'P EG OOO I
#ö°d6& ocoocooo PG n asmowwc wm Zn F nn o o ca o m¤—c¤oc O

P P ÖÖGGGPNGGGGG é
MGGNGNGGGGGN U

I IP , ><
G G *' gG G G GGGG G3 GGM

SSGSGSSSSSGSGPMM GG GGG• • • •••• ng ~Np
GGPGGGPGGPP G G M N M NG33 • • • • •

QGPMGGMGNGGGGGGG P P GG GGG
PGPMGNPGGGGGNGN PG3GGGP3MGPG .
M NM II G G GGGGNGPMMGGGP P GGGGGPN3PGGG

NGGPGNGGGGGN
IP

3 G G
G G G 3GPG PG GGG

SSGSGSSSSSGSGGPG PG GGG„ • • •••• QQ NNP
MMGGGMGGNN3 G G M N N MG3M • • • •

-BGPPPNN3PGGGG3G3 P P GG GGG
PGPNGNPGGGGGPGP PG SGMGMGMNG
M NM II G G GG GGGGNNGGGP P GGGGÖPNGGOÖQ

NGGPGNGGGGGNI IP

P Q P
G G G GGGG GP GG3

SSG$GSSSSSGSG3GG PG GGP• • • •••• PQ Nqp
GGG3GGGGPPP G G M N N MGN3 • • • • •

°PP3GPMGPGGGGGGG P P GG GGG
PGPNGNPGGGGGPGP GP G GPGGNGG
M NM I G G GP G PGGMGGGP P GGGGGPNMPGGG

NGGNGNGGGGGN3

G G G
G G G NNGG 3G PPP MM W

SSGSGSSSSSGSGP3M MG GGG NN G• • • •••• gg Nqp mm J
NN3GPGNGNNG G G M N N NG33 • • • • • I I H-¤GPP3MPGNGGGGPGP P P GG
GGGPGPNGNPGGGGGGGGGP3PGGM3PMNG ((GG
M NM II G G PGPGGPGMMGGG ((P P GGÖGÖGNGGÖÖG ääää

NGGPGNGGGGGN NN>>IIP NN((

GGPG
3 G G
N G G MPNG MG GGG

SSGSGSSSSSGSPGGN GP GGG• • • •••• pg NNQ
3N3GGMGPGNP P P M N N MGM3 • • • • •

:GPGGPGGGGGGGGGG P P GG GGG••••••••••••••• P
PGPMGNPGGGGGPGP PP PMGPGGGNGM NM II G G PG PNG3PNGGGP P QQÖGÖPNGGÖÖQ

MGGPGNGGGGGNIIF

3 G GP G P PGG3 MN PP3SSGSGSStSSGSG3MM NG GGG. „ • •••• NQ Nqp
GPPGMGGNNNP M M M N N NG3M •• •••

$„MPG3MMPNGGGGGGG P P GG GGG _
W PGGNGNPGGGGGGGG PP 3GGNNGMNG
> M NM III G G GG GPGGMGGGG
ä P P OOQGGFNGGQÖÖ
2 MGGPGNGGGGGN
< I Iv-

PU2 G G N . ‘
¢ G G G GPGP PG GGNPG GGP• • • •••• gg Nup

MNGPPPP 3NG G G M N M NG33 •~ •••
~NPNP3M3GGGGG3G3 P P GG GGG

PGPNGNPGGGGGPGP PPGGNGG3GGNG
M NM II G G PGPGPPPMNGGG_ P P GGQGOGNGFÖGÖ

NGGPGNGGGGGN '
IIP

P G 3P G G GNMG GM GGM Mttotctttttmtwzum Mp GGG NMMM• •
·

• •
·

• 3G NNP GNNN
GNMGPMGGPN3 P P M N N MG3M •• ••• IGGG
GPMPGPPNGGGG3G3 P P GG GGG GIIIP••••••••••••••• p Qggg
GGPMGNPGGGGGNGN GP GNMPGGNNG (GGG4 n an uu O c -o ¤-OmnaccoP P QÖÖGÖGNGÖÖQQ G...•••„•„••• Z n 3PNM

W J MGGPGNGGGGGN Ib HH GGP3¢ G IIPJ>&¢ \\ S NGPP
¢ { <¤WG ßß <<I NNN
u NNM 0m cOOcOcO¤§Q tn! --44uwoz<< pumaG --äuzO<< JGG: wP<<k&IZUZ¥Gw mp uttumz uownw



SUPER REGAL 2 GARNET ANALYSES u 51
SI02 38.76 38.06 38.61 38.76 38.06
TI02 0.12 0.13 0.13 0.13 0.12
A203 21.53 20.71 21.12 21.53 20.71
FE0 25.00 25.06 25.25 25.06 25.00
MN0 9.67 9.67 9.67 9.67 9.67
MG0 3.58 3.67 3.63 3.67 3.58
CAO 2.01 2.07 2.00 2.07 2.01
BA0 0.21 0.09 0.15 0.21 0.09
NA20 -0.02 0.0 -0.01 -0.00 -0.02
X20 -0.02 0.0 -0.01 -0.00 -0.02
F -0.01 0.09 0.00 0.09 -0.01
CL 0.0 0.0 0.0 0.0 0.0
SUM 100.67 100.17 100.02 101.29 99.55
-0= F+CL 0.0 0.0 0.0 0.0 0.0
SUM 100.67 100.17 100.02 101.29 99.55

SI 3.053 * 3.055 * 3.050 * 3.038 * 3.071 *
Tl 0.007 * 0.008 * 0.007 * 0.008 * 0.007 *
AL 0.0 3.060 0.0 3.063 0.0 3.062 0.0 3.006 0.0 3.078
AL 1.998 * 1.939 * 1.969 * 1.989 * 1.909 *
FE 0.002 2.000 0.061 2.000 0.031 2.000 0.011 2.000 0.051 2.000
FE 1.608 * 1.630 * 1.639 * 1.657 * 1.621 *
MG 0.020 * 0.035 * 0.027 * 0.029 * 0.026 *
MN 0.605 * 0.651 * 0.608 * 0.602 * 0.650 *
CA 0.170 * 0.176 * 0.173 * 0.170 * 0.172 *
NA -0.003 * 0.0 * -0.002 * -0.000 * -0.003 *
X -0.002 2.878 0.0 2.892 -0.001 2.885 -0.000 2.902 -0.002 2.867‘ O 12.000 * 12.000 * 12.000 * 12.000 * 12.000 *

AL 57.18 57.28 57.23 57.28 57.18
PY 10.57 10.72 10.60 10.72 10.57
SP 22.37 22.00 22.20 22.00 22.37
GR 5.88 5.97 5.92 5.97 5.88

F/M 5.056 5.209 5.351 5.363 5.339
F/FM 0.805 0.800 0.803 0.803 0.802

A* = 0.326 0.313 0.320 0.322 0.317
A = 0.326 0.313 0.320 0.322 0.318
M = 0.203 0.200 0.200 0.200 0.203

1 2388 A60-2A 0 AVERAGE PLUS SIGMA
2 2036 A60-2A 5 AVERAGE MINUS SIGMA
3 AVERAGE

SUPER REGAL 1 2 GARNET ANALYS§S 0
$I02 38.00 37.73 37.13 37.99
T|02 0.12 0.15 0.19 0.15
A203 21.00 21.19 21.10 21.21
FE0 36.10 30.09 33.75 33.17
MN0 0.22 2.67 0.95 2.01
MG0 2.29 2.71 2.96 3.27
CA0 3.21 2.00 0.88 3.05
BA0 -0.01 0.0 0.0 0.0
NA20 0.0 0.00 0.08 0.03
X20 -0.01 0.03 0.06 0.03
F 0.06 0.0 0.0 0.0
CL 0.0 0.0 0.0 0.0
SUM 101.01 101.01 101.10 101.31
-0= F+CL 0.0 0.0 0.0 0.0
SUM 101.01 101.01 101.10 101.31

SI 3.028 * 3.000 * 2.956 * 3.000 *_ TI 0.007 * 0.009 * 0.011 * 0.009 *
AL 0.0 3.035 0.0 3.009 0.032 3.000 0.0 3.013
AL 1.970 * 1.985 * 1.951 * 1.976 *
FE 0.030 2.000 0.015 2.000 0.009 2.000 0.020 2.000
FE 2.376 * 2.279 * 2.199 * 2.169 *
MG 0.272 * 0.321 * 0.351 * 0.385

‘

MN 0.015 * 0.180 * 0.060 * 0.135 *
CA 0.270 * 0.200 * 0.016 * 0.292 *
NA 0.0 * 0.006 * 0.012 * 0.005 *
K -0.001 2.935 0.003 2.993 0.006 3.009 0.003 2.989
0 12.000 * 12.000 * 12.000 * 12.000 *

AL 81.11 76.08 72.99 72.98
PY 9.16 10.71 11.01 12.82
SP 0.50 6.00 2.08 0.08
GR 9.23 6.82 13.52 9.72
F/M 8.799 7.655 6.001 5.979
F/FM 0.898 0.880 0.866 0.857

A* = 0.269 0.275 0.276 0.277
A = 0.269 0.270 0.270 0.276
M = 0.101 0.123 0.135 0.109

1 196 A60-217 3 1938 A60-3A
2 235Y AG5-505 0 397X A60-6
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SUPER REGAL 1 2 STAUROLITE ANQLYSES (ON) GALGBLATED
5

SI02 27.76 28.21 27.99 28.21 27.76
TI02 0.48 0.50 0.49 '”0.50 0.48
A203 52.97 53.60 53.29 53.60 52.97
FE0 13.75 13.62 13.68 13.75 13.62
MN0 -0.04 -0.05 -0.04 -0.04 -0.05
NGO 1.25 1.26 1.26 1.26 1.25
CAO -0.02 -0.01 -0.02 -0.01 -0.02
BA0 -0.38 -0.46 -0.42 -0.38 -0.46
NA20 -0.02 -0.03 -0.02 -0.02 -0.03
K2O -0.04 -0.03 -0.03 -0.03 -0.04
F 0.02 -0.04 -0.01 · 0.02 -0.04
CL 0.0 0.0 0.0 ‘ 0.0 0.0
H20 2.32 2.37 2.34 2.35 2.34
SUN 98.05 98.94 98.49 99.21 97.78
-0= F+GL 0.01 -0.02 -0.00 0.01 -0.02
SUN 98.04 98.96 98.50 99.20 97.80

SI 7.151 * 7.186 * 7.169 * 7.175
‘

7.162 *TI 0.093 * 0.096 * 0.094 * 0.096 * 0.093 *AL 16.079 P 16.090 * 16.084 * 16.065 8 16.104 *FE 2.962 * 2.902 * 2.932 * 2.925 * 2.939 *
NN -0.009 ' -0.011 * -0.010 * -0.009 * -0.011 *NG 0.480 * 0.478 * 0.479 * 0.478 * 0.481 *BA -0.038 * -0.046 * -0.042 * -0.038 * -0.047 *CA -0.006 * -0.003 * -0.004 * -0.003 * -0.006 *
K -0.013

’ -0.010 * -0.011 * -0.010 * -0.013 *NA -0.010 26.689 -0.015 26.668 -0.012 26.678 -0.010 26.670 -0.015 26.687
F 0.016 * -0.032 * -0.008 * 0.016 * -0.033 *GL 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
H 3.984 4.000 4.032 4.000 4.008 4.000 3.984 4.000 4.033 4.000
0 44.000 * 44.000 * 44.000 * 44.000 * 44.000 *FENN 86.02 85.80 85.91 85.93 85.90

NG 13.98 14.20 14.09 14.07 14.10
F/N 6.154 6.042 6.098 6.105 6.091
F/FN 0.860 0.858 0.859 0.859 0.859
A* = 0.700 0.704 0.702 0.703 0.702
A ¤ 0.701 0.705 0.703 0.703 0.702
M = 0.139 0.142 0.140 0.140 0.141

1 255 AG4-217 4 AVERAGE PLUS SIGNA
2 265 AG4-217 5 AVERAGE NINUS SIGMA
3 AVERAGE

SUPER REGAL 1 2 STAUROLITE ANQLYSES (ON) GALGELATED 5 6
SI02 29.64 28.66 28.72 29.01 29.46 28.56
Tl02 0.24 0.44 0.39 0.36 0.44 0.27
A203 54.91 55.19 55.06 55.05 55.17 54.94
FE0 10.28 10.62 10.65 10.52 10.68 10.35
NN0 0.70 0.77 0.69 0.72 0.76 0.68
NGO 1.17 1.14 1.22 1.18 1.21 1.14
CAO -0.01 -0.01 -0.02 -0.01 -0.01 -0.02
BA0 0.06 -0.02 -0.08 -0.01 0.04 -0.07
NA20 0.04 0.0 0.02 0.02 0.04 0.00
K20 -0.04 -0.04 -0.04 -0.04 -0.04 -0.04
F -0.01 0.03 0.03· 0.02 0.04 -0.00
CL 0.0 0.0 0.0' 0.0 0.0 0.0
H20 2.40 2.36 2.36 2.37 2.39 2.36
SUN 99.38 99.14 99.00 99.17 100.17 98.18
-0= F+GL -0.00 0.01 0.01 0.01 0.01 -0.00
SUN 99.38 99.13 98.99 99.17 100.15 98.18

SI 7.424 * 7.216 * 7.237 * 7.293 * 7.339 * 7.246 *
TI 0.045 * 0.083 * 0.074 * 0.067 * 0.083 * 0.052 *
AL 16.207 * 16.375 * 16.349 * 16.310 * 16.197 * 16.426 *
FE 2.153 * 2.236 * 2.244 * 2.211 * 2.226 * 2.196 *
MN 0.149 * 0.164 * 0.147 * 0.153 * 0.159 * 0.147 *
MG 0.437 * 0.428 * 0.458 ° 0.441 * 0.449 * 0.433 *
8A 0.006 * -0.002 * -0.008 * -0.001 * 0.004 * -0.007 *
CA -0.003 * -0.003 * -0.005 * -0.004 * -0.002 * -0.005 *
K -0.013 * -0.013 * -0.013 * -0.013 * -0.013 * -0.013 *
NA 0.019 26.425 0.0 26.486 0.010 26.493 0.010 26.468 0.018 26.460 0.002 26.476
F -0.008 * 0.024 * 0.024 * 0.013 * 0.028 * -0.002 *
GL 0.0 0.0 0.0- 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
H 4.008 4.000 3.976 4.000 3.976 4.000 3.987 4.000 3.972 4.000 4.002 4.000
0 44.000 * 44.000 * 44.000 * 44.000 * 44.000 * 44.000 * ·

FENN 84.05 84.87 83.92 84.28 84.15 84.42
NG 15.95 15.13 16.08 15.72 15.85 15.58

F/N 5.270 5.611 5.219 5.362 5.311 5.417
F/FN 0.841 0.849 0.839 0.843 0.842 0.844

A* ¤ 0.758 0.755 0.752 0.755 0.752 0.758
A = 0.758 0.755 0.752 0.755 0.752 0.758
N = 0.169 0.161 0.170 0.166 0.168 0.165

1 1 072 AG4- 159+4 AVERAGE
2 1082 AG4-159+ 5 AVERAGE PLUS SIGMA
3 1224 AG4-159+ 6 AVERAGE NINUS SIGMA
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SUPER REGAL 1 2 STAUROLITE ANQLYSES (OM) GALGBLATED 5SI02 28.70 28.20 28.09 28.70 28.20TI02 0.29 0.30 0.31 ’0.30 0.29
A203 50.17 53.58 53.88 50.17 53.58
FE0 9.85 10.82 10.33 10.82 9.85MN0 0.00 0.32 0.36 0.00 0.32MG0 0.85 0.93 0.89 0.93 0.85CAO -0.03 -0.01 -0.02 -0.01 -0.03
BA0 0.08 0.05 0.06 0.08 0.05NA20 0.12 0.06 0.09 · 0.12 0.06X20 -0.00 -0.03 -0.03 -0.03 -0.00F 0.01 0.00 0.02 0.00 0.01GL 0.0 0.0 0.0 0.0 0.0H20 2.33 2.30 2.31 2.33 2.30SUM 96.77 96.60 96.70 97.93 95.08·0¤ F+GL 0.00 0.02 0.01 0.02 0.00SUM 96.77 96.62 96.69 97.91 95.07
SI 7.376 * 7.297 * 7.337 * 7.328 * 7.306 *TI 0.056 * 0.066 * 0.061 * 0.065 * 0.057 *AL 16.383 * 16.310 * 16.308 * 16.275 * 16.023 *FE 2.110 * 2.338 * 2.226 * 2.307 * 2.103 *MN 0.087 * 0.070 * 0.079 * 0.086 * 0.071 *MG 0.325 * 0.358 * 0.302 * 0.353 * 0.330 *BA 0.008 * 0.005 * 0.007 * 0.008 * 0.005 *CA -0.008 * -0.003 * -0.006 * -0.003 * -0.008 *K -0.013 * -0.010 * -0.011 * -0.010 * -0.013 *NA 0.060 26.387 0.030 26.065 0.005 26.026 0.059 26.070 0.030 26.382
F 0.008 * 0.033 * 0.020 * 0.032 * 0.008 *GL 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0H 3.992 0.000 3.967 0.000 3.980 0.000 3.968 0.000 3.992 0.000
0 00.000 * 00.000 * 00.000 * 00.000 * 00.000 *FEMN 87.13 87.05· 87.09 87.13 87.00MG 12.87 12.95 12.91 12.87 12.96

F/M 6.769 6.723 6.705 6.772 6.716
F/FM 0.871 0.871 0.871 0.871 0.870
A* = 0.771 0.752 0.761 0.750 0.769
A = 0.771 0.752 0.761 0.750 0.769
M = 0.133 0.133 0.133 0.133 0.133

1 189F AGO-30 0 AVERAGE PLUS SIGMA
2 2028 AGO-30 5 AVERAGE MINUS SIGMA
3 AVERAGE

SUPER RECAL 1 2 STAUROLITE ANQLYSES (OH) GALGELATED 5 6
Sl02 28.20 29.30 28.60 28.73 29.20 28.26
TI02 0.39 0.19 0.12 0.23 0.35 0.12
A203 53.00 51.60 52.57 52.02 53.00 51.83FE0 10.92 10.28 10.50 10.57 10.83 10.30
MN0 0.22 0.21 0.15 0.19 0.22 0.16MG0 1.50 1.55 1.60 1.55 1.59 1.51
GA0 0.0 -0.01 -0.02 -0.01 -0.00 -0.02
BA0 0.26 0.10 0.0 0.12 0.23 0.01
NA20 -0.03 -0.01 -0.01 -0.02 -0.01 -0.03
X20 -0.02 -0.03 -0.00 -0.03 -0.02 -0.00
F 0.03 -0.01 0.01 0.01 0.03 -0.01
GL 0.0 0.0 0.0 0.0 0.0 0.0
H20 2.35 2.35 2.35 2.35 2.38 2.32
SUM 100.86 99.60 99.87 100.11 101.79 98.03•0= F+CL 0.01 -0.00 0.00 0.00 0.01 -0.00SUM 100.85 99.61 99.86 100.11 101.78 98.03

SI 7.100 * 7.082 * 7.290 * 7.305 * 7.312 * 7.298 *TI 0.070 * 0.036 * 0.023 ° 0.005 * 0.065 * 0.023 *AL 15.835 * 15.519 * 15.767 • 15.707 * 15.601 * 15.775 *FE 3.161 * 3.006 * 3.086 * 3.098 * 3.107 * 3.089 *MN 0.007 * 0.005 * 0.032 ' 0.002 * 0.008 * 0.036 *MG 0.566 * 0.589 * 0.607 * 0.588 * 0.590 * 0.581 *BA 0.026 * 0.010 * 0.0 * 0.012 * 0.022 * 0.001 *GA 0.0 * -0.003 * -0.005 * -0.003 * -0.000 * -0.005 *K -0.006 * -0.010 * -0.013 * -0.010 * -0.007 * -0.013 *NA -0.015 26.833 -0.005 26.710 -0.005 26.782 -0.008 26.775 -0.000 26.778 -0.013 26.773
F 0.020 * -0.008 * 0.008 * 0.008 * 0.021 * -0.005 *GL 0.0 0.0 0.0 0.0 0.0 0.0 0:0 0.0 0.0 0.0 0.0 0.0H 3.976 0.000 0.008 0.000 3.992 0.000 3.992 0.000 3.979 0.000 0.005 0.000
0 00.000 * 00.000 * 00.000 * 00.000 * 00.000 * 00.000 *FEMN 80.99 83.99 83.71 80.20 80.16 80.32

MG 15.01 16.01 16.29 15.76 15.80 15.68
F/M 5.660 5.206 5.138 5.300 5.311 5.378F/FM 0.850 0.800 0.837 0.802 0.802 0.803
A* = 0.680 0.681 0.681 0.681 0.679 0.683
A = 0.680 0.681 0.682 0.681 0.679 0.683
M = 0.152 0.162 0.160 0.159 0.160 0.158

I 1 2071 AG5-523 0 AVERAGE
2 2183 AG5·523 5 AVERAGE PLUS SIGMA
3 2210 AG5·523 6 AVERAGE MINUS SIGMA
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SUPER REGAL 1 2 STAUROLITE ANQLYSES (OH) GALGZLATED 5
SI02 30.92 28.¤5 29.68 .30.92 28.ß5TI02 0.ß7 0.ß2 0.ßß · 0.ß7 0.ß2
A203 50.5ß 53.17 51.85 53.17 50.5k
FE0 12.31 12.90 12.60 12.90 12.31
NN0 0.ß8 0.36 0.ß2 0.¤8 0.36
NGO 2.26 2.35 2.31 2.35 2.26
CAO -0.02 -0.01 -0.02 -0.01 -0.02
BA0 0.18 0.16 0.17 0.18 0.16
NA20 -0.01 -0.05 -0.03 · -0.01 -0.05K20 -0.05 -0.0ß -0.0ß -0.0b -0.05
F -0.0ß -0.01 -0.02= -0.01 -0.0ß
GL 0.0 0.0 0.0/ 0.0 0.0
H20 2.39 2.37 2.38 2.ß5 2.31
SUN 99.ß3 100.07 99.75 102.85 96.65
-0= F+CL -0.02 -0.00 -0.01 -0.00 -0.02 ·SUN 99.üß 100.08 99.76 102.85 96.67

SI 7.827 * 7.19ü * 7.510 * 7.583 * 7.k33 *TI 0.089 * · 0.080 * 0.085 * 0.087 * 0.083 *AL 15.075 * 15.8¤2 * 15.k59 * 15.365 * 15.559 *FE 2.606 * 2.728 * 2.667 * 2.6¤6 * 2.690 *MH 0.103 * 0.077 * 0.090 * 0.100 * 0.080 *NG 0.853 * 0.886 * 0.869 * 0.859 * 0.880 *8A 0.018 * 0.016 * 0.017 * 0.017 * 0.016 *GA -0.005 ‘ -0.003 * -0.00ß * -0.003 * -0.006 *
‘

K -0.016 * -0.013 * -0.015 * -0.013 * -0.017 *HA -0.005 26.5ßß -0.025 26.782 -0.015 26.663 -0.005 26.636 -0.025 26.692
F -0.032 * -0.008 * -0.020 * -0.008 * -0.033 *GL 0.0 0.0 0.0~ 0.0 0.0 0.0 0.0 0.0 0.0 0.0
H k.032 k.000 ß.008 ß.000 Q.020 ß.000 ¤.008 ß.000 ¤.033 ß.000
0 kü.000 * üß.000 * ßß.000 * ßß.000 * ßß.000 *FEMH 76.06 76.00 76.03 76.17 75.88

MG 23.9ß 2ß.00 23.97 23.83 2ß.12
F/M 3.177 3.167 3.172 3.196 3.1M7
F/FM 0.761 0.760 A 0.760 0.762 0.759
A* = 0.686 0.687 0.686 0.687 0.686
A = 0.686 0.687 0.687 0.687 0.686
M = 0.2ß7 0.2¤5 0.2ß6 0.2¤5 0.2ß7

1 2358 AGA-2A ' M AVERAGE PLUS SIGMA
2 2556 AG4-2A 5 AVERAGE MIMUS SIGMA
3 AVERAGE

SUPER REGAL 1 2 STAUROLITE AMQLYSES (OH) GALGULATE0ßSI02 28.3b 28.3ß 28.3k 28.3ßTI02 0.32 0.32 0.32 0.32A203 53.61 53.61 53.61 53.61
FE0 12.61 12.61 12.61 · 12.61MM0 0.27 0.27 0.27 0.27MG0 2.28 2.28 2.28 2.28GA0 -0.02 -0.02 -0.02 -0.02BAO 0.03 0.03 0.03 0.03NA20 -0.02 -0.02 -0.02 · -0.02K20 -0.05 -0.05 -0.05 -0.05F -0.07 -0.07 -0.07 -0.07CL 0.0 0.0 0.0 0.0H20 2.ß0 2.¤0 2.ßO 2.ßOSUM 99.70 99.70 99.70 99.70-0= F+GL -0.03 -0.03 -0.03 -0.03SUN 99.73 99.73 99.73 99.73
SI 7.172 * 7.172 * 7.172 * 7.172 *TI 0.061 * 0.061 * 0.061 * 0.061 *AL 15.988 * 15.988 * 15.988 * 15.988 *FE 2.669 * 2.669 * 2.669 * 2.669 *MM 0.058 * 0.058 * 0.058 * 0.058 *MG 0.860 * 0.860 * 0.860 * 0.860 *BA 0.003 * 0.003 * 0.003 * 0.003 *GA -0.005 * -0.005 * -0.005 * -0.005 *K -0.016 * -0.016 * -0.016 * -0.016 *NA -0.010 26.779 -0.010 26.779 -0.010 26.779 -0.010 26.779F -0.056 * -0.056 * -0.056 * -0.056 *CL 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0H ß.056 ß.000 N.056 ¤.000 ß.056 ß.000 ü.056 ß.000
0 ßß.000 * ü¤.000 * üß.000 * Uß.000 *FEMN 76.02 76.02 76.02 76.02MG 23.98 23.98 23.98 23.98

F/M 3.170 3.170 3.170 3.170F/FM 0.760 0.760 0.760 0.760
A* = 0.69M 0.69U 0.69ß 0.69ßA = 0.69ß 0.69ü 0.69ü 0.69bM = 0.2kß 0.2kk 0.2ku 0.2uk

1 2625 AGQ-268+ 3 AVERAGE PLUS SIGMA
2 AVERAGE M AVERAGE MIMUS SIGMA
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SUPER REGAL 9 10 STAUROLITE AMALYSES (OH) CALGgLATE0 31 1SIO2 29.88 28.95 29.01 29.82 28.99
TI02 0.03 0.01 0.01 0.55 0.28
A203 51.69 52.89 52.50 52.99 52.01
FE0 13.80 13.92 13.80 13.98 13.69MN0 0.05 0.02 0.06 0.09 0.00
MG0 0.15 0.13 0.12 0.15 0.08
CAO 1.98 2.02 1.91 2.00 1.83
BA0 0.03 0.02 0.02 0.03 0.00NA20 0.01 0.02 0.02 0.05 -0.01
K20 0.03 0.03 0.01 0.03 0.00
F 0.01 0.02 0.06 0.10 -0.02
GL 0.05 0.05 0.05 0.10 0.01H20 2.35 2.35 2.33 2.31 2.35
SUM 100.06 100.83 100.70 102.20 99.20—0= F+CL 0.02 0.02 0.00 0.08 -0.01
SUM 100.00 100.81 100.70 102.16 99.20

SI 7.568 * 7.317 * 7.027 * 7.025 * 7.030 *TI 0.082 * 0.078 * 0.079 * 0.103 * 0.053 *AL 15.027 * 15.752 * 15.626 * 15.507 * 15.707 *FE 2.923 * 2.902 * 2.923 * 2.912 * 2.930 *MN 0.011 * 0.000 * 0.013 * 0.018 * 0.008 *MG 0.057 * 0.009 * 0.000 * 0.057 * 0.030 *8A 0.003 * 0.002 * 0.002 * 0.003 * 0.000 *CA 0.537 * 0.507 * 0.518 * 0.533 * 0.502 *K 0.010 * 0.010 * 0.005 * 0.010 * 0.000 *HA 0.005 26.621 0.010 26.711 0.009 26.600 0.023 26.631 -0.005 26.658
F ‘ 0.008 * 0.016 * 0.006 * 0.108 * -0.017 *GL 0.021 0.0 0.021 0.0 0.020 0.0 0.002 0.0 0.005 0.0
H 3.971 0.000 3.963 0.000 3.930 0.000 3.851 0.000 0.012 0.000O 00.000 * 00.000 * 00.000 * 00.000 * 00.000 *FEMN 98.11 98.37 98.53 98.08 99.00

MG 1.89 1.63 1.07 1.92 1.00
F/M 51.808 60.166 67.222 51.175 99.060
F/FM 0.981 0.980 0.985 0.981 0.990
’A* = 0.721 0.725 0.725 0.720 0.726
A = 0.721 0.720 0.725 0.723 0.726
M = 0.019 0.016 0.015 0.019 0.010

9 288 AGO·3A 12 AVERAGE PLUS SIGMA
10 298 AGO-3A 13 AVERAGE MINUS SIGMA
11 AVERAGE

SUPER REGAL 1 2 STAUROLITE AHQLYSES (OH) GALG3LA7E0 5 6
SIO2 29.26 28.62 29.53 29.10 29.52 28.76TI02 0.19 0.36 0.13 0.23 0.32 0.13A203 53.07 53.08 52.93 53.16 53.39 52.93FEO 13.59 12.60 13.25 13.15 13.56 12.70
MN0 0.09 0.09 0.13 0.10 0.12 0.08MGO 0.06 0.23 0.16 0.15 0.22 0.08CAO 2.09 1.91 2.16 2.05 2.16 1.95
BA0 0.0 0.03 0.02 0.02 0.03 0.00
NA20 0.00 0.05 0.0 · 0.03 0.05 0.01
K20 0.0 0.06 -0.02 0.01 0.05 -0.02
F 0.01 0.03 0.01 I 0.02 0.03 0.01
GL 0.33 0.02 0.05 0.27 0.02 0.11
H20 2.29 2.20 2.36 2.29 2.28 2.31
SUM 101.02 100.12 100.71 100.61 102.15 99.08-0= F+GL 0.08 0.11 0.02 0.07 0.11 0.03SUM 100.90 100.01 100.69 100.55 102.00 99.05

SI 7.370 * 7.208 * 7.003 * 7.350 * 7.357 * 7.350 *TI 0.036 * 0.069 * 0.025 * 0.003 * 0.061 * 0.025 *AL 15.751 * 15.959 * 15.720 * 15.810 * 15.682 * 15.901 *FE 2.863 * 2.668 * 2.793 * 2.775 * 2.826 * 2.722 *MN 0.019 * 0.019 * 0.028 * 0.022 * 0.026 * 0.018 *MG 0.023 * 0.087 * 0.060 * 0.056 * 0.082 * 0.031 *BA 0.0 * 0.003 * 0.002 * 0.002 * 0.003 * 0.000 *CA 0.560 * 0.518 * 0.583 * 0.555 * 0.576 * 0.533 *K 0.0 * 0.019 * -0.006 * 0.000 * 0.015 * -0.007 *NA 0.020 26.605 0.025 26.615 0.0 26.607 0.015 26.636 0.025 26.653 0.000 26.618
F 0.008 * 0.020 * 0.008 * 0.013 * 0.021 * 0.006 *CL 0.101 0.0 0.180 0.0 0.021 0.0 0.110 0.0 0.179 0.0 0.007 0.0
H 3.851 0.000 3.796 0.000 3.971 0.000 3.873 0.000 3.800 0.000 3.907 0.000
0 00.000 * 00.000 * 00.000 * 00.000 * 00.000 * 00.000 *FEMN 99.22 96.87 97.91 98.02 97.22 98.90

MG 0.78 3.13 2.09 1.98 2.78 1.10
F/M 127.936 30.960 06.926 09.567 30.929 89.656
F/FM 0.992 0.969 0.979 0.980 0.972 0.989
A* = 0.732 0.703 0.730 0.736 0.729 0.703
A = 0.732 0.703 0.730 0.736 0.729 0.700
M = 0.008 0.032 0.021 0.020 0.028 0.011

1 32X AGO-6 S1 0 AVERAGE
2 33X AGO-6 $2 5 AVERAGE PLUS SIGMA
3 39X AGO-6 6 AVERAGE HINUS SIGMA
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SUPER REGAL 2 CHLORITE ANAL;SE9 u 51SI02 24.07 23.64 23.85 24.07 23.64
TI02 0.19 0.15 0.17 0.19 0.15
A203 23.24 22.79 23.01 23.24 22.79
FE0 28.58 28.58 28.58 28.58 28.58
MN0 0.07 0.07 0.07 0.07 0.07
MG0 11.75 11.16 11.45 11.75 11.16
CA0 0.0 0.0 0.0 0.0 0.0
BA0 -0.13 -0.03 -0.08 -0.03 -0.13
HA20 -0.03 -0.02 -0.02 -0.02 -0.03
K20 -0.03 0.01 -0.01 0.01 -0.03
F 0.09 0.08 0.08 0.09 0.08
GL 0.0 0.0 0.0 0.0 0.0
H20 11.16 10.95 11.05 11.17 10.94
SUM 98.96 97.38 98.17 99.12 97.22•0= F+CL 0.04 0.03 0.04 0.04 0.03
SUM 98.92 97.35 98.13 99.08 97.19
SI 2.572 * 2.576 * 2.574 • 2.570 * 2.577 *, AL 1.428 4.000 1.424 4.000 1.426 4.000 1.430 4.000 1.423 4.000
AL 1.498 * 1.501 • 1.499 * 1.494 * 1.505 *TI 0.015 * ° 0.012 * 0.014 * 0.015 * 0.012 *FE 2.554 * 2.604 * 2.579 * 2.552 * 2.606 *MN 0.006 * 0.006 * 0.006 * 0.006 * 0.006 'MG 1.871 * 1.812 * 1.842 * 1.870 * 1.813 *GA 0.0 * 0.0 * 0.0 * 0.0 * 0.0 *NA -0.006 * -0.004 * -0.005 * -0.004 * -0.006 *K -0.004 * 0.001 * -0.001 * 0.001 * -0.004 *BA -0.005 5.928 -0.001 5.932 -0.003 5.930 -0.001 5.934 -0.006 5.926
CL 0.0 * 0.0 * 0.0 * 0.0 * 0.0 ‘ „
F 0.030 * 0.028 * 0.029 * 0.030 * 0.028 *H 7.970 8.000 7.972 8.000 7.971 8.000 7.970 8.000 7.972 8.000
0 18.000 * 18.000 * 18.000 * 18.000 * 18.000 *MG 42.23 40.98 41.61 42.23 40.98

FE 57.63 58.88 58.25 57.63 58.88
MN 0.14 0.15 0.14 0.14 0.15
F/M 1.368 · 1.440 1.403 1.368 1.440' F/FM 0.578 0.590 0.584 0.578 0.590

A* = 0.249 0.249 0.249 0.248 0.249
A = 0.249 0.249 0.249 0.248 0.250
M = 0.423 0.410 0.417 0.423 0.410

1 93F AG4-225 G1 4 AVERAGE PLUS SIGMA
2 94F AG4-225 C2 5 AVERAGE MINUS SIGMA

° :1 Avcmncs '

SUPER REGAL 1 2 CHLORITE ARAL;SES
4 5SI02 24.70 25.03 24.86 25.03 24.70TI02 0.08 0.15 0.11 0.15 0.08A203 24.08 23.19 23.63 24.08 23.19FE0 21.70 20.72 21.21 21.70 20.72MN0 0.43 0.36 0.39 0.43 0.36MG0 15.68 16.30 15.99 16.30 15.68CAO -0.01 0.0 -0.00 0.0 -0.01

BA0 -0.03 0.02 -0.00 0.02 -0.03RA20 0.01 -0.02 -0.00 0.01 -0.02K20 -0.03 0.0 -0.02 -0.00 -0.03F 0.18 0.12 0.15 0.18 0.12CL 0.0 0.0 0.0 0.0 0.0H20 11.38 11.34 11.36 11.53 11.20SUM 98.17 97.21 97.69 99.43 95.96-0= F+GL 0.08 0.05 0.06 0.08 0.05SUM 98.09 97.16 97.63 99.35 95.90
SI 2.576 * 2.627 * 2.601 • 2.577 * 2.627 *AL 1.424 4.000 1.373 4.000 1.399 4.000 1.423 4.000 1.373 4.000AL 1.536 * 1.495 * 1.515 * 1.499 * 1.532 *TI 0.006 * 0.012 * 0.009 * 0.012 * 0.006 *FE 1.893 * 1.819 * 1.856 * 1.868 * 1.843 *MN 0.038 * 0.032 * 0.035 * 0.038 * 0.032 *MG 2.438 * 2.550 * 2.493 * 2.501 • 2.485 *CA -0.001 * 0.0 * -0.001 * 0.0 * -0.001 *NA 0.002 * -0.004 * -0.001 * 0.002 * -0.004 *K -0.004 * 0.0 * -0.002 * -0.000 * -0.004 *BA -0.001 5.906 0.001 5.904 -0.000 5.905 0.001 5.921 -0.001 5.888GL 0.0 * 0.0 * 0.0 * 0.0 * 0.0 *F 0.059 * 0.040 * 0.050 * 0.059 * 0.040 *H 7.941 8.000 7.960 8.000 7.950 8.000 7.941 8.000 7.960 8.0000 18.000 * 18.000 * 18.000 * 18.000 * 18.000 *MG 55.80 57.95 56.87 56.76 57.00FE 43.33 41.33 42.33 42.39 42.26MM 0.87 0.73 0.80 0.85 0.74

F/M 0.792 0.726 0.758 0.762 0.754
F/FM 0.442 0.421 0.431 0.432 0.430
A* = 0.255 0.247 0.251 0.251 0.252A = 0.255 0.247 0.251 0.251 0.252
M = 0.563 0.584 0.573 0.572 0.574

1 1163 AG4-159+ C1 4 AVERAGE PLUS SIGMA2 1203 A64-159+ G2 5 AVERAGE MINUS SIGMA
3 AVERAGE
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SUPER REGAL 1 2 APATITE ANALY§ES (OH INPUTTED) 64 5
SI02 0.10 0.06 0.08 0.08 0.10 0.06
TI02 0.06 0.04 0.01 0.04 0.06 0.02
A203 0.25 0.05 0.12 0.14 0.22 0.06
FE0 0.23 0.27 0.40 0.30 0.37 0.23
NN0 0.09 0.08 0.09 0.09 0.09 0.08NGO 0.06 0.05 0.05 0.05 0.06 0.05
CAO 54.76 54.65 54.36 54.59 54.76 54.42
BAO 0.04 0.06 0.01 0.04 0.06 0.02
NIO 0.14 0.16 0.20 0.17 0.19 0.14
F 3.07 3.49 3.10 3.22 3.41 3.03
GL 0.02 ' 0.01 0.02 0.02 0.02 0.01
P205 39.91 40.64 40.80 40.45 40.84 40.06
ZN0 0.59 0.73 0.64 0.65 0.71 0.60
H20 0.46 0.29 0.47 0.41 0.49 0.32
SUN 98.64 99.49 99.32 99.15 100.08 98.22
-O= F+CL 1.30 1.47 1.31 1.36 1.44 1.28
SUN 97.34 98.02 98.01 97.79 98.64 96.94

SI 0.009 * 0.005 * 0.007 * 0.007 * 0.008 * 0.006 *P 2.928 2.937 2.953 2.958 2.961 2.968 2.947 2.954 2.943 2.951 2.952 2.957
FE 0.017 * 0.019 * 0.029 * 0.022 * 0.027 * 0.017 *NN 0.007 * 0.006 * 0.007 * 0.006 * 0.007 * 0.006 *CA 5.084 * 5.025 * 4.993 * 5.034 * 4.994 * 5.075 *8•T 0.0 5.108 0.0 5.050 0.0 5.028 0.0 5.062 0.0 5.027 13.000 5.097
CL 0.003 * 0.001 * 0.003 * 0.002 * 0.003 * 0.002 *F 0.841 * 0.947 * 0.840 * 0.876 * 0.918 * 0.834 *H 0.266 1.110 0.166 1.115 0.269 1.112 0.233 1.112 0.278 1.199 0.188 1.024
0 0.0 * 0.0 * 0.0 * 0.0 * 0.0 * 0.0 *1 62Y ° 4 AVERAGE

2 63Y 5 AVERAGE PLUS SIGNA
3 64Y 6 AVERAGE NINUS SIGNA

SUPER REGAL 1 2 TOURNALIHE ANQLYSES (OH GALGULATED E 8203 INPgTTED)
SI02 36.12 36.59 36.35 36.59 36.12
TI02 0.46 0.40 0.43 0.46 0.40
A203 31.91 32.31 32.11 32.31 31.91
FE0 7.85 7.58 7.72 7.85 7.58
NH0 0.0 -0.07 -0.03 -0.00 -0.07
NGO 6.36 5.94 6.15 6.36 5.94
CAO 0.58 0.58 0.58 0.58 0.58
8AO 0.01 0.05 0.03 0.05 0.01
NA20 1.90 1.48 1.69 1.90 1.48
K20 -0.02 -0.03 -0.02 -0.02 -0.03
F 0.07 0.21 0.14 0.21 0.07
CL 0.0 0.0 0.0 0.0 0.0
8203 10.50 10.53 10.51 10.53 10.50
H20 3.58 3.52 3.55 3.55 3.55
SUN 99.31 99.04 99.18 100.32 98.03
-0= F+GL 0.03 0.09 0.06 0.09 0.03
SUN 99.28 98.95 99.12 100.23 98.00

SI 5.981 5.981 6.040 6.040 6.010 6.010 5.992 5.992 6.029 6.029
8 3.001 3.001 3.000 3.000 3.001 3.001 2.976 2.976 3.025 3.025
AL 6.226 * 6.285 * 6.256 * 6.235 * 6.277 *FE 1.087 * 1.046 * 1.067 * 1.075 * 1.058 *TI 0.057 * 0.050 * 0.053 * 0.057 * 0.050 *NG 1.570 * 1.462 * 1.515 * 1.552 * 1.478 'NN 0.0 * -0.010 * -0.005 * -0.000 * -0.010 *CA 0.103 * 0.103 * 0.103

‘ 0.102 _* 0.104 *NA 0.610 * 0.474 * 0.542 * 0.603 * 0.479 *K -0.004 9.648 -0.006 9.403 -0.005 9.525 -0.004 9.620 -0.006 9.429
F 0.037 * 0.110 * 0.073 * 0.109 * 0.037 *CL 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
H 3.963 4.000 3.890 4.000 3.927 4.000 3.891 4.000 3.963 4.000
0 31.000 * 31.000 * 31.000 * 31.000 * 31.000 *F/N 0.693 0.709 0.701 0.693 0.709

F/FN 0.409 0.415 0.412 0.409 0.415
1 154E AG5-929 4 AVERAGE PLUS SIGNA
2 155E 929 5 AVERAGE NINUS SIGNA
3 AVERAGE
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