
ABSTRACT

STANDARD, ISSAC DANIEL, Kinematics and timing of the Gold Hill fault zone in the 

vicinity of High Rock Lake, south-central North Carolina.  James P. Hibbard, Ph.D., 

committee chair.

The Gold Hill fault zone is a first-order structure in the Carolina Zone of the southern 

Appalachians that separates medium grade ductiley deformed rocks of the Charlotte terrane 

from low grade, mildly deformed rocks of the Carolina terrane.  Based on circumstantial 

evidence, the Gold Hill fault zone has traditionally been viewed as a Devonian dextral shear 

zone.  However, at the western boundary of the Carolina terrane, Late Ordovician, northeast 

trending, en echelon regional folds are truncated by the north-northeast-trending Gold Hill 

fault zone.  The orientation of these folds relative to the trace of the Gold Hill fault zone 

suggests previously undocumented early sinistral shear along this major structure.  In this 

vein, new work involving structural mapping and modern kinematic analysis has been 

undertaken near High Rock Lake, North Carolina in order to investigate the early history of 

the Gold Hill fault zone.

At the western boundary of the Carolina terrane in the vicinity of High Rock Lake, 

lower to middle greenschist facies rocks of the Albemarle Group are folded about the 

southwest plunging axis of the Silver Valley syncline and imprinted by a steep northeast-

striking axial planar cleavage.  In this area, the Gold Hill fault truncates structures associated 

with the Silver Valley syncline and separates two distinct structural domains.  The 

southwestern domain is characterized by lower to middle greenschist facies unseparated 

Albemarle Group units deformed by upright, southwest-trending, outcrop-scale folds that 

contain a steep, north-northeast to northeast striking axial planar cleavage.  The folds and 

cleavage in this domain are similar in geometry and style to the Silver Valley syncline and are 

interpreted to be genetically related to regional folds in the Carolina terrane.  The 



northwestern domain consists of upper greenschist facies phyllitic volcaniclastic rocks of the 

western belt.  Foliation surfaces in this domain, which strike north-northeast and dip steeply, 

contain a consistent sub-vertical stretching lineation, as well as a heterogeneously distributed 

sub-horizontal stretching lineation.  Kinematic indicators suggest that motion on the Gold Hill 

fault zone involved thrusting of the western belt (hanging wall) over the Carolina terrane (foot 

wall) coupled with a component of sinistral strike-slip motion.  These new structural and 

kinematic relationships suggest Late Ordovician or younger sinistral transpression that may 

be related to the accretion of the Carolina Zone to Laurentia.  
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INTRODUCTION

Focus of Study

The Gold Hill shear zone (Butler and Fullagar, 1978) is a prominent first-order 

structure in the Carolina Zone of the southern Appalachians that separates ductiley deformed 

plutonic and volcanic rocks of the Charlotte terrane (Hibbard et al., 2002) from low-grade, 

mildly deformed sedimentary and volcanic rocks of the Carolina terrane (Secor et al., 1983, 

Hibbard et. al, 2002) (Figure 1).  Previous workers have interpreted the Gold Hill shear zone 

as a Devonian dextral fault based on observations of a few asymmetric fabrics in localized 

areas (Schroeder, 1987; Schroeder and Allen, 1988; Gibson and Huntsman, 1988; Boland, 

1996) and circumstantial or unpublished geochronologic data (Butler and Fullagar, 1978; 

Boland and Dallmeyer, 1997).  However, at the western boundary of the Carolina terrane, 

Ordovician, northeast-trending, regional folds (Noel, et al., 1988, Offield, et al., 1995; Ayuso, 

et al., 1997) are truncated by the north-northeast-trending Gold Hill shear zone.  The folds in 

the Carolina terrane form an en echelon pattern that is clockwise to the Gold Hill shear zone.  

This orientation of folds suggests previously undocumented Ordovician or younger sinistral 

shear along the Gold Hill shear zone.  

In light of these observations, this study focuses on clarifying the relationship 

between the northernmost regional fold in the Carolina terrane, the Silver Valley syncline, and 

the Gold Hill shear zone in the vicinity of High Rock Lake, North Carolina (Figure 2).  

Detailed 1:24,000 scale mapping and kinematic analysis conducted to investigate the 

structural and kinematic relationships between the Silver Valley syncline and the Gold Hill 

shear zone.  This project represents the first stage in a collaborative study to determine the 

timing and kinematics of the shear zone.  Researchers from UNC Chapel Hill 
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Figure 1: Lithotectonic map of the southern Appalachians.  Box denotes the 
approximate area of Figure 2.  PZ = Piedmont Zone (modified after Hibbard, 
2000).
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Figure 2: Generalized geologic map of south-central North Carolina and

north-central South Carolina. White polygon denotes the approximate location

of thesis area.  CPSZ=Central Piedmont shear zone, DA=Denton Anticline, 

GHF=Gold Hill fault, HRL=High Rock Lake, NLS=New London syncline, 

SHF=Silver Hill fault, SVS=Silver Valley syncline, TA=Troy anticline, 

W=Waxhaw shear zone.
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and Auburn University (B. Miller and B. Hames, respectively) are presently working to date 

magmatic rocks and deformational fabrics associated with the shear zone.  Determining the 

nature and timing of deformational events along the Gold Hill shear zone is a critical step in 

understanding the geologic history of this significant structure in the southern Appalachians. 

The results of this investigation have potentially profound implications for the 

accretionary history of the Carolina Zone.  The nature and timing of accretion of the Carolina 

Zone to Laurentia is one of the most important and controversial topics in southern 

Appalachian geology.  Currently competing models for the accretion of the Carolina Zone 

involve Devonian convergence normal to the orogen with subduction of Laurentia beneath the 

Carolina Zone (Hatcher, 2002), and Late Ordovician sinistral convergence oblique to the 

orogen with subduction of the Carolina Zone beneath Laurentia (Hibbard, 2000).  The 

resolution of these models has been hampered because the original suture between the 

Carolina Zone and Laurentia has was obliterated by late Paleozoic deformation along the 

central Piedmont shear zone, the western boundary of the Carolina Zone (West, 1998; 

Wortman et al., 1998; Hibbard et al., 1998).  As a result, the accretionary history of this 

significant portion of the southern Appalachian orogen must be determined indirectly from 

cognate structures and tectonostratigraphic sequences that evolved outboard of the suture and 

within the Carolina Zone.  In this light, the Gold Hill shear zone is the most prominent 

structure proximal to the original suture that may preserve a record of the tectonic interaction 

between the Carolina Zone and Laurentia (Figure 1).
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Regional Setting

The southern Appalachian orogen comprises four first-order tectonostratigraphic 

elements:  native Laurentian rocks, the Carolina Zone, the Piedmont Zone, and the Goochland 

Zone (Figure 1).  The Piedmont and Goochland Zones are poorly understood, mainly 

metamorphic terranes of unknown crustal affinity (Hibbard and Samson, 1995).  The 

Goochland Zone is composed of ca. 1.0 Ga gneisses that may represent either a window into 

Laurentian basement or basement to the Carolina Zone (Hibbard et al., 2002).  The Piedmont 

Zone consists of highly deformed metamorphic terranes that are considered by most workers 

to have accreted to the eastern margin of Laurentia in the Early to Middle Ordovician. 

The largest accreted constituent of the southern Appalachians, the Carolina Zone 

(Hibbard and Samson, 1995), spans more than 600 kilometers along strike from northeastern 

Georgia to central Virginia and consists of heterogeneously deformed and metamorphosed 

Neoproterozoic to Cambrian arc terranes that have been juxtaposed against rocks of the 

Piedmont Zone to the west.  Hatcher and Zeitz (1980) originally defined the boundary 

between the Carolina and Piedmont Zones as the central Piedmont suture, a tectonic 

boundary that separated the western Piedmont from the Carolina terrane.  However, this 

boundary is now termed the central Piedmont shear zone due to investigations that suggest 

the structure is not a suture between two tectonostratigraphic elements; rather it represents a 

late Paleozoic fault that either tectonically buries or obliterates the original suture (Hibbard et 

al., 1998; Wortman et al., 1998; West, 1998).

Differences in metamorphic grade, structure, stratigraphy and isotopic evolution have 

led to the recognition of numerous magmatic arc terranes within the Carolina Zone (Hibbard 

et al., 2002).  Four major lines of evidence suggest that all terranes in the Carolina Zone are 

exotic with respect to Laurentia and likely formed in a peri-Gondwanan setting:  i) the overall 
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geologic history of terranes in the Carolina Zone are similar to terranes of known peri-

Gondwanan affinity in the northern Appalachians (Secor et al., 1983, Nance and Murphy, 

1996);  ii) the Carolina Zone contains fossils that are not associated with Laurentian faunas 

and are similar to known peri-Gondwanan faunas (Samson et al., 1990);  iii) the Carolina 

Zone contains structures that predate Appalachian orogenesis (Hibbard and Samson, 1995; 

Dennis and Wright, 1997; Barker et al., 1998);  and  iv) the position of the Carolina Zone 

within the orogen is spatially equivalent to known peri-Gondwanan terranes in the northern 

Appalachians (Hibbard et al., 2002).  

The two terranes of the Carolina Zone important to this study are the Charlotte 

terrane (Hibbard et al., 2002) and the Carolina terrane (Secor et al., 1983; Hibbard et al., 

2002).  The Charlotte terrane is an infrastructural terrane that extends from central Georgia to 

northern Virginia and is dominated by mafic to felsic plutons that range from Neoproterozoic 

to Carboniferous in age (King, 1955; Butler, 1984).  These plutons include the notable Early 

Devonian Salisbury and Concord plutonic suites in North Carolina (Butler and Fullagar, 

1978).  The country rocks that host these plutons are medium to high grade schists, 

amphibolites, and gneisses (Butler and Secor, 1991) of unestablished stratigraphy.  Limited 

geochronologic and isotopic studies of the country rocks suggest they are predominantly pre-

c.570 Ma in age (Dennis and Wright, 1997) and represent juvenile crust (Fullagar et al., 1997).  

The few accounts of the structure of the Charlotte terrane imply it has been deformed  by 

upright folds and imprinted by a steeply dipping axial planar foliation (Secor et al., 1986; 

Butler and Secor, 1991).  40Ar/39Ar cooling ages on amphibole from the country rocks 

suggest the ductile deformation associated with folding is Silurian or older (Sutter, et al., 

1983).
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The largest terrane in the Carolina Zone, the Carolina terrane, is a suprastructural 

terrane that extends approximately 500 kilometers along strike from eastern Georgia to central 

Virginia  (Secor et al., 1983).  This study focuses on the portion Carolina terrane adjacent to 

the Gold Hill shear zone in south-central North Carolina (Figure 2).  Here the Carolina terrane 

consists of clastic sedimentary rocks of the Albemarle Group, along with sills, dikes, and 

stocks of mafic to felsic magmatic rocks (Conley and Bain, 1965; Ingram et al., 1999) that 

have been metamorphosed at greenschist facies conditions.  The nomenclature for the units of 

the Albemarle Group (Conley and Bain, 1965; Stromquist and Sundelius, 1969; Stromquist et 

al., 1971; Sundelius and Stromquist, 1978; Gibson and Teeter, 1984) has periodically been 

revised since it was first established by Conley (1962).  However, the nomenclature used in 

this study is that of Milton (1984), which has been accepted by most workers in the recent 

past. 

The Uwharrie Formation, which consists dominantly of felsic volcanic rocks, as well 

as minor sedimentary and mafic units, conformably underlies the Albemarle Group.  

Structurally lowest to highest, the units of the Albemarle Group are the Tillery, Cid, Floyd 

Church, and Yadkin Formations.  Both the Tillery and Cid Formations are composed mainly 

of submarine siltstones and mudstones, with minor beds of felsic and mafic volcanic rocks.  

However, the Tillery Formation tends to be thinly-bedded and the Cid Formation tends to be 

thickly- bedded with larger volumes of felsic and mafic volcanic rocks.  The Floyd Church 

Formation consists of medium-bedded epiclastic sedimentary rocks and the overlying Yadkin 

Formation consists dominantly of mafic volcanic-derived greywacke (Butler and Secor, 1991).

The age of the Albemarle Group has been the subject of many discussions over the 

past two decades.  The controversy stems mainly from inconsistencies between isotopic ages 

and the relative age inferred from fossils found within the sequence.  Fossil discoveries in the 
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Tillery and Cid formations suggest these units are no older than Late Cambrian to early 

Middle Ordovician (Koeppen, et al., 1995).  However, a Neoproterozoic fossil and a Rb/Sr 

whole rock age of 540 +/- 7 Ma from mafic volcanic rocks in the stratigraphically higher 

Floyd Church and Yadkin formations, respectively, indicate that the entire group must be 

older than the Early Cambrian (Black, 1978; Gibson, et al., 1984).  In addition, recent studies 

of geochemically related felsic volcanic rocks found in the structurally lower Cid and Tillery 

formations (Ingram, et al., 1999) have yielded U-Pb zircon ages ranging from 540 +/- 4 to 551 

+/- 8 Ma and indicate that the Albemarle Group is predominantly a Neoproterozoic sequence 

(Ingle, 1999; Ingle-Jenkins, et al., 1999).  Nd isotopic studies and ages of inherited zircons 

indicate the Albemarle Group was deposited on some form of continental basement with a 1 

Ga component (Mueller, et al., 1996).  Paleomagnetic data indicate the Carolina terrane was at 

the same latitude as Laurentia by the Late Ordovician (Vick et al., 1987; Noel et al., 1988).

In North Carolina, Carolina terrane rocks east of the Gold Hill shear zone are 

deformed by northeast-trending, upright to slightly overturned to the southeast, regional-scale 

folds that contain a predominantly northwest-dipping axial planar slaty cleavage; both folds 

and cleavage are apparently truncated by the shear zone.  From south to north, these folds are 

the Troy anticline, New London syncline, Denton anticline, and Silver Valley syncline (Figure 

2).  At the western margin of the Carolina terrane, the regional folds are en echelon with axial 

traces oriented approximately 30° counter-clockwise relative to the trace of the Gold Hill 

shear zone.  40Ar/39Ar cooling ages of c. 445 Ma obtained from white mica associated with 

the axial planar cleavage to these folds (Offield et al., 1995; Ayuso et al., 1997), in addition to 

a 444 +/- 1 Ma 40Ar/39Ar whole rock age on cleaved slate from the Tillery Formation suggest 

that the regional folds formed in the Late Ordovician (Noel et al., 1988).  

8



The prominent Gold Hill shear zone (Butler and Fullagar, 1978) forms the boundary 

between the Charlotte terrane and the Carolina terrane and is bounded to the northwest and 

southeast by the Gold Hill and Silver Hill faults, respectively (Figure 2).  This large brittle-

ductile fault zone has been interpreted to attain a maximum outcrop width of 5 kilometers and 

extends some 120 kilometers along strike from just southwest of Greensboro, North Carolina 

to northern South Carolina.  Mapping by Boland (1996) indicates the southeastern portion of 

the shear zone forks into a southwest trending branch that cuts across the Charlotte terrane 

and terminates against the central Piedmont shear zone, and a south-southwest trending 

branch, called the Waxhaw shear zone, that continues south along the Carolina-Charlotte 

terrane boundary.  To the northeast, the Gold Hill shear zone apparently narrows and 

terminates against a body of plutonic rocks just northeast of High Rock Lake.  However, a 

magnetic gradient associated with the Gold Hill shear zone reportedly continues northeast 

and merges with the central Piedmont shear zone, suggesting that the shear zone may follow 

this path as well (Carpenter, 1982).   

Previous Work

The Gold Hill shear zone was first recognized by Laney (1910), and is depicted on 

regional-scale geologic maps by Stromquist and Sundelius (1975) and Stromquist and 

Henderson (1985).  Although surprisingly few detailed investigations of the fault have been 

done, previous workers have interpreted the Gold Hill shear zone as: (1) a zone of high 

metamorphic gradient (Tobish and Glover, 1971);  (2) an internal feature of the Avalon 

terrane (Willams and Hatcher, 1982; 1983);  (3) the margin of a pull-apart basin (Moye and 

Stoddard, 1987);  (4) a localized zone of low grade dextral shear (Schroeder and Nance, 1987; 

Gibson and Huntsman, 1988); and (5) phyllite derived from strongly sheared and 
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recrystallized rocks of the Tillery and Cid formations (Goldsmith et al., 1988).

Within the Gold Hill shear zone in south-central North Carolina, units of the 

Albemarle Group, along with bodies of gabbro and felsic and mafic volcanic rock similar to 

those common to the Carolina terrane, have been heterogeneously deformed and 

metamorphosed under low grade conditions.  Previous workers have described Albemarle 

Group formations outcropping both within and on the western side of the shear zone, but 

they disagree on the units of the Albemarle Group to which these formations belong.  In 

contrast, other workers interpret the Gold Hill shear zone to mark a distinct terrane boundary 

between entirely different rock types of the Charlotte and Carolina terranes (e.g. Carpenter, 

1982; Goldsmith et al., 1988; Boland, 1996).

There have been only a few modern kinematic studies of the Gold Hill shear zone.  

Schroeder (1987) interpreted right-lateral motion from observations of a few dextral shear 

bands at the Howie Mine in southern North Carolina (Schroeder and Nance, 1987; Schroeder 

et al., 1988).  Near Mt. Pleasant in south-central North Carolina, Gibson and Huntsman 

(1988) reported ‘s-shaped’ crenulations that they interpreted to indicate dextral shearing.  

Similarly, Boland (1996) suggested the Gold Hill shear zone was a right-lateral shear zone 

based on local occurrences of folds and foliations with dextral asymmetry near the North 

Carolina-South Carolina state line.  However, Boland (1996) interpreted sinistral motion for 

the Waxhaw shear zone, the south-southwest trending branch of the Gold Hill shear zone in 

South Carolina, but did not attempt to explain the kinematic and structural relationships 

between the two faults.
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Butler and Fullagar (1978) suggested that the Gold Hill shear zone was active between 

400 to 368 million years ago based on the inferred crystallization age and inferred shear-

related retrogression age of the Gold Hill pluton, a granitic pluton apparently truncated by 

the fault.  The Rb-Sr whole rock ages used were actually obtained from the Southmont 

pluton, a pluton located west of the shear zone in the Charlotte terrane that they interpreted 

to be genetically related to Gold Hill pluton.  However, this interpretation is questionable due 

to recent mapping that shows a screen of Charlotte terrane volcaniclastic rocks outcropping 

between the Gold Hill pluton and shear zone.  Furthermore, recent U-Pb zircon ages indicate 

the Gold Hill pluton crystallized at ca. 545 Ma (Miller et al., 2003).  Other studies by Boland 

and Dallmeyer (1997) interpreted that movement along the Gold Hill shear zone had occurred 

between c. 390 and 360 Ma based on 40Ar/39Ar cooling ages of random amphibole and white 

mica samples taken from both inside the shear zone and in the bordering Carolina terrane in 

South Carolina.   

Perhaps the most useful age constraints for major movement along this major 

structure have been derived from the field relations between regional folds in the Carolina 

terrane and the Gold Hill shear zone.  Moye and Stoddard (1987) first suggested that regional 

folding in the Carolina terrane and left-lateral wrench faulting along the Gold Hill shear zone 

initiated in the Neoproterozoic.  A more recent structural/geochronologic study by Offield 

and others (1995) gives insight into the timing of movement along the Gold Hill shear zone.  

They obtained a 40Ar/39Ar cooling age of c.445 Ma for white mica that defines the axial 

planar cleavage in the regional folds of the Carolina terrane.  Because the shear zone truncates 

cleavage, movement along the fault must have occurred during or after the Late Ordovician.   
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In summary, limited existing data pertaining to the timing and kinematics of the Gold 

Hill shear zone suggest it is a Devonian dextral shear zone that forms the boundary between 

the Charlotte terrane and the Carolina terrane.  However, the early sinistral component of 

motion suggested by en echelon folds in the Carolina terrane has not been investigated prior 

to this study.  Existing age data pertaining to the shear zone come from circumstantial field 

relationships and questionable geochronologic data - e.g., the Rb-Sr system is notorious for 

open system behavior.  In addition, this study represents the first detailed 1:24,000 scale 

mapping using modern kinematic analysis to be undertaken along this prominent and 

significant structure.  Thus, this study is a critical first step in understanding the history of 

movement along the Gold Hill shear zone.

Location of Study Area

The area chosen for this investigation comprises portions of the Grist Mountain and 

Southmont United States Geological Survey 7.5 - minute quadrangles of south-central North 

Carolina (see Figure 2 for location of study area).  It lies just to the northeast of the town of 

Denton and encompasses most of the Abbott and Flat Swamp Creek arms of High Rock Lake 

in Rowan and Davidson Counties, North Carolina.  The thesis area location was chosen 

primarily because it contains a significant portion of the Silver Valley syncline, the northern-

most fold in the Carolina terrane, and the northern portion of the Gold Hill shear zone.  

Reconnaissance mapping by Stromquist (1978) in the study area indicated that portions of 

the shear zone contained blocks of mildly deformed Albemarle Group strata that provided an 

excellent opportunity to investigate early structures associated with the fault.  The aerial 

extent of the thesis area is approximately 87 square miles (140 square kilometers).  The 

summit of Grist Mountain, located in the southeastern portion of the field area, defines the 
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highest elevation at 1,127 feet; the lowest elevation is approximately 625 feet along the 

shoreline of High Rock Lake.  Bedrock largely controls the topography in the area.  In the 

southeastern, eastern, and northeastern portions of the field area, volcanic rocks of the Cid 

and Floyd Church formations form ridges that follow the map pattern of folded Albemarle 

Group units in the Silver Valley syncline.  

The best exposure is found along the shoreline of High Rock Lake.  In the eastern and 

central portions of the field area, streams are typically low gradient and provided little 

exposure; rather, road banks and ditches, in conjunction with exposure along Flat Swamp 

Creek, proved to contain the best outcrops for observing the structure of the Silver Valley 

syncline.   However, in the western portion of the field area, a sequence of sheared mafic and 

felsic volcanic rocks within the Gold Hill shear zone created higher than average relief.  Ridges 

and drainage through these rocks, along with exposure along Abbot Creek, provided the 

outcrops used for mapping the fault zone.

Research Methodology

The primary purpose of this investigation is to determine the structural and kinematic 

relationship between the Silver Valley syncline and the Gold Hill shear zone.  Detailed 

1:24,000 scale mapping of shorelines, ridges, streams and road cuts was undertaken and 

oriented samples were collected for thin section analysis.  The mapping involved 

approximately 80 days of field work during the summers of 2001 and 2002.  Thin section 

analysis concentrated in two areas.  First, mineral assemblages and deformation mechanisms 

were studied to determine metamorphic grade.  The second focus consisted of detailed 

microstructural analysis to determine the sense of shear associated with the Gold Hill shear 

zone.
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Revision of Nomenclature

Before presenting the lithologic, structural, kinematic, and metamorphic data collected 

in this investigation, it is imperative to unveil some of the conclusions of this study.  The 

current mapping has brought to light the need to clarify and redefine the nomenclature 

associated with the Gold Hill shear zone due to the following observations.  (1) Previous 

workers mistakenly described the fault as a wide zone of ductile strain consisting of highly 

recrystallized phyllitic rocks devoid of primary structures.  However, the results of this 

investigation indicate the rocks formerly considered part of the shear zone in the present field 

area are rarely or only partially recrystallized with abundant primary structures and represent 

a zone of footwall deformation associated with the Gold Hill fault.  (2) The Gold Hill fault, 

which was previously considered the northwestern boundary of the Gold Hill shear zone, is a 

relatively narrow, discrete fault (J. Hibbard, pers. comm., 2003) that likely accommodated the 

bulk of the displacement in the area and juxtaposes rocks associated with the Albemarle 

Group in the footwall against rocks of the western belt (see next chapter) in the hanging wall.  

As such, this study considers the Gold Hill fault, along with its associated footwall 

deformation, as collective elements of the Gold Hill fault zone and the previous “shear zone” 

nomenclature is herein abandoned.
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LITHOLOGIC UNITS

General Statement

The rocks that underlie the study area comprise two first order lithologic units, the 

Albemarle Group and the informal western belt, that are separated by the Gold Hill fault.  

Because the primary purpose of this investigation is to determine the structural and kinematic 

relationships between the Silver Valley syncline and the Gold Hill fault zone, rock units that 

underlie areas proximal to the fault zone were mapped in detail; however, only reconnaissance 

mapping was undertaken on rock units in the Silver Valley syncline.  Thus, the map patterns 

of Albemarle Group units in the eastern portion of the field area are taken from previous 

mapping by Stromquist and Henderson (1985).  However, this study’s interpretation of map 

patterns, contacts, and the correlation of rock units that flank the Gold Hill fault differs 

significantly from the interpretations of previous workers.  In the same vein, the rock unit 

descriptions in this chapter are generalized, field-based descriptions of the Cid and Floyd 

Church formations within the Silver Valley syncline, and more detailed accounts of rock units 

directly affected by deformation and metamorphism associated with movement along the 

Gold Hill fault zone.  Informal names for some rock units are proposed in this chapter 

because the correlation of deformed rock units within the Gold Hill fault zone with known 

rock units occurring outside the fault zone is unknown.

The units within the study area include the Cid and Floyd Church formations of the 

Albemarle Group, unseparated Albemarle Group rocks, and the informal western belt (Figure 

4).  Albemarle Group units are confined to areas southeast of the Gold Hill fault, whereas 

rocks northwest of the fault are western belt volcanic rocks.  Three types of intrusive rocks 

occur in the study area.  Map-scale and smaller bodies of gabbro are associated with rock 
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units affiliated with the Albemarle Group, and a small granitoid body occurs within the 

western belt.  In the extreme northwestern portion of the study area, the informal Abbotts 

Creek diorite (Miller, 2003) occurs amongst western belt volcanic rocks.  However, the 

diorite was discovered late in the field mapping for this study and will not be described in this 

chapter.

This chapter will describe the rock units within the study area from east to west, 

followed by descriptions of intrusive rocks.  The general format for all descriptions will 

be: i.) distribution of the unit;  ii.) lithologic description of the unit and all subsidiary units 

therein;  iii.) contact relations of the unit;  and iv.) age and correlation where applicable.

Albemarle Group

The Cid and Floyd Church formations of the Albemarle Group are mildly deformed 

and occur east of the Silver Hill fault.  These units have been folded about the southwest 

plunging axis of the Silver Valley syncline.  Unseparated Albemarle Group rocks to the west 

between the Gold Hill and Silver Hill faults are more intensely deformed than the Albemarle 

Group rocks. 

Cid Formation 

Distribution

 The stratigraphically highest units of the Cid Formation (Figure 5) underlie the 

northeastern, eastern, and southeastern boundaries of the study area and consist of 

pyroclastic and epiclastic rocks that are felsic to mafic in composition.  Typically, on the 

southeastern limb of the Silver Valley syncline, these rocks strike northeast and dip gently to 

moderately northwest, whereas on the northwestern limb of the fold they strike northeast 
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and dip moderately to steeply southeast.  Along the axial trace of the Silver Valley syncline 

the units generally strike north-northwest and dip gently southwest or northeast.  These 

rocks have a maximum outcrop width of approximately two kilometers in the study area 

(Figure 4).  Cid Formation strata locally display a weakly developed, northeast-striking, and 

steeply dipping cleavage that is axial planar to the Silver Valley syncline.  

Rock Types

The rocks of the Cid Formation exposed in the field area belong to the Flat Swamp 

member (Stromquist and Sundelius, 1969) and consist predominantly of felsic volcanic rocks 

(Cfv) that contain interlayers of intermediate to mafic volcanic rocks (Cv) (Figure 4).  The 

felsic volcanic rocks observed in this study are predominantly pyroclastic, light gray to gray 

in color, and include poorly-layered to massive lapilli tuff, laminated lapilli tuff, and volcanic 

breccia.  In the field, the lapilli tuffs commonly contain feldspar laths up to 2 millimeters in 

length in a fine-grained quartzofeldspathic groundmass that locally contains grains of pyrite, 

magnetite, and chlorite.  Volcanic breccias are composed primarily of lithic fragments 

approximately 3 centimeters or less in diameter, including chalky white aphanitic volcanic 

clasts and laminated sedimentary clasts.  More detailed petrographic analysis of these rocks 

in previous studies indicates they are rhyolitic to rhyodacitic in composition (Stromquist and 

Sundelius, 1969).

Intermediate to mafic volcanic rocks of the Cid Formation have the composition of 

andesitic basalt (Stromquist and Sundelius, 1969).  The outcrops of these rocks observed in 

this study were dark gray to dark brown in color and include amygaloidal lava and poorly-

layered fine ash tuff.  In hand specimen, these rocks appear to be composed mainly of 

approximately 1 millimeter long plagioclase laths and amphibole needles, along with 
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chlorite and epidote.  In many places, amygdules were filled with calcite.

Contacts

Outside the thesis area to the southeast, east, and northeast, previous workers 

interpret the volcanic rocks described above to be in conformable stratigraphic contact with a 

lower tuffaceous mudstone unit within the Cid Formation.  The unit of the Albemarle Group 

that overlies the Cid Formation is the Floyd Church Formation (Figure 4).  The Cid-Floyd 

Church formation contact is also interpreted to be a conformable contact (Stromquist and 

Sundelius, 1969). 

In the northern portion of the field area, Cid Formation volcanic rocks are abruptly 

truncated by the eastern boundary of the Gold Hill fault zone.  Previous workers designated 

this boundary as the Silver Hill fault.  However, the current mapping suggests the northern 

portion of the Silver Hill fault is actually the Gold Hill fault, which is characterized by a 

dramatic change in deformational style and rock type (see structure chapter). 

Age

The controversial nature of the age and internal stratigraphy of units in the Albemarle 

Group has been addressed in the introductory chapter to this work and will not be described 

in detail here.  The most recent geochronological data suggest an Early Cambrian age for the 

deposition of all units within the group (Ingle, 1999; Ingle-Jenkins et al.,  1999).  The Cid 

Formation is the stratigraphically lowest and therefore the oldest unit of the Albemarle 

Group exposed within the field area (Figure 5).
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Floyd Church Formation

Distribution

The Floyd Church Formation is the youngest unit of the Albemarle Group in the 

Silver Valley syncline (Figure 5) and comprises the most extensively exposed rock unit within 

the field area.  It consists dominantly of medium-bedded siltstone, mudstone, fine-grained 

sandstone, and tuffaceous mudstone and has a maximum outcrop width of approximately 5 

kilometers.  Felsic and mafic volcaniclastic rocks occur locally within the Floyd Church 

Formation as smaller, irregularly shaped bodies in the northeastern and central portions of the 

field area.  Bedding surfaces on the southeastern and northwestern limbs of the Silver Valley 

syncline generally strike northeast and dip gently to moderately northwest and strike 

northeast and dip moderately to steeply southeast, respectively.  Along the hinge of the fold, 

bedding planes typically strike north-northwest and dip gently southwest or northeast.  In 

most outcrops, the Floyd Church Formation is characterized by a moderately to well-

developed cleavage.  The cleavage generally strikes northeast and dips steeply northwest and 

and is axial planar to the Silver Valley syncline.

Rock Types

Sedimentary Rocks - Fs

The dominant rock type of the Floyd Church Formation in the thesis area consists of 

beds of argillaceous siltstone, fine-grained arenaceous sandstone, and tuffaceous siltstone.  

The lower portions of the formation, typically observed within 1 to 2 kilometers of the 

contact with the Cid Formation, are structureless gray to dark gray siltstones.  Rarely 

observed beds within these massive sediments have maximum thicknesses of thirty five 

centimeters.  The more extensive upper portion of the Floyd Church Formation is a relatively 
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Figure 6: Medium-bedded Floyd Church Formation sedimentary rocks in the 

Albemarle Group.  Handle of hammer is 74 cm long.  Outcrop is located near 

Flat Swamp Creek north of NC Hwy. 8.  Photograph by J. Hibbard.
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homogeneous sequence of 8 to 13 centimeter thick beds of clastic sedimentary rocks (Figure 

6).  Beds usually contain thin 0.5 to 4 centimeter-thick laminae of siltstone.  However, 

numerous beds have laminae of fine-grained arenaceous sandstone and partly tuffaceous 

siltstone.  Typically, these rocks have a matrix composed primarily of rounded quartz and 

feldspar clasts 0.05 to 0.25 millimeters in diameter, along with clay minerals and scattered 

grains of white mica, epidote, and chlorite.   Most outcrops in the field area are highly 

weathered to shades of light gray, light brown and olive, and are commonly saprolitic. 

The well-bedded strata of the Floyd Church Formation show numerous stratigraphic 

younging indicators that indicate beds are right-side-up in the study area.  Normal size grading 

is observed in virtually all outcrops, where laminae grade from fine sand/coarse silt bottoms 

to fine silt tops.  Locally, ripple and scour marks have been observed on the tops of beds.  In 

addition, post-depositional deformation structures, such as flame and ball and pillow 

structures, have been found at a few localities. 

Volcanic Rocks 

Mildly deformed felsic to mafic tuffs and breccias occur as elongate and irregularly 

shaped bodies interlayered within sedimentary strata of the Floyd Church Formation (Figure 

4).  In the northeastern part of the field area, an approximately 0.75 kilometer wide body of 

felsic volcanic rocks (Ffv) consisting of massive fine ash tuff, forms an ‘L’-shape that mimics 

the general trend of bedding in the surrounding sedimentary strata.  A smaller, approximately 

0.5 kilometer wide body of this rock type with a similar ‘L’-shape lies to the northeast near 

the upper part of the Cid Formation.  In the field, minerals observed in these rocks include <1 

millimeter long feldspar laths in an aphanitic quartzofeldspathic groundmass.  Previous 

workers infer the felsic tuffs have the composition of rhyolite (Stromquist and Henderson, 
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1985). 

To the northwest lies an irregularly shaped body of dark grayish green to dark gray 

mafic volcanic rocks (Fmv), including fine ash tuff and vesicular fine ash tuff, that has a 

maximum outcrop width of approximately 1 kilometer.  Numerous smaller bodies of this rock 

type outcrop in the central and southwestern portions of the field area.  They form elongate 

shapes that are parallel to bedding in adjacent sedimentary strata and vary from 0.25 to 2 

kilometers in length.  Hand specimen analysis indicates these rocks are composed primarily 

of  fine-grained plagioclase and chlorite, with amygdules containing epidote, calcite, and 

quartz.  Other workers report that these rocks also contain tremolite-actinolite and have the 

composition of andesitic basalt (Stromquist and Henderson, 1985).

Contacts

The findings of this study are consistent with previous workers who interpret that 

the Floyd Church Formation is in conformable stratigraphic contact to the northeast, east and 

southeast with felsic to mafic volcanic rocks of the upper Cid Formation.  The western 

boundary of this unit is the Silver Hill fault (see structure chapter) and the rocks that lie to 

the west of the fault are assigned to the unseparated Albemarle Group.

Age

As described in previous sections, the most recent geochronologic data suggest a 

Neoproterozoic to Early Cambrian age for the Albemarle Group (Ingle, 1999; Ingle-Jenkins, 

1999).   The Floyd Church Formation is the youngest Albemarle Group unit exposed in the 

field area (Figure 5).
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Unseparated Albemarle Group

The rocks that outcrop between the Gold Hill and Silver Hill faults exhibit a sharp 

contrast in deformational style from surrounding units.  These rocks are informally termed 

the unseparated Albemarle Group because the results of this study suggest the previous 

attempts to correlate these rocks with units in surrounding areas are problematical.

Distribution

The unseparated Albemarle Group includes all rocks west of the Silver Hill fault and 

southeast of the Gold Hill fault (Figure 4).  The unit forms a northeast-trending, fault-

bounded block that has a maximum outcrop width of approximately 3 kilometer and extends 

some 11 kilometers along the southwestern edge of the field area and pinches out where the 

Gold Hill and Silver Hill faults converge.  Extensive exposure along Abbotts Creek shows that 

most rocks in the unseparated Albemarle Group comprise clastic and epiclastic strata that are 

folded and cleaved at outcrop- and larger-scale.  However, the unit locally contains phyllite 

concentrated in narrow subsidiary shear zones and in the hinges of some outcrop-scale folds.

Rock Types

Sedimentary Rocks 

 The dominant rock type in the unseparated Albemarle Group is medium-bedded 

clastic sedimentary rock (Figure 7).  Beds are typically 8 to 10 cm thick and contain 0.5 to 4 

cm thick laminae of argillaceous siltstone, tuffaceous siltstone, and arenaceous fine-grained 

sandstone.  The matrix of these rocks consists primarily of  rounded quartz and feldspar 

grains that are 0.05 to 0.25 mm in diameter, as well as opaque minerals and rare grains of 

epidote, chlorite and white mica.  Tuffaceous laminae interbeds have essentially the same 
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Figure 7: Hand specimen of a medium bed of laminated sedimentary rock from 

the unseparated Albemarle Group.  Coin for scale.  Sample location is along the 

shoreline of Abbotts Creek near Oakwood Acre community.
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mineralogy in addition to containing approximately 0.3 millimeter wide silicic ash fragments.  

Normal grading from fine sand/coarse silt bottoms to fine silt tops is commonly observed in 

the laminations indicating beds are right-side-up.  Rocks in the unseparated Albemarle Group 

weather to shades of pale red, light brown, light gray, and olive.

Volcanic Rocks 

Previous workers mapped several narrow, elongate bodies of felsic and mafic tuff 

within the unseparated Albemarle Group (Stromquist et al., 1969; Sundelius and Stromquist, 

1978; and Stromquist and Henderson, 1985).  The author found only one body (Figure 4) of 

severely weathered dark gray aphanitic volcanic rock in the limited outcrops in this area, and 

no noticeable change in float or soil color was found to suggest the presence of the other 

bodies.  However, this study acknowledges the lack of evidence for these rocks may be due to 

erosion or cultural and biological changes since the time of the previous mapping.  The mafic 

volcaniclastic rock  is composed mainly of <1 millimeter long feldspar grains in a fine-grained 

groundmass of plagioclase, actinolite, chlorite and epidote.

Phyllite - p

Phyllite occurs in the unseparated Albemarle Group as isolated, 0.5 to 1.5 meter wide 

zones in the hinges of some outcrop-scale folds that are proximal to the Gold Hill fault and in 

two subsidiary zones of recrystallized rock exposed along Abbotts Creek (Figure 4).  In fold 

hinges, phyllites are typically light gray and contain one phyllosilicate-defined foliation that 

is parallel to the axial planes of folds.   However, the phyllites found in the small-scale 

recrystallized zones contain two foliations defined by both aligned phyllosilicates and 

polycrystalline quartz ribbons.  The phyllites are very fine-grained with a mineral assemblage 
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of qtz + alb + chl + w. mica + ep ±  mgn.  Quartz and untwinned feldspar (albite) comprise 

approximately 60% of these rocks, along with approximately 20% chlorite, 15% white mica, 

and 5% epidote. Chlorite and white mica impart a light green phyllitic sheen on the foliation 

surfaces.  

Contacts

The eastern boundary of the unseparated Albemarle Group is the Silver Hill fault (see 

structure chapter).  To the west and northwest the unseparated Albemarle Group is 

interpreted to be in fault contact with sheared volcanic rocks of the western belt.  Recent 

mapping to the southwest has shown this boundary to be the Gold Hill fault (as described in 

detail in the structure chapter), a narrow, northeast striking zone of phyllite and schist that 

separates structurally disturbed unseparated Albemarle Group from heterogeneously 

deformed rocks of the western belt (Hibbard et al., 2003).  

Age and Correlation

Previous workers interpreted rocks in the unseparated Albemarle Group as the Tillery 

Formation, the lowest unit of the Albemarle Group (Stromquist et al., 1969; Sundelius and 

Stromquist, 1978; and Stromquist and Henderson, 1985).  However, it is the author’s opinion 

that these rocks do not show the features that characterize the Tillery Formation in locations 

outside the study area - i.e. thin beds of light and dark couplets of siltstone and claystone.  

The rocks of the unseparated Albemarle Group are strikingly similar to rocks of the Floyd 

Church Formation found to the northeast in the Albemarle Group and the author tentatively 

correlates the unseparated Albemarle Group with the Floyd Church Formation.  It is 

noteworthy that Gibson and Huntsman (1988) also interpreted the Albemarle Group strata 
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within the former Gold Hill shear zone as the Floyd Church Formation to the south in Stanly 

County, North Carolina.  Regardless of whether the rocks of the unseparated Albemarle 

Group are interpreted as belonging to the Tillery or Floyd Church formations, the age of the 

unit is likely Neoproterozoic to Early Cambrian (see introduction chapter).

Western Belt

The rocks that underlie the western and northwestern portions of the thesis area are 

distinguished from surrounding units by different rock type, deformational style, degree of 

recrystallization, and a slight change in cleavage orientation.  Rocks that outcrop in this area 

are informally termed the western belt because they are distinct from the Albemarle Group (J. 

Hibbard, pers. comm., 2002).  The western belt is more structurally complex than  adjacent 

Albemarle Group rocks, which has made it difficult to determine if the unit contains 

recognizable stratigraphy. 

Distribution

The western belt defines the northwestern margins of the field area and includes all 

rocks west and northwest of the Gold Hill fault (Figure 4).  It forms a north-northeast 

trending zone of heterogeneously deformed intermediate to mafic volcanic rocks that extends 

approximately 7 kilometers northeast along strike within the field area and reaches a 

maximum width of approximately 5 kilometers.   Foliations within the unit typically dip 

steeply northwest;  however, dips locally vary from sub-vertical to steep southeast.  Dip 

reversals may suggest the presence of folds within the unit, but the lack of discernible 

primary bedding and traceable marker units prevented mapping of any such folds.  However, 

recent work to the southwest has revealed foliations within the western belt are folded at 
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outcrop- and larger-scale (J. Hibbard, pers. comm., 2003).

Rock Types

Previous 1:62,500 scale mapping in the study area interpreted rocks referred to here 

as the western belt to consist predominantly of highly sheared and recrystallized mudstone 

and siltstone, along with several elongate bodies of mafic and felsic volcanic rocks (Stromquist 

et al., 1969; Sundelius and Stromquist, 1978; and Stromquist and Henderson, 1985).  

However, in the current study it was recognized that virtually all of these rocks are of 

volcanic affinity.  As a result, many of the map units recognized by previous workers are 

abandoned because the bulk of the sequence consists of dark colored phyllitic volcanic rocks 

that locally contain interlayers of light colored volcanic rocks.  Determining the mode of 

deposition of these rocks is elusive due to deformation and recrystallization and, as a result, 

most rocks are broadly categorized as volcaniclastic.

Western belt rocks are generally fine-grained, obscurely layered, and heterogeneously 

deformed, which prevented specific units from being traced over significant distances.  

However, one large northeast trending body of phyllitic felsic volcanic rocks was easily 

distinguishable from the surrounding dark colored units.  Several locations displayed 

centimeter- to meter-scale layers of light colored crystal-rich volcaniclastic rock that were 

parallel to foliation and may represent primary bedding.    

Almost all rocks in the western belt display composite fabrics consisting of at least 

two foliations defined by the alignment of platy minerals, with a few samples having three.  

Most rocks within the unit have well developed foliations; however, foliations in the few 

outcrops of coarser-grained units tend to be more poorly developed.  Foliation development 

and metamorphic mineralization has modified, and in some samples obliterated, primary 
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features including phenocrysts, lapilli, and lithic clasts in many of the rocks.  However, thin 

section analysis reveals the presence of highly modified relict primary features even in the 

most strongly deformed samples.  

Unseparated Volcanic Rocks - Wuv

Unseparated volcanic rocks of the western belt consist of approximately 90 % 

intermediate to mafic volcanic and volcaniclastic rocks (Figure 8) with lesser amounts, 

approximately 10 %, of crystal-rich felsic volcaniclastic rocks (Figure 9).  The typical mineral 

assemblage in the intermediate to mafic rocks is chl + ep + plag (alb) + w. mica + qtz + mgn 

±  act ±  ttn ±  cal ±  hem.  High percentages of chlorite and epidote, usually 40 to 50 %, 

gives these rocks a dark greenish gray color.  The recrystallized portions of most samples 

have  polygonal textures and consist of 1 to 1.5 millimeter wide aggregates of polycrystalline 

epidote in a matrix of feldspar, epidote, chlorite, and quartz.  Matrix minerals are generally 

0.1 millimeter or less in diameter.  The percentages of quartz and feldspar proved to be 

difficult to determine due to the lack of twinning in most feldspars.  However, rare feldspar 

grains displaying polysynthetic twins had anorthite percentages ranging from An4 to An15.  

The foliations are defined primarily by chlorite with lesser amounts of sericitic white mica 

causing a phyllitic sheen on fresh surfaces.  

Only a few outcrops (< 2 %) of the intermediate to mafic units contained primary 

features that were discernible in hand specimen.  However, thin section analysis revealed the 

presence of highly strained and altered phenocrysts and lapilli in virtually all samples.  Hand 

specimen-scale primary features consist of 1 to 16 centimeter long mafic clasts that are 

elongate parallel to foliation (Figure 8).  Thin sections revealed 1 to 2.5 millimeter long relict 

phenocrysts composed of saussuritized feldspar and highly strained polycrystalline quartz.  
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Figure 8: Mafic volcaniclastic rock from the western belt.  Head of hammer is 18 

cm long.  Outcrop located along unnamed creek east of Abbotts Creek in the 

northwestern portion of the field area.  Photograph by J. Hibbard.
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Figure 9: Felsic crystal-rich volcaniclastic rock from the western belt.  Head of 

sledge is 12 cm long.  Outcrop located along unnamed creek east of Abbotts Creek 

in northwestern portion of the field area.  Photograph by J. Hibbard.
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Lapilli ranging from 2 to 4 millimeters in diameter were denoted by a slightly darker color 

than the surrounding matrix due to higher concentrations of chlorite and epidote within the 

lapilli.  Both the matrix and lapilli display polygonal textures, but lapilli tend to be coarser-

grained.  The highly altered nature of relict minerals in these rocks prevented an accurate 

estimation of protolith composition.

Light gray to white crystal-rich felsic volcaniclastic rocks (Figure 9) commonly occur 

in 10 cm to 1 m thick layers that are heterogeneously distributed throughout the darker 

colored members of the western belt.  Typically, these rocks are dacites and have a mineral 

assemblage of plag (albite) + qtz + w. mica + chl + ep + cal ±zr ±  mgn ±  ilm.  However, one 

layer of felsic volcaniclastic rock located in the extreme northwest corner of the field area 

contained small amounts of orthoclase (< 5 %) that exhibited myrmekitic intergrowth with 

quartz.  Approximately 70 % of the felsic volcaniclastic rocks consist of highly elongated 

monocrystalline quartz and plagioclase grains.  Matrix minerals comprise the remaining 30% 

of these rocks and exhibit semi-polygonal textures of fine-grained (<0.2 millimeter wide) 

quartz, untwinned feldspar (albite), sericitic white mica, and epidote.  The foliations are 

defined predominantly by white mica and lesser amounts of chlorite.

The elongated quartz and feldspar grains in the felsic volcaniclastic rocks have an 

average size of 2 to 4 millimeters in most samples and consist of approximately 65 % 

plagioclase and 35 % quartz.  Plagioclase crystals have the composition of albite with 

anorthite percentages of An3-An10 and commonly display polysynthetic albite twins and 

rarely display Carlsbad twins.  Quartz crystals are commonly deformed into highly elongated 

monocrystalline grains and more rarely deformed into polycrystalline ribbons.  
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Felsic Volcanic Rocks - Wfv

Phyllitic to schistose felsic volcanic rocks (Figure 10) occur in a northeast-trending, 

approximately 1 km wide, body in the central portions of the western sequence (Figure 4).  

The unit is typically aphanitic; however, some members are coarser-grained with ash/lapilli-

size clasts.  These rocks have a mineral assemblage of plag (alb) + qtz + w. mica + ep + chl ±  

pyr ±  pyrh ±  mgn ±  hem  and are typically pale yellow, pale pink, or pale gray in color.  

Matrix minerals averaging 0.1 to 0.5 millimeters in diameter have a mosaic texture and consist 

of approximately 85 % white mica and 15 % quartz, plagioclase, epidote, and chlorite.  

Plagioclase grains are untwinned and are therefore likely albitic in composition.  Foliations are 

defined mainly by sericitic mats of white mica and aligned chlorite and have a phyllitic luster.

Primary features in these rocks have been highly strained and altered and were only 

observed in hand specimen at one outcrop.  However, in thin section, 1 to 2 millimeter relict 

quartz and feldspar crystals are represented by stretched and segmented polycrystalline 

quartz and epidote aggregates, respectively.  The percentages of relict primary grains in these 

rocks are interpreted to be approximately 35% quartz and 65% plagioclase, thus suggesting a 

dacitic protolith.  One outcrop was found that contained strained and sericitized aphanitic 

volcanic rock fragments ranging from 1 millimeter to 2 centimeters in length.

Contacts

The eastern boundary of the western belt is interpreted as the Gold Hill fault that 

juxtaposes the western belt against the Albemarle Group in the northwestern portion of the 

field area and the unseparated Albemarle Group in the western and southwestern portions of 

the field area (Figure 4).  In the extreme northwestern portion of the study area, just south of 

NC highway 47 along Abbott Creek, phyllitic volcanic rocks of the western belt envelope 
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Figure 10: Felsic volcaniclastic rock from the western belt.  Coin for scale.  Sample 

location is along NC Hwy. 47 just northeast of Bethany Church.
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lozenges of Abbotts Creek granodiorite (Miller et al., 2003) and gabbro.  These igneous rocks 

are structurally disturbed rendering it difficult to determine if they intrude the western belt or 

represent tectonically emplaced slivers.  Previous workers placed the Gold Hill fault in this 

vicinity and mapped rocks immediately to the west as undeformed Cid Formation 

sedimentary rocks.   However, this study has found no evidence for discrete faults or the 

sedimentary rocks reported by previous workers and interprets no apparent break in the 

western belt at this location.  This is the limit of the current mapping and additional work will 

have to be undertaken to determine if the igneous rocks in this area only occur locally or are 

affiliated with other plutonic rocks that intrude the Charlotte terrane.

Age and Correlation

 Previous workers interpreted rocks of the western belt as the Cid Formation of the 

Albemarle Group (Stromquist et al., 1969; Sundelius and Stromquist, 1978; and Stromquist 

and Henderson, 1985), which is characterized by thickly bedded mudstones with subordinate 

members of  felsic to mafic volcanic rocks.  However, this investigation did not identify rocks 

of this nature and found that the western belt is comprised predominantly of volcanic rocks.  

As a result, it is unclear if the western belt is correlative with any formation in the Albemarle 

Group, or if it belongs to a new and previously unrecognized formation affiliated with either 

the Carolina or Charlotte terranes.  

Brent Miller at UNC Chapel Hill is currently dating samples of magmatic rocks 

associated with the western belt.  Preliminary U/Pb zircon ages from felsic volcanic rocks that 

occur within the unit yield ages of ca. 541 Ma, thus supporting an Early Cambrian 

depositional age for the western belt.
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Plutonic Rocks

Plutonic rocks that outcrop within the field area include a small body of granitic rock 

found within the western belt and numerous elongate bodies of gabbro that intrude rocks 

associated with the Albemarle Group.  

Cotton Grove Granodiorite - Wgr

Distribution

A small body of granitic rock occurs within the western belt in the northwestern 

portion of the field area (Figure 4).  The granitoid outcrops along Abbotts Creek and is 

informally named the Cotton Grove granodiorite for the nearby town of Cotton Grove.  The 

granitoid, which strikes northeast and dips northwest at a high angle, forms a ‘tear drop’-

shape that is approximately 0.5 kilometers wide and 1 kilometer long.  

Rock Type

The granitoid has a mineral assemblage of qtz + plag (An6-An12) + orthoclase + mgn 

+ w. mica + ep + chl ±  cal,  is typically whitish-gray in color, and has a grain size that is 

uniformly medium- to coarse-grained (8-12 millimeters in diameter) at all outcrops (Figure 

11).  The rock has the composition of granodiorite with a quartz content of approximately 

25 %, plagioclase 65 % and orthoclase 10 %.  The unit is strongly affected by a composite 

foliation that strikes northeast and dips steeply northwest.  Locally, the foliations contain 

centimeter-wide strands of fine-grained phyllite.  Although the origin of the phyllite is 

unknown, the strands could be interpreted as deformed xenoliths of western belt country 

rock.

38



 

Figure 11: Outcrop of Cotton Grove granodiorite imprinted by Sm composite fabric

with sinistral asymmetry.  Photograph taken perpendicular to sub-vertical foliation

and parallel to a sub-horizontal lineation (not seen).  Pen is 14 cm long and cap points

north.  Outcrop is located along Abbotts Creek just south of NC Hwy. 47.  

Photograph by J. Hibbard.
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Contacts

The contact between the Cotton Grove granodiorite and western belt volcanic rocks 

was not observed due to low outcrop density near the margins of the pluton.  It is unknown 

if the granitoid intrudes the western belt or if it represents a tectonically emplaced sliver.  As 

mentioned in previous sections, primary bedding is largely indistinguishable in the volcanic 

country rocks of the western belt due to the homogeneous dark color and fine grain size of 

most of the rocks.  However, rarely observed beds at a few localities suggest that bedding 

within the unit is likely parallel to foliation.  Across contact traverses suggest that the eastern 

and western margins of the Cotton Grove granite are discordant to foliations within the 

western belt and, by implication, bedding.   This apparent discordancy at the contact between 

granite and surrounding rocks does not unequivocally support either a tectonic or intrusive 

interpretation for the contact.  However, phyllitic xenoliths (see previous section) found 

locally within the pluton suggests the contact may have been originally intrusive.

Age and Correlation

Previous USGS mappers interpreted the Cotton Grove granodiorite to be post-

Ordovician in age based presumably on indirect map relations (e.g. Stromquist and Sundelius, 

1969).  However, U/Pb zircon dating of samples collected in the current study have yielded 

an age of 548 ±  3.4 Ma for the crystallization of the pluton (Miller et al., 2003).  If an 

intrusive relationship for the granitoid is accepted, this age indicates rocks of the western belt 

must be older than the Late Neoproterozoic

40



Gabbro - g

Distribution

Numerous bodies of gabbro intrude rocks of the Albemarle Group and the 

unseparated Albemarle Group (Figure 4).  These gabbros form elongate shapes up to 4 

kilometers in length that are generally parallel to folded bedding in surrounding stratified 

rocks, suggesting the units likely originated as sills or small laccoliths.  In the Albemarle 

Group, the gabbros appear essentially undeformed at most outcrops and contain no 

discernible structures.  However, map-scale lozenges of deformed gabbro that exhibit a weak 

cleavage occur locally within the unseparated Albemarle Group in the vicinity of the Gold 

Hill fault.

Rock Type

The gabbros that intrude Albemarle Group rocks in the thesis area are typically 

greenish gray in color (Figure 12) and have a mineral assemblage of plag (An3-An8) + act + ep 

+ chl + bt + qtz + ttn + ap + mgn + ilm.  These rocks have a grain size that varies from fine- 

to medium-grained and display polygonal textures.  Foliations are generally weakly developed 

where present, and are defined by the alignment of chlorite and biotite.  

Contacts

Virtually all of the gabbro bodies observed in this study have concordant relationships 

with primary bedding in the host rocks supporting the interpretation that they originated as 

sills or small laccoliths.  A few exposures showed fine-grained concentrations of 

phyllosilicates near the contact between the gabbro and the country rocks.  The phyllosilicate 
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Figure 12:  Representative hand sample of the gabbros found within the Albemarle

Group and unseparated Albemarle Group.  Coin for scale.  Sample location is along

Abbotts Creek near the Gold Hill fault in the west-central portion of the study area. 
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concentrations appear to be altered country rock and may have resulted from contact 

metamorphism during intrusion and cooling, thus supporting an intrusive orogin for the 

emplacment of the gabbros.  However, the phyllosilicate concentrations could have resulted 

from shearing along the margins of the gabbros during deformation.  

In the northern portion of the unseparated Albemarle Group near the Gold Hill fault, 

a gabbro body has been heterogeneously deformed by shearing associated with the fault.  

Although the gabbro probably originated as a sill, it now forms map-scale lozenges separated 

by structurally disturbed Albemarle Group strata.

Age and Correlation

The bodies of gabbro that occur in the thesis area represent a small fraction of the 

multitude of similar units that intrude the Albemarle Group throughout the Carolina terrane 

(Conley and Bain, 1965).  There are no existing age data pertaining to the gabbros, but the age 

of emplacement of the units must postdate deposition of the Albemarle Group and predate 

regional folding in the Carolina terrane.  These relationships provide a broad Early Cambrian 

to Late Ordovician age bracket for the emplacement of the gabbros.  The gabbros are likely 

equivalent to the Stony Mountain gabbros described by Ingram (1999).
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STRUCTURAL GEOLOGY

General Statement

This chapter focuses on the primary purpose of this investigation, the structural 

relationship between the Silver Valley syncline and the Gold Hill fault zone, and will 

therefore describe the structures associated with these regional features.  The structural data 

presented here reveal new interpretations for the kinematic history of the Gold Hill fault and 

the Carolina terrane that are significantly different from the interpretations of previous 

workers.  

The rocks that underlie the thesis area define three structural domains that share 

similar orientation of structures and similar kinematic indicators, but differ significantly in 

deformational style.  The structural domains within the field area include an eastern domain, 

southwestern domain, and northwestern domain that correspond to the previously described 

lithostratigraphic divisions of the Albemarle Group, unseparated Albemarle Group, and 

western belt, respectively (Figure 4).  One major deformational event, Dm, has been identified 

in Albemarle Group rocks of the eastern and southwestern domains.  However, western belt 

volcanic rocks in the northwestern domain appear to have experienced a more complex 

deformational history.  Late stage joints and small-scale brittle faults are present in many 

outcrops, but are not viewed as relevant to the focus of this chapter because they have not 

significantly affected the dominant structures within the thesis area.

The following discussion will describe the deformational events and structures that 

characterize the three map domains, beginning with the eastern domain, then the 

southwestern domain, and finally, the northwestern domain.  Primary bedding is labeled So.  

Structural elements associated with Dm are labeled Fm (Silver Valley syncline and first 
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generation minor folds), Sm (main fabric), Lsv (sub-vertical lineation), and Lsh (sub-

horizontal lineation).  The Gold Hill and Silver Hill faults were not directly observed in this 

study, however, there were a few characteristic features observed in their vicinity that will be 

described in a correlation section following the three structural domains.  

Eastern Domain

The eastern domain comprises the western portion of the Carolina terrane.  Dm 

produced both the dominant Fm structure in the eastern domain, the Silver Valley syncline, 

and Sm, its associated cleavage.  

Axial Planar Cleavage - Sm

Virtually all rock units affected by Fm in the eastern domain are imprinted by a north-

northeast-south-southwest-striking cleavage, Sm, that generally dips steeply to the northwest 

(Figure 14).  However, in the northwestern portion of the eastern domain, Sm locally dips 

steeply southeast.  

 Sm is best developed in the stratified sedimentary rocks of the Floyd Church 

Formation (Figure 13) and commonly refracts between coarser- and finer-grained laminae.  

However, Sm is poorly developed or absent in the massive volcanic rocks of the Cid 

Formation where at most outcrops it is recognized by north-northeast-trending weathering 

patterns rather than discrete cleavage planes. 

In thin section, Sm is defined by approximately 0.3 millimeter wide cleavage seams 

which are coated with brown to reddish-brown aggregates of clay grains and concentrations of 

opaque minerals (Figure 16).  A very small portion of the samples examined exhibited isolated 
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Figure 13: Sm axial planar cleavage (parallel to pen) imprinting Floyd Church 

Formation sedimentary rocks in the Albemarle Group.  Bedding is approximately 

perpendicular to pen and dips to the left.  Pen is 14 cm long.  Outcrop is located along 

Flat Swamp Creek near Crystal Bay community.  Photograph by J. Hibbard.
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Figure 15: Lower hemisphere stereoplot of poles to So in the eastern domain.

Figure 14: Lower hemisphere stereoplot of poles to Sm in the eastern domain.
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Figure 16: Photomicrograph in plane polarized light of Sm in the Floyd Church 

Formation of the Albemarle Group.  Sm is defined by seams coated with opaque 

minerals.  Note Sm subparallel to the axial surfaces of crenulations in bedding 

(horizontal in photo).  Field of view = 4 mm.  Sample location is southeast of 

Cedar Grove in hinge area of the Silver Valley syncline.
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grains of chlorite and epidote within the cleavage seams.  At most localities, Sm is best 

described as disjunctive foliation (Twiss and Moores, 1992) with anastamosing to rough 

cleavage domains and unfoliated microlithons that average 0.5 to 1 cm in width.  Sm is viewed 

as a weak pressure solution cleavage, an interpretation supported by the concentration of 

clay and opaque minerals along cleavage seams, as well as the truncation and displacement of 

bedding observed in a few samples (Figure 16).

Sm in the eastern domain has the same orientation at most outcrops and is consistent 

with the sense of vergence interpreted for the Silver Valley syncline (see next section).  Close 

inspection of stereoplots of So and Sm (Figure 14), along with the distribution of Sm 

structural data relative to the map patterns of units in the Albemarle Group strongly suggests 

that Sm is axial planar to the Silver Valley syncline (Figure 3).  Furthermore, other workers to 

the southwest have documented axial planar relationships between Sm and outcrop-scale Fm 

structures found locally in the Albemarle Group (J. Hibbard, pers. comm., 2003).

Silver Valley Syncline - Fm

The Silver Valley syncline, Fm, is the dominant structure in the eastern domain.  The 

average axial surface orientation of Fm strikes approximately N30E and dips moderately to 

steeply northwest.  The axis of Fm plunges gently southwest.  Thus, Fm is classified as an 

upright to steeply inclined, gently plunging, asymmetric fold with southeast vergence.  On 

the southeastern limb of Fm, So consistently strikes northeast-southwest and dips gently to 

moderately northwest.  So strikes northeast-southwest and dips moderately to steeply 

southeast on the northwestern limb of Fm (Figure 15).  The interlimb angle of Fm is 
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estimated to be between 70 and 80°.  Along the axial trace of Fm, So generally strikes 

northwest-southeast and dips gently to the southwest.  However, So along the axial trace of 

Fm locally dips gently northeast, thus suggesting Fm is noncylindrical.  The gradual reversal 

of the dip of Sm across axial trace of the Fm suggests the hinge of the fold is subrounded 

(Figure 3).

Southwestern Domain

So in the southwestern domain is deformed by outcrop-scale folds that are imprinted 

by a prominent cleavage, Sm.  Both Fm minor folds and Sm cleavage are attributed to Dm.  

Foliation - Sm

Axial Planar Cleavage

A prominent spaced cleavage (Sm) strikes north-northeast-south-southwest and dips 

steeply northwest or southeast within the southwestern domain (Figure 19) and affects all 

rocks of the unseparated Albemarle Group.  Sm is typically better developed in the hinge 

areas of Fm folds (Figure 17) where it can be often observed refracting through coarser- and 

finer-grained laminae.  

Thin section analysis of cleaved samples reveals that Sm cleavage seams are defined 

by concentrations of dark brown clay minerals and opaque minerals.  Several samples 

contained scattered grains of chlorite and epidote with long axes parallel to foliation, thus 

helping to define Sm.  Typically, Sm cleavage domains are smooth in shape, approximately 

0.3  millimeters wide, and vary from anastamosing to parallel.  Microlithons are typically less   
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Figure 17: Sm axial planar cleavage in the nose of an Fm in the unseparated 

Albemarle Group.  Pencil is 14 cm long.  Outcrop is located along the shoreline of 

High Rock Lake south of NC Hwy. 8 in the southwest corner of the study area.

Photograph by J. Hibbard.
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Figure 19: Lower hemisphere stereoplot of poles to Sm in the southwestern domain.

Figure 18: Lower hemisphere stereoplot of poles to So in the southwestern domain.
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than 1 centimeter wide, but have been observed at widths up to 3 centimeters.  Locally, in the 

hinges of some Fm folds that are proximal to the Gold Hill fault, Sm forms a smooth phyllitic 

foliation (e.g. Twiss and Moores, 1992).  Cleavage domains in the phyllite are continuous in 

texture and are defined by 0.5 to 1 millimeter wide bands of strongly aligned chlorite and 

lesser amounts of white mica.  Microlithons are strongly oriented and average from 0.3 to 0.7 

millimeters in width.  

Bedding-cleavage relationships are readily observed in outcrop throughout the 

southwestern domain.  At several places Sm was observed as the axial plane for outcrop-scale 

Fm folds, thus providing unequivocal evidence that Sm is axial planar to Fm (Figure 17).  The 

concentration of clay minerals and opaque minerals along cleavage seams, as well as the 

truncation and minor apparent offset of bedding surfaces by Sm suggests pressure solution as 

the primary mechanism for cleavage formation in most portions of the southwestern domain.  

Composite Foliation 

In the northern portion of the domain, near the contact with the northwestern domain, 

Sm cleavage gradually increases in intensity in the vicinity of two narrow northeast trending 

zones (Figure 3&4) of more highly recrystallized rock imprinted by a continuous foliation.  

These zones are approximately 2 meters wide and are flanked by unseparated Albemarle 

Group strata that have been locally deformed by small-scale rootless folds and cut by 

centimeter-scale northeast trending quartz veins.  These rocks have been recrystallized into 

phyllite (p) and are characterized by a continuous foliation (Sm) that strikes north-northeast-

south-southwest and dips steeply northwest.  The main foliation element in these rocks is 

defined by quartz ribbons that are less than 1 centimeter wide, as well as the alignment of 
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chlorite, white mica, and elongate polycrystalline epidote.  In thin sections cut perpendicular 

to foliation and parallel to a subtle sub-vertical lineation (see Lsv in following section) that is 

present on Sm, a secondary foliation element is observed oriented at an oblique angle (~ 15° 

to 20°) to the main foliation element.  The secondary fabric element is defined by aligned 

grains of white mica and chlorite, some of which form ‘S’-shapes that curve into the main 

fabric element.  

Together, the main and secondary foliation elements are believed to form a composite 

fabric.  This study interprets that Sm displays characteristics most similar to the Type I S-C 

tectonites of Lister and Snoke (1984) or the C-type shear band cleavage of Passchier and 

Trouw (1996), which are commonly found in ductiley deformed rocks.  However, it is 

recognized that Sm also shares some resemblance to a compressional crenulation cleavage (e.g. 

Platt and Vissers, 1980), where the secondary fabric element would represent a significantly 

older foliation that has been folded and transposed along the main fabric element.  If the latter 

interpretation were favored, the secondary foliation could have originated as the disjunctive 

axial planar cleavage present in the surrounding unseparated Albemarle Group rocks.  The 

main and secondary foliations display a consistent asymmetry which will be discussed in 

detail in the kinematics section.  However, the sense of shear obtained for these rocks 

suggests the small zones of phyllite may constitute subsidiary splays off the Gold Hill fault 

that separate horses of unseparated Albemarle Group rocks that have been deformed by Fm 

minor folds.
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Lineation

A subtle lineation, Lsv, is present on Sm foliation surfaces in the recrystallized zones 

of phyllite described in the previous section.  Lsv is oriented down-dip relative to Sm, and is 

defined by elongate clusters of sericitic white mica and tiny quartz fibers that are 

approximately 1-2 millimeters long and <0.5 millimeters wide.  In thin sections cut parallel to 

Lsv and perpendicular to Sm, epidote grains are extended and segmented along Sm, indicating 

that Lsv is a stretching lineation.

Minor Folds - Fm

Throughout the southwestern domain, So (Figure 18) in the unseparated Albemarle 

Group is consistently deformed by predominantly upright, gently plunging, open to close 

outcrop-scale Fm structures (Figure 20) .  The Fm are generally broad with hinges that are 

subangular to subrounded.  Fm have axial surfaces that strike north-northeast-south-

southwest and dip steeply northwest (Figure 21).  Fm fold axes plunge gently to either the 

north-northeast or south-southwest (Figure 22).  Locally, second order parasitic folds are 

observed in the hinge areas of Fm.  The parasitic folds have similar  orientation and style as 

the outcrop-scale folds, but their axes plunge more steeply.  

Northwestern Domain

The northwestern domain is more complexly deformed and exhibits a higher degree of 

ductile deformation and recrystallization than adjacent domains. The dominant rock types in 

this domain are massive intermediate to mafic volcanic rocks of the western belt that  
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Figure 20: Outcrop-scale Fm in unseparated Albemarle Group sedimentary rocks

of the southwestern domain.  The author for scale.  Outcrop is located along the

shoreline of High Rock Lake south of NC Hwy. 8 in the southwest corner of the

study area.  Photograph by J. Hibbard.
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Figure 22: Lower hemisphere stereoplot of Fm fold axes in the southwestern 

domain.

Figure 21: Lower hemisphere stereoplot of poles to Fm axial surfaces in the 

southwestern domain.
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contained discernible bedding at only a few outcrops.  A prominent foliation, Sm, imprints all 

rocks in the domain.  Sm is associated with a widely distributed sub-vertical lineation (Lsv) 

and a more heterogeneously distributed sub-horizontal lineation (Lsh).  

So is an ambiguous feature in the northwestern domain because most of  the 

constituent rocks units have been recrystallized into uniformly dark colored phyllite and were 

apparently originally massive in nature.  However, a few outcrops contained layers of lighter 

colored felsic volcanic rocks that are parallel to foliation.  Rocks in the northwestern domain 

have only experienced lower to middle greenschist facies metamorphism and display no 

evidence for the transposition or truncation of layering, suggesting that the layering likely 

represents primary bedding.  

Two sets of folds are recognized in western belt rocks along strike to the southwest 

(J. Hibbard, pers. comm., 2003).  Although these folds have not been directly observed in the 

current study area, local variations in the dip of layering and foliation circumstantially allows 

for the existence of such folds.

Composite Foliation - Sm

All rocks in the northwestern domain are imprinted by a well-developed penetrative 

foliation (Sm) that strikes north-northeast-south-southwest and generally dips vertically or 

steeply northwest (Figure 23).  Locally, Sm dips steeply southeast.  Sm is composed of a 

main (C) and secondary (S) fabric element, both of which are observed in all rock units in the 

northwestern domain.  S is always observed oblique to C at a 25 to 30° angle (Figure 25).  

In all rocks of the western belt, the alignment of mica grains and elongated 

polycrystalline epidote define C, while S is only defined by micas in most samples.  
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Figure 24: Lower hemisphere stereoplot of lineations in the northwestern domain.

Figure 23: Lower hemisphere stereoplot of poles to Sm in the northwestern domain.
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Figure 25: Shear bands with sinistral asymmetry associated with Lsh in phyllitic

volcaniclastic rocks of the western belt.  Photograph looks down on sub-vertical 

Sm, northeast is to right.  Knife is 4 cm long.  Outcrop located along Abbotts 

Creek just south of NC Hwy. 47.  Photograph by J. Hibbard.
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However, in the intermediate to mafic units aligned chlorite and epidote are more abundant 

and generally define both fabric elements.  The Cotton Grove granodiorite, along with some of 

the more coarse-grained felsic volcaniclastic rocks found within the western belt, contain fine-

grained aggregates of recrystallized quartz and feldspar and larger elongated relict quartz 

grains that define C.

The main and secondary fabric components form a composite foliation, Sm.  The 

angle between the C and S (<45°), the small amplitude of the folds in S with respect to the 

spacing of C, and anastamosing shape of C are consistent with the characteristics of the shear 

band cleavages of  Passchier and Trouw (1996). More specifically, because at most outrcops 

C-planes are slightly oblique to the regional trace of the Gold Hill fault zone, the main 

foliation elements are likely C’ shear bands.  Most studies suggest that the S-foliation in C-S 

fabrics comprises an older foliation, but also suggest that both S- and C-foliations result from 

the same deformation.  It is acknowledged that the S-planes of this study could be a much 

older fabric that was modified by Dm.  However, the kinematic interpretation of Sm is not 

affected by the relative age of the S-foliation, and outcrop surfaces and thin sections that are 

perpendicular to foliation and parallel to either the sub-horizontal or sub-vertical lineations 

(see Lsh and Lsv in following sections) found on Sm depict consistent asymmetry that will 

be addressed in more detail in the kinematics section.  Furthermore, the minerals that define S 

and C seem to have formed under the same metamorphic conditions, supporting the 

interpretation that they formed closely in time.

In the northwestern domain, elongated quartz grains and ribbons that help define Sm 

exhibit deformational features such as sweeping undulose extinction, deformation lamellae, 

and the partial recrystallization of older grains.  In many samples, feldspars show both brittle 

and ductile microstructures including ‘book shelf’ microfracturing and patchy undulose 
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extinction and deformation twins, respectively.  Thus, low grade crystal plastic deformation 

is thought to have been operative in the northwestern domain.  As described in previous 

sections, Sm is interpreted to have formed primarily by lower grade pressure solution 

processes in the southwestern and eastern domains.  

Lineations

A prominent sub-vertical lineation, Lsv, is present on Sm in virtually all rocks in the 

northwestern domain.  Lsv is almost always oriented down-dip with respect to S1 (Figure 

24) and is defined by preferentially aligned clusters of white mica, chlorite, and quartz, as 

well as elongated mineral grains and volcanic clasts.  Thin sections revealed segmented quartz 

ribbons and epidote grains parallel to Lsv (Figure 26).  Thus, Lsv is interpreted as a stretching 

lineation.

A randomly distributed sub-horizontal lineation, Lsh, was observed at a limited 

number of outcrops within the northwestern domain.  Where recognizable, Lsh is very subtle 

and is defined by polycrystalline trains of chlorite and white mica.  Lsh typically has a sub-

horizontal orientation, however a few outcrops revealed Lsh at a low angle (5 to 15 °) to the 

southwest (Figure 24).  Both macroscopic and microscopic boudins of quartz and epidote are 

observed in outcrop surfaces and thin sections that are perpendicular to foliation and parallel 

to Lsh (Figure 27), supporting the interpretation of Lsh as a stretching lineation.
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Figure 26: Photomicrograph of quartz boudins associated with Lsv in a volcaniclastic 

rock from the northwestern domain.  Picture is taken perpendicular to Sm and parallel

to Lsv, northwest is to the left.  Field of view is approximately 4 mm, arrows indicate 

direction of elongation.  Sample location is along Abbotts Creek in west-central portion 

of the study area.
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ep ep

Figure 27: Segmented epidote grain associated with Lsh in a mafic volcaniclastic 

rock from the northwestern domain.  Photomicrograph is perpendicular to Sm and

parallel to Lsh.  Looking down-dip along Sm, north is to the right.  Field of view is

approximately 2 mm, arrows indicate direction of elongation.  Sample location is 

along an unnamed creek in northwestern portion of the field area northeast of 

Central High School. 
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Asymmetric Porphyroclasts

Asymmetric ‘winged’ porphyroclasts are present throughout the northwestern 

domain.  In thin section, most porphyroclasts are less than 1 cm in length and typically 

consist of quartz and epidote cores surrounded by recrystallized mantles of the same 

minerals.  Feldspar porphyroclasts of similar size observed in the Cotton Grove granodiorite 

and some of the coarser-grained volcaniclastic rocks have mantles consisting predominantly of 

recrystallized quartz with lesser amounts of recrystallized feldspar.  Sigma porphyroclasts 

were observed in most of the samples examined (Figure 28 , 29, and 30), however, a few 

samples contained delta porphyroclasts (Simpson, 1986).  

Boudins

Boudins were observed in most thin sections from the northwestern domain, as well 

as at a few outcrops.   The macro-scale boudinage is represented by quartz veins that are 

extended and segmented parallel to Sm and Lsh.  In thin section, Sm foliation planes contain 

segmented polycrystalline quartz ribbons along with stretched epidote and feldspar grains 

that were parallel to both Lsh  and Lsv.  Phyllosilicates associated with Sm envelope 

individual boudins, suggesting the boudinage occurred during the formation of Sm.

Relations Between Domains

Contacts

The Gold Hill fault constitutes a boundary that separates units of entirely different 

rock type, deformational style, and degree of recrystallization whereas the Silver Hill fault 

separates lithologically related Albemarle Group rocks that have different deformational 

styles.
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Figure 28: Winged epidote-quartz clast in mafic volcanic rocks from the northwestern

domain.  Photograph looks down on sub-vertical Sm.  Asymmetry indicates sinistral 

shear, northeast is to the left.  Head of hammer is 18 cm long.  Outcrop located on 

unnamed creek east of NC SR 2371 in west-central portion of the study area.  

Photograph by J. Hibbard.
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Figure 29: Sigma porphyroclasts in felsic volcanic rock from the northwestern domain. 

Photomicrograph is perpendicular to Sm and parallel to Lsh.  Asymmetry indicates

sinistral shear, northeast is to the right.  Field of view is approximately 4 mm.  Sample

location is along NC SR 2249 in the north-central portion of the study area.
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Figure 30: Sigma feldspar porphyroclast in mafic volcanic rock from the 

northwestern domain.  Photomicrograph is perpendicular to Sm and parallel 

to Lsv.  Asymmetry indicates tops to the southeast shear sense.  Picture 

facing northeast, southeast is to the right.  Field of view is approximately

1 mm.  Sample location is along unnamed creek east of NC SR 2373 in west-

central portion of the study area.

68



Gold Hill Fault

Previous workers mapped the Gold Hill fault as the western boundary of the former 

Gold Hill shear zone (Stromquist et al., 1969; Sundelius and Stromquist, 1978; and 

Stromquist and Henderson, 1985).  Although the Gold Hill fault is unexposed in the study 

area, several characteristics allowed the author to determine its approximate location.  (1) 

There is a sharp change in rock type across the fault from mildly deformed Albemarle Group 

and unseparated Albemarle Group on the southeastern side to more highly deformed western 

belt volcanic rocks on the northwestern side.  (2) Pressure solution is the dominant 

deformation mechanism in rocks affiliated with the Albemarle Group, whereas crystal plastic 

processes are active in the phyllitic rocks of the western belt (see metamorphism chapter).  

(3) Numerous centimenter- to meter-wide quartz veins, along with abundant quartz float, 

characterize areas proximal to the fault.  The quartz veins are typically sub-vertical, strike 

north-northeast, and may reflect the influx of fluids along fractures during faulting.

These observations support the interpretation that the Gold Hill fault constitutes a 

major lithostratigraphic boundary that separates mildly deformed Albemarle Group rocks in 

the footwall from more highly deformed western belt rocks in the hanging wall and likely 

accommodated the bulk of the displacement along the Gold Hill fault zone.  Furthermore, the 

kinematics suggested by asymmetric fabrics and fold patterns depict a uniform sense of 

movement that is consistent with this interpretation (see kinematics section).

Silver Hill Fault

Previous workers recognize the Silver Hill fault as the eastern boundary of the former 

Gold Hill shear zone that reportedly juxtaposed the stratigraphically lower rocks of the 

Tillery Formation against the higher Floyd Church Formation (Stromquist et al., 1969; 
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Sundelius and Stromquist, 1978; and Stromquist and Henderson, 1985).  As with the Gold 

Hill fault, the Silver Hill fault was unexposed in the study area;  however, its approximate 

location was clearly defined by a sharp transition in deformational style.  Fm minor folds are 

only observed on the northwestern side of the fault, whereas the structure on the 

southeastern side reflects the regional-scale Fm structure in the study area, the Silver Valley 

syncline.  Several locations allowed this sharp structural contrast to be observed in outcrops 

that were less than 20 meters apart, indicating the Silver Hill fault must be a discrete, likely 

brittle structure.  Recent mapping to the southwest in the Gold Hill 7.5 - minute quadrangle 

has revealed the Silver Hill fault to be a discrete fault that lies along strike from its inferred 

location in this study (J. Hibbard, pers. comm., 2003). The approximate trace of the fault is 

apparently truncated by the Gold Hill fault in the central portion of the field area and may 

constitute the floor thrust of a southwestern domain duplex (see next section).

Structural Correlations

The eastern and southwestern domains share similar structures and rock types.  

However, the northwestern domain contains entirely different rock types and is more 

structurally complex than the other domains.

Eastern and Southwestern Domains

The following observations closely link the eastern domain to the southwestern 

domain.  (1) Both domains comprise rocks associated with the Albemarle Group and the 

sedimentary rocks that flank the Silver Hill fault are tentatively interpreted to belong to the 

same unit of the Albemarle Group (see lithologic units chapter).  (2)  Orientation of foliation 

and mineralogy suggest that Sm is correlative in both domains.  (3) The geometry and style of 
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Fm structures is similar in the eastern and southwestern domains thus suggesting the first 

generation folding in both domains is genetically related.  (4) Deformation mechanisms and 

mineral assemblages indicate similar metamorphic grades in both domains (see next chapter).  

The observations stated above, along with the kinematic data presented in the next 

section, are consistent with a model in which the eastern domain represents the less intensely 

deformed footwall of the Gold Hill fault zone and the southwestern domain comprises a 

fault-bounded duplex of more intensely deformed footwall rocks associated with the Gold 

Hill fault.  In this model, the Silver Hill fault may constitute the floor thrust of the duplex and 

the subsidiary faults within the southwestern domain may be minor splays off the Gold Hill 

fault that separate horses of intensely folded unseparated Albemarle Group strata.  The local 

occurrence of fine-grained phyllite in the noses of Fm minor folds within the southwestern 

domain may have resulted from shear along Sm related to movement along the Gold Hill fault.

In the east-central portion of the field area, the trace of the Gold Hill fault deviates 

from its generally north-northeast trend in a more northeasterly direction for a distance of 

approximately 3 kilometers where it then continues north-northeast beyond the limit of the 

current mapping (Figure 3).  The northeast trending segment apparently truncates both the 

Silver Hill fault and the subsidiary faults described in previous sections, and pinches out the 

southwestern domain between the eastern and northwestern domains.  This fault geometry, 

coupled with the southwest verging direction of tectonic transport described in the next 

section, suggest the northeast trending segment of the Gold Hill fault could form a ramp in the 

fault zone.
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Northwestern Domain

Western belt volcanic rocks of the northwestern domain are lithologically distinct 

from the Albemarle Group and are significantly more ductiley deformed and recrystallized 

than the southwestern and eastern domains.  These observations are consistent with the 

interpretation that the northwestern domain forms the hanging wall of the Gold Hill fault.  

The orientation and kinematics (see next section) of Sm are fairly uniform throughout 

the study area and suggest that all rocks have experienced similar deformations at some point 

in their histories.  However, the correlation of Sm across the Gold Hill fault is uncertain 

because of the following reasons:  (1) Crystal plastic deformation played a significant role in 

the formation of Sm in the northwestern domain, but pressure solution is responsible for the 

formation of Sm in the eastern and southwestern domains.  (2) Sm is predominantly a 

disjunctive axial planar cleavage in the eastern and southwestern domains, whereas Sm is a 

continuous composite foliation throughout the northwestern domain. (3) No direct 

overprinting relationships have been observed between Sm in the northwestern domain and 

Sm in the rocks east of the Gold Hill fault.  Thus, it is unknown if the formation of Sm in the 

northwestern domain predates, postdates, or occurred synchronously with the formation of 

Sm in the eastern and southwestern domains during Dm.  However, until further work is 

undertaken to determine the history of Sm in the northwestern domain, the orientation, shear 

sense, and metamorphic grade of fabrics across the study area leads the author to interpret 

that the present state of Sm in the northwestern domain is kinematically related to Sm in the 

other domains.
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Kinematics

Kinematic indicators in rocks associated with the Gold Hill fault define a sense of 

movement that is consistent throughout the study area.  The sense of shear determined for 

deformational fabrics associated with the Gold Hill fault is derived from the observation of 

planes at two orientations: (1) perpendicular to Sm and parallel to Lsv, and (2) perpendicular 

to Sm and parallel to Lsh.  The asymmetry of S-C fabrics, mica fish, and winged 

porphyroclasts indicate the kinematics of the deformation affecting the thesis area involved 

northwest over southeast thrusting of the Charlotte terrane over the Carolina terrane (Figure 

30) coupled with a component of sinistral shear (Figure 28, 29 & 31).  Similarly, the en 

echelon pattern of both Fm regional and minor structures at small clockwise oblique angles to 

the fault zone is consistent with fold generation during sinistral shear along the Gold Hill 

fault.  Although no second generation folds were observed in the current study, folds 

documented by other mappers to the southwest suggest similar kinematics as the Fm of this 

study (J. Hibbard, pers. comm., 2003).

Numerous studies of transpressional fault systems describe the formation of two 

orthogonal lineations during a single deformation.  In most of these studies, stretching 

lineations have sub-vertical and sub-horizontal orientations and are interpreted to reflect the 

variation in the direction of the long axis of the finite strain ellipsoid during transpression. 

(e.g. Sanderson and Marchini, 1984; Tikoff and Greene, 1997; Lin et al., 1999).  As a result, 

the orientation of stretching lineations in a transpressional fault zone may not necessarily 

reflect the direction of tectonic transport, an assumption which is only valid when 

deformation approaches plane strain, simple shear conditions (e.g. Hanmer and Passchier, 

1991).  
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In this study, the geometry of Lsv and Lsh, along with the kinematics suggested by 

the asymmetry of fabrics and the orientations of folds that affect the rocks of the field area 

are consistent with models of transpressional systems (see next section).  Thus, the direction 

of tectonic transport along the Gold Hill fault is not interpreted as parallel to the stretching 

lineations within the fault zone; rather, the transport direction of the hanging wall is believed 

to be southeasterly approximately parallel to Sm.

Dm as a Progressive Transpressional Deformation

The following lines of evidence indicate that all structures in the thesis area evolved in 

a progressive transpressional deformation, Dm. 1.) Genetically related Fm regional and minor 

structures have a consistent orientation that is 5° to 30°clockwise with respect to the Gold 

Hill fault.  Folds such as these, at small oblique angles to the fault zone, are characteristic of 

transpressional systems (Sanderson and Marchini, 1984).  (2) The coexistence of sub-vertical 

and sub-horizontal lineations in rocks associated with the Gold Hill fault is diagnostic of 

transpression. (Tikoff and Teyssier, 1994; Tikoff and Greene, 1997).  (3) Dm structures 

display a consistent sense of shear that is uniform throughout the thesis area and is 

compatible with a sinistral transpressive model for the formation of the Gold Hill fault zone.  

(4)  The minerals that define all Dm structures indicate there is not a large difference in 

metamorphic grade across the field area, therefore all structures in the study area may have 

formed under similar conditions  (5)  Recent work to the southeast has shown that an older 

section of the Gold Hill fault was abandoned and folded early in its history.  The most 

recently active portion of the fault truncates both the abandoned section and the folds, calling 

for a time overlap between folding and faulting (Hibbard et al.,  2003).  These observations 

are compatible with a transpressional model for the formation of the Gold Hill fault zone and 
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support the interpretation that Dm is a progressive deformation.

Timing of Deformation

Geochronologists from Auburn University and UNC Chapel Hill are currently 

working to obtain absolute ages on deformational fabrics associated with the Gold Hill fault 

zone.  Hence, until the results of the current age study are obtained, the timing of deformation 

along the fault must be determined from the field relations of regional structures and the ages 

of syn-kinematic magmatic rocks.  The age of deformation proposed in this study is different 

from that of previous workers that interpreted deformation along the Gold Hill fault zone 

resulted from Devonian orogenic events.

The timing of deformational events in the thesis area is constrained by the following 

criteria:  (1) the age of the Cotton Grove granodiorite;  and (2) the correlation and age of 

regional folds in the Carolina terrane with minor folds related to the Gold Hill fault.

(1) The Cotton Grove granodiorite is imprinted by all ductile fabrics present in the 

northwestern domain.  A recent U-Pb zircon age of 547.9 +/- 3.6 Ma was obtained for the 

crystallization of the pluton; therefore, the Dm event in the northwestern domain is likely 

Paleozoic in age (Miller et al., 2003). 

(2) Other mapping to the southeast of this study has shown that the Gold Hill fault 

and its associated fabrics both truncate and are deformed by minor folds that are genetically 

related to regional folds in the Carolina terrane (Hibbard et al., 2003).  40Ar/39Ar white mica 

ages suggest the regional folds formed at c. 450 Ma (Offield et al., 1995), thus indicating the 

Dm event was operative during the Late Ordovician and possibly continued for an unknown 

time into the Paleozoic.  
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Based on the existing age data in conjunction with the new structural and kinematic 

data presented in this work, a Late Ordovician timing is evoked for the deformation 

associated with the Gold Hill fault zone and the westernmost exposed portion of the Carolina 

terrane.  This interpretation is consistent with the findings of other workers to the southeast 

and has profound regional implications pertaining to currently competing models for the 

accretionary history of the Carolina Zone.  These regional implications will be explored 

further in the conclusions chapter.

Summary

The thesis area has been subjected to one recognizable deformational event, Dm.  

Folding (Fm) and faulting that produced both regional folds in the Carolina terrane and related 

minor folds within the Gold Hill fault system are attributed to Dm.  The Sm axial planar 

cleavage and composite foliation, as well as the associated lineations (Lsv and Lsh) and shear 

fabrics are also attributed to the Dm event.  The formation of brittle faults and joints had no 

significant effect on preexisting features and constitutes the last known deformational activity 

in the study area.

The findings of this investigation are significantly different from the accounts of 

previous workers that suggest a Devonian dextral strike-slip origin for the Gold Hill fault 

zone (e.g. Gibson and Huntsman, 1988).  The timing of the Dm event is constrained by the 

ages of units affected and the correlation with other regional structures.  As a result, 

deformation associated with the Gold Hill fault is interpreted to have occurred during or after 

the Late Ordovician.  The kinematic data collected in this investigation suggest formation of 

the Gold Hill fault zone resulted from sinistral transpression, involving both a component of 

reverse motion and sinistral strike-slip motion.   
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METAMORPHISM

Purpose

This chapter examines the distribution of metamorphic mineral assemblages and 

deformation mechanisms in order to estimate the relative intensity, number, and chronology 

of metamorphic events that have affected the thesis area.  Understanding the nature of 

metamorphic events plays a critical role in the interpretation of deformational phases 

presented in the structural geology chapter.  A total of 65 thin sections from  the major 

lithologic units in the study area was examined.  Anorthite content in plagioclase grains was 

determined using the Michel-Levy method (Tobi and Kroll, 1975).

There are few existing metamorphic studies along the Gold Hill zone.  Tobish and 

Glover (1971) refer to the Gold Hill fault zone as a zone of narrow metamorphic gradient.  

Previous regional geologic maps depict rocks outcropping between the Gold Hill and Silver 

Hill faults as low grade recrystallized rocks that separate greenschist facies rocks of the 

Carolina slate belt from amphibolite facies rocks of the Charlotte belt (e.g. Goldsmith et. al, 

1988).

Prograde Mineral Assemblages and Textures

The typical prograde mineral assemblages for some of the rock units in the study area 

are as follows (refer to list of mineral abbreviations on page vii):

Albemarle Group

Floyd Church Formation 

sedimentary rocks - alb + qtz + chl + ep + w.mica  + ilm + leu 

Unseparated Albemarle Group

sedimentary rocks - qtz + alb + chl + w. mica + ilm + leu
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phyllite - chl + qtz + w.mica + alb + ep + mgn + leu 

gabbro - act + ep + plag (An3-An8) + chl + bt + ttn + mgn 

Western Belt

unseparated volcanic rocks - chl + qtz + plag (An4-An15) + w.mica + ep + act + cal 

+ mgn + leu  

felsic volcanic rocks - qtz + alb + w.mica + chl + ep + ilm + leu

Cotton Grove granodiorite - qtz + plag (An6-An12) + w.mica + chl + bt + cal + ttn

The Gold Hill fault marks a dramatic change in the degree to which metamorphic 

mineral growth and recrystallization has altered primary features in the adjacent rock units.  

Footwall rocks of the Albemarle Group are mildly deformed and appear essentially 

unaffected by metamorphic mineralization at many outcrops.  Thin section analysis reveals 

that these rocks retain most of their primary sedimentary and volcanic textures, with 

metamorphic mineral assemblages being only discernible from the scattered occurrence of  

small isolated metamorphic minerals along cleavage seams.  

Although unseparated Albemarle Group rocks are more intensely folded, most 

samples are rarely recrystallized with primary textures that are only weakly altered by 

metamorphism.  However, phyllosilicate-rich phyllitic rocks that occur locally in the hinges 

of Fm and in the two subsidiary faults display lepidioblastic textures.  One sample of 

phyllite contains polycrystalline quartz ribbons with polygonal textures.

The most highly recrystallized rocks in the field area are the western belt volcanic 

rocks in the hanging wall of the Gold Hill fault.  These rocks are predominantly phyllitic and 

have lepidioblastic textures.  However, many samples display strained and partly 

recrystallized quartz and feldspar porphyroclasts with mantles that have polygonal textures.  
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Relict plagioclase porphyroclasts in the more coarse-grained volcaniclastic rocks and the 

Cotton Grove granodiorite have poikiloblastic textures with inclusions of quartz and epidote.

Conditions of Metamorphism

Mineral assemblages, plagioclase compositions, and the products of deformation 

mechanisms were examined in order to estimate the metamorphic conditions experienced by 

the rock units in the thesis area. 

The only thin sections of Albemarle Group rocks examined were samples of the most 

abundant unit, the Floyd Church Formation.  These mildly deformed argillites rarely 

contained metamorphic minerals; however, scattered grains observed along cleavage surfaces 

exhibit chlorite + quartz + w.mica + albite assemblages which are typical of the lower 

greenschist facies in pelitic rocks, specifically the chlorite zone in the Barrovian zonal 

scheme.  Pressure solution is the only deformation mechanism evident in these rocks, a 

process most closely associated with the lower greenschist facies (T< 300°C) (Passchier and 

Trouw, 1996).

Argillaceous sedimentary rocks are the dominant rock type in the unseparated 

Albemarle Group.  Although more intensely folded, most of these pelitic to semi-pelitic rocks 

display the same mineral assemblages and deformation mechanisms as the Floyd Church 

Formation rocks in the Albemarle Group, thus suggesting lower greenschist facies 

metamorphism.  The argillites are locally recrystallized to phyllite with the same assemblage 

as the surrounding rocks; however, quartz grains in the phyllites exhibit ‘sweeping’ undulose 

extinction.  Intracrystalline deformation features such as undulose extinction in quartz are 

indicative of  lower to middle greenschist facies conditions at temperatures of 300 to 400°C 

(Passchier and Trouw, 1996).  Metabasic rocks that occur in the unseparated Albemarle 
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Group, such as the gabbros, display actinolite + epidote + albite (An3-An8) + biotite 

assemblages (Figure 31), which are typical of lower to middle greenschist facies conditions.  

The volcanic rocks of the western belt display the highest degree of metamorphic 

mineral growth in the field area.  The mafic volcanic rocks that occur within the unit have a 

chlorite + plagioclase + epidote + actinolite + quartz + calcite assemblage.  However, 

actinolite is either absent or too fine-grained to identify in some of the more intermediate 

members.  The Cotton Grove granodiorite and the felsic volcanic units have assemblages that 

are likely similar in metamorphic grade to the surrounding metabasic rocks, but were not used 

to estimate metamorphic grade because of their granodiorite and dacite compositions, 

respectively.  Most plagioclase grains had anorthite contents of approximately An4 (albite); 

however, a few grains were as high as An15.  Although oligoclase is typically associated with 

the amphibolite facies and albite with the greenschist facies, it is not uncommon for both 

albite and oligoclase to coexist in the same rock due to the peristerite gap in plagioclase 

compositions at the transition between the greenschist to epidote-amphibolite facies (Spear, 

1993).  However, the higher An grains could likely be misidentified albite and microprobe 

analysis would be the only reliable method to unequivocally prove the presence of oligoclase 

in these low grade rocks.  Thus, based on mineral assemblages and plagioclase compositions, 

the western belt appears to have experienced lower to middle greenschist facies conditions.

One explanation for the absence of actinolite in some of the intermediate units is bulk 

composition.  The formation of actinolite may require higher temperatures in rocks with Mg-

rich bulk compositions, whereas rocks with less Mg and more Fe, such as the mafic rocks, 

require lower temperatures (Spear, 1995).  Another possible explanation is the high 

percentages of epidote, as well as the presence of calcite these rocks.  Epidote and calcite  
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Figure 31: Metamorphic mineral assemblage in gabbro (actinolite, epidote, albite, 

chlorite, and biotite).  Field of view approximately 2 mm.  Sample location is along

Abbotts Creek near the Gold Hill fault in the west-central portion of the study area.

81



growth may have exhausted the available Ca early in metamorphic mineralization, thus 

inhibiting the growth of calcic amphibole.

The products of deformation mechanisms in western belt rocks are noticeably 

different than those in rocks southeast of the Gold Hill fault.  Quartz grains in western belt 

rocks show ’sweeping’ undulose extinction and evidence for dynamic recrystallization by 

subgrain rotation and grain boundary migration recrystallization.  In the coarser-grained rocks, 

such as the crystal-rich felsic volcaniclastic rocks and the Cotton Grove granodiorite, some 

relict quartz grains are partially flattened and show deformation lamellae, subgrains, and are 

surrounded by mantles of smaller dynamically recystallized grains (Figure 32).  In most 

samples, plagioclase grains are brittlely deformed, some by ‘bookshelf‘ microfractures; 

however, certain grains contain tapered deformation twins and obscurely developed core and 

mantle structures.  Subgrains were not observed in plagioclase.  ‘Flame’ perthite (Figure 33) 

and strain induced myrmekite was was observed along the margins of K-spar porphyroclasts 

in one sample of felsic volcaniclastic rock from the extreme northwestern portion of the field 

area.

Based on the deformation mechanisms observed in quartz, the metamorphic 

conditions experienced by rocks in the hanging wall of the Gold Hill fault are estimated at 400 

to 700°C (Passchier and Trouw, 1996).  Studies suggest the formation of strain induced 

myrmekite is associated with medium grade conditions (T < 540°C) (Simpson and Wintsch, 

1989; Yardley, 1999).  The deformation mechanisms observed in plagioclase further constrain 

metamorphic conditions to temperatures below 500°C (Paschier and Trouw, 1996).  These 

features are consistent with deformation at upper greenschist facies conditions.
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Figure 32: Subgrains in strongly flattened and segmented quartz grain in 

a the Cotton Grove granodiorite.  Field of view is approximately 2 mm.  
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Figure 33: ‘Flame’ perthite in K-feldspar in a felsic volcaniclastic rock from the 

western belt.  Field of view is approximately 2 mm.  Sample location is along Abbotts

Creek just south of NC Hwy. 47 in northwestern portion of the study area.
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Mineral assemblages, along with the observed products of deformation mechanisms in 

rocks of the study area suggest there is an increase in metamorphic grade across the Gold Hill 

fault from lower to middle greenschist facies conditions on the southeastern side to conditions 

near the upper greenschist facies on the northwestern side.  Rough estimates of peak 

metamorphic temperatures in the footwall and hanging wall of the Gold Hill fault are 

approximately 350°C and 500°C, respectively.  Peak metamorphic pressures range from 

approximately 1 to 7.5 kbars at 350°C in the footwall and 1 to 9 kbars at 500°C in the 

hanging wall (Spear, 1996).  If an intermediate P-T path is assumed, peak pressures are 

estimated at 3 and 6 kbars which correspond to roughly 9 and 18 km depth within the crust 

(assuming a pressure gradient of approximately 1 kbar/3 km).

Relationship Between Deformation and Metamorphism

Analysis of the relationships between structures and metamorphic minerals suggests 

that the study area has undergone a progressive deformational event that occurred under 

similar metamorphic conditions.  The minerals chlorite, epidote, w.mica, quartz , and 

plagioclase define deformational fabrics associated with Dm structures.  These minerals 

appear to be in mutual equilibrium in virtually all samples and are interpreted to have formed 

contemporaneously with deformational fabrics. 

Mineral assemblages and deformation mechanisms indicate an increase in metamorphic 

grade across the field area that coincides with the Gold Hill fault.  The change in metamorphic 

grade supports the interpretation that the upper greenschist facies rocks of the western belt 

form the hanging wall and the lower to middle greenschist facies rocks of the Albemarle 

Group and unseparated Albemarle Group form the footwall of the Gold Hill fault zone.  

Higher grade rocks are expected to occur in the hanging wall of a fault zone that has 
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experienced a component of reverse motion.

Timing of Metamorphism

The timing of metamorphism is constrained by the correlation of the age of 

deformation with metamorphic mineral growth.  The Dm event is constrained by the age of 

the foliated Cotton Grove granodiorite and the correlation and age of regional folds in the 

Carolina terrane with F1 structures related to the Gold Hill fault (see structure chapter).  

Thus, based on the relative age  of deformation, metamorphism is interpreted to have 

occurred during or after the Late Ordovician.

Summary

Metamorphic mineral growth in the rocks of the study area is interpreted to have 

occurred synchronously with the Dm progressive deformational event.  The footwall rocks of 

the Gold Hill fault experienced lower to middle greenschist facies metamorphism and 

crustally deeper rocks exposed in the hanging wall were metamorphosed at conditions near 

the upper greenschist facies.
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SUMMARY AND CONCLUSIONS

 

The purpose of this chapter is to reconstruct the structural evolution of the Gold Hill 

fault zone in the Silver Valley area and surrounding areas in light of interpretations that stem 

from new lithologic, structural, and metamorphic data collected in this study.  No evidence 

for the Devonian dextral fabrics described by previous workers was found; thus, the findings 

of this investigation reveal an entirely new perception of the deformational history of the 

Gold Hill fault zone.  The following account will describe features associated with the fault 

zone from oldest to youngest; in addition, some of the major conclusions of this study will be 

outlined in the context of their regional significance with respect to the tectonic history of the 

southern Appalachians.

Structural Evolution of the Gold Hill Fault System

The rock units and structures of the study area record a significant tectonothermal 

event that likely initiated in the Late Ordovician and continued for an unknown time during 

the Paleozoic.  This event is termed the Dm progressive deformational event and is associated 

with lower to upper greenschist facies metamorphism.  The Dm event comprises a 

progressive episode of folding, faulting, and metamorphism that affected both Albemarle 

Group rocks in the footwall and western belt rocks in the hanging wall of the Gold Hill fault.  

Dm is responsible for most of the major structures and fabrics that affect the rocks of 

the study area (Fm, Sm, Lsv, Lsh).  Fm structures include the Silver Valley syncline in the 

Albemarle Group and minor outcrop-scale folds in the unseparated Albemarle Group.  Sm 

forms a disjunctive pressure solution cleavage at most outcrops in the Albemarle Group and 
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unseparated Albemarle Group.  In the western belt, Sm is a continuous composite S-C 

foliation and it is recognized that the S-foliation could be a significantly older fabric, possibly 

related to cleavage east of the Gold Hill fault.  The present state of Sm in the western belt is 

believed to be kinematically related to Sm in rocks associated with the Albemarle Group but 

it is uncertain if the formation of fabrics west of the Gold Hill fault is pre-, syn-, or post-

kinematic with respect to fabrics east of the fault.  Lsv and Lsh are interpreted as stretching 

lineations and are observed primarily in rocks of the western belt; however, Lsv also occurs in 

subsidiary faults in the unseparated Albemarle Group.  Other deformational features 

associated with Dm include boudins and asymmetric porphyroclasts. 

The orientations of Lsv and Lsh are not viewed as the direction of tectonic transport 

associated with the Dm event.  Kinematic indicators including S-C fabrics and winged 

porphyroclasts, along with the orientations of Fm structures, suggest northwest over 

southeast sinistral transpressive thrusting of the western sequence over the Albemarle Group 

and unseparated Albemarle Group along the Gold Hill fault.  Thus, the direction of tectonic 

transport of the hanging wall is interpreted to be southeasterly.  The interpretation of a 

reverse component of this movement is supported by the presence of lower to middle 

greenschist facies assemblages in the footwall and approximately upper greenschist facies 

assemblages in the hanging wall.

Implications for Transpression

The interpretations of this study are significantly different than those of previous 

workers that call for a Devonian dextral strike-slip history for the Gold Hill fault zone (e.g.  

Schroeder and Nance, 1987; Gibson and Huntsman 1988, Boland, 1996).  The results of this 
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study found no evidence for the dextral fabrics described by previous workers.  Furthermore, 

this investigation has documented several lines of evidence that support a sinistral 

transpressive model for the formation of the Gold Hill fault zone. (1) The coexistence of two 

orthogonal stretching lineations with sub-vertical and sub-horizontal orientations are 

diagnostic of transpression.  (2) The asymmetry of fabrics suggest the sense of shear along 

the Gold Hill system was a progressive transpressional deformation involving southeast 

directed thrusting coupled with a component of sinistral strike-slip motion.  (3) The 

orientation of folds at small clockwise oblique angles to the fault zone is characteristic of 

transpressional zones.  (4) All fabrics in rocks associated with the Gold Hill fault are defined 

by essentially the same minerals, suggesting they formed under similar metamorphic 

conditions.  These observations are consistent with a model of sinistral transpression for the 

formation of the Gold Hill fault system.

Regional Implications

There are two currently competing models for the accretion of the Carolina Zone to 

Laurentia.  One model involves Devonian convergence normal to the orogen with subduction 

of Laurentia beneath the Carolina Zone (Hatcher et al., 1999; Bream et al., 2000).  The other 

model calls for Late Ordovician sinistral convergence oblique to the orogen with subduction of 

the Carolina Zone beneath Laurentia (Hibbard, 2000).  The resolution of these models is at an 

impasse because the original suture between the Carolina Zone and Laurentia has been either 

obliterated by Alleghanian deformation along the central Piedmont shear zone or buried 

beneath Paleozoic thrust sheets.  
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In this vein, this study interprets that the structure and kinematics of the Gold Hill 

fault zone may have indirectly recorded the accretion tectonics of the Carolina Zone-

Laurentian suture and support the Hibbard (2000) model of sinistral transpressive docking of 

the Carolina Zone to Laurentia.  Thus, the results of this project have major implications for 

the accretionary history of the southern Appalachians 

Conclusions

The major conclusions of this investigation are as follows:

(1) The Gold Hill fault zone is not a wide ductile shear zone as described in previous 

works.  Rather, it is a discrete fault that juxtaposes rocks associated with Albemarle Group in 

the footwall against western belt volcanic rocks in the hanging wall.

(2) The unseparated Albemarle Group rocks that reside between the Gold Hill and 

Silver Hill faults share striking similarities with the Floyd Church Formation, and appear to 

form a duplex in the footwall of the Gold Hill fault.  Furthermore, the northeast-trending 

segment of the Gold Hill fault may form a ramp in the fault zone.

(3)  Previous workers reported that Albemarle Group units overstepped the Gold Hill 

fault (e.g. Stromquist and Henderson, 1985).  However, the results of this study clearly show 

that western belt volcanic rocks in the hanging wall are distinct from Albemarle Group rocks 

in the footwall.

 (4) This study has found no evidence of the dextral fabrics described in previous 

works.  The kinematic data gathered from fold patterns and other kinematic indicators suggest 

that movement along the Gold Hill fault zone occurred during a progressive deformation that 

involved southeast directed thrusting of the western belt over the Carolina terrane coupled 

with a component of sinistral strike-slip motion.
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(5) The new kinematic and metamorphic data collected in this study, along with the 

orientations of folds and the presence of both sub-vertical and sub-horizontal stretching 

lineations, are consistent with a model of sinistral transpression for the formation of the Gold 

Hill fault zone.

(6) The results of this investigation suggest a Late Ordovician timing for the formation 

of the Gold Hill fault zone in the westernmost exposed portion of the Carolina terrane.  This 

is consistent with sinistral transpressive docking of the Carolina Zone to Laurentia at this 

time.

Future Research 

The following topics comprise questions that remain unanswered in the Silver Valley area at 

this time, and could form the basis for future studies.

(1) Correlation of Sm across the Gold Hill fault - Was the formation of Sm in the 

western belt pre-, syn-, or post-kinematic with respect to Sm in rocks associated with the 

Albemarle Group?

(2) Phyllitic zones in F1 fold noses in the unseparated Albemarle Group -  Did the 

phyllite result from slip along Sm and how does it relate to phyllites in the subsidiary faults 

of the unseparated Albemarle Group and the phyllites of the western belt?

(3) Variations in the attitude of layering in the western belt - Do local reversals in the 

dip of layering and Sm in the western belt indicate the presence of unrecognized folds or 

faults?

(4) Extent of the fault zone - How far north does the deformation associated with the 

Gold Hill fault extend?
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(5) Why does actinolite so occur so rarely in rocks of the western belt?

(6) On a larger scale, how do early sinistral/reverse structures in central North 

Carolina relate to late mylonitic dextral fabrics in South Carolina (Lawrence, 2001). 

92



REFERENCES

Ayuso, R., Seal, R., II, Foley, N., Offield, T., and Kunk, M., 1997, Genesis of gold 

deposits in the Carolina slate belt, USA: Regional constraints from trace element, Pb-

Nd isotopic variations and 40Ar/39Ar geochronology: Geological Society of America 

Abstracts with Programs, v. 29, no. 6, p. 60.

Barker, C., Secor, D., Jr., Pray, J., Wright, J., 1998, Age and deformation of the Longtown 

metagranite, South Carolina Piedmont: a possible constraint on the origin of the 

Carolina terrane: Journal of Geology, v. 106, p. 713-725.

Boland, I., 1996, The geological, geophysical, and geochemical nature of the Carolina terrane 

in north-central South Carolina: PhD. dissertation, University of South Carolina, 

Colombia, South Carolina, p. 73.

Boland, I., and Dallmeyer, R., 1997, Acadian cooling along the Gold Hill shear zone in north-

central South Carolina: Geological Society of America Abstracts with Programs, v. 29, 

no. 6, p. 162.

Black, W., 1978, Chemical characteristics and Rb/Sr ages of metavolcanics from the Carolina 

Slate belt of North Carolina: Geological Society of America Abstracts with Programs, 

v. 100, p. 162-163.

Bream, B., Hatcher, R., Jr., Miller, C., and Fullagar, P., 2000, Paragenesis, geochemistry 

and preliminary ion microprobe geochronology of detrital zircons from the southern 

Appalachian crystalline core: Geological Society of America Abstracts with Programs, 

v. 32, no. 7, p. A-31.

93



Butler, J., and Secor, D., Jr., 1991, The central Piedmont. In: Horton, J, and Zullo, V., 

eds., The Geology of the Carolinas. Knoxville, Tennessee, the University of 

Tennessee Press, p. 59-78.

Butler, J., 1984, Geologic history of the Charlotte belt at the Old Pineville Quary, 

northeastern York County, South Carolina: South Carolina Geology, v. 27, p. 13-24.

Butler, J., and Fullagar, P., 1978, Petrochemical and geochronological studies of plutonic 

rocks in the southern Appalachians: III. Lecocratic adamellites of the Charlotte belt 

near Salisbury, North Carolina: Geological Society of America Bulletin, v. 89, p.460-

466.

Carpenter, P., 1982, Geologic map of Region G, North Carolina: North Carolina Geological 

Survey, Raleigh, North Carolina. Scale 1:100,000.

Conley, J., 1962, Geology of the Albemarle quadrangle, North Carolina: North Carolina 

Department of Conservation and Development, Division of Mineral Resources 

Bulletin,  v. 75, p. 460-466.

Conley, J., and Bain, G., 1965, Geology of the Carolina slate belt west of the Deep River-

Wadesboro Triassic basin, North Carolina: Southeastern Geology, v. 6, p. 117-138.

Dennis, A., and Wright, J., 1997, The Carolina terrane in north-western South Carolina, 

USA: age of deformation and metamorphism in an exotic arc: Tectonics, v. 16, p. 460-

473.

Fullagar, P., Goldberg, S., and Butler, J., 1997, Nd and Sr isotopic characterization of 

crystalline rocks from the southern Appalachian Piedmont in the Blue Ridge, North 

and  South Carolina. In: Shina, K., Whalen, J., and Hogan, J., eds., The Nature of 

Magmatism in the Appalachian Orogen.  Geological Society of America Memoir 191, 

p. 165-179.

94



Gibson, G., and Huntsman, J., 1988, Re-examination of the Gold Hill shear zone Cabbarus 

and Stanly County area, south-central, North Carolina: Southeastern Geology, v. 29, 

p. 51-64.

Gibson, G., and Teeter, S., 1984, A stratigrapher’s view of the Carolina slate belt, south-

central North carolina: Carolina Geological Society 1984 Field Trip Guidebook, 43 p.

Gibson, G., Teeter, S., and Fedonkin, M., 1984, Ediacarian fossils from the Carolina slate 

belt, Stanly County, North Carolina: Geology, v. 12, p. 387-390.

Goldsmith, R., Milton, D., and Horton, J., Jr., 1988, Geologic map of the Charlotte 1°x 2° 

quadrangle, North Carolina and South Carolina: United States Geological Survey Map.

Hanmer, S., and Passchier, C., 1991, Shear sense indicators: a review: Geological Survey of 

Canada Special Paper, v. 90, p. 1-71.

Hatcher, R., Jr., 2002, An Inner Piedmont primer.  In: Hatcher, R., Jr., and Bream, B., eds., 

Inner Piedmont geology in the South Mountains-Blue Ridge Foothills and the 

southwestern Brushy Mountains, central-western North Carolina., Carolina 

Geological Society 2002 Field Trip Guidebook, v. I-1251-E, p. 12-13.

Hatcher, R., Jr., Bream, B., Hill, J., Giorgis, S., and Williams, S., 1999, Transect 

through the Acadian orogen in the Carolinas and northeast Georgia: Geological Society 

of America Abstracts with Programs, v. 32, no. 3, p. 19.

Hatcher, R., Jr., and Zietz, I., 1980, Tectonic implications of regional aeromagnetic and 

gravity data from the southern Appalachians.  In:  Wones, D., ed., Proceedings, The 

Caldonides in the USA.,  Blacksburg, Virginia, Virginia Polytechnic Institute Memoir 

2, p. 83-90.

95



Hibbard, J., Standard, I., Miller, B., Hames, W., and Lavallee, S., 2003, Regional significance 

of the Gold Hill fault zone, Carolina zone of North Carolina:  Geological Society of 

America Abstracts with Programs, v. 35, n. 2,  24 p.

Hibbard, J., Stoddard, E., Secor, D., Jr., and Dennis, A., 2002, The Carolina Zone: Overview 

of Neoproterozoic to early Paleozoic peri-Gondwanan terranes along the eastern flank 

of the southern Appalachians: Earth Science Reviews, v. 57, n. 3/4, p. 299-339.

Hibbard, J., Stoddard, E., Secor, D., Jr., and Dennis, A., 2000, The Carolina realm: 

overview of exotic terranes along the eastern flank of the southern Appalachians: 

Geological Society of America Abstracts with Programs, v. 30, no. 1, p. 25-26. 

Hibbard, J., 2000, Docking Carolina: Mid Paleozoic accretion in the southern Appalachians: 

Geology, v. 28, p. 127-130.

Hibbard, J., Shell, G., Bradley, P., Samson, S., and Wortman, G., 1998, The Hyco shear zone 

in North Carolina and southern Virginia: Implications for the Piedmont Zone-  

Carolina Zone boundary in the southern Appalachians: American Journal of Science, 

v. 298, p. 85-107. 

Hibbard, J., and Samson, S., 1995, Orogenesis exotic to the Iapetan cycle in the southern 

Appalachians. In: Hibbard, J., van Staal, C., Cawood, P., eds., Current Perspectives in 

the Appalachian-Caledonian Orogen. Geological Association of Canada Special Paper, 

v. 41, p.191-205.

Ingle, S., 1999, Age and tectonic significance of the Uwharrie Formation and the Albemarle 

Group, Carolina slate belt, MS thesis, University of Florida, Gainsville, Florida, 96 p.

96



Ingle-Jenkins, S., Mueller, P., Heatherington, A., 1999, Evidence for Mesoproterozoic 

basement in the Carolina and other southern Appalachian terranes: Geological Society 

of America Abstracts with Programs, v. 31, n. 3, p. A-22.

Ingram, S., Oliver, J., and Hibbard, J., 1999, Preliminary revision of the Uwarrie-Albemarle 

sequence, Carolina terrane, North Carolina: Geological Society of America Abstracts 

with Programs, v. 31, n. 3, p. A-23.

Ingram, S., 1999, Geology of the northern half of the Morrow Mountain quadrangle, North 

Carolina: A revision of the Albemarle Group, MS thesis, North Carolina State 

University, Raleigh, North Carolina, 39 p.

King, P., 1955, A geologic section across the southern Appalachians: An outline of the 

geology of the segment in Tennessee, North Carolina, and South Carolina. In: Russell, 

R., ed., Guides to southeastern Geology.  New York, Geological Society of America, 

p. 332-373.

Koeppen, R., Repetski, J., Weary, D., 1995, Microfossil assemblages indicate Ordovician or 

Late Cambrian age for Tillery Formation and mudstone member of Cid Formation, 

Carolina slate belt, North Carolina: Geological Society of America Abstracts with 

Programs, v. 27, n.6, p. A397.  

Laney, F., 1910, The Gold Hill mining district of North Carolina: North Carolina Geological 

and Economic Survey Bulletin, v. 21, p. A69-A72.

Lawrence, D., 2001, Strain distribution in the Gold Hill shear zone, central South Carolina:  

Geological Society of America Abstracts with Programs, v. 32, n. 2, p. 4.

Lin, S., Jiang, D., and Williams, P., 1999, Discussion on transpression and transtension 

zones: Journal of the Geological Society of London, v. 156, p. 1045-1050.

97



Lin, S., and Williams, P., The geometrical relationship between the stretching lineation and the 

movement direction of shear zones: Journal of Structural Geology, v. 14, n., 4, p. 491-

497.

Lister, G., and Snoke, A., 1979, S-C mylonites: Journal of Structural Geology, v. 6, p. 617-

638.

Miller, B., Hibbard, J., Standard, I., Hames, W., and Lavallee, S.,  2003, U-Pb zircon and 

titanite ages from rocks associated with the Gold Hill fault zone, Carolina Zone of 

North Carolina: Relationships with other per-Gondwannan terranes: Geological 

Society of America Abstracts with Programs, v. 35, n. 2, 24 p.

Milton, D., 1984, Revision of the Albemarle Group, North Carolina: United States 

Geological Survey Bulletin, v. 1537-A, p. A69-A72.

Moye, R., Jr., and Stoddard, E., 1987, The Albemarle basin: a wrench fault pull-apart in the 

slate belt of North Carolina: Geological Society of America Abstracts with Programs, 

v. 19, p. 119-120.

Mueller, P., Kozuch, M., Heatherington, A., Wooden, J., Offield, T., Koeppen, R., Klein, T., 

Nutman, A., 1996, Evidence for Mesoproterozoic basement in the Carolina terrane 

and speculation on its origins. In: Nance, D., Thompson, M., eds., Avalonain and 

Related Peri-Gondwanan Terranes of the Circum-North Atlantic. Geological Society 

of America Special Paper, v. 204, p. 207-217.

Nance, D., and Murphy, B., 1996, Basement isotopic signatures and Neoproterozoic 

paleogeography of Avalonian-Cadomian and related terranes in the circum-North 

Atlantic. In: Nance, D., Thompson M., eds., Avalonian and Related Peri-Gondwanan 

Terranes of the Circum-North Atlantic.  Geological Society of America Special Paper, 

v. 304, p. 333-346.

98



Noel, J., Spariosu, D., and Dallmeyer, R., 1988, Paleomagmatism and 40Ar/39Ar ages from 

the Carolina slate belt, Albemarle, North Carolina: Implications for terrane 

amalgamation with North America: Geology, v.16, p. 64-68

Offield, T., Kunk, M., and Koeppen, R., 1995, Style and age of deformation, Carolina slate 

belt, central North Carolina: Southeastern Geology, v. 35, p. 59-77.

Passchier, C., and Trouw, R., 1996, Microtectonics, second edition, Springer-Verlag, 

Hidelburg, Germany, p. 1-253.

Platt, J., and Vissers, R., 1980, Extensional structures in anisotropic rocks, Journal of 

Structural Geology, v. 2, p. 397-410.

Ragland, P., 1991, Mesozoic igneous rocks, in Horton, J., and Zullo, J., eds., Geology of the 

Carolinas, Carolina Geological Society 50th Anniversary volume, p. 171-190.

Ramsay, J., 1967, Folding and fracturing of rocks: International Series in the Earth and 

Planetary Sciences, McGraw-Hill, Inc., 552 p.

Samson, S., Palmer, A., Robinson, R., Secor, D., 1990, Biogeographical significance of 

Cambrian trilobites from the Carolina slate belt: Geological Society of America 

Bulletin, v. 102, p. 1459-1470.

Sanderson, D., and Marchini, W., 1984, Transpression: Journal of Structural Geology, v. 6, n. 

5, p. 449-458.

Schroeder, K., 1987, Structure and stratigraphy related to gold mineralization at the Howie 

Mine, south-central, North Carolina: M.S. thesis, Ohio University, Athens, Ohio, 

209 p.

Schroeder, K., and Nance, R., 1987, Mylonite-hosted gold mineralization at the Howie Mine, 

Union County, North Carolina: Geological Society of America Abstracts with 

Programs, v. 19, 128 p.

99



Schroeder, K., Allen, C., and Nance, R., 1988, Structural controls of a shear zone hosted gold 

deposit in the Carolina slate belt.  In:  Kisvarsanyi, G. and Grant, S., eds., North 

American Conference on Tectonic Control of Ore Deposits and the Vertical and 

Horizontal Extent of Ore Systems.  Proceedings Volume, University of Missouri-

Rolla, p. 482-490.

Secor, D., Jr., Snoke, A., Bramlett, K., Costello, O., Kimbrell, O., 1986, Character of the 

Alleghanian orogeny in the southern Appalachians: Part I. Alleghanian deformation in 

the eastern Piedmont of  South Carolina: Geological Society of America Bulletin, v. 

97, p. 1319-1328.

Secor, D., Jr., Samson, S., Snoke, A., and Palmer, A., 1983, Confirmation of the Carolina slate 

belt as an exotic terrane: Science, v. 221, p. 649-651.

Simpson, C., 1986, Determination of movement sense in mylonites: Journal of Geological 

Education 34, p. 246-261.

Simpson, C., and Wintsch, R., 1989, Evidence for deformation-induced K-feldspar 

replacment by myrmekite: Journal of Metamorphic Geology, v. 7. p. 261-275.

Spear, F., 1995, Metamorphic Phase Equilibria and Pressure-Temperature-Time Paths, 

Mineralogical Society of America, 303 p.

Standard, I., and Trupe, C., Structural relationships and sense of shear in the Burnsville Fault, 

Mars Hill Quadrangle, western North Carolina: Geological Society of America 

Abstracts with Programs, v. 32, n. 2, p. 75.

Standard, I., Hibbard, J., Miller, B., Hames, W., and Lavallee, S., Kinematics and timing of the 

Gold Hill shear zone, south-central North Carolina: Implications for sinistral 

transpression in the southern Appalachians: Geological Society of America Abstracts 

with Programs, v. 34. n. 6, p. 439.

100



Stromquist, A., and Sundelius, H., 1969, Stratigraphy of the Albemarle Group of the 

Carolina slate belt in central North Carolina: United States Geological Survey Bulletin, 

v. 1274-B, p. 1-22.

Stromquist, A., Choquette, P., and Sundelius, H., 1971, Geologic map of the Denton 

quadrangle, central North Carolina: United States Geological Survey Map I-1082.

Stromquist, A., and Sundelius, H., 1975, Interpretave geologic map of the bedrock, showing 

radioactivity, and aeromagnetic map of the Salisbury, Southmont, Rockwell, and Gold 

Hill quadrangles, Rowan and Davidson Counties, North Carolina: United States 

Geological Survey Map I-888.

Stromquist, A., and Henderson, J., 1985, Geologic and geophysical maps of south-central 

North Carolina: United States Geological Survey Miscellaneous Investigations Series 

Map I-1400.

Sundelius, H., and Stromquist, A., 1978, Interpretive geologic map of the bedrock, Mount 

Pleasant quadrangle, Cabarrus and Stanly Counties, North Carolina, United States 

Geological Survey Miscellaneous Investigations Series Map I-1082. 

Sutter, J., Milton, D., and Kunk, M., 1983, 40Ar/39Ar age spectrum dating of gabbro 

plutons and surrounding rocks in the Charlotte belt of North Carolina: Geological 

Society of America Abstracts with Programs, v. 15, 110 p.

Tikoff, B., and Teyssier, C., 1994, Strain modeling of displacment field partitioning in 

transpressional orogens: Journal od Structural Geology, v. 16, n. 11, p. 1575-1588.

Tikoff, B., and Greene, D., 1997, Stretching lineations in transpressional shear zones: an 

example from the Sierra Nevada batholith, California: Journal of Structural Geology, v. 

10, n. 1, p. 29-39.

101



Tobi, A., and Kroll, H., 1975, Optical determination of the An-content of plagioclases 

twinned by the Carlsbad law: A revised chart: American Journal of Science, v. 275, 

p. 731-736.

Tobisch, O., and Glover, L., III, 1971, Nappe formation in part of the southern Appalachian 

Piedmont: Geological Society of America Bulletin, v. 82, p. 2209-2230.

Twiss, R. and Moores, E., 1992, Structural Geology: USA, W.H. Freeman and Company, 

p. 264-268.

Vick, H., Channell, J., and Opdyke, N., 1987, Ordovician docking of the Carolina slate belt: 

paleomagnetic data: Tectonics, v. 6, p. 573-583.

West, T., 1998, Structural analysis of the Carolina-Inner Piedmont terrane boundary: 

Implications for the age and kinematics of the Central Piedmont suture, a terrane 

boundary that records Paleozoic Laurentia-Gondwana interactions: Tectonics, v. 17, 

p. 379-394.

Williams, H., and Hatcher, R., Jr., 1982, Suspect terranes and accretionary history of the 

Appalachian orogen: Geology, v. 10, p. 530-536.

Williams, H., and Hatcher, R., Jr., 1983, Appalachian suspect terranes. In: Hatcher, R., Jr., 

Williams, H., and Zietz, I., eds., Contributions to the Tectonics and Geophysics of 

Mountain Chains, Geological Society of America Memoir 158, p. 33-54.

Wortman, G., Samson, S., and Hibbard, J., 1998, Precise U-Pb timing constraints on the 

kinematic development of the Hyco shear zone, southern Appalachians: American 

Journal of Science, v. 298, p. 108-130.

Yardley, B., 1999, An Introduction to Metamorphic Petrology: New York, John Wiley and 

Sons, Inc., 238 p.

102


