
ABSTRACT

KUREK, JILLIAN MARIE. Geology of the Area Between Asheboro and Randleman, North 

Carolina: Implications for the Stratigraphy of the Albemarle Sequence. (Under the direction 

of Dr. James P. Hibbard).

 The Albemarle sequence is a major defining component of the Carolina terrane, the 

largest terrane and heart of Carolinia, a southern Appalachian crustal block of peri-

Gondwanan origin. The sequence has been important for comparing the tectonic history of 

Carolinia with other peri-Gondwanan blocks in the Appalachian orogen. However, a recent 

report of Paleozoic fossils occurring in two units of the sequence that are traditionally 

considered Late Neoproterozoic in age has brought the currently accepted stratigraphic and 

structural interpretation for the Albemarle sequence into question. 

 This study focuses on clarifying the stratigraphy of the lower Albemarle sequence in 

the vicinity of the Martin-Marietta Asheboro quarry, one of the reported Paleozoic fossil 

locales. Three hypotheses were tested in light of the Paleozoic fossil data: 1) the data 

represent the age of the Tillery Formation and an alternate stratigraphy must be implemented; 

2) the data are correct but represent the age of rocks only in the immediate vicinity of the 

fossil locale, such as a Paleozoic outlier basin; or 3) the data are incorrect, and the 

traditionally accepted stratigraphy is valid. Detailed field mapping, petrologic and structural 

investigations were completed in the Albemarle sequence in the vicinity of the Asheboro 

quarry, in order to test these hypotheses. 

 Field observations reveal that stratigraphic and structural discontinuities were not 



evident in the study area, indicating the existence of a Paleozoic outlier basin is unlikely. The 

proposed alternative stratigraphic interpretation for the Albemarle sequence suggests the 

nature of the contact between the Tillery and underlying Uwharrie formations is a significant 

thrust fault, but this study identified the contact to be gradational and conformable, based on 

field investigations that reveal the absence of a strain gradient, absence of shear indicators, 

and interfingering map patterns.  Therefore, the rocks at the Asheboro quarry and 

surrounding areas are Late Neoproterozoic in age, and revision of the stratigraphy of the 

Albemarle sequence is unwarranted.
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INTRODUCTION

Purpose of Research

 The eastern flank of the southern Appalachians encompasses the peri-Gondwanan 

crustal block of Carolinia, an aggregation of several exotic terranes (Hibbard et. al., 2002). 

The Carolina terrane, the heart of Carolinia, is largely defined by the Albemarle sequence, 

comprised of the Albemarle Group and underlying Uwharrie Formation.  The traditionally 

accepted stratigraphy of the Albemarle sequence has been questioned because of a 

controversial report (Koeppen et. al., 1995) claiming the existence of Paleozoic fossils in the 

lower Albemarle Group, conventionally thought to be Late Neoproterozoic in age (e.g. 

Milton, 1984; Butler and Secor, 1991). According to the report, Paleozoic fossils were found 

at two locales in the lower Albemarle Group: 1) in thin carbonate beds sparsely distributed in 

the Tillery Formation at the Martin-Marietta aggregate quarry near Asheboro, North 

Carolina, and 2) in sparsely distributed metacarbonate beds in the mudstone member of the 

Cid Formation at Jacob’s Creek quarry near Denton, North Carolina (Koeppen et. al., 1995). 

However, the report is published only in abstract, and the purported Paleozoic fossil data 

have not been replicated. 

  If the reported fossil findings are valid, the Tillery Formation is no older than Early 

Middle Ordovician and the Cid Formation is no older than Late Cambrian, thus demanding a 

complete overhaul of the currently accepted stratigraphic interpretation proposed by Milton 

(1984) (Figure 1.1a)(Offield, 2000). In light of these fossil data, Offield (2000) interpreted 
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the Tillery Formation and Cid Formation as forming the upper Albemarle sequence (Figure 

1.1b). In order to reconcile the geologic map pattern with his reinterpreted stratigraphy, 

Offield (2000) introduced thrust faults at the Uwharrie Formation-Tillery Formation contact, 

and the Cid Formation-Flat Swamp member contact (Figure 1.1, 1.2). This study focuses on 

one of the two locales where Paleozoic fossils were reportedly found, in the lower portion of 

the Tillery Formation at the Martin-Marietta aggregate quarry in Asheboro, North Carolina. 

The other locale at Jacob’s Creek quarry near Denton, North Carolina, has been investigated 

by several workers and has recently been confirmed to be Late Neoproterozoic in age 

(Hibbard et. al., 2009). 

 In order to clarify the stratigraphy and structure of the Albemarle sequence near 

Asheboro and Randleman, North Carolina, the three following hypotheses are to be tested 

herein:

1. The purported Paleozoic fossil data represent the age of the Tillery 

Formation, and an alternate interpretation of the stratigraphy and structure 

must be implemented (e.g. Offield, 2000);

2. The purported Paleozoic fossil data represent the age of the rocks only in the 

vicinity of the fossil locale, such as a limited outlier basin atop the Tillery 

Formation;

2



3. The purported Paleozoic fossil data are incorrect, and the currently accepted 

interpretation for the Albemarle sequence is valid (e.g. Milton, 1984).

Clarifying the stratigraphy and structure of Albemarle sequence will ultimately contribute to 

the growing database of information for Carolinia, and may be used for comparison to other 

peri-Gondwanan units throughout the Appalachians and elsewhere around the globe.
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Figure 1.1. Stratigraphic modification of the Albemarle sequence based on reported 

fossil data. (a) Traditional stratigraphic interpretation of the Albemarle sequence by 

Milton (1984). (b) Revised stratigraphy of the Albemarle sequence based on the 

reported Paleozoic fossil data suggested by Offield (2000). Red arrows represent 

thrust faults proposed by Offield (2000) and are necessary in order to reconcile the 

map pattern with the stratigraphy shown in (b).  Based on the deformation style of the 

region, thrust faults would be out-of-sequence thrust faults, which thrust younger 

rocks over older rocks. Modified from Hibbard et. al. (2009). 
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Figure 1.2. Generalized geologic map of the Carolina terrane. Regional folds shown are the 

NLS: New London syncline, and TA: Troy anticlinorium. Fossil locales refer to where the 

reported Paleozoic fossils were found (Koeppen et. al., 1995). The northern fossil locale, and 

focus of this study, is the Martin-Marietta quarry near Asheboro, NC; the southern fossil 

locale is Jacob’s Creek quarry near Denton, NC. Modified from Hibbard (2000).
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Regional Setting

 The crustal block of Carolinia forms the southernmost exposed lithotectonic unit of 

peri-Gondwanan affinity in the Appalachians (Hibbard, 2000). A lithotectonic unit is a 

sequence of rocks that were deposited or crystallized in the same tectonic setting over a 

specific duration of time (Hibbard et. al., 2006). Lithotectonic units of peri-Gondwanan 

origin trend linearly along the southeast flank of the Appalachian orogen and continue into 

Europe, consisting of rocks that are generally Neoproterozoic to early Paleozoic in age. The 

exposed peri-Gondwanan units in the Appalachian orogen include Ganderia, Avalonia, 

Meguma, and Carolinia (Figure 1.3).  Carolinia is one of the largest exposures of accreted 

rocks in the southern Appalachians. Improving our understanding of Carolinia is important 

for comparison with other Appalachian peri-Gondwanan crustal blocks, in order to 

understand their geologic and tectonic histories (Hibbard et. al., 2007).  

 Carolinia is a composite of exotic magmatic arcs that likely amalgamated prior to 

their accretion to Laurentia (Hibbard et. al., 2002). These fault-bounded terranes have 

differing geologic histories and can be divided on the basis of tectonothermal history 

(Hibbard et. al., 2002). Infrastructural terranes have experienced middle or lower crustal 

conditions and are usually of higher metamorphic grade and structural complexity; 

suprastructural terranes have experienced middle to upper crustal conditions and are usually 

of lower metamorphic grade and structural complexity. The largest terrane and heart of 

Carolinia is the suprastructural Carolina terrane, in which the rocks and have undergone only 
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greenschist-facies metamorphism and consequently preserve most primary structures 

(Hibbard, 2000) (Figure 1.4). The Carolina terrane is comprised of three rock sequences, the 

Virgilina, the Albemarle-South Carolina, and the Cary sequences. Nd-isotope data indicate 

that the lower portion of the Carolina terrane was built on juvenile crust of the Virgilina 

sequence indicating an oceanic setting, whereas data from the younger Albemarle sequence 

indicate some involvement of evolved continental crust during Late Ediacaran to Early 

Paleozoic magmatism (Hibbard et. al., 2002, Ingle et. al., 2003). Additionally, various 

geochemical studies throughout the Carolina terrane indicate most igneous rocks are the 

product of suprasubduction zone magmatism (e.g. Hibbard et. al., 2002).
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Figure 1.3.  Generalized map of peri-Gondwanan lithotectonic units in the Appalachian 

orogen. Suwanee lies in subsurface just south of the orogen. Modified from Hibbard et. al. 

(2002).
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Figure 1.4. Generalized geologic map of Carolinia, indicating infrastructural and 

suprastructural terranes. The black box outlines the generalized map of the Albemarle 

sequence shown in Figure 1.2. Modified from Hibbard et. al. (2002).
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 This study focuses on the lower portion of the Albemarle sequence in the vicinity of 

the reported Paleozoic fossil locale near Asheboro, North Carolina.  The entire Albemarle 

sequence has been affected by Late Ordovician-Silurian deformation producing regional-

scale folds, such as the New London syncline and Troy anticlinorium mapped by the USGS 

(Seiders, 1981)(Figure 1.2), and structures in the study area reflect the regional style of 

deformation interpreted to be a result of Carolinia docking to Laurentia. Several models exist 

for the docking of Carolinia, the most recent model suggesting sinistral convergent accretion 

during the Late Ordovician to Early Silurian, based on cooling ages in a regional contact, a 

basal Silurian tectonic unconformity, and regional magmatism and uplift (Hibbard, 2000). 

Carolinia’s western boundary, the central Piedmont shear zone, is a relatively young fault 

within the southern Appalachian orogen interpreted to have buried the original suture of 

Carolinia to Laurentia, and this interpretation is supported by evidence showing the earliest 

tectonism on the fault having occurred during the Alleghanian orogeny (Wortman et. al., 

1998; Hibbard, 2000).  Furthermore, the COCORP seismic profile extends across the 

southern Appalachians is consistent with a structurally buried suture (Cook & Vasudevan, 

2006).

 

10



Previous Work

 Until Paleozoic fossil data were reported (e.g. Koeppen et. al., 1995) and generated 

controversy surrounding the stratigraphy of the Albemarle sequence, previous work 

regarding the sequence had mostly been executed at a broad scale.  Compilation of the 

geology of the Carolina terrane, referred to as the Carolina slate belt in much of the past 

literature, was first undertaken by Bain (1964) where the Uwharrie Formation and overlying 

Tillery Formation of the modern Albemarle sequence first appeared on a map. The Uwharrie 

and Tillery formations were formally named and described by Conley and Bain (1965), who 

recognized the contact between the two formations to be conformable and gradational. 

Stromquist and Sundelius (1969) refined the stratigraphy of the Albemarle Group in central 

North Carolina by modifying the nomenclature and division of units overlying the Tillery 

Formation, maintaining the Uwharrie Formation to be conformably overlain by the Tillery 

Formation of the Albemarle Group.  Seiders and Wright (1977) describe the contact to be 

gradational and interfingering, and is later revealed by the map pattern on the geologic map 

produced by Seiders (1981) of the USGS. Seiders (1981) mapped the Asheboro and adjacent 

areas at the 1:62,500 scale, and his map continues to be the most current published bedrock 

map of the region. Gibson and Teeter (1984) identified the Uwharrie-Tillery contact to be 

sharp near the town of Uwharrie (Figure 1.5), and describe the uppermost several tens of 

meters of Uwharrie Formation rocks gradually exhibit depositional characteristics similar to 

those in Tillery Formation, indicating diminishing local volcanic activity. Gibson and Teeter 
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(1984) also suggested that most of the Albemarle sequence was Late Precambrian in age 

based on the Ediacaran fossil Pteridinium from the Floyd Church Formation near the top of 

the sequence. The stratigraphy of the Albemarle sequence was then revised by Milton (1984), 

which has been the traditionally accepted interpretation until the controversial Paleozoic 

fossil report (Koeppen et. al., 1995) instigated an alternate interpretation for the stratigraphy 

(Offield 2000) (Figure 1.1). 

  Koeppen et. al. (1995) reported Paleozoic fossils from two locales in the region, in 

carbonate rocks distributed throughout the Tillery Formation strata at the Asheboro quarry, 

and in metacarbonate rocks in the mudstone member of the Cid Formation at Jacob’s Creek 

quarry. The fossils reported include euconodonts, phosphatized bryozoan zooecial steinkerns, 

and a coiled gastropod steinkern. The report prompted reinterpretation for the stratigraphy of 

the Albemarle sequence; in order to reconcile the revised stratigraphy with the geologic map 

pattern, thrust faults were introduced at the Uwharrie-Tillery contact and at the Cid 

Formation-Flat Swamp member contact (Offield, 2000)(Figure 1.1, 1.2). Alternatively, the 

younger fossiliferous strata could represent Paleozoic outlier basins atop the Neoproterozoic 

units of Milton (1984). Matt Brennan (2009) undertook detailed mapping and stratigraphic 

analysis at the Jacob’s Creek quarry locale in order to determine the nature of the Cid 

Formation-Flat Swamp member contact. Discrediting Offield’s (2000) interpretation, 

Brennan (2009) determined the contact to be conformable and gradational. It should also be 

noted that the sample containing the Paleozoic fossils from Jacob’s Creek quarry reportedly 
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came from a loose block near one of the truck paths in the quarry (Hibbard, pers. comm., 

2006). Collaborators from the North Carolina Museum of Natural Science are attempting to 

replicate the USGS fossil data, thus far unsuccessfully (C. Tacker, pers. comm., 2009).
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Figure 1.5. Generalized geologic map illustrating the location of the town of Uwharrie 

relative to Albemarle and regional folds. The town of Uwharrie is located at approximately 

(N35.41°, W80.00°). Gibson and Teeter (1984) identified the Uwharrie Formation-Tillery 

Formation contact to be sharp near the town of Uwharrie. Modified after Hibbard (2000) and 

Stromquist and Henderson (1985).
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 The only detailed work in the vicinity of the Asheboro quarry focused on the style 

and age of deformation of the Carolina terrane, inferred from structures in Tillery Formation 

rocks at the Asheboro quarry (Offield et. al., 1995). Offield and others (1995) concluded that 

deformation and metamorphism of this region likely occurred at crustal depths of 6 - 8 km 

near the brittle-ductile transition zone. Offield and others (1995) reported only one generation 

of cleavage and folding in the quarry strata, indicating one deformational event occurred in 

this part of the Carolina terrane (Offield et. al., 1995; Koeppen et. al., 1995). Using 40Ar/39Ar 

geochronology on biotite and white micas from cleavage seams in the quarry strata, the 

minimum age of metamorphism and associated deformation for the region is constrained to 

an age range of c. 456-444 Ma (Offield et. al., 1995; Koeppen et. al., 1995). Metamorphism 

and deformation are interpreted to be synchronous, because the metamorphic micas dated 

define the only cleavage produced during deformation (Offield et. al., 1995). He also 

suggested that if a thrust fault is present in the quarry, it exists as a zone of intensified 

deformation located at some depth below the quarry near the Uwharrie-Tillery contact.  

 Radiometric isotope data for the Uwharrie and Tillery formations have been collected 

by various workers. Using U-Pb age dating analysis, Ingle (1999) dated zircons from the 

Uwharrie Formation that produced an age of 551±8 Ma.  Pollock (2007) dated detrital 

zircons from throughout the Albemarle sequence indicating the maximum age of sediments 

in the upper part of the Uwharrie Formation to be ca. 545 Ma. The age of the Tillery 

Formation has yet to be precisely constrained. A dacite in the Tillery Formation yielded a U-
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Pb zircon SHRIMP age of 553±20 Ma, but this age is  of low resolution and essentially 

useless for purposes here (Ingle et. al., 2003). Pollock (2007) reported a maximum age of ca. 

552 Ma indicated by the youngest detrital zircons found in the Tillery Formation, and a 

minimum depositional age of 547±2 Ma established by a U-Pb zircon age date from a felsic 

volcanic in the overlying Flat Swamp member (Pollock, 2007; Hibbard et. al., 2009). Other 

age constraints include discovery of the Ediacaran fossil Aspidella at Jacob’s Creek quarry, 

confirming that the quarry strata, Cid Formation and Flat Swamp member are Late 

Neoproterozoic in age, negating the reported Paleozoic fossil data at this locale (Weaver et. 

al., 2006; Hibbard et. al., 2009). However, tighter age constraints on the Tillery Formation 

need to be established in order to resolve the stratigraphy of the Albemarle sequence, and it 

the intent of the present study to do so.

Location and Methods

 The field area encompasses portions of the Asheboro and Randleman 7.5-minute 

quadrangles, extending from just north of downtown Asheboro northward to US-311 just 

south of downtown Randleman, and from Back Creek Mountain to approximately half a 

kilometer east of Oakes Mountain (Plate 2). The Martin-Marietta quarry located in Asheboro, 

North Carolina is an aggregate quarry located in the lower portion of the Tillery Formation, 

and predominantly consists of laminated mudstone rocks interspersed with thin layers of 

carbonate rocks and cross-cut by numerous felsic dikes, all which have been affected by 
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regional deformation and greenschist-facies metamorphism. This location was chosen 

because the carbonate in the Asheboro quarry is the rock type that reportedly contains 

Paleozoic fossils (Koeppen et. al., 1995). To reconcile the apparently conflicting age 

constraints based on the reported fossil data versus recent geochronological data (outlined 

above), detailed geologic mapping within the Albemarle Group was completed at the 

1:24,000 scale in portions of the Asheboro and Randleman 7.5-minute quadrangles by 

traversing streams and railroad tracks to locate rock outcrops that are commonly small and 

deeply weathered; the best outcrops are located in residential developments in the hilly 

terrain in the southwestern portion of the field area. The final map (Plate 2) was generated 

using ArcGIS Desktop 9.3.1, using the projection coordinate system NAD 1983 StatePlane 

North Carolina FIPS 3200 (meters), with LIDAR hillshade data and topographic map data 

from the North Carolina Geological Survey, to which raw field data collected by the author 

for this project was added. Two cross sections were constructed from the map (Plate 1), one 

trending approximately north-south, the other trending approximately east-west, and are 

interpretations of the sub-surface geology. 

 In order to clarify the stratigraphy of the Albemarle sequence, the hypotheses outlined 

above must be tested. Hypothesis 1 states the purported Paleozoic fossil data represent the 

age of the Tillery Formation, and an alternate interpretation of the stratigraphy and structure 

must be implemented (e.g. Offield, 2000). To test hypothesis 1 and investigate the possibility 

of structural breaks within the stratigraphy of the lower Albemarle sequence, the Uwharrie-
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Tillery contact must be mapped by carefully observing the rocks in the immediate vicinity of 

the contact for structural indicators that may suggest a fault. These include measuring 

bedding and cleavage orientations throughout each unit, observing rock textures and 

structures in outcrop, and collecting samples for structural and petrographic analysis. 

Although the contact is not exposed in the study area, its location is relatively well-

constrained in places. 

 Hypothesis 2 states the purported Paleozoic fossil data represent the age of the rocks 

only in the vicinity of the fossil locale, such as a limited Paleozoic outlier basin atop the 

Tillery Formation. To test hypothesis 2, strata from the Asheboro quarry fossil locale were 

compared to Tillery Formation strata in areas immediately surrounding the quarry in order to 

determine any major stratigraphic or structural differences. Significant differences between 

the rocks may indicate rocks in the Asheboro quarry form a remnant Paleozoic depositional 

basin atop the Neoproterozoic Tillery Formation. This scenario would suggest that the 

Paleozoic fossil data at this locale are valid, requiring a separate unit to be defined and would 

require a revision of the stratigraphy of the Albemarle Group. Twenty-six samples from the 

Asheboro quarry and area surrounding the quarry were collected and prepared for 

comparative petrographic and structural analysis. 

 Hypothesis 3 states the purported Paleozoic fossil data are incorrect, and the currently 

accepted interpretation for the Albemarle sequence is valid (e.g. Milton, 1984). To test 

hypothesis 3, field mapping and petrographic observations are used in conjunction with 
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attempting to utilize precise TIMS U-Pb age dating of zircons from felsic dikes in the 

Asheboro quarry. Dating the dikes may be useful in constraining the minimum age of the 

quarry strata because they intrude the Tillery Formation and pre-date regional deformation 

and metamorphism. If the fossil data are found to be incorrect, possible explanations for 

erroneous fossil data are lab contamination or foreign material brought into the quarry by 

trucks.

 In addition to the methods described above, other investigations were completed. One 

sample from the Uwharrie Formation near the Uwharrie-Tillery contact was analyzed by 

electron microprobe on three minerals, and is discussed in the Rock Units section. Stable 

isotopic analysis on carbonate rocks from the Asheboro quarry have been completed by Dr. 

Joanne Potter from the University of Western Ontario. Stable oxygen isotope data may be 

used to interpret a possible sediment source and depositional environment of the carbonate, 

which in turn may be useful for determining the age of the rocks (Faure, 1986). However, if 

the rocks have been altered, stable isotope data may provide information about the nature of 

the metamorphic fluid that permeated the rocks.
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ROCK UNITS

General Statement

 One of the main goals of this study is to test the hypotheses regarding the reported 

Paleozoic fossil data. In order to understand the nature of the Uwharrie-Tillery contact, it is 

imperative to map and describe the lithostratigraphic units within the study area. Regionally, 

the Albemarle sequence consists of the basal Uwharrie Formation and the overlying 

Albemarle Group. The Uwharrie Formation mainly consists of massive volcanic and 

volcaniclastic rocks, whereas the Albemarle Group is a dominantly submarine sedimentary 

unit composed of epiclastic and volcaniclastic rocks, with minor felsic and mafic volcanic 

rocks distributed throughout the strata (Hibbard et. al., 2002). The base of the Albemarle 

Group, the Tillery Formation, has been considered to conformably overlie the Uwharrie 

Formation (Milton, 1984). However, since the Paleozoic fossil data report (Koeppen et. al., 

1995), this contact has also been considered to be a major fault. This study focuses on the 

Uwharrie Formation and the Tillery Formation in the vicinity of the Asheboro quarry 

reported fossil locale. The following sections present the notable characteristics of each unit 

in the field area, and consequently considers the nature of the Uwharrie-Tillery contact. 

 The rocks in the study area have been metamorphosed to greenschist facies and 

mildly deformed, thus most primary features are preserved. Some rocks in the study area 

have experienced alteration and may contain representative textures and assemblages, which 
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are discussed in the metamorphism section. For brevity, the prefix ‘meta’ has been dropped 

from the nomenclature of all rock types. 

Uwharrie Formation 

 The Uwharrie Formation was named after the mountains near the town of Uwharrie  

(Conley and Bain, 1965) (Figure 1.5). The Uwharrie Formation is an extensive volcanic and 

volcaniclastic unit trending approximately northeast-southwest, unconformably overlying the 

Hyco Formation and underlying the Tillery Formation (Hibbard et. al., 2002). The true 

thickness of the unit is unknown, although it is estimated to be at least 15 km thick (Butler 

and Secor, 1991; Hibbard et. al., 2002). Geochemical studies imply formation is consistent 

with a suprasubduction zone environment (Hibbard et. al., 2002; Ingle et. al., 2003, Pollock, 

2007). The Uwharrie Formation has been reported to contain various rock types with 

characteristics that generally favor sub-aqueous deposition, indicated by water reworked 

volcanic sediments, small-scale cross-bedding and graded beds (Gibson and Teeter, 1984). 

Some rock types reported in the Uwharrie Formation include felsic lithic tuffs, crystal and 

crystal-lithic tuffs, flow-banded rhyolites, volcanic conglomerates and breccias, intercalated 

mafic pyroclastic rocks, and other minor clastic sedimentary layers (Gibson and Teeter, 1984; 

Hibbard et. al., 2002; Pollock, 2007).
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 Distribution 

 The Uwharrie Formation in the study area is composed dominantly of felsic volcanics 

with subordinate felsic porphyry and intermediate volcaniclastic rocks.  The porphyry unit 

outcrops as rounded, positive topographic features known as Dave’s Mountain, Oakes 

Mountain and Hendrick Mountain (Plate 2). The intermediate volcaniclastic unit has no 

consistent outcrop pattern, but is observed in several places in the study area near the contact 

of the dominant felsic volcanic unit to other rock types. 

 Petrologic Descriptions

 Felsic Volcanic Rocks

 Felsic volcanic rocks are the main rock type that defines the Uwharrie Formation in 

the study area. The rocks typically outcrop as rounded boulders, and can be easily observed 

throughout the study area. Textures and mineral abundances in the felsic volcanic unit can 

significantly vary at the outcrop scale. The felsic volcanic rocks are generally massive and 

rarely display foliation; however, the rocks in a few places appear to be flow banded (Figure 

2.1). At one outcrop in a railroad cut near the Asheboro Middle School (N34.740°,  

W79.8222°), rock textures observed include massive and fine-grained, porphyritic with light-

colored phenocrysts, and some contain crystal and lithic fragments. Fresh exposures are 

typically light to medium gray, although an outcrop located near the railroad cut exposure is 

dark green and contains abundant chlorite. 
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 A thin section of a felsic volcanic sample from the railroad cut reveals a fine-grained 

matrix that host euhedral to subhedral plagioclase phenocrysts ranging from less than one to 

several millimeters (Figure 2.2). Mineral abundances are estimated to be 50% quartz, 25% 

albite, 15% epidote minerals, 5% sericite, 5% chlorite, and small amounts of pyrite. 

Chemical composition of three phenocrysts were obtained using an electron microprobe 

(ARL-SENQ) at 15 keV accelerating voltage, 0.015 µA, and ZAF matrix correction. The 

analysis indicates two albite grains and one epidote grain (Tables 2.1, 2.2, 2.3). The 

composition of the plagioclase grains are shown to be nearly pure albite, with both grains 

plotting over 90% in the albite region  (Figure 2.3).  
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   Figure 2.1. Uwharrie Formation felsic volcanic outcrop near the Uwharrie-Tillery contact 

exhibiting possible flow banding. Outcrop located just northwest of the Asheboro Middle 

School.

24



Figure 2.2. Thin section of porphyritic Uwharrie felsic volcanic from outcrop. Albite 

phenocrysts are surrounded by fine-grained matrix. Sample from railroad cut east of 

Asheboro Middle School (N34.740°,  W79.8222°).

 

1 mm

25

B



Table 2.1: Complete chemical analysis of grain 1, albite plagioclase. Average values in 

percent.

Points taken:  8

    

SiO2   66.763 

Al2O3   21.406

K2O   0.067

Na2O   10.287

BaO   0.000

CaO   1.224

FeO   0.026

Sum   99.772 % 

Table 2.2: Complete chemical analysis on grain 2, albite plagioclase. Average values in 

percent.

Points taken:  4

SiO2   67.730

Al2O3   21.463

K2O   0.126

Na2O   10.120

BaO   0.000

CaO   1.238

FeO   0.038

Sum   100.715 % 

Table 2.3: Complete chemical analysis on grain 3, epidote. Average values in percent.

Points taken:  3

 

SiO2   39.047

Al2O3   24.173

K2O   0.013

Na2O   0.080

BaO   0.000

CaO   23.585

FeO   10.086

Sum   96.984 %
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Figure 2.3: Chemical composition diagrams for felsic volcanic sample in Figure 2.2. (A) 

Chemical composition diagram for grain 1. Eight sample points taken from a dominant grain 

in the sample appear as a cluster above 90% in the albite region.  (B) Grain 2, four sample 

points with a similar chemical composition to grain 1, over 90% in the albite region.
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 Felsic Porphyritic Hypabyssal Rocks

 The most accessible outcrops of this rock type are at Dave’s Mountain (N35.726°, 

W79.829°)(Plate 2). The rocks that define this unit vary texturally based on location on the 

mountain, and may indicate several mappable facies. The rock type at the peak of Dave’s 

Mountain is a massive, light gray felsic porphyry with abundant plagioclase phenocrysts 

approximately 1 to 3 millimeters long. (Figure 2.4) In thin section, the fine grained matrix is 

dominantly quartz, with euhedral to subhedral plagioclase phenocrysts. Mineral abundances 

are visually estimated as 50% quartz, 40% feldspar, 5% sericite, 5% chlorite, and minor 

amounts of biotite and zoisite. In July 2004, the North Carolina Geological Survey collected 

rocks from Dave’s Mountain for complete geochemical analysis. Whole rock, trace element 

and rare earth element data tables are shown in Appendix I; whole rock analysis identified 

the sample as a dacite to rhyodacite (Figure 2.5) (P. Bradley, pers. comm., 2009). 

 Below the peak of the mountain, outcrops of volcaniclastic rocks such as breccia and 

crystal lithic tuff contain felsic porphyry fragments similar to the rocks found at the peak 

(Figure 2.6). Immediately below the peak on the western slope, an outcrop of breccia consists 

of large, angular clasts of felsic porphyry, with pore spaces filled with dark, fine grained mud 

(Figure 2.7). Near the base of Dave’s Mountain, an outcrop of stratified crystal lithic tuff 

contains felsic porphyry clasts, euhedral to subhedral crystal fragments and elongate lithic 

fragments (Figure 2.8). 
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Figure 2.4. Hand sample of Uwharrie Formation felsic porphyry at the peak of Dave’s 

Mountain. White grains are plagioclase phenocrysts.
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Figure 2.5. Normalized QAP diagram of sample Ash-1 in dacite field. Analysis performed by 

SGS labs in Toronto. Data for the plot are shown in Appendix I. Data and plot courtesy of 

Phil Bradley, NCGS, 2009.
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Figure 2.6.  Thin sections of Uwharrie Formation felsic porphyry rocks from various 

locations on Dave’s Mountain. (A) Thin section from an angular clast in breccia described as 

felsic porphyry, breccia sample shown in Figure 2.7. (B). Sample from a clast in crystal lithic 

tuff, and also a felsic porphyry, tuff sample shown in Figure 2.8. 
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Figure 2.7.  Breccia from west slope of Dave’s Mountain. Angular clasts are porphyritic 

dacite set in a dark-gray or black mud. Sample S6-P.
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Figure 2.8. Stratified crystal lithic tuff from the base of Dave’s Mountain, containing felsic 

porphyry fragments, crystal fragments and elongate lithic fragments. Sample S6-P2.
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 The rocks at Dave’s Mountain appear to represent the remains of a volcanic dome, 

based on the variety of volcanic types, rounded map patterns and topographic relief of the 

exposures in the study area. Dave’s Mountain, Hendrick Mountain and Oakes Mountain are 

three places in which the felsic porphyry is found in the study area. To summarize, at least 

three different rock types are found at Dave’s Mountain: 1) massive felsic porphyry at the 

peak, 2) breccia containing felsic porphyry clasts and a dark, muddy matrix at the western 

slope of Dave’s Mountain, 3) stratified crystal lithic tuff at the base of Dave’s Mountain 

containing crystal and lithic fragments. Porphyritic texture is characteristic of shallow 

intrusions and coherent lavas (McPhie et. al., 1993). The volcaniclastic rocks observed at 

Dave’s Mountain contain felsic porphyry fragments similar to the massive felsic porphyry at 

the peak of Dave’s Mountain, suggesting the breccia and crystal lithic tuff rocks are derived 

from the core porphyry rocks.  

 Domes composed of dacite and rhyodacite are commonly formed in arc subduction 

complexes (Cas and Wright, 1987). Volcanic domes such as cryptodomes and lava domes are 

usually viscous, silica-rich intrusions which form steep-sided slopes, and may have an 

internal structure displaying a pattern of concentric textural domains depending on the 

environment and behavior of emplacement (Cas and Wright, 1987; Stewart and McPhie, 

2003). A cryptodome is defined as an intrusion of viscous magma at shallow depth causing a 

dome-like uplift of surface rocks, and the magma may partially break the surface (Cas and 

Wright, 1987; McPhie et. al, 1993). The intrusive nature of cryptodomes typically prevents 
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redeposition of autoclastic facies, whereas in a lava dome, the cooler outer crust will crack 

and shed rocks similar to a debris or pyroclastic flow in the immediate vicinity of the dome 

(Stewart and McPhie, 2003) (Figure 2.9). However, field data are limited due to the dense 

residential development on Dave’s Mountain, but observed rocks and textures are generally 

consistent with a volcanic dome setting.

 One example of this is a study of an Upper Pliocene dacitic cryptodome near Milos 

Island in Greece (Stewart and McPhie, 2003). Other examples include the Usu volcano in 

Japan (Goto et. al., 2004) and Mount. St. Helens in the northwestern United States (Doukas, 

1990). 
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Figure 2.9. Cross sectional diagram comparing a submarine cryptodome and lava dome.    

(A) Cryptodome character and arragement of facies. (B) Lava dome character and 

arrangement of facies. Modified from Stewart and McPhie, 2003.
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 Intermediate Volcaniclastic

 A distinctively pistachio green volcaniclastic unit is commonly found near the 

Uwharrie-Tillery contact. The rock is composed of moderately-sorted sand-sized grains of 

epidote minerals that constitute as much as 30% of the rock, but can vary depending on 

location of the outcrop. The rock contains mostly epidote, zoisite, quartz, chlorite, sericite, 

plagioclase, and may locally contain lithic fragments and minor amounts of biotite, glassy 

fragments, crystal fragments, and pyrite.

 An outcrop north-northeast of the Asheboro quarry near the Uwharrie-Tillery contact is 

composed of well sorted sand-sized grains composed of mainly epidote, characterized by the 

green color. An outcrop near the Uwharrie-Tillery contact near the railroad tracks and south 

of the Asheboro Middle School, the rocks are composed of the epidote groundmass, and also 

contains well-rounded and well-sorted quartz pebbles roughly 3-5 cm in diameter. An 

isolated outcrop adjacent to the base of Dave’s Mountain is mainly composed of the epidote 

groundmass, and also contains large, poorly-sorted, sub-rounded to sub-angular lithic clasts 

ranging in size from approximately 2 to 20 cm or greater. From field observations alone, the 

majority of the clasts at this outcrop are interpreted to be dacitic or rhyolitic in composition, 

and some appear to be similar to the felsic porphyry rocks at Dave’s Mountain. Based on the 

poorly-sorted, sub-angular lithic clasts found adjacent to the base of Dave’s Mountain, the 

limited distribution of the clasts, and the proximity of the outcrop to Dave’s Mountain, this 

particular outcrop may be interpreted to be the result of a local debris flow. As discussed 
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above, Dave’s Mountain is suggested to be a possible volcanic dome, which could account 

for the multiple volcaniclastic rocks in the vicinity that contain angular clasts and fragments. 

 Age and Correlation

 

 The age of the Uwharrie Formation has been generally constrained to the late 

Neoproterozoic. Age data for the Uwharrie Formation have been reported by several workers. 

Early work misidentified the Uwharrie Formation to be Middle Ordovician from a U-Pb 

zircon age of 470 ± 60 Ma (White et. al, 1963) in conjunction with a misidentified Middle 

Ordovician fossil from the overlying Albemarle Group that was later identified to be the Late 

Neoproterozoic fossil Pteridinium (Gibson et. al., 1984).  According to Milton (1984), 

zircons acquired from the uppermost portion of the Uwharrie Formation yield a U-Pb zircon 

age date of 586 ± 10 Ma (Wright and Seiders, 1980) but the age is derived from multiple 

populations of zircon. Recent geochronological data have been reported by two studies.  U-

Pb crystallization zircon ages of 554 ± 15 Ma (SHRIMP) and 551 ± 8 Ma (ID-TIMS) were 

obtained from felsic volcanic rocks (Ingle, 1999; Ingle et. al., 2003). Pollock (2007) also 

reported a U-Pb detrital zircon age of ca. 545 Ma., establishing the age of a portion of the 

Uwharrie Formation to be no younger than latest Neoproterozoic. 

Tillery Formation

 The Tillery Formation was named from Lake Tillery, about 12 km south of the town of 

Uwharrie where the Uwharrie Formation is usually exposed along the shoreline (Conley and 

Bain, 1965). The Tillery Formation defines the base of the Albemarle Group, and generally 
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consists of clastic sedimentary rocks with subordinate mafic and felsic volcanic rocks 

distributed throughout the unit (Hibbard et. al., 2002). Based on rock affiliations with the 

Albemarle Group and on consistent geochemical data, the depositional environment for the 

entire Albemarle Group is suggested to be flanking a volcanic arc basin, likely in a back arc 

setting (Ingle, 1999; Hibbard et. al., 2002; Pollock, 2007).  

 In order to test the hypotheses regarding the purported Paleozoic fossil data, 

specifically hypothesis 2 which states the rocks at the Asheboro quarry may be a small outlier 

basin sitting atop the Tillery Formation, attention was directed toward comparing rocks at the 

quarry to rocks surrounding the quarry. However, the Tillery Formation rocks from 

throughout the study area do not appear to have any significant differences to rocks at the 

Asheboro quarry, so all rock types are discussed together, below.

 Distribution

 The Tillery Formation trends roughly northeast-southwest and outcrops in the western 

half of the field area, but is largely unexposed except for at the Martin-Marietta aggregate 

quarry located in the center of the study area, which will be referred to as the Asheboro 

quarry (Plate 2) (35.76°N, -79.82°W). The Asheboro quarry is important for several reasons: 

1) the quarry contains the carbonate rocks where the Paleozoic fossils were reported to occur; 

2) the quarry has fresh exposures of Tillery rocks that are virtually absent in the areas outside 

of the quarry; 3) the quarry contains numerous cross-cutting felsic dikes that may provide an 

age constraint on strata in the quarry. Rock types observed at the Asheboro quarry include 
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mudstone with interbedded carbonate beds and cross-cutting felsic dikes. Rocks observed in 

the Tillery Formation in the areas outside of the quarry include mudstone with interbedded 

volcanic ash layers, and a felsic lithic tuff unit. At a few places in the study area, the Tillery 

Formation contains small (" 15 cm) felsic and mafic dikes that were unable to be sampled 

because they were underwater.

 Petrologic Descriptions

 Mudstone

 The characteristic rock type of the Tillery Formation is a dark gray to black mudstone. 

Outcrops of the mudstone outside of the Asheboro quarry are usually small exposures near 

streams and deeply weathered to a light grayish tan or white in color, with a dull, earthy 

luster (Figure 2.10A). Fresh outcrops of the mudstone in the quarry are dark gray with a 

slightly phyllitic luster (Figure 2.10B).  Mudstone beds are on average <1-5 mm thick, and 

grade upward from silt to clay. Laminated bedding is typical, but cross-beds and ungraded 

muddy beds have also been observed. The mudstone is too fine-grained to determine specific 

mineral content but based on the birefringence of some larger particles under high 

magnification, and common minerals composing mudstone, the Tillery Formation mudstone 

likely consists of quartz, feldspar, and other clay minerals. Roughly 75% of the rock is 

composed of fine-grained matrix, and contains sericite and pyrite porphyroblasts with few 

scattered grains of chlorite. Minor amounts of biotite have also been identified, but are rarely 

observed. 
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 The mudstone is fairly homogeneous throughout the study area, except for two 

locations near the Uwharrie-Tillery contact. One outcrop within an interlayer near the 

Uwharrie-Tillery contact directly east of the Asheboro Middle School is slightly coarser-

grained than mudstone rocks anywhere else in the study area, grading from fine sand to silt.  

Adjacent to the Uwharrie-Tillery contact immediately south of the Asheboro quarry and 

north of the school, an outcrop of mudstone contains several oval-shaped features about    

1-1.5 cm in length; these are composed of a very fine-grained groundmass enclosing cavities 

filled with undeformed acicular or tabular crystals of zoisite that grew inward. Some of the 

zoisite crystals appear to be zoned based on concentric birefringence patterns. Surrounding 

the zoisite crystals in the cavity are infilled with quartz. The rounded features have been 

interpreted to be nodules, which are geodes completely filled in with crystals. This 

interpretation is based on their formation in a sedimentary rock, rounded shape, and internal 

crystal formation (Figure 2.11). The nodules may also possibly be lithophysae that were 

eroded from the adjacent Uwharrie Formation felsic volcanics and deposited in the Tillery 

Formation mudstone. Lithophysae have been known to occur in the Uwharrie Formation (J. 

Hibbard, 2010, pers. comm.).
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Figure 2.10. Tillery Formation mudstone. (A) Mudstone from field area near the Uwharrie-

Tillery contact just north of the Asheboro Middle School. (B) North-facing wall of the 

Asheboro quarry composed of mudstone. Note the light colored felsic dike cross-cutting the 

strata most visible on the lower benches. Photos courtesy of Jim Hibbard.
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Figure 2.11. Thin section of Tillery mudstone containing a nodule. (A) Nearby quartz vein 

near the boundary of the nodule. (B) Prismatic zoisite and quartz infilling a void. Sample 

from near Uwharrie-Tillery contact, near the Asheboro Middle School.
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 Carbonate

 At the Asheboro quarry, very fine-grained dark gray to black carbonate beds 

approximately 6-8 cm thick are interbedded with the mudstone strata. The carbonate rocks 

are distinctive because exposed rock weathers to a dull, chocolate brown. The beds generally 

outcrop continuously, but some observed beds appear to abruptly terminate in places, rather 

than gradually pinching out. Many of the beds appear to have a coarse-grained crust. The 

composition of the carbonate was determined by X-ray diffraction techniques as pure calcite 

(J. Potter, pers. comm., 2009), but thin section reveals a minor amount of sericite and chlorite 

porphyroblasts scattered throughout the fine-grained matrix. The carbonate in thin section 

displays a weak foliation with small calcite veins sub-parallel to the foliation (Figure 2.12).

 Stable isotope analysis of the carbonate has been completed on one sample by Dr. 

Joanne Potter of the University of Toronto. Because only one sample was analyzed and the 

rocks have been altered, the results provide only tentative insight to the hydrothermal fluids 

that permeated the rock, and are discussed in the metamorphism section. 
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Figure 2.12. Thin sections of Tillery Formation carbonate from the Asheboro quarry under 

crossed polars. (A) Fine-grained texture with small vein trends sub-parallel to a weak 

foliation. (B) High magnification of carbonate minerals. Sample S1-QC from bed near the 

center of the quarry.
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 Felsic Dikes

 A swarm of felsic dikes cross-cut the strata in the Asheboro quarry. Two samples from 

separate dikes (Ash-05-01 & Ash-05-02) were collected by Dr. Brent Miller for petrologic 

analysis and geochronology. Based on overprinting relationships, the crystallization of the 

dikes pre-date the regional deformation and metamorphism. A U-Pb zircon crystallization age 

date could constrain the depositional age of the Tillery Formation, and is further discussed in 

the metamorphism section because regional deformation and metamorphism are considered 

to have occurred in the same event. The felsic dikes in outcrop appear to be similar, but thin 

section reveals otherwise and thus the two samples will be discussed separately.

 Ash-05-01 (N 35.759°, W 79.823°)

 The rocks are dark greenish gray containing a few light colored phenocrysts but are 

mostly fine-grained to medium-grained and massive. In thin section, mineral abundances are 

approximately 60% quartz, 25% plagioclase, 10% sericite, 5% chlorite and minor amounts of 

zoisite and carbonate. The phenocrysts are revealed to be subhedral plagioclase. Minerals 

additionally found during mineral separation for sample preparation include apatite, 

monazite, epidote, and pyrite.  The rocks are interpreted to have been affected alteration, 

based on the textures observed in thin section, and the alteration is discussed in the 

metamorphism section (Figure 2.13).
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 Ash-05-02  (N 35.759° , W 79.822°)

 The rocks are greenish-gray in color, fine-grained with small light-colored veins and is 

weakly foliated. In thin section, mineral abundances are roughly 40% plagioclase feldspar, 

40% quartz, 10% carbonate, 5% sericite, 3% chlorite, 2% pyrite and minor amounts of biotite 

and zoisite. Minerals additionally found during mineral separation for sample preparation 

include apatite, monazite, epidote and pyrite. The veins are revealed in thin section to be a 

carbonate mineral.  Under crossed polars, the veins appear to trend sub-parallel to foliation, 

and the carbonate minerals exhibit deformation twinning (Figure 2.14). Some are partially 

rimmed by quartz and sericite. The matrix is predominantly composed of acicular plagioclase 

feldspar laths and fine-grained quartz, causing the matrix to appear felty. 
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Figure 2.13. Thin sections of Tillery Formation felsic dike sample Ash-05-01 from the 

Asheboro quarry. (A) Plane light view to show aggregates of fine-grained quartz rimmed by 

sericite. (B) View under crossed polars, the aggregates are finer grained than the surrounding 

matrix.
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1 mm
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Figure 2.14. Thin section of Tillery Formation felsic dike sample Ash-05-02 from the 

Asheboro quarry. Carbonate vein in center showing deformation twinning, surrounded by 

acicular microlites of plagioclase and quartz matrix. 

1 mm
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 Volcanic Ash

 

 Several fine-grained light colored volcanic ash deposits were observed interbedded 

with Tillery Formation mudstone in close proximity to the Uwharrie-Tillery contact just 

south of the Asheboro quarry. Two beds observed near the bottom of the outcrop are 

approximately 3-5 cm thick, the best exposed one shown in Figure 2.15. Several ash deposits 

occur near the top of the outcrop appear discontinuous and truncated similar to the carbonate 

beds at the Asheboro quarry. The volcanic ash contains laminated beds approximately 1-2 

mm thick. The grain size is too fine to confidently identify all minerals, containing mostly 

fine-grained quartz and feldspar, with a few scattered porphyroblasts of sericite.

 The volcanic ash is interesting because it is preserved almost adjacent to the Uwharrie-

Tillery contact, raising the possibility of nearby volcanic activity occurring simultaneously 

during the deposition of the mudstone. However, observation of the volcaniclastic deposit is 

not necessarily indicative of simultaneous eruption because the deposit may be epiclastic in 

origin. 
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Figure 2.15. Felsic volcanic ash layer interbedded with Tillery Formation mudstone. Volcanic 

ash layer indicated by arrow. Located near the Uwharrie-Tillery contact south of the 

Asheboro quarry (Location 2, Figure 2.16). Photo courtesy of J. Hibbard.
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 Felsic Tuff

 Located near the western boundary of the study area are several exposures of a felsic 

crystal-lithic tuff that are pierced by numerous, small felsic and mafic dikes. The rocks are 

resistant to erosion and locally form prominent topographic features such as Back Creek 

Mountain (N 35.735°, W 79.850°)(Plate 2).  Most of the rocks appear to be massive, but 

closer inspection of some rocks show some rocks contain bedding. Thin section of the tuff 

reveals lithic fragments, quartz and plagioclase sub-angular fragments in a green-gray very 

fine-grained groundmass that contains quartz, feldspar, epidote, mica, and pyrite. 

 Age and Correlation

 One of the main goals of this study is to constrain the age of the Tillery Formation, in 

order to confirm the validity of the Paleozoic fossil data (e.g. Koeppen et. al., 1995).  Ingle 

et. al. (2003) provides a U-Pb zircon age date from a dacite in the Tillery Formation 553 ± 20 

Ma (SHRIMP), but this date has a very large analytical error. Pollock (2007) obtained a U-Pb 

age date of the youngest detrital zircons from the Tillery Formation at ca. 552 Ma. These 

indicate that the Tillery Formation is Late Neoproterozoic or younger. The U-Pb 

crystallization age of zircons from the Flat Swamp Member of the overlying Cid Formation 

is 547 ± 2 Ma (TIMS), indicating the Flat Swamp Member is uppermost Neoproterozoic in 

age (Hibbard et. al., 2006). If the contact between the Tillery Formation and overlying Cid 

Formation is conformable as recently interpreted by Brennan (2009), then the age date data 
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obtained from the overlying Flat Swamp Member indicates the underlying Tillery Formation 

is also late Neoproterozoic. 

Uwharrie-Tillery Contact

 General Statement

 The nature of the Uwharrie-Tillery contact is critical in determining the stratigraphy of 

the Albemarle sequence. The traditionally accepted stratigraphy (Milton, 1984) interprets the 

Uwharrie-Tillery contact to be conformable. However, in light of the reported Paleozoic 

fossil data, Offield (2000) interprets the Uwharrie-Tillery contact to be a thrust fault in order 

to resolve the reinterpreted stratigraphy with the map pattern. 

 Some of the main goals of this study were to map the Uwharrie-Tillery contact in 

detail, interpret the nature of the contact, and discuss the significance of the contact with 

regards to the stratigraphy of the Albemarle sequence.  Although the contact is unexposed, 

the nature of the contact is inferred from detailed field mapping and thin section analysis. 

The contact is relatively well defined in three locations (Figure 2.16), and because each 

locale has unique characteristics, they are separately discussed.
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Figure 2.16. Map illustrating locations where the Uwharrie-Tillery contact is well-defined 

and referenced in the text. Asheboro quarry also highlighted. Top portion of Asheboro and 

bottom portion of Randleman 7.5-minute quadrangles from the USGS.

54



 Observations

 Location 1 (N 35.766°, W 79.811°)

 In Haskett’s Creek directly east of the Asheboro quarry, a Tillery Formation mudstone 

outcrops at a southeast-facing cut bank in the stream, located just west of Location 1 (Figure 

2.16). The rocks at this location are typical of the Tillery mudstone for the study area, 

displaying thinly bedded mudstone gently dipping westward with bedding sub-parallel to the 

inferred contact. Eastward along the creek, the next rock outcrop is a large quartz vein which 

outcrops on the creek bottom approximately 5-8 meters wide. Several meters eastward along 

the creek, an outcrop of fine-grained Uwharrie felsic volcanic rocks is exposed. Some felsic 

volcanic rocks near the contact and in the stream have eroded into preferentially aligned 

‘fins’, and rocks also display flow banding (Figure 2.1B). Further east, the Uwharrie felsic 

volcanic rocks are coarse-grained and most are porphyritic. In the vicinity of the contact, 

primary structures are preserved, bedding in the Tillery mudstone is generally planar and sub-

parallel to the orientation of the contact, and rock textures do not reveal any indication of a 

fault. 

 Location 2 (N 35.748°, W 79.923°)

  The Uwharrie-Tillery contact in the study area is best constrained along a small stream 

just north of the Asheboro Middle School (Figure 2.16). Unlike Location 1 where the stream 

is oriented approximately perpendicular to the contact, the orientation of the stream here 

trends along the Uwharrie-Tillery contact somewhat for about a quarter of a kilometer. The 
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higher south bank consists of rounded outcrops of Uwharrie felsic volcanic rocks, which 

some have been chloritized and cut by stringy veins of quartz. The flat north bank consists of 

deeply weathered Tillery mudstone that exhibits fairly continuous bedding trending sub-

parallel to the stream and defines a couple of map-scale local folds (Plate 2).  Several small 

nodules, which have been described previously, occur interbedded with the Tillery mudstone 

less than 1 m from the Uwharrie-Tillery contact, which may possibly be lithophysae eroded 

from the adjacent Uwharrie Formation. An outcrop of Tillery Formation mudstone adjacent 

to the Uwharrie-Tillery contact (Figure 2.10A, 2.16) contains interbedded volcanic ash 

deposits; volcaniclastic rocks in the Tillery Formation have not been observed above the 

Uwharrie-Tillery contact zone anywhere else in the study area. Both the Uwharrie and Tillery  

formations appear to be relatively undisturbed in the vicinity of the contact, and no fault 

indicators have been observed. 

 Location 3 (N 35.741°, W 79.817°)

 The location of the Uwharrie-Tillery contact at this locale is not well-constrained, but 

the Tillery Formation outcrop exposed along the stream bottom is important for interpreting 

the depositional characteristics of the Tillery Formation. The Tillery Formation mudstone is 

exposed along the bottom of Haskett’s Creek from a highway overpass northward to 

Location 1. The bedding of the mudstone trends sub-parallel to the trend of the stream, 

similar to Location 2. Near the overpass, the mudstone outcrop gradually pinches out into 

Uwharrie Formation felsic volcanic rocks, which occur on either side of the stream for about 
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100 meters. North of the overpass, the topography surrounding the stream is flat until where 

Location 3 is indicated (Figure 2.16). At Location 3, the stream trends sub-perpendicular to 

bedding of the mudstone, and a prominent outcrop is coarser grained and more resistant to 

erosion than typical Tillery mudstone. The Uwharrie Formation felsic volcanic is exposed on 

the east bank of the stream near Location 3, indicating the Uwharrie-Tillery contact to be 

constrained within about 5 meters. The west side of the stream exposes some scattered 

outcrops and loose rocks of Uwharrie felsic volcanic. Along the entire length of the outcrop, 

bedding to cleavage angles are small and indicate absence of folding.

 Based on the map pattern, field observations and bedding and cleavage orientations, the 

mudstone outcrop south of Location 3 is interpreted to be an interfinger of Tillery Formation 

mudstone with the Uwharrie Formation. Geologic map patterns south of Asheboro are similar 

to to the map pattern at Location 3 (Seiders, 1981). Like the other two locations, the rocks in 

the vicinity of the contact at Location 3 and southward appear to be relatively undisturbed, 

with no indication of a fault.  

 Implications

 In all three locations, the bedding of the Tillery Formation mudstone near the contact is 

oriented sub-parallel to the contact, and lacks structural disruption. Local folding is indicated 

at Location 2 based on bedding of the Tillery Formation, but is not accompanied by fault 

indicators. The Tillery mudstone outcrop at Location 3 is interpreted to be interfingering with 
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the Uwharrie Formation, because bedding orientations do not change along the length of the 

outcrop, bedding-cleavage intersection angles are small that would suggest the outcrop is the 

remnant of a fold. Furthermore, several undisturbed volcanic ash deposits interbedded with 

Tillery mudstone just above the Uwharrie-Tillery contact at Location 2, which is uncommon 

elsewhere in the study area and suggests volcanic activity during Tillery mudstone 

deposition. Although the contact is unexposed, rocks that immediately surround it do not 

show any indication of a fault in either outcrop or thin section. Rocks in the vicinity of a fault  

zone commonly (but not always) exhibit a strain gradient, which is not observed in the rocks 

surrounding the Uwharrie-Tillery contact. Based on lithologic comparisons from throughout 

the field area and surrounding the Uwharrie-Tillery contact, the contact is interpreted to be 

gradational and conformable in nature. 

 

Summary

 One of the main goals of this study is to clarify the stratigraphy of the Albemarle 

sequence, with regards to the reported Paleozoic fossil data. In order to clarify the 

stratigraphy, three hypotheses have been tested: 1) the purported Paleozoic fossil data 

represent the age of the Tillery Formation, and an alternate interpretation for the stratigraphy 

for the Albemarle sequence must be implemented (Offield, 2000); 2) the purported Paleozoic 

fossil data represent the age of rocks only in the vicinity of the fossil locale (the Asheboro 

quarry), such as a limited outlier atop the Tillery Formation; 3) the purported Paleozoic fossil 
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data are invalid, and the currently accepted interpretation for the Albemarle sequence is valid. 

In order to test these hypotheses, the rocks have been described at the Asheboro quarry and in 

the areas immediately surrounding it for lithologic discontinuities.

 The Uwharrie Formation is a predominantly felsic volcanic unit encompassing a 

subordinate intermediate volcaniclastic unit and several felsic porphyritic hypabyssal 

exposures which are interpreted as volcanic domes, based on the occurrence of nearby 

volcaniclastic rocks containing felsic porphyry fragments. The Uwharrie Formation is 

interpreted to have formed in a suprasubduction volcanic arc setting during the late 

Neoproterozoic (Feiss et. al., 1993; Ingle, 1999). The Tillery Formation is a mostly 

submarine sedimentary unit, containing predominantly laminated mudstones with bedding 

interpreted to represent turbidite deposits, with interbedded carbonate and volcaniclastic 

rocks. The mudstone rocks at the Asheboro quarry have been determined to be lithologically 

similar to the Tillery Formation mudstone rocks that surround it.  The Tillery Formation, 

along with the rest of the Albemarle Group, are interpreted to have formed in a volcanic arc 

setting, likely in a back-arc basin (Ingle, 1999; Hibbard et. al, 2002; Pollock, 2007). The 

Tillery Formation rocks at the Asheboro quarry have been intruded by a swarm of felsic 

dikes. Pollock (2007) interpreted the upper parts of the Uwharrie Formation to be time 

transgressive and coeval with magmatism in the Flat Swamp member ca. 545 Ma, suggesting 

several phases of volcanism and sedimentation in the Tillery and Cid formations and a likely 

59



source for the felsic dikes observed at the Asheboro quarry, or the felsic volcaniclastic rocks 

in the Tillery Formation. 

 The Uwharrie-Tillery contact is interpreted to be gradational and conformable based on 

lithologic observations and map patterns, indicating continuous deposition of the units. 

Previous workers have also interpreted the Uwharrie-Tillery contact to be gradational and 

conformable (Conley and Bain, 1965; Seiders and Wright, 1977; Ingram, 1999). 
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STRUCTURAL GEOLOGY

General Statement

  Structures in the field area were studied in order attempt to define their timing and 

kinematics, and to determine if structural discontinuities exist near or at the Uwharrie-Tillery 

contact; in light of the reported fossil data (Koeppen et. al., 1995) Offield (2000) interprets 

the contact to be a significant thrust fault, whereas earlier workers in the region interpret it to 

be conformable (e.g. Milton, 1984). Structures in the field area are considered typical of the 

regional structural style (Stromquist and Sundelius, 1969; Offield et. al., 1995). Few detailed 

studies regarding deformation and structures in the Albemarle sequence have been 

completed, except for several unpublished theses (e.g. Brennan, 2009), geologic maps (e.g. 

Seiders, 1981), and a study by Offield et. al. (1995) regarding the style and age of 

deformation in the Asheboro quarry. The Asheboro quarry is useful for accessibility to rocks 

and structures of the Tillery Formation which would not otherwise be easily detected at the 

surface. Initially, my intention was to study the structures in the Asheboro quarry separately 

from areas immediately surrounding it, in order to compare rock types and structures, and 

test the idea of quarry strata representing a Paleozoic outlier basin sitting atop the Tillery 

Formation. However, during the course of my study, the structural style was determined to be 

homogenous throughout the field area, and so the quarry and immediately surrounding areas 

are described together in this section to avoid redundancy. 
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 All structural features in the study area are the result of one deformation. The overall 

structural geometry of the field area is a south-plunging syncline with local second-order 

north-plunging folds, suggesting non-cylindrical folding.  However, the difference between 

the plunges are small (<10°) and folding may be mostly cylindrical.  This section will discuss 

the structures at all scales in the study area, and attempt to interpret their kinematics and 

timing. Structural orientations reported utilize the right-hand rule, that is, the dip is to the 

right of the strike azimuth reported. Timing of the deformation and metamorphism is 

discussed following the metamorphism section.

Structures

 Folds 

 Nearly the entire field area is affected by a fold that is considered to be a parasitic 

fold to the regional New London syncline, mapped by the USGS (Seiders, 1981). This fold 

will be referred to as the “main fold” herein. The main fold is a first-order, south-plunging 

syncline accompanied by at least four orders of folding, with the axial plane oriented 

approximately 213°/54°. The maximum shortening direction is considered to have been 

approximately perpendicular to this plane (Ramsay, 1967).  The shape of the main fold is 

somewhat vague because the majority of data are from the east limb where rocks are better 

exposed and accessible; however, the data suggest the syncline to be slightly asymmetric and 

verging to the southeast (Plate 1). 
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  The field area is divided into two structural domains based on oppositely plunging 

folds (Figure 3.1).  The main domain contains the first-order south-plunging main fold and 

encompasses the majority of the field area. The sub-domain contains a pair of local, north-

plunging second-order parasitic folds to the main fold, defined near the Asheboro Middle 

School and extending to the easternmost portion of the Asheboro quarry.
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Figure 3.1. Schematic map illustrating structural domains and main features. The red dashed 

region represents the sub-domain within the main domain. The southern extent of the sub-

domain has been closed off because of lack of data. Map patterns east of the sub-domain are 

not folds, and are discussed in the text below. Gray boxes represent locations referred to in 

the text. Fold axes and Uwharrie-Tillery contact also shown. 
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Main domain

 The main domain is established from south-plunging bedding-cleavage intersection 

lineations in the Tillery Formation. Because the Tillery Formation is rarely exposed at the 

surface in the areas surrounding the Asheboro quarry, most structural data from the main 

domain were obtained from the quarry, which is located immediately southeast of the main 

fold axial trace (Figure 3.1). Poles to bedding and respective pi-axes show the main fold axis 

to be gently plunging southwest with an average orientation of 233°/5° (Figure 3.2). 

Contouring the data implies that folding is mostly cylindrical. 

 Parasitic folds are useful for deducing fold geometries of larger, lower-order folds 

(Ramsay, 1967; Davis & Reynolds, 1996).  Folds observed in the quarry have large 

amplitudes, some ranging beyond the height of the quarry walls that are at least 15 m high, 

and typically have thicker hinges and thinned limbs. Most folds observed in the study area 

are commonly inclined or overturned verging southeast, with tight to closed interlimb angles 

(Davis and Reynolds, 1996). Sigmoidal tension gashes approximately 1-3 cm long trend sub-

parallel to bedding within the limbs of some folds, indicating development as a result of local 

flexural flow folding, which suggest the inferred shortening direction is sub-parallel to the 

gashes (Ramsay, 1967)(Figure 3.3). Small parasitic folds are also observed in Tillery 

Formation mudstone and carbonate rocks at the Asheboro quarry, have an amplitude of 

approximately 2 cm or less, and reflect folding style similar to other folds found throughout 

the main domain. 
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Figure 3.2. Cumulative stereoplot of poles to bedding from the main domain. Black dots 

represent poles to bedding, blue lines are Kamb contours suggesting the style of folding and 

interlimb angle of the main fold. Also, contours imply the fold is mostly cylindrical. Pi-axis 

represents the average orientation of the main fold axes: 233°/5°. Data from the sub-domain 

did not produce an accurate stereoplot because data were insufficient due to lack of rock 

outcrops, but has a shallow plunge (~10-15°) toward the northeast, inferred from map 

patterns and bedding-cleavage intersection lineations.
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Figure 3.3. Sigmoidal tension gashes produced by flexural fold folding. Large arrows 

indicate general shortening direction, small arrows on the tension gashes indicate extension 

direction.
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 Sub-domain

 The sub-domain is established from map patterns and north-plunging bedding-

cleavage intersection lineations found at Location 2 and on the southeastern-most side of the 

Asheboro quarry (Figure 3.1). The southern extent of the sub-domain is approximate, 

because the sparse outcrops of felsic volcanic rocks in that vicinity tend to be massive. Axial 

planes of the second-order folds are oriented sub-parallel to the axial plane of the main fold. 

Based on lineations, the fold axis trends approximately 53°, and shallowly plunges to the 

north-northeast around 10-13°. There were not enough data from the sub-domain to produce 

an accurate stereoplot. Uwharrie Formation felsic volcanic rocks are interpreted to have been 

folded at Location 2 near the Uwharrie-Tillery contact, based on map patterns and nature of 

the contact.

 Exposures that define the outcrop pattern east of the sub-domain at Location 3 are 

interpreted to represent an interlayered sequence of Tillery Formation mudstone with the 

Uwharrie Formation, based on low bedding-cleavage angles, and constant stratigraphic 

facing direction; this interlayered sequence pinches out to the south, producing the sinuous 

pattern of the Uwharrie-Tillery contact (Figure 3.1). If the outcrop were the remnant of a 

parasitic fold, the bedding-cleavage angle would be high, bedding orientations would be 

somewhat erratic, and stratigraphic facing directions of the mudstone would change across 

the fold. Alternatively, a local fault or fold somewhere between Location 3 and the sub-
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domain could explain the small outcrop, but neither fault or fold indicators were not observed 

in that vicinity. 

 Cleavage

 One generation of cleavage, axial planar to the main fold, penetrates rocks of the 

entire field area homogeneously with an average orientation of 228°/54° determined from 

poles to cleavage (Figure 3.4). The cleavage in the Tillery Formation is interpreted to have 

formed from pressure solution mechanisms, and is defined by pressure shadows on 

porphyroblasts. Although the cleavage in the Tillery mudstone is best described as slaty, true 

slaty cleavage has the tendency to split along foliation cleanly (e.g. slate), whereas the 

fissility in the mudstone is poor and cleavage surfaces tend to be rough. Cleavage in the 

carbonate layers and volcaniclastic units of the Tillery Formation commonly refracts from the 

orientation of cleavage in Tillery mudstone, and is also less developed than that in the 

mudstone (Figure 3.5). Rather than an abrupt angular change, cleavage in some places in the 

Asheboro quarry gradually changes angle and appears to curve through Tillery Formation 

mudstone, possibly due to gradational lithologic changes (Ramsay, 1967; Ramsay and Huber, 

1987). Cleavage refracting through differing lithologies in the field area may account for the 

variation of cleavage orientations observed. 

 Petrographic sections of Tillery Formation mudstone perpendicular to bedding 

display symmetrical quartz pressure shadows on pyrite and mica grains oriented sub-parallel 
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to cleavage. The Asheboro quarry also contains felsic dikes and sericite grains (in Figure 3.6) 

boudinaged sub-parallel to cleavage (Figure 3.7). Although cleavage is not developed in the 

felsic dikes, cleavage in the surrounding mudstone is deflected around boudins appearing to 

curve into boudin necks, and is best observed on the east side of the Asheboro quarry (Figure 

3.7) (Ramsay and Huber, 1987). The orientation and style of cleavage in the Tillery 

Formation is homogeneous throughout the field area, and is easily recognized in both fresh 

and deeply weathered outcrops.
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Figure 3.4. Poles to cleavage in Tillery Formation. Average cleavage plane is oriented 228°/

54°. Mean pole in blue. Variation of cleavage data may be due to cleavage refracting through 

differing lithologies in the Tillery Formation.  
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Figure 3.5. Cleavage refracting from Tillery Formation mudstone through a carbonate bed 

(brown layer). Cleavage plane illustrated by the dashed yellow line. North facing wall in 

main domain of the Asheboro quarry.
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 Figure 3.6. Tillery Formation mudstone from the main domain under crossed polars. Quartz 

pressure shadows on pyrite and sericite grains aligned sub-parallel to cleavage, represented 

by the blue lines, and indicate pressure solution type cleavage . Red lines indicate bedding. 

Most mica grains have also been boudinaged. 
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Figure 3.7. Cleavage in Tillery Formation mudstone deflecting around boudins of felsic dike 

rocks. Cleavage planes emphasized by dashed lines. Located in the sub-domain of the 

Asheboro quarry. Rock face approximately 2 m high. Photo courtesy of J. Hibbard.
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  Cleavage in the Uwharrie Formation is not well developed, possibly due to the 

crystalline and generally massive nature of the rocks.  Where observed, cleavage in the 

Uwharrie Formation is axial planar to the main fold. The cleavage in the Uwharrie Formation 

is discontinuous and appears most intense near the Uwharrie-Tillery contact, where it is 

spaced approximately every 6 to 10 cm, and becomes gradually weaker further from the 

contact. This development is best observed at Location 1 and in places in the main domain 

(Figure 3.1). Quartz veins cross-cutting the Uwharrie Formation are typically sub-parallel to 

cleavage and found in places along the Uwharrie-Tillery contact and throughout the sub-

domain. North of the field area near the Deep River, cleavage in the Uwharrie Formation 

appears intense, but observations and data from this area are insufficient for interpretation.

Other Features

 Lineation

 Three types of lineations are present in the field area: bedding-cleavage intersection 

lineations, boudin and boudin neck lineations, and clast elongation lineations. Bedding-

cleavage intersection lineations commonly observed in the Tillery Formation are useful for 

determining the location of an outcrop in relation to a fold by observing the angle between 

bedding and cleavage (Ramsay, 1967).  The orientation of an intersection lineation also 

reflects the orientation of the fold axis in cylindrical folds, and was the basis for dividing the 

field area into structural domains (Ramsay, 1967). Bedding-cleavage intersection lineations 
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in the vicinity of Location 2 and the east edge of the Asheboro quarry plunge sub-horizontal 

or northward and define the approximate extent of the sub-domain, whereas lineations in the 

majority of the field area gently plunge sub-horizontal to southward and define the main 

domain (Figure 3.1). 

  Boudin and boudin neck lineations in the field area are oriented similarly to bedding-

cleavage intersection lineations in nearby rocks. Intersection lineation and boudin neck 

lineation data are combined in stereoplots because both types of lineations are a result of the 

same deformation; however, the data have been split to represent the main and sub-domains . 

The average orientation of main domain lineations and sub-domain lineations are 229°/14° 

and 36°/17°, respectively. Using a stereonet program (Allmendinger, 2005), the best fit plane 

encompassing the average lineation vectors from both domains is 233°/67°.

 One clast elongation lineation oriented 230°/44° is located in the Uwharrie Formation 

north of the field area and adjacent to the Deep River. This lineation may indicate the 

direction of maximum finite extension locally, but data from this location is not sufficient for 

interpretation.
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Figure 3.8. Lineation stereoplots (A) from the main domain and (B) the sub-domain. Mean 

lineation vectors in blue.
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 Boudinage

 Boudinaged felsic dikes in the Asheboro quarry are typically a meter or less wide and 

are oriented sub-parallel to cleavage (Figure 3.7). One large dike on the west end of the 

quarry on a north facing wall appears to be buckled, but cleavage surrounding the buckled 

portion appears undisturbed, indicating the buckle existed prior to the cleavage (Figure 

2.10B). Boudinage in the sub-domain portion of the Asheboro quarry appears more intense 

than in the main domain because the exposures are larger and more numerous, and the 

boudins are spaced further apart (5 meters or less), and some boudins appear to be slightly 

rotated or imbricated. The cross-sectional shape of the boudins in the quarry are generally 

lenticular rather than barrel-shaped, and many boudin necks are filled with vein quartz as 

well as mudstone. A thin section of Tillery Formation mudstone from the Asheboro quarry 

reveals most mica grains are boudinaged and oriented sub-parallel to cleavage, with quartz 

filling in the boudin necks (Figure 3.9).

 The orientation of boudinage suggest the maximum shortening direction is roughly 

perpendicular to the orientation of the dikes, and slightly rotated boudins may indicate shear 

during deformation; but experiments have shown that boudins which appear rotated relative 

to bedding of the surrounding material result because the maximum extension direction is not 

parallel to the competent layer (Ramsay, 1967). 
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Figure 3.9. Boudinage in the Tillery Formation occurs at various scales. Mica grains in the 

mudstone are commonly boudinaged sub-parallel to cleavage. Sample from main domain of 

the Asheboro quarry.
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 Joints

 Joints are developed locally in the Tillery crystal lithic tuff, and in the Uwharrie felsic 

volcanics. Joints in the Tillery Formation crystal lithic tuff commonly occur throughout the 

unit, but are not well developed and therefore orientation data cannot be reported with 

confidence. Joints found in the Uwharrie Formation felsic volcanic are usually well 

developed but are not common. In the sub-domain west of Location 3, an outcrop of 

Uwharrie felsic volcanic rocks contain smooth, planar joints oriented in at least three 

directions, and some joints contain impressive plumose structures with straight axes(Figure 

3.10, 3.11). Plumose structures at this outcrop suggest mode I opening propagation and 

formation of the fracture, and ideally form perpendicular to the direction of least principal 

stress (Davis & Reynolds, 1996). Plumose structures may indicate joint formation driven by 

high pore fluid pressure (Secor, 1965; Davis & Reynolds, 1996), but also form from uplift, 

periods of deformation (i.e. folding, etc.), and periods of cooling (Ramsay, 1967; Ramsay & 

Huber, 1987). However, there is not enough compelling evidence to infer the mechanism of 

formation for the joints found in the study area. 
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Figure 3.10. Uwharrie Formation felsic volcanic exhibiting joints. Located along the railroad 

tracks east of Asheboro Middle School, in the sub-domain. (A) Joints are observed in at least 

3 directions. The blue box indicates close-up photo of classic plumose structure in (B). 

Photos courtesy of J. Hibbard.
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Figure 3.11. Stereoplot of joints in the Uwharrie Formation felsic volcanic. Joints indicated 

by the numbers adjacent to great circles correspond with the numbered planes in Figure 

3.10A.
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 Great Circle:
    N =   5 ;   first plane =   1 ;   last plane =   5
    Pattern = solid
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Summary 

 In order to test the first hypothesis, which states the fossil data are correct and the 

Uwharrie-Tillery contact is a thrust fault (Offield, 2000), rocks near the contact were studied 

for evidence of fault products, but none were observed in the field area. In order to test the 

second hypothesis, which states the rocks in the Asheboro quarry are a Paleozoic inlier basin 

atop the Tillery Formation, structures in the Asheboro quarry were compared to structures in 

the surrounding areas. However, structures throughout the study area are determined to be 

homogeneous. Kinematic indicators, such as folds, represent a dominantly shortening regime 

with associated extensional features, such as boudinage. The field area has been divided into 

two domains based on plunge directions of bedding-cleavage intersection lineations in order 

to clarify the overall subsurface geometry (Plate 1). Structures are considered to have formed 

as result of the one deformational event synchronous with metamorphism, which is discussed 

in the metamorphism section.

 The structural geometry of the rocks in the study area is visualized from poles to 

bedding, cleavage, and lineation data. The pi-axis derived from poles to bedding show the 

main fold to be a south-plunging syncline oriented at 233°/6° (Figure 3.2). Second-order 

north-plunging folds are indicated by the map pattern and define the sub-domain. Contouring 

poles to bedding data reveal the main fold to be verging southeast with a slightly shorter east 

limb. Inclined and overturned parasitic folds observed in the Asheboro quarry also verge 

southeast, and are interpreted to reflect the folding style of the main fold. North-plunging 
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folds in the sub- domain are interpreted as second-order folds to the main fold because of 

their relative size (Plate 2). Material heterogeneity may be responsible for variations of 

plunge direction within a single fold (Ramsay, 1967). This interpretation can be explained by 

the underlying, crystalline Uwharrie Formation buttressing the overlying, soft Tillery 

Formation. Varying plunges in a single fold may be alternatively explained by the variation 

in compressive strain along the length of the fold (Ramsay, 1967). Overall, the folds in the 

field area are consistent with the style and geometry of the regional New London syncline 

mapped by the USGS (Seiders, 1981). The southeast-verging folds in the study area indicate 

that local deformation is unlikely to be Alleghanian, which is generally defined by northwest-

verging folds and thrusts (Secor et. al., 1986). The strongest evidence that reveals the timing 

of local deformation to be Late Ordovician comes from Ar39/Ar40 age dates on white micas of 

ca. 455 Ma. The white micas define the cleavage in the Asheboro quarry strata that is axial 

planar to the main fold. 

 As stated previously, the study area is considered to have been affected by one 

deformational event because only one generation of folding and cleavage is observed. Axial 

planar cleavage is known to develop sub-perpendicular to the maximum shortening direction 

by pressure solution mechanisms (Ramsay, 1967). Cleavage penetrates both domains 

homogeneously. The predominantly shortening regime creates extensional features in fold 

limbs, such as boudinage and tension gashes. The direction of cleavage and boudinage 

suggests the maximum shortening direction sub-perpendicular cleavage., Some boudins 

84



appear slightly rotated, which may indicate the maximum shortening direction is not exactly 

perpendicular to the trend of the dikes (Ramsay, 1967). Both folds and cleavage are inclined 

to the southeast, indicating possible southeast directed movement during deformation, 

possibly from the docking of Carolinia to Laurentia in the Late Ordovician-Silurian 

(Hibbard, 2000). 

Is the Uwharrie-Tillery contact a fault?

 Near the Uwharrie-Tillery contact, Offield et. al. (1995) report a zone erratic and 

steeply dipping beds and local disturbance, suggesting a decoupling surface near or at the 

contact, creating a thrust fault responsible for northwest over southeast trending shear and 

intensified deformation near the contact. In the field area, the Uwharrie-Tillery contact does 

not show intensified deformation or significant disturbance compared to the rocks from 

throughout field area, and rocks in the immediate vicinity of the contact show no evidence of 

thrusting. Although not observed in the field area, steeply dipping and erratic beds near the 

contact elsewhere could be explained from folding and competence contrast between the 

Tillery Formation mudstone and Uwharrie Formation volcanics, similar to flexural-slip 

folding (Davis & Reynolds, 1996).  Also, there are no curved surfaces in the Tillery 

Formation near the Uwharrie-Tillery contact, such as drag folds or variations in the 

orientation of foliations, which are common features of ductile flow during shear (Davis & 

Reynolds, 1996; Rowland et. al., 2007). If the contact is a shear zone, one might expect a 
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strain gradient observed in the vicinity of the contact, similar to the nearby Gold Hill fault 

zone (e.g. Allen, 2005). However, no strain gradient is present near the Uwharrie-Tillery 

contact. Additionally, thrust faults usually place older rocks over younger rocks, unless the 

fault is an out-of-sequence thrust, which is caused by the reactivation of an older thrust or if 

the thrust sheet was previously deformed (Morley, 1988). The Uwharrie-Tillery contact 

cannot be a thrust fault, because the Tillery Formation is younger than the Uwharrie 

Formation, and only one generation of deformation is observed in the study area. The contact 

could be a normal fault, but evidence for any type of fault was not observed, and normal 

faulting is not consistent with the revised stratigraphy proposed by Offield (2000).
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METAMORPHISM

General Statement

 One goal of this study is to describe the metamorphic minerals and textures observed 

from throughout the field area, in order to determine the conditions and timing of regional 

metamorphism. Results from this study and previous work (e.g. Offield et. al., 1995) indicate 

deformation and metamorphism occur in the same event, and thus the relationship and timing 

of these events have been described together. Metamorphic assemblages and textures are 

observed to be similar throughout the study area, indicating regional metamorphism. Most 

workers report the Albemarle sequence to be affected by regional metamorphism at 

greenschist-facies grade with most primary structures are preserved in the rocks, 

characteristic of suprastructural terranes in Carolinia (Fodor & Stoddard, 1981; Offield et. al., 

1995; Hibbard et. al., 2002). A total of 26 thin sections were made for petrographic and 

structural analysis. The observations and data presented are used to interpret the 

deformational and metamorphic history for the lower Albemarle sequence in the study area. 

This section will also describe the methods and results from an attempted TIMS U-Pb age 

dating on zircons from two felsic dikes from the Asheboro quarry, and results from stable 

isotope analysis on a carbonate from the Asheboro quarry which the Paleozoic fossils were 

reportedly found.
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Mineral Assemblages and Textures

  The mineral assemblages are interpreted to be typical of greenschist facies, with some 

rocks locally affected by hydrothermal fluids. Mineral assemblages are observed as follows: 

 Uwharrie Formation:

 Felsic volcanic: Qtz + Plag(Ab) + Ep + Ser + Chl + Py + Zo

 Felsic porphry volcanics: Qtz + Plag + Mca + Chl + Zo

 Intermediate volcaniclastic: Qtz + Plag + Mca + Chl + Zo + Py

 Tillery Formation:

 Mudstone: Qtz + Fsp + Mca + Chl + Py + Clay minerals

 Carbonate: Cal + Ser + Chl

 Felsic dikes: Qtz + Plag + Mca + Chl + Cb + Ap + Zo ± Py ± Zr ± Mnz 

 Volcanic ash: Qtz + Fsp + Chl + Ser + Zo + Clay minerals 

 Felsic tuff: Qtz + Plag + Ep + Zo + Mca + Chl + Py 

 Uwharrie Formation:

 The rocks of the Uwharrie Formation contain mineral assemblages typical of 

greenschist facies. Most of the rocks are generally massive but some exhibit a weak foliation, 

but contain alteration textures. Thin sections of felsic volcanic and felsic porphyry reveal a 
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fine grained, mostly quartz-feldspathic groundmass with euhedral or subhedral phenocrysts 

of mainly albite and some epidote, some rimmed with clusters of sericite and chlorite. The 

chemical compositions of two albite phenocrysts and one epidote phenocryst from a felsic 

volcanic sample were determined using electron microprobe analysis (Table 2.1). The 

intermediate volcaniclastic rocks are mostly composed of euhedral, elongate zoisite grains, 

relatively large, sub-rounded grains of plagioclase and quartz, lithic fragments, and small 

amounts of glassy fragments. Many of the grains in the volcaniclastic and lithic fragments 

are also rimmed with clusters of sericite, chlorite and zoisite. Most phenocrysts and larger 

fragments in Uwharrie Formation rocks exhibit micropoikilitic texture containing inclusions 

of mostly sericite and zoisite, and indicates elevated-temperature devitrification processes 

(Gifkins et. al., 2005) (Figure 4.1).
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Figure 4.1. Thin section of intermediate volcaniclastic containing plagioclase crystals 

exhibiting micropoikilitic texture. Some crystals are partially rimmed with white mica and 

chlorite. Sample from near the Uwharrie-Tillery contact at Location 3 (Figure 3.1).

1 mm

90

Plag

Plag



 Tillery Formation:

 The Tillery Formation mudstone is a fine-grained quartz and feldspar matrix that 

contains scattered porphyroblasts of sericite and pyrite accompanied by symmetrical quartz 

beards aligned sub-parallel to cleavage (Figure 3.6).  Most sericite grains have also been 

aligned with cleavage and boudinaged, but a few sericite grains appear undeformed. Some 

chlorite and biotite grains are also observed. There are no major textural or mineralogical 

differences between Tillery Formation mudstone at the Asheboro quarry compared to 

mudstone in areas surrounding the quarry. At the Asheboro quarry, some cleavage planes 

contain coarse-grained biotite, sericite, and chlorite. An outcrop of mudstone near the 

Uwharrie-Tillery contact contains several small nodules filled with elongate, euhedral 

crystals of zoisite, most of which show zoned birefringence patterns. The nodules could 

possibly be lithophysae eroded from the nearby Uwharrie Formation, which are elevated-

temperature devitrification features (Gifkins et. al., 2005). 

   Felsic dikes from the Asheboro quarry vary compositionally and texturally. Sample 

Ash-05-01 show recrystallization and alteration textures. The rock contains radiating quartz 

grains among the fine-grained quartz matrix that are approximately 0.25 mm in diameter, and 

appear similar to spherulites. However, the grain boundaries are not sharp and appear to be 

slightly sinuous, producing atypical optical properties for spherulites, possibly due to 

alteration. Spherulites are high-temperature devitrification features commonly found in 
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vitreous igneous rocks (Gifkins et. al., 2005) and are usually indicative of quenching because 

they commonly occur in glassy and vitreous rocks. Most of the rock is composed of

pseudomorphs approximately 0.5 to 1 mm in diameter, of possibly plagioclase or quartz 

although it is difficult to identify the original mineral because the pseudomorphs are sub-

rounded and contain quartz that is finer-grained than the matrix. The pseudomorphs are 

predominantly rimmed by clusters of sericite and chlorite. A few small plagioclase 

phenocrysts are present in the matrix exhibiting micropoikilitic texture containing quartz, 

zoisite, and carbonate inclusions. A thin zoisite vein also cuts through the sample. Sample 

Ash-05-02 contains a fine-grained matrix composed of quartz and plagioclase feldspar 

exhibiting a needly texture in the matrix due to its growth habit. Carbonate veins aligned sub-

parallel to cleavage appears brown under crossed-polars, and display polysynthetic twinning 

typical of calcite, as well as deformation twinning appearing as alternating bands within the 

vein. Boundaries of the veins are partially rimmed by sericite, chlorite, and equant quartz 

grains with grain boundaries that appear to have migrated.  

 The carbonate rocks found at the Asheboro quarry are very fine grained, foliated, and 

contain scattered sericite and chlorite porphyroblasts. Using X-ray diffraction techniques,  the 

composition of the carbonate is determined to be pure calcite. Stable isotope analysis was 

performed on one carbonate sample in order to gain information about the metamorphic fluid 

that permeated the rocks, and is discussed further in this section.
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Alteration

 An outcrop of Uwharrie Formation felsic volcanic near the Uwharrie-Tillery contact 

at Location 2 (Figure 3.1) exhibits an anomalous dark green color possibly due to 

chloritization, accompanied by a high density of veins at this outcrop and throughout the sub-

domain. Outcrops of Uwharrie felsic volcanic elsewhere in the study area display bleached 

zones around some fractures and joints, which may indicate hydrothermal alteration. In the 

Tillery Formation, pseudomorphs found in a felsic dike (Ash-05-01) from the Asheboro 

quarry are replacement features that can be produced by alteration. In addition to the 

radiating quartz observed in a felsic dike (Ash-05-01) at the Asheboro quarry, Offield et. al. 

(1995) reports spherulites in rocks at the quarry indicating the rocks experienced quenching. 

Spherulites and micropoikilitic textures are common but are not considered alteration 

textures, but rather high-temperature devitrification textures (Gifkins et. al., 2005).  

 Rocks from both the Uwharrie and Tillery formations contain abundant sericite and 

zoisite, which are interpreted to represent sericitization and saussuritization, respectively. 

Growth of sericite is an alteration product of plagioclase if water-rich fluids are available, 

and commonly forms sub-parallel to cleavage (Shelley, 1993). Saussuritization is also an 

alteration product of plagioclase; water-rich fluids change the anorthite component of 

feldspar to epidote minerals, and the remaining feldspar is albite (Shelley, 1993). The 

composition of the phenocrysts in the Uwharrie felsic volcanic were determined to be albite 

and epidote (Figure 2.3; Tables 2.1-2.3). Saussuritization is considered to occur under 
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greenschist facies conditions, and is also accompanied by sericite and calcite (Shelley, 1993).  

Rocks throughout the study area are interpreted to be affected by hydrothermal alteration, 

based on minerals and textures in outcrop and thin section. 

Conditions and Timing of Deformation and Metamorphism

 This section discusses the conditions of metamorphism revealed by mineral 

assemblages, textures, and the stable isotope analysis of the carbonate from the Asheboro 

quarry. Thin section observations and previous geochemical studies (e.g. Offield et. al., 1995) 

discussed below suggest metamorphism and deformation occurred during the same event, 

and thus the timing and relationship of metamorphism to deformation are also discussed in 

this section.

 Conditions

   Mineral assemblages in rocks from throughout the study area indicate 

metamorphism at greenschist facies grade (Frey and Robinson, 1999; Kornprobst, 2002). 

Minor amounts of biotite occur in the rocks throughout the study area, indicating conditions 

reached biotite grade (Offield et. al., 1995; Frey and Robinson, 1999). Quartz pressure 

shadows on pyrite and boudinaged sericite porphyroblasts in the Tillery Formation are 

symmetric and aligned sub-parallel to cleavage, indicating a negligible or absence of a shear 

component during deformation and metamorphism. Structures from throughout the study 

area are indicative of low to moderate temperatures (e.g. Passchier and Trouw, 1996). 
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Previous geochemical work by Offield et. al. (1995) deformation occurred at depths of 

around 6-8 km because of both brittle and ductile structures present in the Asheboro quarry, 

but suggest peak metamorphism reached temperatures of around 325-350° C to account for 

the rare grains of biotite.  

  Stable Isotope Analysis

 Stable isotope analysis of one carbonate sample from the Asheboro quarry was 

completed in attempt to gain insight about the formation or depositional conditions of the 

carbonate. However, the sample has been altered and so the analysis may reveal insight to the 

nature of the hydrothermal fluid that permeated the rocks of the Asheboro quarry. 

 Stable isotope analysis of the carbonate sample was performed by Dr. Joanne Potter 

of the University of Toronto. Carbon (!13C) and oxygen (!18O) isotopic fractionation values 

may reveal the temperature of the metamorphic fluid. The carbonate analyzed was 

determined to be pure calcite in composition by X-ray diffraction. The results of the stable 

isotope analysis are: !13C = -7.3 ‰ (vs VPDB (Vienna PeeDee Belemnite)), !18O = +7.6 ‰ 

(vs VSMOW (Vienna Standard Mean Ocean Water)) and -22.6 ‰ (vs VPDB). The results 

were calibrated against NBS 18 and 19, and checked alongside an internal standard WS-1 

that had a result of !13C = +0.74 ‰ and !18O = +26.18 ‰ (vs VSMOW). Agreed values are 

+0.76 and +26.23, respectively. 
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 Increasing metamorphic grade tends to deplete !18O and !13C fractionations in 

carbonate rocks (Valley, 1986). The relationship of !18O to !13C values suggests the 

carbonate rocks were subject to igneous conditions, which may be interpreted to represent 

high temperature hydrothermal processes (Figure 4.2). Generally, low-grade metamorphic 

pelites in regional metamorphic settings have !18O values between +15 and +18 ‰ (Hoefs, 

2009). Oxygen (!18O) isotope values between +5 and +10 generally indicate presence of 

magmatic fluids, but meteoric type fluids at lower temperatures (~200 -250  C) would 

equilibrate with a carbonate to produce signatures ranging +6 to +8 (Potter, 2010, pers. 

comm.). The calcite-water oxygen isotope fractionation equation after Friedman and O’Neil 

(1977) estimates a temperature of 243.3  C. However, slowly cooled metamorphic rocks 

often significantly lower temperature estimates because of retrograde isotopic exchanges 

between phases or with transient fluids (Hoefs, 2009). Only one sample was analyzed, and 

conclusive inferences about the nature of the metamorphic fluid requires further study.
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Figure 4.2. Plot of !18O (VSMOW) vs !13C (VSMOW). Metamorphic grade tends to increase 

as !18O and !13C values decrease. Approximate plot of the carbonate sample in this study 

represented as the red star. Modified from Hoefs, 2009.  
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 Timing

  Porphyroblasts of pyrite and boudinaged sericite with pressure shadows are aligned 

sub-parallel to cleavage, suggesting growth of metamorphic minerals were formed during 

deformation (Passchier and Trouw, 2005)(Figure 3.6).  Previous work by Offield et. al. 

(1995) obtained 40Ar/39Ar cooling ages of biotite and white micas from the Asheboro quarry 

of ca. 455 Ma, which are interpreted to have formed the cleavage domains during 

metamorphism. The start of the event is unclear, but only one generation of folding and 

cleavage is observed throughout the study area contemporaneous with regional greenschist 

facies metamorphism reaching biotite grade at peak conditions. Hydrothermal alteration and 

devitrification is thought to occur during or after prograde metamorphism, because prograde 

metamorphism typically releases fluids causing liberation of volatile elements in sediments 

(Valley, 1986). Observations from the study area, in addition to geochemical data (Offield et. 

al., 1995) indicate deformation and metamorphism in the study area occurred in the same 

event.

  One objective of this research is to constrain the depositional age of the Tillery 

Formation rocks at the Asheboro quarry which the reported Paleozoic fossils were found, in 

order to clarify the stratigraphy of the Albemarle sequence. Following deposition of the 

Tillery mudstone and carbonate at the Asheboro quarry, a local felsic dike swarm cross-cut 

the quarry strata. Around 455 Ma, the deformational and metamorphic event occurred (Figure 

4.3). Because the felsic dikes post-date deposition of the Tillery Formation at the Asheboro 
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quarry, but pre-date the deformation and metamorphism, determining the crystallization age 

of the dikes using U-Pb geochronology may constrain the age of the quarry strata. However, 

the felsic dikes at the quarry have experienced a significant amount of recrystallization and 

alteration, so the timing of their crystallization may not be obtainable.
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Figure 4.3.  Sequence of rock emplacement and subsequent deformation within the quarry.  

(A) Deposition of mudstone, carbonate (brown), and volcaniclastic rocks in the Asheboro 

quarry. (B) Tillery Formation strata are intruded by a series of felsic dikes. (C) The study area 

experiences a singular deformational and metamorphic event ca. 455 Ma producing a 

penetrative axial planar cleavage and boudinage. Not to scale.
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 Geochronology

 Two separate felsic dikes from the Asheboro quarry were sampled by Brent Miller in 

2001 for geochronologic analysis, but only one contained zircon (Ash-05-02). High-precision 

TIMS U-Pb geochronology was performed at the R. Ken Williams ’45 Radiogenic Isotope 

Geosciences Laboratory at Texas A&M University, under the supervision of Dr. Brent Miller 

in 2009. 

 Sample Preparation and Analytical Procedures

 The rocks were crushed and disaggregated, followed by dense mineral concentration 

using a Wilfely table, heavy liquid separations (bromoform and methyline iodide), and 

magnetic separations. Zircon grains for ID-TIMS dating were carefully selected from sample 

Ash-05-02 under binocular microscope. Due to technical difficulties with the camera, the 

zircons were sketched and noted for inclusions, fractures, size, and shape. The zircons were 

large, clear, and prismatic, with pristine faces and most had one crystal termination. They 

contained few visible fractures or inclusions. Dissolution and chemical abrasion were 

conducted in an eighteen-position Parr-style high pressure dissolution vessel using 200 µl 

modified Parrish-style teflon capsules. The annealing, chemical abrasion and thermal-

ionization mass spectrometry (CA-TIMS) methods were largely followed as described in 

Mattinson (2005), which have been known to be highly successful and reliable in producing 

results for mid-Paleozoic and older zircons. 
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 All clean sample preparation and separation chemistry for U-Pb dating was conducted 

in the Class 100 ultra-clean laboratory. An internally calibrated, mixed 205Pb-233U-235U spike 

for routine U-Pb analysis was used. U and Pb isotopic compositions were analyzed on a 

ThermoFisher Triton thermal-ionization mass spectrometer. This instrument is equipped with 

a RPQ energy filter and a modified 14-dyanode MassCom SEM. Mass bias is determined by 

repeat analysis of NIST 981. Zircon samples with 10 to 100 pg Pb are measured by peak-

hopping on the SEM, and U is analyzed as the dioxide in static Faraday mode.

 Results and Summary

 Unfortunately, no usable data was produced due to the zircons containing virtually no 

U and therefore very little radiogenic Pb (Miller, pers. comm.). The zircons selected from 

sample Ash-05-02 were prismatic, large and pristine zircons of nearly gem-like quality. The 

suspicious appearance of the zircons suggests more recent formation than the parent rock, 

and may have crystallized from hydrothermal fluids, rather than magmas (B. Miller, pers. 

comm.); however, this inference can only be confirmed by measuring isotopic and trace 

element compositions of the zircons (Rubin et. al., 1989; Fu et. al., 2009).

Summary of Deformation and Metamorphism

 The study area was affected by coeval deformation and regional metamorphism 

during the Late Ordovician, around 455 Ma (Offield et. al., 1995). Only one generation of 

folding and cleavage is observed in the study area. Mineral assemblages and textures are 
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indicative of greenschist facies metamorphism reaching peak conditions to biotite grade, and 

followed by subsequent hydrothermal alteration and devitrification. No indication of 

significant shear is observed anywhere in the study area. There is no evidence of a 

decoupling surface in the vicinity of the Uwharrie-Tillery contact or in the Asheboro quarry. 

 It can be reasonably suggested that deformation and metamorphism in the study area 

is a product of Carolinia accreting to Laurentia during the Late Ordovician-Early Silurian, on 

the basis of the most recent model (Hibbard, 2000). 
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SUMMARY AND CONCLUSIONS

Significance of this Study

 This study focused on resolving the hypotheses concerning the age of the Tillery 

Formation by investigating the nature of the Uwharrie-Tillery contact, comparing rock types 

at the USGS fossil locale (Koeppen et. al., 1995) and surrounding areas, observing the 

structural style of the study area, and attempting to utilize cross-cutting relations to constrain 

timing with geochronology. This section discusses the significance of the study, broader 

implications, final conclusions, and possible future research.  

 The stratigraphic interpretation of the Albemarle Group has been a subject of 

controversy due to the reported discovery of Paleozoic fossils (early Middle Ordovician and 

younger)(Koeppen et. al., 1995) in the Tillery Formation mudstone strata at the Asheboro 

quarry, which is traditionally considered to be Late Neoproterozoic. Recent NCSU graduate 

Matt Brennan completed his Master of Science research focusing on the other reported 

Paleozoic fossil locale in the Cid Formation of the Albemarle Group, in the vicinity of the 

Jacob’s Creek Quarry near Denton, North Carolina. His conclusions, in addition to other 

studies (e.g. Hibbard et. al., 2009), have determined the overlying Cid Formation to be Late 

Neoproterozoic in age, and the Paleozoic fossil data for the Jacob’s Creek Quarry locale to be 

erroneous.  Three hypotheses were proposed in order to clarify the stratigraphy of the lower 

Albemarle Group: 1) the purported Paleozoic fossil data represent the age of the entire Tillery 

Formation, and an alternate interpretation of the stratigraphy and structure must be 
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implemented as a thrust fault present near or at the Uwharrie-Tillery contact (e.g. Offield, 

2000); 2) the purported Paleozoic fossil data represent the age of the rocks only in the 

vicinity of the fossil locale, such as a limited outlier basin atop the Tillery Formation, which 

would be revealed as differences in rock types between the Asheboro quarry and rocks 

immediately surrounding the quarry; 3) the purported Paleozoic fossil data are incorrect, and 

the currently accepted interpretation for the Albemarle sequence is valid (e.g. Milton, 1984). 

 Hypothesis 1 was tested by determining the nature of the Uwharrie-Tillery contact 

using detailed 1:24,000 scale field mapping, petrography methods and structural 

measurements in the vicinity of the contact. Field mapping reveals interfingered map patterns 

of the Tillery Formation with the Uwharrie Formation, and interbedded volcanic ash deposits 

in the Tillery Formation near the Uwharrie-Tillery contact. These observations alone suggest 

the Tillery Formation to be Neoproterozoic in age, because the Uwharrie Formation has a U-

Pb zircon age of 552 ± 8 Ma (Ingle, 1999). Rocks in the vicinity of the Uwharrie-Tillery 

contact show neither fault products nor a strain gradient, a common feature in rocks 

surrounding fault and shear zones (e.g. Allen, 2005). Structural style and intensity is 

relatively homogeneous throughout the study area, and show virtually no indication of 

significant shear. Deformation producing southeast-verging folds and cleavage was coeval 

with regional greenschist facies metamorphism during the Late Ordovician to Early Silurian 

(Offield et. al., 1995).
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 Hypothesis 2 was tested by comparing the mudstone strata at the Asheboro quarry 

with mudstone strata in the immediately surrounding areas. No significant differences exist 

between mudstone rocks from throughout the study area. No evidence for a depositional or 

structural discontinuities were observed within the Tillery Formation that may indicate a 

separate Paleozoic outlier unit to account for the fossil data (e.g. Koeppen et. al., 1995). 

Recent studies confirm the overlying Cid Formation is late Neoproterozoic in age, on the 

basis of recent Ediacaran fossil discoveries in the vicinity of Jacob’s Creek Quarry (Hibbard 

et. al., 2009) and field research completed by Matt Brennan (2009).

 Hypothesis 3 is the most valid option. The results of this study confirm the lower 

Albemarle Group to be conformable and late Neoproterozoic in age as traditionally thought 

(Milton, 1984), and an alternate stratigraphic interpretation of the Albemarle sequence (e.g. 

Offield, 2000) is unwarranted. In addition to the previously stated findings, the reported 

Paleozoic fossil data could not be replicated by the NC Museum of Natural Science (C. 

Tacker, pers. comm.). Contamination in the lab may have been the source of the Paleozoic 

fossil data (Hibbard et. al., 2009).

Broader Implications

 The findings from this study contribute information toward clarifying the stratigraphy 

of the Albemarle sequence, which is an important defining package of rocks used for 

interpreting late Neoproterozoic-early Proterozoic tectonic models in the Appalachian orogen 
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(Hibbard et. al., 2007). Comparing Carolinia with other peri-Gondwanan crustal blocks (i.e. 

Avalonia and Ganderia) promotes a better understanding of the geologic and tectonic history 

for the Appalachian Orogen. Traditionally, Carolinia has been linked to Avalonia as a 

composite terrane that accreted to Laurentia in the middle to late Paleozoic (Williams and 

Hatcher, 1983; Nance et. al., 2002). Recently, Carolinia is suggested to possess more 

similarities to Ganderia than Avalonia, based on available first-order stratigraphic, structural, 

metamorphic, plutonic and isotopic characteristics (Hibbard et. al., 2007).  Furthermore, the 

455 Ma deformation and metamorphism event that affected the study area may be the result 

of Carolinia accreting to Laurentia during the Late Ordovician-Silurian, which is based on 

consistent geochemical data and the most recent model for accretion of Carolinia (Hibbard, 

2000). According to the model, Carolinia progressed from the southeast to the northwest until 

convergence with Laurentia, which resulted in sinistral oblique movement along the suture. 

The inferred shortening direction of regional folds in the Albemarle sequence and in the 

study area is generally southeast-northwest. The timing and inferred shortening direction of 

folds in the study area is generally consistent with the timing and direction of Carolinia 

docking to Laurentia. 
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Future Research

 This study reveals that the contact between the Uwharrie and Tillery formations is 

gradational and conformable, that they are likely Late Neoproterozoic in age, and evidence of 

Paleozoic outliers in the vicinity of the Asheboro quarry were not identified. However, 

unresolved questions remain:

 

1. Further attempts obtaining crystallization ages of the felsic dikes at the Asheboro 

quarry using geochronology are possible, but unlikely (B. Miller, 2010, pers. 

comm.) because of the rocks being thoroughly altered. 

2.  Expanded stable isotope analysis could be utilized to better understand the 

conditions of metamorphism and alteration that affected the study area.

3.  The tectonic setting and source of the magma for the felsic porphyry domes could 

be evaluated in order to characterize the volcanic domes.
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APPENDIX 1: Supplemental Tables

Table 2.4: Major chemical analysis for sample Ash-1, felsic porphyry from Dave’s Mountain. 

Data courtesy of Phil Bradley, NCGS, 2009.

Scheme Code Detection Limit %

Au FAI303 1 n.a.

SiO2 XRF103 0.01 74.52

Al2O3 XRF103 0.01 13.17

CaO XRF103 0.01 1.25

MgO XRF103 0.01 0.23

Na2O XRF103 0.01 5.2

K2O XRF103 0.01 1.96

Fe2O3 XRF103 0.01 2.24

MnO XRF103 0.01 0.1

TiO2 XRF103 0.01 0.25

P2O5 XRF103 0.01 0.03

Cr2O3 XRF103 0.01 0.04

LOI                 XRF103 0.01 0.4

Sum XRF103 0.01 99.49

Table 2.5: Trace element analysis for sample Ash-1. Data courtesy  of Phil Bradley, NCGS, 

2009.

Scheme Code Detection Limit ppm

Rb XRF103 2 35

Sr XRF103 2 166

Y XRF103 2 38

Zr XRF103 2 159

Nb XRF103 2 5

Ba XRF103 20 605
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Table 2.6. Rare Earth elemental analysis of sample Ash-1, felsic porphyry from Dave’s 

Mountain (continues to next page). Data courtesy of NCGS, 2009.

Scheme Code Detection Limit ppm

Ag IMS95A 1 <1

Ba IMS95A 0.5 710.4

Ce IMS95A 0.1 47.6

Co IMS95A 0.5 1.7

Cs IMS95A 0.1 0.2

Cu IMS95A 5 6

Dy IMS95A 0.05 6.08

Er IMS95A 0.05 4.05

Eu IMS95A 0.05 1.12

Ga IMS95A 1 14

Gd IMS95A 0.05 5.4

Hf IMS95A 1 4

Ho IMS95A 0.05 1.26

La IMS95A 0.1 22.9

Lu IMS95A 0.05 0.64

Mo IMS95A 2 5

Nb IMS95A 1 5

Nd IMS95A 0.1 24.3

Ni IMS95A 5 7

Pr IMS95A 0.05 5.71

Rb IMS95A 0.2 38

Sm IMS95A 0.1 5.4

Sn IMS95A 1 2

Sr IMS95A 0.1 164.6

Ta IMS95A 0.5 <0.5
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Table 2.6 Continued

Tb IMS95A 0.05 0.91

Th IMS95A 0.1 5.4

Tl IMS95A 0.5 <0.5

Tm IMS95A 0.05 0.58

U IMS95A 0.05 1.44

V IMS95A 5 11

W IMS95A 1 <1

Y IMS95A 0.5 33.2

Yb IMS95A 0.1 4.6

Zn IMS95A 5 19

Zr IMS95A 0.5 149.1
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APPENDIX 2: Geologic Cross Sections (Plate 1)
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Plate 1: Geologic Cross Sections

Vertical exagerration approximately 2x. See Plate 2 for cross-section locations and lithologic abbreviations. Gradational Uwharrie-

Tillery contact represented by dashed-dot lines. Red line on A-A’ indicates the location of the Asheboro quarry. 

Approximate axial planes on B-B’ indicated by dashed lines.
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PLATE 1

Vertical exagerration approximately 2x. See Plate 1 for cross-section locations and lithologic abbreviations. Gradational Uwharrie-

Tillery contact represented by dashed-dot lines. Red line on A-A’ indicates the location of the Asheboro quarry. 

 Approximate axial planes in B-B’ indicated by dashed lines. 
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APPENDIX 3: Geologic Map (Plate 2)
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Plate 2: Geologic Map
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Detailed Geologic Map of the Asheboro & Randleman, NC areas

Map created by: Jillian Kurek, 2010; Structural data and lithologic units: Jillian Kurek
7.5-minute quadrangles of Asheboro and Randleman and LIDAR data provided

by: North Carolina Geological Survey, courtesy of Phil Bradley.
Research funded and advised by: Dr. James Hibbard, NCSU.

Coordinate System: NAD 1983 StatePlane North Carolina FIPS 3200 (meters); 
Projection: Lambert Conformal Conic; Datum: D North American 1983
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LITHOLOGIC UNITS

Albemarle sequence

Uwharrie Formation
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Tillery Formation

MUDSTONE - dark gray to black,
laminated beds 1-5 mm thick grading

upward from silt to clay, but some

beds are cross-bedded or muddy.
Commonly contains sericite and py-

rite porphyroblasts. Exposures at

the Asheboro quarry reveal inter-
bedded homogenous, fine-grained

carbonate rocks and cross-cutting,

light-gray felsic dikes. In some pla-
ces contains interbedded volcanic ash.

LITHIC CRYSTAL TUFF - poorly
sorted tuffcontaining lithic fragments 

and quartz and plagioclase crystals

in a fine-grained groundmass. Com-
monly massive but some outcrops

exhibit bedding. Contains felsic 

and mafic dikes throughout the unit.

FELSIC VOLCANIC - light to medium 

gray, massive, fine-grained to porph-

yritic with albite and epidote pheno-
crysts, some outcrops contain crystal

and lithic fragments. Flow banding 

is observed in some places.

FELSIC PORPHYRITIC HYPABYSSAL

- light gray fine-grained matrix with at
least 50% euhedral plagioclase phe-

nocrysts. Generally massive, but also
 occurs as breccia and crystal lithic tuff. 

INTERMEDIATE VOLCANICLASTIC
 - distinctively green, moderately to

poorly-sorted epidote groundmass of

sand-sized grains. Can also contain 
crystal fragments, lithic fragments,

and lithic clasts of varying compostion.

Zuiv

Zuph

Ztlc

Ztmd

Zufv
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