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“Let those whom this picture does not satisfy paint their own; from the
confrontation and the resulting search for more facts a better hypothesis than any
present one may evolve.”

—John Rogers (1972)
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Abstract

Geologic investigations at the southwestern end of the Cat Square terrane (CSt) in central
Georgia provided new insight into the complex tectonic history of the Pine Mountain window
(PMw) and neighboring Inner Piedmont terranes. Detailed 1:24,000-scale geologic mapping of an
approximately 180 km2 area near Barnesville, Georgia has provided the foundation for further
geochemical, geochronologic, and structural analyses refining models for tectonic development and
emplacement of the CSt and PMw.

Whole-rock geochemical analyses of several CSt amphibolites yielded data suggesting a
continental back-arc setting for genesis of the Cat Square basin (CSb). Major element data confirm
derivation from a basaltic protolith and support the hypothesis that CSt amphibolites represent
vestiges of ocean crust once comprising the CSb floor. Mid-ocean ridge basalt normalized multi-
element diagrams and tectonic discriminant diagrams indicate that, while the CSb likely developed
as a back-arc basin, basalt generated was not homogenous and involved mixing of at least two
distinct magma components.

Zircon geochronologic analyses of select lithologies provided new data regarding the
crystallization and deformation history of basement units of the PMw, plus a maximum depositional
age of the CSb. SHRIMP-RG ages of zircons from basement felsic gneiss, the Woodland Gneiss, and
basement tonalite yielded approximate ages of 1158, 1040, and 1011 Ma, respectively. Analysis of
three detrital samples of CSt biotite gneiss via LA-ICPMS yielded a 602 + 8 Ma age for the youngest
zircon and peak ages of 1356, 1232, 1171, 1054, 1030, 954, and 858 Ma for the suite. The older of
the two ages provides a robust upper limit on the depositional age of the CSb, but does not refute
the younger interpreted age of the basin proposed by others.

Structural analysis of the study area supports the hypothesis that the PMw is structurally
complex and is framed by at least three faults of different ages. These interpretations have advanced
our understanding of the tectonic history of the PMw from once inferring a simple erosional hole in
a thrust sheet to now suggesting the Pine Mountain terrane was a microcontinent rifted from the

Laurentian margin during the breakup of Rodinia.
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Chapter 1
Introduction

Geologic understanding is advanced by aggregation of piecemeal data stockpiled in scientific
writings that are supplemented until a viable answer to a question or “thesis” is achieved. The
thesis presented herein summarizes investigations and mapping across parts of several suspect
terranes in the southern Appalachian Inner Piedmont.

Geologic investigations and detailed geologic maps of an orogen provide additional basis for
exploration and development of mineral, energy, and water resources. They help identify geologic
hazards, contribute vast amounts of geologic data, and provide greater understanding of deep
crustal processes resolved in the exposed roots of a mountain chain. Detailed mapping requires that
geologists go into the field to observe rocks and measure the orientation of mesostructures.
Laboratory work and sample analysis are crucial, but the lack of detailed and accurate maps would
likely invite an incorrect representation of geologic events. The U.S. Congress recognized the
necessity of current geologic maps and passed legislation (National Geologic Mapping Act of 1992),
therein affirming the importance of quality geologic maps as the basis for virtually all subsequent
earth-science investigations.

The Appalachian orogen consists of an ~3,000-km mountain chain extending from the
continental margin off Newfoundland to beneath the Gulf Coastal Plain in southern Alabama and
Georgia (Hatcher, 2010). This orogen has a long and complex geologic history, whose development
chronicles the breakup of one supercontinent, Rodinia, and culminates with the formation of
another, Pangea. The Appalachian orogen is the product of orogenic processes that evolved over
several hundred million years and involved three successive accretionary and collisional events
(Thomas, 2006; Hatcher et al., 2007; Hatcher, 2010). Current understanding of the development of
this orogen is the product of a remarkable paradigm shift from geosynclinal theory to adaptation of
plate tectonics (Wilson, 1966, 1968; Rankin, 1975) as a mechanism driving continental drift; the
concept of terrane analysis (e.g., Coney et al., 1980; Williams and Hatcher, 1983) provided a
systematic approach to understanding developmental history.

Terrane analysis affords the opportunity to intricately study certain aspects of an orogen,

without having to immediately incorporate those findings into an overarching model of



development (Williams and Hatcher, 1983). This type of analysis then lends itself to the systematic
accumulation of data beginning with characterization of a suspect terrane, the basis of which is
founded in detailed geologic mapping. The Cat Square terrane in North Carolina is a suspect terrane
comprising a portion of the composite Inner Piedmont, and was first recognized through detailed
mapping (e.g., Giorgis, 1999; Merschat, 2003; Byars, 2010; Gilliam, 2010) and geochronologic
studies (Bream, 2003; Bream et al., 2004). Recent investigations, including the one presented
herein, were focused on testing the hypothesis that the Cat Square terrane continues into central

Georgia, and delimiting its boundaries and relationships among surrounding terranes.

Research Objectives

One key research goal was to provide field experience in constructing a 1:24,000-scale
detailed geologic map in a previously unmapped area to provide a more complete understanding of
eastern Inner Piedmont and Pine Mountain window geology, and the tectonic history of the
southern Appalachians. Detailed mapping and cross sections of the study area (Plate I) were
essential to providing context within which analytical results could be applied. Additional research

objectives brought to the study area were:
1.) Testing hypotheses regarding continuity of large faults, including the Brindle Creek fault.
2.) Delimiting the southwestern extent of the Cat Square terrane in central Georgia.

3.) Performing kinematic analyses to resolve the structural and timing relationships of major
faults framing the northeastern end of the Pine Mountain window.

4.) Performing detailed petrographic analyses of major rock units.

5.) Employing commercial lab whole-rock geochemical analyses of selected amphibolite
samples.

6.) Conducting SHRIMP-RG and LA-ICPMS zircon geochronologic analyses to satisfy several
objectives:

a.) establishing provenance of metasedimentary rocks in the study area, which is one
major criterion used to distinguish Inner Piedmont terranes;

b.) determining the absolute age and timing of emplacement of a hornblende quartz
diorite stock within one of several klippen of Inner Piedmont rocks in the Pine
Mountain window;
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Figure 1-1. Location of the study area in central Georgia and mapping credit for data incorporated into the
study. Study area is outlined in red.

c.) using low Th/U metamorphic overgrowths to delimit movement timing along the Box
Ankle fault.

Location of Study Area

The study area encompasses portions of Spalding, Lamar, Pike, and Monroe Counties,
Georgia (Fig. 1-1), and is situated astride two major fault systems in the southeastern Inner
Piedmont (Fig. 1-2). These faults delineate the Cat Square terrane, and separate it from the Tugaloo
terrane (Brindle Creek fault) to the northwest and the Pine Mountain window (Towaliga fault) to
the southeast. A portion of the Box Ankle fault, which juxtaposes rocks of the Cat Square terrane
and Grenville basement and Paleozoic(?) cover rocks at the northeast end of the Pine Mountain

window, is also present within the study area.



Figure 1-2. Simplified geologic map of the Pine Mountain window and adjacent terranes. Study area outlined
in red. Locations of nearby detailed and reconnaissance mapping in Figure 1-4 outlined in blue. Modified from
Steltenpohl et al. (2010). f.z.—fault zone; s.z.—shear zone.
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The mapped area consists of parts of three USGS 7.5 min quadrangles bound by 84° 00’ W
and 84° 15’ W longitude and 33° 00’ N and 33° 15’ N latitude. It is located ~64 km southeast of
Atlanta, Georgia, and west of Interstate 75. The majority of the ~180 km? mapped area lies in the
Barnesville and Orchard Hill 7.5 min quadrangles, with an additional ~26 km? area in the
Johnstonville quadrangle. The Johnstonville portion was added to maintain mapped continuity of
the Towaliga fault zone between this study area and Howard'’s (2012) previously mapped area. Data
gathered in portions of the Barnesville quadrangle by Sneyd (1995), later reinterpreted by R.L. Kath
(unpublished data), along with the remainder of the Johnstonville quadrangle mapped in
reconnaissance by R.D. Hatcher (unpublished data), have also been included in this study.

The topography of the study area is generally rolling and varies slightly at different locations
as a result of differential erosion between more-resistant and less-resistant rock units (Fig. 1-3).
Topography in the Orchard Hill and northwest portion of the Barnesville quadrangles consists of
rolling hills dissected by streams. Relief in the remaining portion of the study area is similarly low,
with the exception of a series of ~100 m-high ridges (Pine Mountain and Hog Mountain) trending
roughly west-east through the Barnesville quadrangle, and a slight increase in relief in the
southeastern corner of the Johnstonville quadrangle where most drainages are better developed.

A few modest-sized drainage networks are present in the study area that contain excellent
exposures in areas where the stream gradients are higher; conversely, where the stream gradients
are low, exposures are masked by vast swamps and extensive flood plains filled with alluvium.
Potato Creek is a moderate-sized stream that flows north to south at the western edge of the
Barnesville and Orchard Hill quadrangles exposing a portion of the Brindle Creek-Jackson Lake fault
at Woodfin Mill dam. The Little Towaliga Creek headwaters are in the north-central portion of the
Barnesville quadrangle where it flows northeast along a trend similar to that of the Towaliga fault. It
joins Eddie Creek in the Johnstonville quadrangle to form the Little Towaliga River. An expansive
marsh area encompasses much of this drainage network, concealing portions of a sizeable mylonite

zone along the Towaliga fault.

Methods
Detailed geologic mapping of the study area has been conducted using classic tools and

equipment (e.g., rock hammer, hand lens, Brunton compass, etc.). A geologic field book and USGS
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Figure 1-3. Digital shaded relief maps. (a) Shaded relief map of the southern Appalachians. Study area is
outlined in red (counterclockwise from the top; Orchard Hill, Barnesville, and Johnstonville 7.5-minute
quadrangles). (b) Shaded relief map of the study area showing topography and drainage patterns.



1:24,000-scale topographic maps were used to manually record geologic data. Data were also
collected using a Trimble hand-held GPS/GIS unit operating Esri ArcPad software for greater
precision and accuracy securing reproducible locations. Electronic structural data (Appendix I)
were downloaded from the GPS/GIS unit into Esri ArcMap GIS software, and used for initial drafting
and editing of the digital geologic map. A final version of the geologic map has been prepared using
Adobe Illustrator software and converted to an Adobe Acrobat portable document file (pdf) for ease
of distribution and printing. Three geologic cross sections perpendicular to strike of foliation of rock
units and major structures in the study area have also been constructed (Plate I).

Billets of selected samples were cut at The University of Tennessee-Knoxville and shipped to
a commercial lab to prepare thin sections. Petrographic analyses of thin section samples from all
major rock units and fault zones have been made using both transmitted and reflected light
microscopy on a Nikon Eclipse LV100 POL petrographic microscope equipped with a Nikon DS-Fil
high-definition digital camera for producing high resolution photomicrographs. Chemical analyses
of primary phases were performed at UTK using a CAMECA SX 100 electron microprobe (EMP),
with beam size of 1-5 microns at 15 KV and a current of 10-20 nanoamps. Both natural and
synthetic minerals were used for calibration of the EMP and standardization of the results
(Appendix II).

Samples of two amphibolite boudins in Cat Square terrane biotite gneiss were prepared for
whole-rock geochemical analysis by a commercial lab using rock preparation facilitites at the
University of Tennessee-Knoxville. Results from these analyses were plotted on compositional
diagrams using Igpet® software. Normalized multi-element diagrams and tectonic discriminant
diagrams were used to better refine models for Cat Square basin development.

Zircon geochronologic analyses were made using samples collected from within and
immediately adjacent to the present study area. Three samples contained detrital zircons from
samples of Cat Square terrane biotite gneiss, two were from Woodland Gneiss collected from the
suspected Box Ankle fault zone, and one sample each were from a quartz diorite stock and from
felsic gneiss in the Pine Mountain window. Zircons from these samples were separated using
mechanical, gravity, and magnetic techniques at both the University of Tennessee-Knoxville and the
University of North Carolina-Chapel Hill. Isotopic ratios used to establish ages were analyzed using

a Laser-Ablation Inductively Coupled Plasma Mass Spectrometer (LA-ICPMS) at the University of
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Arizona LaserChron Center in Tucson, and using the Sensitive High Resolution Ion Microprobe-
Reverse Geometry (SHRIMP-RG) at the Stanford-USGS Micro Analysis Center (SUMAC) in Stanford,
California. The SHRIMP-RG is capable of analyzing very small volumes of material, making it
possible to examine small portions of complex zircons, therefore enabling the acquisition of ages
from thin metamorphic overgrowths. The faster ablation rate and greater ablation volume achieved
by a larger spot size and penetration depth with the LA-ICPMS permits much quicker analysis times,
making it better suited for establishing age populations in detrital samples by analyzing large

numbers of zircons.

Previous Work

The central Georgia Piedmont has not typically been a focus of intensive geological study,
and the lack of interest is likely attributed to near-flat topography, extensive vegetative cover, and
susceptibility of rock units to weathering, creating vast expanses of saprolite. Exceptional exposure
is limited and outcrops are confined mostly to drainages and non-vegetated roadcuts. The paucity of
systematic detailed study and recognized importance of this region prompted Sears and Cook
(1984) to assemble a literature review, citing even their own previous work in Georgia as being
mostly reconnaissance, intending to prompt further work in “an interesting but difficult area.”

Early research in the vicinity of the present study area was performed in recognition of the
need for a broad assessment of the potential for exploitation of construction- and monument-
quality stone and mineral deposits. Watson (1902) conducted reconnaissance work evaluating the
extent of mining of granites and gneisses in what was then described as the crystalline area of
Georgia. The study was intended to be a preliminary investigation that focused mainly on
reconnaissance mapping and characterizing physical and chemical properties of granite and gneiss
bodies already being exploited. As such this work did not include the present study area, and
involved only areas several miles to the west near Zebulon in Pike County, and northwest near
Griffin in Spalding County. Galpin (1915) conducted a similar study aimed at the assessment and
reconnaissance mapping of large pegmatitic areas containing minable quantities of mica and
feldspar. This survey similarly focused on locations outside of the present study area, although, it
did briefly describe the occurrence of several diorite bodies within the Pine Mountain window, one

of which was vaguely defined as being located 2.4-2 km east of Barnesville. That diorite body may
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be the diorite stock described as part of the present study. Diorite intrusions in the Pine Mountain
window have not been discussed in subsequent literature, although later workers (e.g., Clarke,
1952) have mapped rocks of intermediate composition as belonging to Cunningham Granite or the
Charnockite series (Schamel and Bauer, 1980).

Subsequent and more extensive reconnaissance surveys in Georgia produced state geologic
maps (Stose and Smith, 1939; Pickering, 1976) and investigated unusual geologic occurrences. As a
consequence of investigations of the crystalline area in Georgia, Crickmay (1933) described
mylonites of several major faults and named the Towaliga fault for a locality north of Barnesville.
Further detailed work by Hewitt and Crickmay (1937) focused on investigating the springs located
in the aptly named Warm Springs 15-minute quadrangle, southwest of the present study area. Their
work identified structural features, and named and characterized many of the rock units (e.g.,
Woodland Gneiss, Sparks schist, Hollis Quartzite, Manchester schist) present in the Wacoochee belt
(Pine Mountain window). Clarke (1952) mapped the Thomaston 15-minute quadrangle,
immediately east of the Warm Springs quadrangle, which contributed further characterization of
units in the Pine Mountain window and described a complete charnockite series exposed in the
quadrangle. Clark (1952) also first proposed that the Wacoochee belt was a window through an
over-riding thrust sheet and that the faults framing the northern (Towaliga) and southern (Goat
Rock) portions of the window were possibly related (Schamel and Bauer, 1980). Subsequent
investigations by several authors (e.g., Bentley and Neathery, 1970; Sears et al,, 1981; Sears and
Cook, 1984), focused on the western end of the Pine Mountain window and attributed the structural
style of the window to development of several type F crystalline thrust sheets assembled into a
series of vertically stacked nappes. Detailed geologic mapping at the northeast end of the of the Pine
Mountain window (Hooper, 1986; R.D. Hatcher, Jr., unpublished data) immediately east of the
present study area, was conducted in response to the window hypothesis and focused on resolving
timing and structural relations at its eastern terminus (R.D. Hatcher, Jr., personal communication).
Hooper and Hatcher (1988a) concluded that the Pine Mountain terrane was exposed in a complex
window framed by three faults of different ages. Hooper and Hatcher (1988a, 1988b) also
characterized mylonites and kinematics of the Towaliga and Box Ankle faults at the northeast end of
the window, as well as the Rumble Shear zone, and Dean Creek faults along the southern margin of

the window.
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Figure 1-4. Index map of nearby detailed geologic mapping. Study area is outlined in red, Georgia county
borders are outlined in light gray, and USGS 7.5 min quadrangles are outlined in black. Colored polygons
represent areas of detailed mapping. Modified from Huebner et al. (2014).

With discovery of the Cat Square terrane in the Carolinas (Bream, 2003; Merschat and

Hatcher, 2007), and, as an effort to prove its southwest continuation, several more recent detailed

investigations have been conducted in the central Georgia Inner Piedmont, resulting in a large

island of detailed geologic mapping and research at the northeast end of the Pine Mountain window

(Fig. 1-4). At the far northeast portion of this area Davis (2010) produced a geologic map of the

Farrar and a portion of the Mansfield 7.5 min quadrangles. Huebner (2013) has mapped the Stewart

and Lloyd Shoals Dam, and portions of the Jackson and Worthville quadrangles immediately

southwest of Davis (2010). Howard (2012) mapped portions of the Locust Grove, Indian Springs,

and High Falls quadrangles between the present study area and that of Huebner (2013).

11



Geologic Background

Regional geology and tectonic history of the southern Appalachians is complex and has
yielded a plethora of viable and sometimes conflicting models (e.g., Higgins et al., 1988; Hibbard,
2000; Hatcher, 2010) for its development; therefore only a basic summary of major lithotectonic
terranes, fault zones, and terrane boundaries present within the study area is presented here.
Detailed descriptions of the rock units present in these terranes are discussed in the following

chapter.

Inner Piedmont

The Inner Piedmont consists of the Tugaloo terrane (western Inner Piedmont) and Cat
Square terrane (eastern Inner Piedmont), which are separated by the Brindle Creek fault in North
Carolina and the Brindle Creek-Jackson Lake fault, its likely equivalent in central Georgia (Fig. 1-5).
The main distinguishing characteristics between the terranes are contrasting detrital zircon age
populations (Bream et al., 2004; Merschat et al., 2010), contrasting ages of granitic plutons, and the
occurrence of an extensive plutonic complex in the Cat Square terrane, along with the absence of
continental basement in the Cat Square terrane (Huebner et al.,, 2011a). The Inner Piedmont
contains the high-grade crystalline core of the southern Appalachians and stretches ~ 700 km along
strike from near Winston-Salem, North Carolina, into central Alabama where it disappears beneath
the Gulf Coastal Plain (Hatcher et al.,, 2007; Merschat and Hatcher, 2007). It is bound to the west by
the Brevard fault zone, separating it from the western Tugaloo terrane in the eastern Blue Ridge,

and to the east by the Central Piedmont suture, which separates it from the Carolina superterrane.

Tugaloo terrane

The Tugaloo terrane comprises the eastern Blue Ridge and western Inner Piedmont and is
situated astride the Brevard fault zone. The Brevard fault zone is a 1-3 km-wide gently southeast-
dipping fault zone that extends ~ 750 km from Alabama to Virginia (Hatcher et al., 2007). This fault
zone represents the geologic boundary between the eastern Blue Ridge and Inner Piedmont and,
amid some controversy, was previously thought to represent a suture and terrane boundary, among
other things (Rankin, 1975; Hatcher, 2001). Detrital zircon ages determined from several samples
on opposing sides of the fault (Bream, 2003; Bream et al., 2004) and an identical stratigraphic

sequence, provide evidence that the Brevard fault zone is not a suture and that the Tugaloo terrane

12



astic Wedge
TN, S\ VA 259

terrane

(
unsw
ick ) (Charleston) terrane S

GA! sC -

Figure 1-5. Simplified tectonic map of the southern Appalachians. Study area, outlined in red, is shown in
relation to the composite Inner Piedmont and Pine Mountain window. Modified from Hatcher et al. (2007)
and Huebner et al. (2011b). WBR—western Blue Ridge terranes; CBR—central Blue Ridge terranes;
EBR—eastern Blue Ridge terranes; WIP—western Inner Piedmont; EIP—eastern Inner Piedmont;
Nw—Newton window; Bfz—Brevard fault zone; Tfz—Towaliga fault zone; BC-JLf—Brindle Creek-Jackson
Lake fault; BCf—Brindle Creek fault; CPS—central Piedmont suture.

is a distinct lithotectonic unit in both the eastern Blue Ridge and western Inner Piedmont (Hatcher
etal., 2007). This terrane is comprised of distal rifted margin sediments shed from Laurentia and
consists mainly of the Tallulah Falls Formation, Poor Mountain Formation, and several granitic and
mafic plutons, along with small amounts of Grenville basement (Hatcher et al., 2007). The Tallulah
Falls Formation consists of a three-part stratigraphy (Hatcher, 1971; Hatcher et al., 2007; Howard,
2012); only a small portion of the Tugaloo terrane is present in the study area, and consists entirely
of the lower member. In the study area this formation consists of well-foliated biotite gneiss with
discontinuous interlayered sillimanite schist and amphibolite. It was intruded by at least one

mappable Ordovician granitic pluton.
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Figure 1-6. Cat Square stump and crossroads in Lincoln County, North Carolina. (L-R) Robert D. Hatcher Jr,,
and Justin R. Rehrer.

Cat Square terrane

The Cat Square terrane is so named for the Cat Square crossroads (Fig. 1-6) in Lincoln
County, NC (Hatcher, 2002) and was first recognized as a distinct terrane in the Inner Piedmont
from detrital zircon geochronology (Bream, 2002, 2003; Bream et al., 2004). Metasedimentary
rocks yielded detrital zircon ages of both Laurentian and peri-Gondwanan affinity. Sediments from
Laurentia and approaching peri-Gondwanan terranes were deposited on ocean crust in a possible
remnant ocean basin that was closed during the Acadian-Neoacadian orogeny by subduction of the
Cat Square terrane and part of the Tugaloo terrane beneath the Carolina superterrane at ~407 Ma
(Merschat and Hatcher, 2007; Hatcher, 2010; Huebner et al., 2011a). The Cat Square terrane
comprises the eastern portion of the composite Inner Piedmont and, with the exception of the
Newton window in North Carolina, lies east of the Tugaloo terrane with its eastern extent marked
by the Central Piedmont suture. In central Georgia the terrane widens where the Pine Mountain
window exposes Grenville basement and a Neoproterozoic-Paleozoic(?) cover sequence, creating a
“fork-like” shape at the southwestern end of the terrane. Because of this separation, within the

present study area the eastern boundary of the Cat Square terrane is marked by both the Towaliga
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and Box Ankle faults, which separate it from rocks of the Pine Mountain window. Its northwestern
extent here is delimited by the Brindle Creek-Jackson Lake fault. The Cat Square terrane in central
Georgia consists of several mappable units, including well-foliated and deformed migmatitic biotite
gneiss and sillimanite schist, along with a large plutonic complex comprised of coarse-grained
megacrystic granite and finer-grained granodiorite (Davis, 2010; Huebner et al., 2011a; Howard,

2012; Huebner, 2013).

Brindle Creek-Jackson Lake fault

The Brindle Creek fault separates the western Inner Piedmont (Tugaloo terrane) from the
eastern Inner Piedmont (Cat Square terrane) in North Carolina and was first mapped as a lithologic
contact (Goldsmith et al., 1988). It was later identified as a shallowly dipping thrust fault (Giorgis,
1999), but was not initially interpreted as a terrane boundary, although subsequent detrital zircon
geochronologic studies (Bream, 2003; Bream et al., 2004) proved the existence of a separate terrane
east of the fault. The Brindle Creek fault was thus later described as a sinuous low-angle fault and
terrane boundary extending from northwest of Winston-Salem, North Carolina, to Athens, Georgia,
and truncated at both ends by the central Piedmont suture (Hatcher et al.,, 2007; Merschat and
Hatcher, 2007). The interpretation of a conspicuous lineament observed in aeromagnetic data led to
the hypothesis that the Cat Square terrrane continued into central Georgia and that Brindle Creek
fault did not truncate against the central Piedmont suture and is instead represented by the
aeromagnetic lineament that truncates against the Towaliga fault at the northeast end of the Pine
Mountain window (Hatcher et al.,, 2007; Huebner et al., 2010; Huebner, 2013). Recent detailed
geologic mapping (Davis, 2010; Howard, 2012; Huebner, 2013; Rehrer, this study) has shown that
the aeromagnetic lineament does represent a fault, referred to as the Jackson Lake fault by Huebner
et al. (2014), that separates distinct lithologies and granitoid bodies of different ages. While
granitoid ages and aeromagnetic interpretations indicate that this is likely the southwest equivalent
of Brindle Creek fault and terrane boundary; it differs in structural style from the Brindle Creek fault
in North Carolina (Huebner, 2013; Huebner et al., 2014). Taking into account the evidence both for
and against correlating the Jackson Lake fault in central Georgia with the Brindle Creek fault in
North Carolina, this terrane boundary is herein termed the Brindle Creek-Jackson Lake fault. In the

study area, the Brindle Creek-Jackson Lake fault is a narrow (~10 m), moderately steep, northwest-
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dipping, dextral strike-slip fault that contrasts with the low-angle southwest-directed thrust
geometry observed in the Brindle Creek fault in North Carolina. The Brindle Creek-Jackson Lake
fault continues beyond the study area on a southwest trend and is likely truncated by the Towaliga
fault in the adjacent quadrangle near Zebulon, Georgia (R.D. Hatcher, Jr,, and ].R. Rehrer, unpublished

reconnaissance mapping).

Towaliga fault

The Towaliga fault is a northeast-trending, steeply northwest-dipping, dextral strike-slip
fault that separates the Cat Square terrane from the Pine Mountain window in the study area. The
fault is characterized by garnet-grade mylonite with rounded, brittlely deformed feldspar
porphyroclasts in a very fine-grained biotite-rich garnetiferous matrix. Porphyroclasts exhibit
quartz-mica strain shadows with no feldspar tails. Several quartz-tailed - and 8-type
porphyroclasts, asymmetric folds of quartz ribbons, and S-C fabrics provide shear sense (Hooper
and Hatcher, 1988a). The Towaliga fault was sinistrally reactivated brittlely during the Late Triassic-
Early Jurassic (Huebner and Hatcher, 2011), producing numerous rhomb-shaped step-overs filled
with multiply broken hydrothermal veins and vuggy quartz. In areas between the rhombs a brittle
fabric has overprinted quartz mylonite, creating a cataclasite (Hadizadeh et al., 1991; Huebner and
Hatcher, 2011; Rehrer et al., 2012). The fault was named by Crickmay (1933) for an exposure in the

present study area along the Little Towaliga Creek just north of Barnesville, Georgia.

Pine Mountain window and Paleozoic(?) cover sequence

The Pine Mountain window is the southernmost basement massif in the Appalachian orogen
that exposes Grenville orthogneiss and a Neoproterozoic-Paleozoic(?) cover sequence (Hatcher et
al,, 2007; Steltenpohl et al., 2010). The window is structurally complex and is not formed by a
simple erosional hole in an overriding thrust sheet (e.g., Clarke, 1952); it is alternatively bounded by
several Acadian(?)-Alleghanian faults (Hooper and Hatcher, 1988b; Huebner et al.,, 2014) of
demonstrably different rheologies and ages and is thus a complex window that formed during a
long history of terrane accretion, faulting, and erosion. At its northeastern end, the Pine Mountain
window is closed by the sinuous trace of the Box Ankle fault, which separates rocks of the Inner
Piedmont from Grenville basement. To the northwest, the window is bounded by the lower

amphibolite facies youngest Towaliga fault (Hooper and Hatcher, 1988a; Hatcher et al., 2007), which
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separates Inner Piedmont and rocks from basement and cover sequence rocks. To the south it is
delimited by the greenschist facies Dean Creek fault (Hooper and Hatcher, 1988a; R.D. Hatcher, Jr.,
unpublished data), forming part of the Central Piedmont suture, and separating rock units of the

Pine Mountain window along with the Cat Square terrane from the Carolina superterrane.

Box Ankle fault

The Box Ankle fault is an ~2 km-thick, tightly folded, gently southeast- and northwest-
dipping, northwest-vergent thrust and terrane boundary that separates footwall Pine Mountain
window rocks from Cat Square terrane rocks in the hanging wall. Mylonite here contains an upper
amphibolite facies mineral assemblage, a well-developed S-C fabric, and rotated feldspar
porphyroclasts with abundant myrmekite rims that confirm northwest transport (Hooper and
Hatcher, 1988a; Rehrer et al., 2012; Huebner et al., 2014). Folding of the fault produced a sinuous
trace at the northeastern boundary of the Pine Mountain window, just east of the present study
area, with several klippen appearing west of the main trace and several windows to the east

(Hatcher et al., 1988; Huebner et al., 2014).
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Chapter 2
Lithologic Units in the Study Area

Introduction

The area mapped as part of this research spans three lithotectonic terranes in the southern
Appalachian Inner Piedmont, each containing several lithologic units. Terranes have been identified
on the basis of stratigraphy, metamorphism, plutonism, and recognition of structural boundaries.
Rock units have been differentiated by mineralogy and local occurrence. Identification and naming
of rock units have been supplemented by petrography, zircon geochronology, and knowledge gained
by previous workers (e.g., Hewitt and Crickmay, 1937; Clarke, 1952; Hatcher, 1971; Davis, 2010;
Huebner et al.,, 2011a; Howard 2012). The following rock unit descriptions were established by
observations recorded at outcrops, by examination of hand specimens, and by petrographic analysis
of representative lithologies. Where plagioclase composition is provided, it has been determined by
the Michel-Lévy Method (Nesse, 2004). This method requires a specific orientation of several
plagioclase grains in a thin section from which extinction angles can be measured. This orientation
was not present in some samples and therefore plagioclase compositions could not be determined.
The method was also hindered by plagioclase deformation, which is exhibited by most samples.
Modal analyses of select samples were performed using a mechanical stage on a petrographic

microscope utilizing a 0.3 mm step size in rocks of about the same average grain size.

Tugaloo terrane/Western Inner Piedmont

The Tugaloo terrane comprises the majority of the Orchard Hill quadrangle and a small
portion of the northwestern corner of the Barnesville quadrangle (Fig. 2-1). It is separated from the
Cat Square terrane to the southeast by the northeast-trending northwest-dipping Brindle Creek-
Jackson Lake fault. In the study area the Tugaloo terrane consists of the lower(?) Tallulah Falls

Formation, which was intruded by an Ordovician granitic pluton (Lithonia Gneiss).

Lower(?) Tallulah Falls Formation
The portion of the study area mapped as the Tugaloo terrane consists predominantly of
biotite paragneiss (metagraywacke) with lesser, interlayered and discontinuous bodies of

muscovite-sillimanite schist (Fig. 2-2). Small (< 15 cm) gondite and amphibolite boudins are
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Figure 2-1. Simplified geologic map of the study area showing major structural boundaries and distribution
of rock units. Modified from Plate 1.
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Figure 2-2. Saprolite outcrop of lower(?) Tallulah Falls Formation, located at station OH341 along Little Buck
Creek, ~1 km northeast of McKneely Road in the Orchard Hill quadrangle, showing the contact between
biotite gneiss (center) and muscovite-sillimanite schist (left and right). bgn—biotite gneiss;
ss—muscovite-sillimanite schist.

ubiquitous in the formation and occur predominantly in the biotite gneiss. Hatcher (1971)
described a garnet-aluminous schist member of the Tallulah Falls Formation overlying an
interlayered metagraywacke-schist-amphibolite unit (lower Tallulah Falls Formation). While the
schist mapped in the Tugaloo terrane as part of this study locally contains garnet and sillimanite
and could represent the garnet-aluminous schist member, it is deeply weathered, discontinuous,
and cannot be mapped as a separate lithology at the scale of the present study. If the garnet-
aluminous schist member of the Tallulah Falls Formation is present in the mapped area, it is
indistinguishable from rocks identified as the lower member and thus imparts some uncertainty in
the unit being classified solely as lower Tallulah Falls Formation. On that basis, the biotite
paragneiss and schist identified northwest of the Brindle Creek-Jackson Lake fault have been
mapped as lower(?) Tallulah Falls Formation.

Biotite paragneiss is medium-grained and commonly migmatitic with lenticular pods of
coarse-grained granitic material that is often more prevalent with closer proximity to the Brindle

Creek-Jackson Lake fault. Foliation is well-developed and readily identifiable by parallel alignment
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of phylosilicates (Fig. 2-3a). Typical mineral assemblage is quartz + plagioclase + biotite + garnet +
sillimanite + muscovite, with zircon, sphene, and opaques as common accessory minerals (Fig.
2-3b). Soils formed from biotite gneiss tend to be dark red to reddish-brown and are easily
discernable from other soils. Schist units consist chiefly of medium- to coarse-grained quartz and
muscovite * sillimanite + garnet + biotite. Coarse-grained pegmatites are common and produce
muscovite sheets up to 7 cm in diameter. Muscovite-schist soils are lighter brown; where sillimanite

is abundant, the soil develops a purple hue.

Lithonia Gneiss

The Lithonia Gneiss is a voluminous, well-foliated granitic gneiss exposed northwest of the
Brindle Creek-]Jackson Lake fault that is intrusive to metasedimentary rocks of the Tugaloo terrane,
and is named for exposures near Lithonia, Georgia (Crickmay, 1952). The dominant mineral

assemblage consists of quartz + plagioclase (An, ,.) + alkali feldspar + biotite + garnet + muscovite

9-13
with accessory zircon, sphene, and apatite (Huebner et al., 2014). It is medium- to coarse-grained,
light-gray, and has a gneissic foliation defined by the segregation and parallel alignment of fine-
grained biotite into thin (5-10 mm) layers (Fig. 2-4a). Felsic layers of coarser-grained quartz and
feldspar occur between layers of biotite, which are typically distorted into a series of parallel folds.
This characteristic, however, is not as consistently present within the study area as it is in adjacent
areas to the northeast (e.g., Howard, 2012; Huebner, 2013). Large (1-10s km?) pavement exposures,
the most prominent being Arabia Mountain, in southern Dekalb County, have been reported by
Huebner et al. (2011a, in review) and Howard (2012) in areas to the northeast. The Lithonia Gneiss
typically occurs in the study area as small (< 2 m2) pavement outcroppings and more commonly as
~1 m diameter boulders exposed in streams. A large underground gas storage facility was
developed in this unit near the intersection of McKenzie Road and Old Georgia Highway 41. This
storage facility is no longer in use, but refuse material excavated from the facility (Grant, 1967) is

still present and is readily identifiable as Lithonia Gneiss. U-Pb SHRIMP-RG analyses of zircon from

two samples yielded an average 444 + 7.6 Ma age of the unit (Huebner et al., 2014).

Gondite
Fermor (1909) proposed the gondite nomenclature for regionally metamorphosed quartz-

manganese silicate rocks in India (Roy and Purkait, 1968), and is applied here for rocks that are
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Figure 2-3. Biotite gneiss of the lower(?) Tallulah Falls Formation. (a) Representative hand sample of biotite
gneiss from station OH495, located just west of the intersection of Hoyt Road and Cauthen Road in the
Orchard Hill quadrangle. (b) Photomicrograph of thin section OH495 showing dominant mineralogy and
texture. Bt—biotite; Grt—garnet; Ms—muscovite; Pl—plagioclase; Q—quartz; Sil—sillimanite.
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Figure 2-4. Ancillary rocks exposed northwest of the Brindle Creek-Jackson Lake fault in the Tugaloo terrane.
(a) Characteristic exposure of Lithonia Gneiss in the study area, showing well-developed foliation and absence
of characteristic folding. Outcrop is located just north of Skinners Bypass Road, and west of the intersection
with Crown Springs Road in the Orchard Hill quadrangle. (b) Gondite hand sample showing typical reddish-
orange oxidized outer surface with pinkish-white fresh inner core, and possible F, fold preserved in the
sample. Sample was collected as float along Little Buck Creek, east of McKneely Road, and just north of the
Brindle Creek-Jackson Lake fault.
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comprised almost entirely of quartz and spessartine garnet. Gondite is fine-grained and pinkish-
white on fresh surfaces, but more commonly appears reddish orange or black as a consequence of
extensive oxidation of Mn- and Fe- bearing minerals and weathering (Fig. 2-4b). It is more resistant
to erosion than the surrounding metasedimentary rocks and is commonly exposed as 10-20 cm
pieces of float and less commonly as distinct layers, up to 10 cm thick and 2-3 m long. While
metasedimentary rocks of the Tugaloo and Cat Square terranes are similar in appearance and
metamorphic grade, only rocks of the lower(?) Tallulah Falls Formation contain abundant gondite
and, although this rock type is uncommon in the Cat Square terrane, few small (5-10 cm) pieces of
gondite float have been identified in limited locations. Huebner (2013) has traced individual layers
of gondite for several tens of kilometers in the Tugaloo terrane but, given the scarcity of in-place
exposures along with lack of mappable continuity among these exposures in this study area, no
attempt has been made to assemble gondite exposures into one (or several) distinct map-scale
layers. As a result, gondite lithology does not appear on the map but is still discussed here, because
its recognition and abundance remain an important marker for distinguishing between lower(?)
Tallulah Falls Formation and Cat Square terrane biotite gneiss in the area (Byars, 2010; Gilliam,

2010; Huebner et al., 2011a; Howard, 2012; Huebner, 2013; Huebner et al., 2014).

Cat Square terrane/Eastern Inner Piedmont

Clastic deposition in the remnant Cat Square basin is represented by metasedimentary units
(biotite paragneiss and sillimanite schist) present in the Cat Square terrane southeast of the Brindle
Creek-Jackson Lake fault. These rocks were subsequently intruded by two mineralogically,
texturally, and temporally distinct plutons, which form a portion of the Lloyd Shoals plutonic

complex (Huebner et al.,, 2014).

Biotite Gneiss

The most voluminous metasedimentary rock unit in this portion of the Cat Square terrane is
migmatitic biotite paragneiss with a well-developed foliation defined by parallel alignment of platy
minerals. Biotite gneiss is typically medium-grained, light to dark gray, and is almost exclusively
migmatitic. Where this unit has been extensively migmatized, it is interlayered with 5-10 cm-thick
coarse-grained granitic leucosome (Fig. 2-5a-b). Small volumes of very coarse-grained pegmatite
with exceptionally large feldspars that are several cm in both length and width are locally exposed.

24



Figure 2-5. Biotite gneiss in the Cat Square terrane. (a-b) Extensively migmatized biotite gneiss with
boudinaged coarse-grained granitic leucosome. Loose material in (a) is allochthonous gravel used as road
aggregate. (c) Less extensive migmatization of biotite gneiss with fine-grained ptygmatically folded leucosome.
Also note the offset of leucosome in (c) by brittle faulting. Photograph in (a) was taken along Brinkley Road,
west of Georgia Highway 36 in the Barnesville quadrangle. (b) was taken along Pepper Creek at station J022 in
the Johnstonville quadrangle, and (c) was taken along Turner Creek at station B154 in the Barnesville
quadrangle. Lens cap (5 cm diameter) for scale.

Finer-grained, thinner (< 3 cm), and often ptygmatically folded felsic leucosome is present where
migmatization has not been as intense (Fig. 2-5¢). Common mineral assemblage is quartz +
plagioclase + biotite + microcline * muscovite * sillimanite *+ garnet with accessory zircon, sphene,
allanite, and opaque minerals (Fig. 2-6a-b). This unit is susceptible to weathering and, due to large
concentrations of biotite, produces a dark red to reddish-brown soil. Saprolite outcrops are
extensively common and, while mineralogy is drastically altered by weathering processes,
mesoscale structures remain readily apparent. Simple preparation of a saprolite roadcut by using a
hoe to scrape off loose dirt will often reveal detailed and measureable structures (Fig. 2-7). Results

from a modal analysis of OH032 (Table 2-1) were plotted on a modified quartz-mica-feldspar
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Figure 2-6. Biotite gneiss sample OH032. (a) Representative hand sample of biotite gneiss, collected for
petrographic and detrital zircon analysis from an exposure in Edie Creek in the Orchard Hill quadrangle at
station OH032. (b) Photomicrograph of thin section OH032 showing dominant mineral assemblage of Cat
Square terrane biotite gneiss. Bt—biotite; Mc—microcline; Ms—muscovite; Myr—myrmekite; P1—
plagioclase; Qq—quartz.
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Figure 2-7. Saprolite outcrop of layered migmatitic biotite gneiss cut by a late brittle fault of ~5 cm
displacement (indicated by arrows, left of center). Outcrop located along Crane Road in the Barnesville
quadrangle, Lamar County; view is looking east. Hoe (1.5 m length) for scale. Photograph by M.T. Huebner.

ternary diagram (Pettijohn, 1949), along with data from previous geologists in the Inner Piedmont
in North Carolina and central Georgia (Fig. 2-8). These results are interpreted with a high degree of
caution because the likelihood that mineralogy present in rocks subjected to upper-amphibolite
facies conditions (e.g., Cat Square terrane biotite gneiss) represents original depositional
composition or abundance is very slight. This method is employed here, however, only to facilitate
comparison with results from previous studies. Cat Square terrane metapsammites from central
Georgia typically plot within the mica-poor graywacke and arkosic sandstone fields. Two
populations are observed in Cat Square terrane metapsammites in North Carolina: one population
lies well within the graywacke field, and the other lies in the arkose field. Data from Tugaloo terrane
metapsammites exhibit a wider distribution and typically plot within the graywacke field, while a
few outliers plot within the arkose field. Mineral modes obtained from sample OH495, as part of
this study, plot within the graywacke field and are the only data represented from Tugaloo terrane

metapsammites in central Georgia.
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Table 2-1. Modal analyses of Cat Square terrane metagraywacke

Mineral . 0H032 : OH495
Points % Points %
Quartz 412 41.20 448 41.25
Alkalai Feldspar 81 8.10 0 0.00
Plagioclase 368 36.80 222 20.44
Sericite 2 0.20 0 0.00
Myrmekite 0 0.00 0 0.00
Biotite 102 10.20 224 20.63
Muscovite 24 2.40 42 3.87
Chlorite 8 0.80 2 0.18
Garnet 0 0.00 38 3.50
Hornblende 0 0.00 0 0.00
Sillimanite 0 0.00 104 9.58
Zircon 2 0.20 4 0.37
Apatite 0 0.00 0 0.00
Allanite 1 0.10 0 0.00
Rutile 0 0.00 0 0.00
Opaques 0 0.00 2 0.18
Total: 1000 100.00 1086 100.00
M
90 90
Shale
Graywacke

60
Sub-
graywacke o
Quartz
Sandstone
20 20
Feldspathic Arkose
Sandstone
5 5
Q 10 35 65 90 F

Figure 2-8. Modified (Hadley and Goldsmith, 1963) quartz-feldspar-mica ternary sandstone classification
diagram (Pettijohn, 1949). Modes from Cat Square terrane (colored triangles) and Tugaloo terrane (colored
diamonds) metapsammitic rocks are plotted. Dashed field line silhouettes Tugaloo terrane samples from
North Carolina; dotted field line silhouettes Cat Square terrane rocks from North Carolina; solid field line
silhouettes Cat Square terrane samples from central Georgia. Orange—Giorgis (1999); Yellow—Williams
(2000); Pink—Bier (2001); Red—compiled by Bream (2003); Purple—Kalbas (2003); Brown—Wilson
(2006); Dark blue—Gatewood (2007); Light blue—Davis (2010); Green—this study.
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Figure 2-9. Sillimanite schist in the Cat Square terrane. (a) Hand sample and sawed billet of schist, in which
abundant sillimanite is present. Sample was collected as float at station ]J248, south of City Pond Road, and
west of Edie Creek in the Johnstonville quadrangle. (b) Photomicrograph of thin section ]248, showing
abundance of sillimanite and development of S-C fabric. Pl—plagioclase; Q—quartz; Sil—sillimanite.
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Sillimanite Schist

Sillimanite schist is present throughout the study area and consists predominantly of
muscovite and quartz with varying amounts of sillimanite, biotite, plagioclase, and garnet. The
nomenclature is indicative of metamorphic grade and does not imply relative abundance of
sillimanite. Both prismatic and fibrolitic sillimanite are present and occur locally in high
concentrations, so much so that sillimanite constitutes a large percentage of modal abundances (Fig.
2-9a-b). Fresh exposures of this unit are exceedingly rare and it is most often observed in saprolite
outcrops (Fig. 2-10a). Sillimanite schist weathers to various shades of brown that vary with
mineralogical composition and are characteristically lighter than those developed by weathering of
biotite gneiss. Higher amounts of sillimanite in the schist impart a purplish hue, while higher

concentrations of biotite impart a reddish color to the soil (Fig. 2-10a-b).

High Falls Granite

The most extensive lithology in the study area is the High Falls Granite, which occupies the
majority of the southwestern part of the Cat Square terrane. It is named for excellent exposures in
High Falls State Park in Butts County, Georgia, just northeast of the present study area (Atkins and
Lineback, 1992). The High Falls Granite is a coarse-grained porphyritic biotite granite, characterized
by large rectangular (1 x 3 cm) euhedral white microcline megacrysts (Fig. 2-11a). Megacrysts are
typically fractured lengthwise on a plane oriented along their long axes, which is easily recognizable
in both outcrop and hand specimen. Matrix material is composed of a coarse-grained granoblastic
assemblage of quartz and feldspar with abundant biotite. Typical euhedral megacrystic High Falls
Granite is generally present only in a portion of the study area located near the Barnesville
Reservoir, where corners of four quadrangles meet, and is designated Dhf, on the map (Fig. 2-1).
The majority of High Falls Granite mapped in the remainder of the study area does not typically
contain undeformed euhedral megacrysts, and has been informally termed “non-megacrystic High
Falls Granite.” It is designated Dhf, on the map. Dhf, is a coarse-grained granite comprised of a
matrix of granoblastic quartz and feldspar with an abundance of bitotite, which is often porphyritic
enclosing white microcline phenocrysts. Where phenocrysts are present, they are extensively
sheared and rounded (Fig. 2-11d), and texturally do not resemble the rectangular euhedral

megacrysts observed at the type locality of the High Falls Granite (Dhf)). Portions of this lithology
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Figure 2-10. Weathered sillimanite schist in the Cat Square terrane. (a) Characteristic purplish hue of
migmatitic sillimanite schist in weathered outcrop located on the southwest side of McKneely Road in the
Orchard Hill quadrangle near station OH268. (b) Sillimanite visible in hand sample from outcrop near (a) with
crenulation cleavage in sillimanite-rich layers.
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Figure 2-11. High Falls Granite. (a) Typical megacrystic High Falls Granite (Dhf ), showing two dominant
foliations of aligned euhedral white microcline megacrysts, indicated by Brunton compass and Trimble stylus.
Outcrop is located on the northern shoreline of the Barnesville Reservoir in the Johnstonville quadrangle at
station J148. (b-c) Crosscutting relationships of fine-grained Indian Springs Granodiorite and High Falls
Granite. (b) Photograph of outcrop along Turner Creek in the Barnesville quadrangle near station B068,
where Indian Springs Granodiorite (center) intruded “non-megacrystic” High Falls Granite (Dhf,). (c) Outcrop
in which Indian Springs Granodiorite intruded Dhf,. This exposure is in the same vicinity as (a). (d)
Characteristic outcrop of Dhf, northwest of the Barnesville reservoir in the Orchard Hill quadrangle near
station OH010, which contains several rounded microcline phenocrysts that do not resemble the typical
euhedral variety in (a) and (c).
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were likely correlated with the Hollonville granite by Atkins and Lineback (1992), and to a
porphyroblastic gneiss, equivalent to the Zebulon Formation of Higgins et al. (1988), by Sneyd
(1995) and R.L. Kath (unpublished data). Atkins and Lineback (1992) described the Hollonville
granite as a late Paleozoic medium-grained porphyritic biotite granite, which is petrographically
similar to the High Falls Granite. A late Paleozoic age of the Hollonville granite was based on
unpublished preliminary whole rock Rb/Sr analyses (Atkins and Lineback, 1992), which could not
be substantiated by field relationships with the older High Falls Granite. Atkins and Lineback (1992)
did show that the Hollonville granite crosscuts what we now know are middle Paleozoic structural
fabrics, related to the Brindle Creek-Jackson Lake fault, and a regional (S,) foliation (Huebner et al,,
2014) northeast of the present study area; however, work in that area by Howard (2012)
contradicted the suggestion that regional fabric is cut by the granite and demonstrated that the
foliation in the granite is concordant with regional (S,) foliation. Field relationships, mineralogical
similarities, and matrix textures observed as a part of this study indicate this lithology should be
classified as a distinct phase of the High Falls Granite, but not a different granitic unit. Foliation of
Dhf, in the study area is predominantly concordant with regional (S,) foliation, with few local
exceptions that could be attributed to magmatic flow during syn-deformational emplacement
(Howard, 2012; Huebner et al., 2014). Field relationships between Dhf, and Dhf, have not been
established, but it does not appear that either phase is intrusive into the other. Both phases are
truncated by the Brindle Creek-Jackson Lake and Towaliga faults, and are intruded by the younger
Indian Springs Granodiorite (Fig. 2-11b-c). U-Pb SHRIMP-RG geochronologic analyses of one sample
of Dhf, were inconclusive, and while those data permit interpretation of a late Paleozoic age for this
granite (see chapter 4), it is unlikely given crosscutting relationships. U-Pb ion microprobe analyses
of four samples of Dhf, northeast of this study area yielded Late Devonian ages of 407-371 Ma

(Huebner et al., 2014).

Indian Springs Granodiorite

The Indian Springs Granodiorite is a white to light gray fine-grained granite-granodiorite
(Howard, 2012) that is typically weakly foliated (Fig 2-12a). Common mineral assemblage is
plagioclase + quartz + microcline + biotite + muscovite with accessory apatite and zircon (Fig.

2-12b). Myrmekite is extensively present as convex bulges into K-feldspar. Minor sericitic alteration
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Figure 2-12. Indian Springs Granodiorite. (a) Representative hand sample of fine-grained equigranular Indian
Springs Granodiorite at station B0O53. (b) Photomicrograph of thin section BO53 showing dominant
mineralogy. Bt—biotite; Mc—microcline; Myr—myrmekite; Opg—opaque mineral; Pl—plagioclase;
Q—quartz.
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Table 2-2. Modal percentages of igneous rocks.

. B053 ]360
Mineral ; -
Points % QAP Norm % Points % QAP Norm %

Quartz 299 29.78 31.24 261 25.41 42.23
Alkalai Feldspar 209 20.82 21.84 17 1.66 2.75
Plagioclase 399 39.74 46.92 284 27.65 55.02
Sericite 4 0.40 45 4.38
Myrmekite 46 4.58 11 1.07
Biotite 40 3.98 153 14.90
Muscovite 4 0.40
Chlorite
Garnet 98 9.54
Hornblende 94 9.15
Sillimanite
Zircon 1 0.10 1 0.10
Apatite 2 0.20 20 1.95
Allanite 27 2.63
Rutile 3 0.29
Opaques 13 1.27
Total: 1004 100.00 100.00 1027 100.00 100.00

Q/>< Quartzolite
90 90

Quartz-rich
Granitoid

60 60

Alkali Feldspar Granite A & Tonalite
Granite : A -
\a J360
| o-—B053 o
Alkali Feldspar _ . " Granodiorite Quartz Diorite &
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Figure 2-13. Quartz-alkali feldspar-plagioclase ternary IUGS classification diagram (Streckeisen, 1976) of
igneous rocks from the study area, Davis (2010), and Howard (2012). Colored triangles represent Indian
Springs Granodiorite; colored diamond represents hornblende tonalite. Blue—Davis (2010);

Red—Howard (2012); Green—this study. Shaded field silhouettes data Indian Springs Granodiorite samples.
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of plagioclase is also common. Feldspars are typically deformed and contain undulatory extinction
and distorted twins. Both modal and geochemical analyses of the Indian Springs Granodiorite by
Davis (2010) and Howard (2012) revealed that the granitoid plots across both the granite and
granodiorite classification fields. Data from modal analysis of sample BO53 from the study area
(Table 2-2) plotted on a quartz-alkalai feldspar-plagioclase ternary diagram (Streckeisen, 1976)
agree with the granodiorite classification (Fig. 2-13). This granitoid is not extensive in the study
area and occupies only the northeast corner of the Barnesville quadrangle and northwestern corner
of the Johnstonville quadrangle. It is more voluminous to the northeast and is named for excellent
exposures near Indian Springs State Park, Butts County, Georgia (Huebner et al.,2014). Typical
exposures of this unit occur as ~1 m-sized spheroidal boulders and, where extensively weathered, it
forms a light tan to yellow sandy soil. The Indian Springs Granodiorite is intrusive into both phases
of the High Falls Granite. Huebner et al. (2014) reported ion microprobe ages from two samples of

316.5 + 4.2 and 305.0 = 7.0 Ma for this granitoid.

Amphibolite

Small (< 10-15 cm) amphibolite boudins are not uncommon in the Cat Square terrane and,
given their greater resistance to erosion than the surrounding metasedimentary rocks, commonly
occur as float. Amphibolite is fine- to medium-grained, dark gray to black and, depending on the
amount of feldspar present, can have a “salt and pepper” appearance (Fig. 2-14a-b). Typical mineral

assemblage is hornblende + plagioclase + opaque minerals + garnet *+ quartz * epidote.

Pine Mountain window

Woodland Gneiss

The Woodland Gneiss is the most widespread exposed basement orthogneiss in the mapped
area in the Pine Mountain window, and was named by Hewett and Crickmay (1937) for the town of
Woodland, Talbot County. This unit is composed predominantly of dark-gray, coarse-grained biotite-
microcline-quartz augen gneiss, consisting of large (1-2 cm long) sheared microcline distributed
throughout a fine- to medium-grained biotite-quartz-plagioclase-K-feldspar matrix (Fig. 2-15a).
Garnet locally occurs in the gneiss as a primary phase, with muscovite, apatite, sillimanite, and

zircon occurring as common accessory phases. Although the Woodland Gneiss typically occurs as
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Figure 2-14. Representative hand samples of amphibole gneiss in the Cat Square terrane. (a) Medium-grained
sample of amphibolite with a moderate amount of feldspar giving a “salt and pepper” appearance to the rock.
Sample collected as float at station OH330. (b) Finer-grained sample of amphibolite with large (3-4 mm)
garnets and lesser amounts of feldspar. This sample exhibits a reddish-orange weathering rind and was
collected as float at station OH301. Portions of both samples were prepared and used for whole-rock
geochemical analysis. Both samples are from the Orchard Hill quadrangle.
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Figure 2-15. Woodland Gneiss at the northeast end of the Pine Mountain window. (a) Typical exposure of
sheared Woodland Gneiss exposed in a clear-cut area just south of the Towaliga fault, northeast of the
intersection of Brook Road and Crawford Road in the Johnstonville quadrangle, at station J222. (b) Outcrop of
locally occurring, undeformed Woodland Gneiss, with euhedral K-feldspar megacrysts up to 7 cm long,
exposed in a creek west of Flemming Cemetery in the Johnstonville quadrangle at station J263. (c) Large
pavement outcrop of sheared Woodland Gneiss exposed in shoals of the Little Towaliga River at Higgins Mill in
the southwest corner of the Indian Springs quadrangle. Note the strong lineation developed by the elongation
of feldspars. View at the center of the photograph is oriented 10° west of north, houses in background for
scale.

sheared gneiss with extensively deformed feldspars, in some locations it does occur as undeformed
granitic gneiss characterized by large euhedral microcline megacrysts up to 10 cm long (Fig. 2-15b).
Exposures of this unit are common throughout the Pine Mountain window and generally occur as
small (< 50 m?) pavement outcrops with few large (> 1 km?) outcrops occurring locally, such as the
shoals in the Little Towaliga River at Higgins Mill (Fig. 2-15c). The weathering characteristics of this
gneiss produce a dark red-colored soil and is largely responsible for the gentle rolling topography
observed to the southeast of the Towaliga fault. U-Pb ion microprobe analyses of zircon revealed a

1011 # 12 Ma (Heatherington et al., 2006) age of the Woodland Gneiss.
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Figure 2-16. Hornblende tonalite. (a) Spheroidally weathered boulder of hornblende tonalite exposed east of
Brook Road in the Johnstonville quadrangle at station J360. (b) Photomicrograph of thin section J360,
showing dominant mineralogy and texture. Ap—apatite; Bt—biotite; Grt—garnet; Hbl—hornblende; Opq—
opaque mineral; Pl—plagioclase; Q—quartz.
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Figure 2-17. Hollis Quartzite at the northeast end of the Pine Mountain window. (a-b) Two varieties of Hollis
Quartzite exposed on a ridge east of Potato Creek and north of Turner Bridge Road in the Barnesville
quadrangle. (a) Muscovite-rich, well-foliated Hollis Quartzite that locally grades upward into massively
bedded more pure quartzite (b).
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Hornblende tonalite

Alarge body of light- to medium-gray coarse-grained tonalite is exposed in a klippe of Cat
Square terrane rocks in the Pine Mountain window at the northwestern corner of the Johnstonville
7.5 min quadrangle. Outcrops typically occur as large (1-5 m) rounded boulders, resulting from
spheroidal weathering of thick exfoliation surfaces (Fig. 2-16a).Data from a modal analysis of
tonalite sample J360 (Table 2-2) indicate it is composed predominantly of plagioclase, quartz,
biotite, garnet, and hornblende with minor amounts of apatite and alkalai feldspar and accessory
allanite, zircon, rutile, and opaque phases (Fig 2-16b). These data plot in the tonalite field of a
quartz-alkali feldspar-plagioclase ternary diagram (Streckeisen, 1976) (Fig. 2-13). Garnet is
typically mantled by biotite, which, along with dark hornblende, gives the rock a “speckled”
appearance. Plagioclase is extensively altered to sericite and typically exhibits both albite and
pericline twins. Alkalai feldspars are distinguished from doubly twinned plagioclase by common
perthitic texture and convex bulges of myrmekite along rims where in contact with plagioclase
feldspars. A foliation defined by parallel alignment of biotite tends to be well developed near the
contact with the enclosing Cat Square terrane rocks, becoming more weakly developed and almost
non-existent toward the interior of the exposure. SHRIMP-RG analyses of zircon from one sample of
tonalite yielded an age of 1011 + 10 Ma (Rehrer, this study). This age is favored over the 1007 + 9
Ma age reported for this sample (Huebner et al., 2014), which was based only on preliminary data

interpretation.

Pine Mountain cover sequence

Metasedimentary units comprising the Neoproterozoic-Paleozoic(?) cover group of the Pine
Mountain windowterrane in Georgia consist of the Sparks Schist, Hollis Quartzite, and Manchester
Schist (Hewett and Crickmay, 1937). The Sparks Schist is composed of feldspathic quartz-mica
schist, which lies stratigraphically above basement units of the Pine Mountain window and below
the Hollis Quartzite. It is not exposed in the map area; here the Hollis Quartzite is in apparent
unconformable contact with the underlying basement units (e.g., Woodland Gneiss). The Hollis
Quartzite consists of fine- to medium-grained, micaceous-feldspathic quartzite that is typically thin-
bedded and interlayered with coarse-grained muscovite that defines a foliation sub-parallel to

compositional layering (Fig. 2-17a). Locally this unit grades upward into a massively bedded, more
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Figure 2-18. Fault rocks of the study area. (a) Mylonitic exposure of the Brindle Creek-Jackson Lake fault
below the Woodfin Mill dam in the Barnesville quadrangle, Lamar County. (b) Sawed slab of Brindle Creek-
Jackson Lake fault mylonite sampled from an exposure along Buck Creek Road in the Orchard Hill quadrangle
at station OH286. (c) Sawed slab of Towaliga fault mylonite sampled from a large exposure along the Towaliga
Creek in the northwestern Johnstonville quadrangle east of Brook Road. Asymmetric folds and tailed
porphyroclasts were used to infer top to the right sense of shear. (d) Exposure of Towaliga fault mylonite in
the same vicinity as (c). An ultramylonite layer separates mylonite (top) from protomylonite-mylonite
(bottom). (e) Specimen exhibiting “box work” texture in which large quartz crystals are forming normal to
surfaces of a void created by brittle fracture. Sample is from the large area of cataclasis associated with the
Towaliga fault in the northeastern portion of the Barnesville quadrangle. (f) Sawed quartz mylonite hand
sample showing mm-sized deformed quartz ribbons. Sample was collected as float along a hillside just north
of where Crawford Road crosses Pepper Creek in the Johnstonville quadrangle. (g) Scan of thin section J0O06b
in plane-polarized light showing brittle overprint of quartz mylonite resulting in a microbreccia. (h)
Photomicrograph of thin section JO06 in cross-polarized light. Area of photomicrograph is indicated by a
yellow and white dashed box in (e). Sample J006 was collected as float in the same vicinity as the quartz
mylonite sample in (f).
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Figure 2-18.
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Figure 2-18 continued.

44



Figure 2-18 continued.
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Figure 2-18 continued.
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pure quartzite (Fig. 2-17b). The Hollis Quartzite is resistant to weathering and forms steep ridges
that are obvious in the topography and stand in relief at the southwestern portion of the map.
Where there is extensive weathering the unit develops a fine-grained, sandy, light yellow to tan soil.
Biotite-quartz-feldspar schist lying stratigraphically above the Hollis Quartzite has been mapped in
the Barnesville quadrangle (Sneyd, 1995; R.L. Kath, unpublished data). Petrographic descriptions of
this unit, along with its stratigraphic position above the Hollis Quartzite, indicate that it is most

likely part of the Manchester Schist described by Hewitt and Crickmay (1937) and Clarke (1952).

Fault rocks

The majority of fault rocks present in the study area are products of ductile processes and
are represented by various types of mylonite. Mylonite is not generally regarded as a separate
lithology and is often represented by symbology indicating a shear zone in some variety of protolith,
or pre-existing rock type. Given the intensive mylonitization and similiarities among lithologies on
opposite sides of major fault zones (e.g., coarse-grained porphyritic biotite granite in the Cat Square
terrane and coarse-grained biotite augen gneiss in the Pine Mountain window) in the study area, it
is often difficult to speculate as to the protolith of a particular mylonite. In that regard, amphibolite
facies mylonite of the Towaliga fault does appear on the map as a separate lithology. Mylonites of
the Brindle Creek-Jackson Lake fault and ribbon quartz mylonites are not represented by a distinct

lithology, as their exposure is not recognizable at the scale of this study.

Brindle Creek-Jackson Lake fault mylonite

The Brindle Creek-Jackson Lake fault is recognized by a narrow (~10 m) northeast-trending
high temperature mylonite zone. A variety of protoliths are represented within the fault zone and
vary from mica-rich metasedimentary rocks to coarse-grained granitoids (e.g., High Falls Granite).
Extensive migmatization is common of rocks in close proximity to the fault zone. S-C fabrics are well
developed and exceedingly evident where the protolith contained abundant phylosilicates (Fig
2-18a). Asymmetric tailed feldspar porphyroclasts dominate where the protolith was a porphyritic
granitoid, such as the exposure at the dam at Woodfin Mill (Fig. 2-18b). The narrow width and
sometimes subtle nature of mylonitization in the fault zone can make the Brindle Creek-Jackson

Lake fault difficult to recognize in certain locations.
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Towaliga fault mylonite

The Towaliga fault is characterized by garnet-grade mylonite with rounded, brittlely
deformed feldspar porphyroclasts in a very fine-grained biotite-rich matrix. Porphyroclasts exhibit
quartz-mica strain shadows with no feldspar tails; however, several quartz-tailed o- and &8-type
porphyroclasts, asymmetric folds of quartz ribbons, and S-C fabrics yield dextral shear sense (Fig
2-18c). Towaliga fault zone rocks range from protomylonite with large (up to 4 cm) porphyroclasts
to fine-grained ultramylonite. It is also common to observe strain localized into bands of

ultramylonite in a coarse-grained mylonite (Fig. 2-18d).

Cataclasite
Brittle reactivation of the Towaliga fault produced numerous dilational step-overs filled with

multiply broken hydrothermal quartz cataclasite (Huebner and Hatcher, 2013). A rhomb-shaped
pod of siliceous cataclasite has also been identified west of Barnesville, the geometry of which
suggests sinistral movement along a brittle fault not directly related to the Towaliga fault zone.
Cataclasite is recognizable by 0.5-1 cm angular clasts cut by mm-size irregular fractures filled by
later fine-grained quartz mineralization. Another common occurrence among these brittle faults
and dilational step-overs is a “boxwork” texture (Huebner and Hatcher, 2013) of coarse quartz

intergrowths oriented normal to fracture walls (Fig. 2-18e).

Quartz mylonite

Ribbon quartz mylonite is a common occurrence near faults in the Inner Piedmont in this
part of Georgia (Huebner and Hatcher, 2013), and occurs primarily along the Towaliga fault zone in
the study area. The mylonite consists of > 90 percent quartz with minor amounts of muscovite and
feldspar. It is characterized by the ductile deformation of quartz into ~1-5 mm ribbons (Fig. 2-18f)
and contains evidence of dynamic recrystallization by subgrain rotation and bulging at ribbon grain
boundaries. Quartz mylonites are frequently overprinted by a brittle fabric (Fig. 2-18g-h) that may
be attributed to late Alleghanian deformation or early stages of Mesozoic rifting (Huebner and

Hatcher, 2013).
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Chapter 3
Geochemistry of Inner Piedmont amphibolites at the southwestern end of
the Cat Square terrane

Introduction

Following recognition of the Cat Square terrane from detrital zircon geochronology in North
Carolina (Bream, 2003), its formation was interpreted to be the result of deposition in a remnant
ocean basin. The basin closed during the Acadian/Neoacadian orogeny by obduction of the Carolina
superterrane onto the Laurentian margin (Merschat and Hatcher, 2007). Merschat and Hatcher
(2007) proposed deposition of sediments on ocean crust, and suggested enriched-mid-ocean ridge
basalt (E-MORB) and back-arc affinity for the ocean crust based on geochemical analyses of
amphibolites by Wilson (2006). Wilson (2006) recognized the necessity for addressing the nature
of Cat Square basin development and included its genesis in tectonic models, permitting a more
complete understanding of the origin of the Cat Square terrane. Amphibolite boudins and several
map-scale mafic bodies have been identified in the Cat Square terrane in North Carolina, and were
hypothesized to be vestiges of oceanic crust that formed the floor of the Cat Square basin. These
rocks possibly represent vestiges of crust that were thrust onto the margin as ophiolites(?) as the
basin closed (Wilson, 2006; Merschat and Hatcher, 2007; Byars, 2010). One map-scale body of
amphibolite has been identified in the Cat Square terrane in central Georgia (Huebner, 2013), along
with ubiquitous boudinaged amphibolite layers in Cat Square terrane metasediments (Davis, 2010;
Howard, 2012; Huebner, 2013; Rehrer, this study). If Cat Square terrane sediments were deposited
on ocean crust in a remnant ocean basin, and mafic rocks that occur in the terrane as amphibolite
do represent vestiges of that crust, a thorough investigation identifying the affinity of the
amphibolites would be key to composing a viable tectonic model for Cat Square basin development.
As part of the characterization of the southwestern end of the Cat Square terrane in central Georgia,
seven amphibolite samples were collected for whole-rock geochemical analysis from both the
Tugaloo and Cat Square terranes, and used to identify possible eruptive tectonic settings. These data
were also compared with results from similar amphibolite studies in the North Carolina Inner

Piedmont (Wilson, 2006; Byars, 2010).
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Whole-rock geochemical analyses of two samples of amphibolite were completed as part of
this study. These data have been compiled with unpublished data from analyses of five samples
obtained by previous workers in the central Georgia Inner Piedmont (Davis, 2010; Huebner, 2013).
This assemblage of seven samples comprises an Inner Piedmont dataset from Georgia that can be
compared with a much larger dataset from Inner Piedmont researchers in North Carolina (Davis,

1993; Yanagihara, 1994; Giorgis, 1999; Bream, 1999; Kalbas, 2003; Wilson, 2006; Byars, 2010).

Methods

Seven amphibolite samples were collected either as float or sampled directly from boudins
or large exposures in the central Georgia Inner Piedmont (Fig. 3-1) and prepared for whole-rock
geochemical analysis. It proved difficult to sample amphibolite directly from boudins in outcrop and
float samples facilitated more efficient collection. Float samples were, however, only used for
geochemical analysis if the original source could be verified and was in close proximity to the
sample site. Samples OH301 and OH330 were collected from the southeastern portion of the
Orchard Hill quadrangle as part of this study. Sample OH330 was collected as float from the Tugaloo
terrane near the contact between lower Tallulah Falls(?) metagraywacke and a small body of
Lithonia Gneiss just northwest of the Brindle Creek-Jackson Lake fault. Sample OH301 was collected
as float from a large body of Cat Square terrane biotite gneiss. Huebner (2013) collected sample
W173 in the southeast portion of the Worthville quadrangle from an outcrop of lower Tallulah
Falls(?) metagraywacke containing abundant amphibolite boudins, and sample W166B from the
northwestern portion of the Worthville quadrangle as float near the contact of Snapping Shoals
augen gneiss (Grenville basement) and enclosing Lithonia Gneiss. Huebner (2013) also collected
sample S695 from a mesoscale body of amphibolite southeast of the Brindle Creek-Jackson Lake
fault in the central portion of the Stewart quadrangle. Davis (2010) collected samples M235 and
M276 from Cat Square terrane biotite gneiss in the central portion of the Mansfield quadrangle
southeast of and close to the Brindle Creek-Jackson Lake fault.

Samples were prepared for geochemical analysis using rock preparation labs at the
Department of Earth and Planetary Sciences, University of Tennessee-Knoxville. In order to obtain
representative samples, each specimen was cut lengthwise into several ~2 cm x 2 cm segments

using a diamond-impregnated lapidary blade mounted on a Barranka tile saw. Fresh segments from
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Figure 3-1. Central Georgia Inner Piedmont amphibolite sample locations. (a) Simplified geologic map of the
southwestern end of the Cat Square terrane and northeastern end of the Pine Mountain window showing
locations of inset maps (b-f). Inset maps display detailed geology and sample locations. Rsz—Rumble shear
zone. (b) Sample locations from Rehrer (this study). (c-e) Sample locations from Huebner (2013). (f) Sample
locations from Davis (2010). Regional map modified from Huebner et al. (2014).
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the interior portions of the rock samples were subsequently cut into smaller (~5 mm diameter)
chips, mixed, and quartered into subsamples containing ~30 g of material. Chips were rinsed with
tap water, dried, and rinsed again with isopropyl alcohol to remove contaminants from the cutting
process. Samples W166B, W173, S695, M235, and M276 were pulverized (95% -200 mesh grain
size) using an alumina ceramic grinding mill in a SPEX 8530 Shatterbox, with a grinding time of
three to four minutes. Samples OH301 and OH330 were pulverized using an alumina ceramic mill
by the commercial analytical laboratory. Multi-element whole-rock geochemical analyses (Table

3-1) were performed by Activation Laboratories, Ancaster, Ontario, using the following methods:

1.) INAA: Concentrations of rare earth elements (REE) La, Ce, Nd, Sm, Eu, Tb, Yb, Lu, and other
trace elements Au, As, Br, Co, Cr, Hg, Ir, Sb, Sc, Se, and W were determined using instrumental
neutron activation analysis (INAA). An ~1 g aliquot of each sample was irradiated with
standards in a neutron flux (7 x 1012 neutrons/cm?/second) and allowed to decay for a
period of one week. Gamma-ray emissions from samples were counted on a spectrometer
equipped with a high purity germanium detector (Hoffman, 1992).

2.) FUS-ICP: Major and minor element oxides and selected trace elements Ba, Be, Sr, V, and Y,
were prepared using a lithium metaborate/tetraborate fusion technique and analyzed by
inductively coupled plasma optical-emission spectrometry (FUS-ICP). An ~0.2 g aliquot was
mixed with lithium metaborate/tetraborate, fused in a graphite crucible, and dissolved in 5
percent nitric acid. The solution was then analyzed for major and minor element oxides and
selected trace elements using a combination simultaneous/sequential Thermo Jarrell-Ash
Enviro II ICP.

3.) TD-ICP: Transition metals Cu, Ni, Pb, and selected trace elements Cd and S, prepared
analyzed using a total dilution technique and analyzed by inductively coupled plasma mass
spectrometry (TD-ICP). An ~0.25 g aliquot was digested with a series of four acids (HF-
HCIO,-HNO,-HCl), and analyzed using a Varian Vista ICP. Elements Ag and Zn were analyzed
using multiple (INAA/TD-ICP) techniques.

4.) FUS-MS: Remaining trace elements Bi, Cs, Ga, Ge, Hf, In, Mo, Nb, Rb, Sn, Ta, Th, U, Zr, and REE
were prepared using a lithium metaborate/tetraborate fusion technique, which was diluted
and analyzed using an inductively coupled plasma emission mass spectrometer (ICP-MS)
method (FUS-MS). REE concentrations were determined by both INAA and FUS-MS
methods. Analyses by FUS-MS method are herein favored over analyses by INAA for REE
because of superior detection limits and precision of FUS-MS (Lett and Paterson, 2011).

Igpet software was used to produce compositional diagrams illustrating data from whole-
rock geochemical analyses compiled in Table 3-1.
Normative mineralogy (Table 3-2) was calculated for amphibolite samples from the central

Georgia Inner Piedmont using major element data from whole-rock geochemical analyses.
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Table 3-1. Major, trace, and rare earth element whole-rock geochemical analyses of central Georgia Inner Piedmont amphibolites.

Analyte . Detection Cat Square terrane Tugaloo terrane

Method Unit Symbol -
Symbol Limit OH301 S695 M235 M276 OH330 W166B W173
Sio, FUS-ICP % 0.01 45.33 53.4 46.1 50.68 48.14 47.02 48.67
Tio, FUS-ICP % 0.001 4.295 1.398 2.082 2.219 0.354 1.58 1.29
ALO, FUS-ICP % 0.01 15.52 15.16 16.7 13.11 16.82 15.41 15.66
Fe,0, FUS-ICP % 0.01 15.17 15.79 12.51 14.62 7.54 14.32 12.23
MgO FUS-ICP % 0.01 3.44 7.1 6.83 5.25 8.79 7.26 6.6
MnO FUS-ICP % 0.001 0.286 0.242 0.198 0.223 0.136 0.418 0.202
Ca0 FUS-ICP % 0.01 12.01 12 13.21 10.99 15.39 10.54 11.75
Na,0 FUS-ICP % 0.01 0.76 0.95 1.28 1.03 1.22 0.8 1.28
K,0 FUS-ICP % 0.01 0.29 0.51 0.51 0.79 0.33 0.51 0.47
P,0, FUS-ICP % 0.01 0.62 0.13 0.23 0.23 0.03 0.27 0.09
LOI FUS-ICP % 0.49 -6.59 0.29 0.39 1.09 0.82 0.26
Total % 0.01 98.21 100.09 99.94 99.53 99.84 98.95 98.5
Au INAA ppb 1 <1 <1 <1 3 <1 <1 <1
Ag * ppm 0.5 <0.5 <05 <05 <0.5 <0.5 <05 <05
As INAA ppm 1 <1 <1 <1 <1 <1 <1 <1
Ba FUS-ICP ppm 1 116 21 15 104 106 268 33
Be FUS-ICP ppm 1 <1 <1 <1 2 2 3 <1
Bi FUS-MS ppm 0.1 0.2 0.2 <0.1 <0.1 <0.1 <0.1 <0.1
Br INAA ppm 0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Cd TD-ICP ppm 0.5 <0.5 <05 <05 <0.5 <0.5 <05 <05
Co INAA ppm 0.1 48.8 42 51.7 51.2 47.8 57 46.3
Cr INAA ppm 0.5 65.7 156 55.2 131 51.7 338 116
Cs FUS-MS ppm 0.1 <0.1 <0.1 0.2 0.5 <0.1 0.2 0.3
Cu TD-ICP ppm 1 112 38 <1 8 70 30 36
Ga FUS-MS ppm 1 26 12 19 22 19 19 17
Ge FUS-MS ppm 0.5 2.4 1.4 2.5 2.8 0.9 1.8 1.5
Hf FUS-MS ppm 0.1 8.7 0.4 2.3 33 4.5 3.3 2.5
Hg INAA ppm 1 <1 <1 <1 <1 <1 <1 <1
In FUS-MS ppm 0.1 <0.1 <0.1 <01 <01 <01 <0.1 <0.1
Ir INAA ppb 1 <1 <1 <1 <1 <1 <1 <1
Mo FUS-MS ppm 2 <2 <2 <2 <2 <2 <2 <2
Nb FUS-MS ppm 0.2 28.2 <0.2 4 12.8 16.7 25.6 1.6
Ni TD-ICP ppm 1 52 110 64 59 49 213 44
Pb TD-ICP ppm 5 <5 <5 <5 <5 <5 <5 <5
Rb FUS-MS ppm 1 4 3 11 9 6 10 6
S TD-ICP % 0.001 0.848 0.111 0.005 0.013 0.15 0.552 0.111
Sb INAA ppm 0.1 <01 <0.1 <0.1 <0.1 <0.1 <01 0.1
Sc INAA ppm 0.01 39.5 49.6 51.3 33.6 39.2 231 45
Se INAA ppm 0.5 <0.5 <0.5 <0.5 <0.5 <0.5 0.9 <0.5
Sn FUS-MS ppm 1 7 <1 <1 2 2 2 <1
Sr FUS-ICP ppm 2 893.0 173 291 135 264 450 118
Ta FUS-MS ppm 0.01 1.67 <0.01 0.26 0.88 1.1 1.95 0.07
Th FUS-MS ppm 0.05 2.45 0.26 0.24 1.36 1.79 2.24 0.54
U FUS-MS ppm 0.01 0.75 0.28 0.12 0.47 0.6 0.66 1.73
\ FUS-ICP ppm 5 504.0 244 458 313 405 189 318
w INAA ppm 1 <1 <1 <1 <1 <1 <1 <1
Y FUS-ICP ppm 1 49 6 33 27 40 20 30
Zn * ppm 1 134 39 90 87 95 158 74
Zr FUS-MS ppm 1 409 14 79 124 179 129 84
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Table 3-1 continued.

Analyte . Detection Cat Square terrane Tugaloo terrane
Method Unit Symbol -
Symbol Limit OH301 S695 M235 M276 OH330 W166B W173
La FUS-MS ppm 0.05 34.3 6.97 18.2 18.1 1.89 22 3.26
Ce FUS-MS ppm 0.05 77.8 17.8 38 41.5 3.87 43.5 10
Pr FUS-MS ppm 0.01 10.7 2.66 5.28 5.27 0.55 5.34 1.77
Nd FUS-MS ppm 0.05 48 12.6 22.4 23.8 2.66 22 9.57
Sm FUS-MS ppm 0.01 11.2 3.96 5.45 6.08 0.76 5.23 3.52
Eu FUS-MS ppm 0.005 2.71 1.36 1.89 1.89 0.296 1.61 1.28
Gd FUS-MS ppm 0.01 11 4.92 5.34 6.41 0.94 5.03 4.56
Tb FUS-MS ppm 0.01 1.79 0.97 0.91 1.07 0.18 0.83 0.94
Dy FUS-MS ppm 0.01 9.89 6.18 5.11 6.09 1.13 4.47 5.82
Ho FUS-MS ppm 0.01 1.88 1.34 1.04 1.25 0.24 0.82 1.25
Er FUS-MS ppm 0.01 4.94 3.8 2.69 3.46 0.67 2.08 3.55
Tl FUS-MS ppm 0.05 <0.1 <0.05 <0.05 <0.05 <01 <0.05 <0.05
Tm FUS-MS ppm 0.005 0.832 0.614 0.398 0.494 0.123 0.295 0.555
Yb FUS-MS ppm 0.01 4.27 4.07 2.53 3.08 0.66 1.83 3.58
Lu FUS-MS ppm 0.002 0.679 0.58 0.355 0.44 0.114 0.247 0.505

* Abundances determined by multiple INAA/FUS-ICP analyses.
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Calculations were performed using the CIPW method and a Microsoft Excel spreadsheet formatted
by K. Hollocher, Department of Geology, Union College, Schenectady, NY. Normative calculations are
particularly sensitive to the oxidation state of iron (Fe), which is further influenced by having all Fe
from geochemical analyses reported as Fe,0,. An igneous origin and basaltic compositions were

determined for all samples and an iron oxidation ratio (Fe,0,/FeO) of 0.2 was applied in normative

calculations, based on recommendations by Middlemost (1989).

Element Mobility

When characterizing the origin of metamorphosed igneous rocks, geochemical data must be
approached with caution, and the effects of element mobility taken into consideration. There can be
some ambiguity in determining whether geochemical characteristics are indicative of primary
magmatic processes or if they have been superimposed and altered by later hydrothermal processes
or regional metamorphism. The behavior of major elements at amphibolite facies conditions, as
experienced by amphibolites of this study, are well documented (e.g., Pearce, 1983; Rollinson, 1983,
1993) and show that major elements Ti, Al and P are typically immobile while Ca, Na, Si, Fe, Mg, and
K are generally mobilized. Because of major element mobility, many diagrams using these types of
data (e.g., total alkali vs. silica diagram; Harker variation diagrams) have been avoided where
possible, and diagrams employing trace element data were used as alternatives. Trace elements Cs,
St, K, Rb, and Ba belong to the low field-strength elements group, also referred to as large ion
lithophile elements (LIL). This group is generally considered to be mobile under conditions of
hydrothermal alteration and metamorphism (Pearce, 1983). Remaining trace elements belong to
the high field strength (HFS) elements group and include the REE along with SC, Y, Th, Zr, Hf, Ti, Nb,
Ta and P. HFS elements are considered immobile under most conditions (Pearce, 1983; Rollinson,
1993).

Given the likelihood of element mobility in metamorphosed rocks, it is essential in any
geochemical study to establish that elemental concentrations reflect original magmatic processes
before any petrogenetic inferences can be made (Rollinson, 1993). The use of variation diagrams,
with an established immobile element plotted along the x-axis, is common practice (e.g., Donato,
1991; Misra and Conte, 1991) and is efficient in demonstrating effects of element mobility in

samples. Where systematic covariance is displayed among elements, it can be attributed to primary
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Figure 3-2. Major element variation diagrams using Zr as the differentiation index. Zr concentration is
expressed in parts per million, and major element concentrations are expressed as weight percent oxides (wt
%). Blue symbols represent Tugaloo terrane samples while red symbols represent Cat Square terrane
samples. Blue circles—North Carolina Tugaloo terrane after Wilson (2006); Red circles—North Carolina Cat
Square terrane after Wilson (2006) and Byars (2010). Blue Triangles—central Georgia Tugaloo terrane after
Huebner (2013) and Rehrer (this study). Red triangles—central Georgia Cat Square terrane after Davis
(2010), Huebner (2013), and Rehrer (this study). c.c.—correlation coefficient.
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Figure 3-3. Trace element variation diagram using Zr as the differentiation index. Trace element abundances
are expressed as parts per million, with the exception of Titanium (TiO,), which is expressed as weight
percent oxide. Symbology is the same as in Figure 3-2.
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igneous processes and, where considerable scatter is exhibited, it is likely the result of post-
magmatic processes and element mobility (Donato, 1991). Variation diagrams were employed in
this study using Zr as the fractionation index (Figs. 3-2, 3-3). Zr is an immobile and relatively
incompatible element that increases concentration with increasing differentiation (Pearce, 1983;
Rollinson, 1993), and its immobile nature is established for samples in this study by the strong
linear covariation with TiO, and with REE La and Ce (Fig. 3.3).

Statistically viable inferences were difficult to obtain from the small dataset compiled thus
far for central Georgia amphibolite. Therefore, to gain meaningful insight, central Georgia data were
used along with background data from a much larger dataset compiled from North Carolina. Plots of
major element data are shown in Figure 3-2. P,0, and MgO, respectively, display strong positive and
negative linear covariation trends, while considerable scatter is exhibited in plots of CaO0, Fe,0,,
Na,0,, K,0, and SiO,. These element oxide concentrations do maintain some linear covariability
among Georgia samples, suggesting that mobility was possibly limited to North Carolina samples, or
that trends may exist between smaller subsets of North Carolina data that are not distinguished
here. Generally negative trends exhibited by CaO and generally positive trends displayed by Na,O,,
K,0, and SiO, are indicative of expected trends for magmatic processes (Donato, 1991), and support
an igneous origin for these amphibolites. Al O, displays substantial scatter that reflects post-
magmatic effects. It is possible to have data scatter resulting from inadvertent contamination
through sample preparation procedures, although with Al,O, concentrations ranging 9-19 percent,
the effects of contamination by use of an alumina-ceramic mill (~0.2% Al) are negligible. Selected
trace elements Hf, La, Ce, Y, Th, and Ta, along with TiO,, exhibit significantly strong positive linear

covariation. V exhibits some scattering, but still maintains a slight positive correlation (Fig. 3-3).

Major Element Data

Normative Analyses

Normative mineralogy is presented in Table 3-2, separated by terrane, and expressed as
both weight and volume percent norms. Norms are calculated on an anhydrous basis and as such do
not include hydrous minerals such as amphiboles. The idealized mineralogy represented by this
analysis does include a significant abundance of normative pyroxene, which was not observed in

thin section. With the exception of sample OH330, which exhibits a small proportion of normative
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Table 3-2. Normative analyses of central Georgia Inner Piedmont amphibolites.

Normative Cat Square terrane Tugaloo terrane
Minerals OH-301 S-695 M-235 M-276 OH-330 W-166B W-173
Wt. % Norm V. % Norm Wt. % Norm V. % Norm Wt. % Norm V. % Norm Wt. % Norm V. % Norm Wt. % Norm V.% Norm  Wt. % Norm V. % Norm Wt. % Norm V. % Norm
Quartz 9.6 11.21 5.43 6.34 191 2.16 10.07 11.68 0.0 0.0 4.03 4.7 3.87 4.45
Plagioclase 46.03 52.01 41.42 46.85 52.2 57.39 38.24 43.11 50.66 55.85 44.94 50.72 47.73 53.32
Orthoclase 1.81 2.19 2.84 3.43 3.23 3.78 4.82 5.79 2.01 2.36 3.18 3.84 2.84 3.37
Diopside 15.34 14.01 18.28 16.73 21.96 20.02 20.58 18.76 30.09 27.47 11.61 10.71 18.66 16.99
Hypersthene 12.58 10.87 26.98 23.43 13.56 12.1 17.06 14.8 8.64 7.69 28.06 24.79 20.47 17.9
Olivine 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 5.58 4.82 0.0 0.0 0.0 0.0
Illmenite 8.43 5.49 2.53 1.64 4.2 2.65 4.29 2.78 0.68 0.43 3.1 2.01 2.53 1.62
Magnetite 4.55 2.71 2.17 1.29 2.32 1.34 4.32 2.55 2.23 1.29 4.28 2.54 3.64 2.13
Apatite 1.48 1.43 0.28 0.27 0.56 0.52 0.53 0.51 0.07 0.07 0.65 0.63 0.21 0.2
Zircon 0.09 0.06 0.01 0.01 0.03 0.02 0.03 0.02 0.0 0.0 0.03 0.02 0.01 0.01
Chromite 0.01 0.01 0.01 0.01 0.03 0.02 0.01 0.01 0.03 0.02 0.07 0.04 0.03 0.02
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Figure 3-4. Primary igneous trends of central Georgia and North Carolina Inner Piedmont amphibolites.
Primary igneous and sedimentary trends after Leake (1964) are indicated by red arrows. mg = [MgO/(FeO +
MnO +2Fe,0,+MgO0)]; Ca = Ca0; Al-alk = Al,O, - (Na,O + K,0). Symbology is the same as in Figure 3-2.

olivine, all samples exhibit low amounts of normative quartz ranging from 1.91 percent (M235) to
10.07 percent (M276) that agree with established limits for amphibolite classification (Cannon,

1963; Coutinho et al,, 2007).

Ortho- Vs Para-amphibolite

Amphibolites can be derived from a variety of protoliths, both igneous and sedimentary, and
it is therefore crucial to determine the nature of their origin. An igneous origin for amphibolites
from the Inner Piedmont in North Carolina has previously been established (Wilson, 2006) and,
although a correlation between the Cat Square terrane in Georgia and the Cat Square terrane in
North Carolina has been argued (Huebner, 2013; Huebner et al,, in review; Rehrer, this study), it is
still necessary to determine the origin of amphibolites in this study. No relict igneous textures were
identified in thin sections of central Georgia amphibolites, thereby requiring discrimination on the
basis of geochemistry and stratigraphy. Para-amphibolites are generally the result of metamorphism
of calcareous or dolomitic shale, which are the only sediments with primary compositions near that
of amphibolite (Leake, 1964). This type of stratigraphy has not yet been recognized in the Cat
Square terrane. Ortho-amphibolites typically result from metamorphism of mafic rocks such as
basalt, diabase, and mafic tuffs, which are abundant in the Cat Square terrane. Leake (1964)

proposed plots based on geochemistry that identify differences between chemical trends of ortho-
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Figure 3-5. Magma series of Inner Piedmont amphibolite protoliths. (a) AFM diagram showing the boundary
between tholeiitic and calc-alkaline magma fields from Irvine and Baragar (1971). (b) Alternative diagram
from Irvine and Baragar (1971), which uses Al O, and anorthite content to display the boundary between
tholeiitic and calc-alkaline magma fields. Symbology is the same as in Figure 3-2. FeO*—total iron reported as
FeO; Alk—total alkalis (Na,O + K,0); AN—Anorthite content.

and para-amphibolites, one of which uses Niggli mg values, Ca0, and Al-alk plotted on a triangular
diagram (Fig. 3-4). Samples from central Georgia, which admittedly comprise a very small dataset,
plot along the trend for igneous rocks delimited by Leake (1964), as do samples from North
Carolina, previously reported by Wilson (2006). More analyses are needed, however, to definitively
confirm the igneous trend for central Georgia amphibolites.

Characterization of Inner Piedmont amphibolite protoliths is further defined by use of
discrimination plots that delimit rock types based on magma series. A triangular AFM diagram
(Alkalis—Na,O+Fe,0,, total Fe, and MgO) from Irvine and Baragar (1971) shows that all central
Georgia samples plot within the tholeiitic series along with several samples from North Carolina
(Fig. 3-5a). The majority of Cat Square terrane samples from North Carolina plot within the
tholeiitic series, although some plot along the transition to and just inside of the calc-alkaline field.
Alarge quantity of North Carolina Tugaloo terrane samples plot within the tholeiitic field, while a
much smaller amount plot within the calc-alkaline series. Figure 3-5b represents an alternative

diagram, also from Irvine and Baragar (1971), which discriminates by magma series using a

bivariate plot of Al,O, versus anorthite content. Data within this diagram plot in fields consistent
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Figure 3-6. Rock type discrimination diagrams. (a) Total alkalis vs. silica diagram that discriminates volcanic
rock types, after Le Maitre et al. (1989). (b) Trace element volcanic rock type discrimination diagram, after
Winchester and Floyd (1977). Symbology is the same as in Figure 3-2.

with the AFM diagram. Although consistent, these diagrams should still be interpreted with some

caution since they incorporate the generally mobile LIL elements.

Rock Classification

Arguably one of the most useful applications of major element data is in rock classification.
Using geochemical data to classify rocks provides an objective method for determining protolith
rock type that avoids subjective estimates from mineral modes, and also circumvents inaccuracies
inherent in estimating modes for matrix-rich rocks and aphanitic volcanics. One widely used
diagram is the total alkalis vs. silica (TAS) plot of Le Maitre et al. (1989), which uses SiO, as the
abscissa and Na,O + K,O as the ordinate (Fig. 3-6a). This diagram displays discriminant fields based
on 24,000 fresh volcanic analyses (Rollinson, 1993). All samples from the central Georgia Inner
Piedmont plot within the basalt field, while several North Carolina Inner Piedmont samples plot
well outside and even into the rhyolite field. Use of this diagram to classify amphibolite protoliths is
largely inappropriate because of the likelihood of major element mobility. It is only included here
because of its usage by several previous authors working on Inner Piedmont amphibolites, and as a
comparison to the less often used trace element diagram (Fig. 3-6b) of Pearce (1996) after
Winchester and Floyd (1977). This trace element classification diagram uses immobile elements

that display strong positive linear covariation (Fig. 3-3) that should represent original igneous

65



compositions. All central Georgia samples, excluding sample W166B, plot in the basalt field using
this classification. Sample W166B plots well within the alkali basalt field. North Carolina Inner
Piedmont samples plot overlapping the basalt and andesite + basaltic andesite fields, with two

samples plotting in the trachyandesite field, and one sample plotting in the rhyolite + dacite field.

Trace Element Data

Trace element data are presented using traditional normalized multi-element diagrams
(spider diagrams), and through the use of bivariate and triangular tectonic discriminant diagrams.
Spider diagrams illustratively depict sample geochemistry that can be compared with diagrams
from basalts of known origin. Tectonic discriminant diagrams were used to fingerprint possible
tectonic settings for the eruption of basalts based on chemical signatures of select trace elements,
namely Th, Nb, Hf, Zr, Ti, and Y. Amphibolite samples from the Tugaloo terrane have not been
interpreted using trace element spider diagrams or tectonic discriminant diagrams, so as not to
detract from the main focus of this study, which is the characterization of the Cat Square terrane.
Tugaloo terrane amphibolites are excluded from any further discussion. Amphibolite geochemical

data compiled from North Carolina comprise analyses by Wilson (2006) and Byars (2010).

Spider Diagrams

A condensed set of elements, normalized to mid-ocean ridge basalt (MORB) (Pearce, 1996),
was used for initial comparisons (Fig. 3-7). This condensed set of elements is based on
recommendations by Pearce (1996) who suggested an overabundance of trace elements plotted in a
diagram would merely add noise to the discrimination and that some elements (e.g., Nb and Ta, or
Zr and Hf) duplicate each other because of geochemical similarities, and need not be incorporated
together. It is also practical to avoid the use of LIL elements where possible, given their potential for
mobility during post-magmatic processes (Jenner, 1996). Only Th was used as a representative in
the condensed set of elements. All but one of the Georgia samples display a slightly negative-sloping
trend with a selective enrichment of elements, relative to MORB (Fig. 3-7a-e). The level of
enrichment increases from Y (generally similar to MORB) to Th. There is also a very slight negative
Nb anomaly, with respect to Th and Ce, observed in these samples. While three samples display
similar trends, one (S695) exhibits an outlying trend very similar to MORB, with the exception of a

slight enrichment in Ce, relative to Nb and Zr. Comparison with representative basaltic trends
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Figure 3-7. MORB-normalized six-element spider diagrams. (a-e) Central Georgia Cat Square terrane
amphibolites. (f-j) North Carolina Cat Square terrane amphibolites. Background data represent average basalt
geochemical patterns for possible eruptive settings, from Pearce (1996). All data are normalized to average
tholeiitic mid ocean ridge basalt, using normalizing values from Pearce (1983). MORB—mid ocean ridge
basalt; WPB—within-plate basalt; VAB—volcanic arc basalt.

67



Georgia Cat Square terrane amphibolites

100 p——T—T— T T T T T T T 1 =TT T T T 1 =TT T T T 1 =TT T T T 1 =

- Alkalic MORB 0 mmsm Within Plate Tholeiitic Basalt —j— Continental Arc (high-K) o0 mmm Attenuated Continental o0 mmm Alkali Basalt =

— (a) Transitional MORB (b) Within Plate Alkali Basalt -+ (C) wsss Continental Arc (calc-alkaline) —~ (d) Lithosphere -+ (e) wem Calc-alkaline Basalt

B T T Oceanic Arc (calc-alkaline) T mmm Plume-ridge Interactions 7T~ Transitional Basalt |
Oceanic Arc (tholeiitic) mmm Marginal Basins (back arc)

o

N i N\ o

%

MORB-normalized Abundance

mmm Plume-ridge Interactions
=== Marginal Basins (back arc)

= Nee—— S E= < = = E= E

F 5695 + + l: + E

| MORB Variations I WPB Variations 4 VAB Variations 4 MORB/WPB and MORB/VAB | VAB/WPB Transitions i

Transitions (Collision Zones)
0.1 | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
Th Nb Ce  zr Ti Y Th Nb Ce  zr Ti Y Th Nb  Ce  zr Ti Y Th Nb  Ce  zZr Ti Y Th No Ce zr Ti Y
North Carolina Cat Square terrane amphibolites

100 p—r—T—T— 7T T T T T T 1 T T T T T 1 T T T T T 1 T T T T T 1 =

— f Alkalic MORB 0 mssm Within Plate Tholeiitic Basalt —J— h Continental Arc (high-K) 0 /: mmm Attenuated Continental o /: mmm Alkali Basalt -

- ( ) Transitional MORB I~ (g Within Plate Alkali Basalt 7~ ( )_ Continental Arc (calc-alkaline) |~ (') Lithosphere T (J) e Calc-alkaline Basalt ]

Oceanic Arc (calc-alkaline) Transitional Basalt

Oceanic Arc (tholeiitic)

o

VAB/WPB Transitions

MORB-normalized Abundance

MORB Variations WPB Variations VAB Variations MORB/WPB and (Collision Zones)
B MORB/VAB
N . - Transitions T .
0.1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Th No Ce 2z Ti Y Th Nb Ce 2z Ti Y Th Nb Ce 2z Ti Y Th Nb Ce zr Ti Y Th Nb Ce zr Ti Y



(Pearce, 1996) demonstrates that Georgia amphibolites, excluding sample S695, best correspond to
within-plate basalt (WPB) variations, and transitional volcanic arc basalts/within-plate basalts
(VAB/WPB). A negative slope, enrichment, relative to MORB, in all elements except Y, and a high
Ti/Y ratio, characterize geochemical patterns of WPB. These characteristic patterns are similarly
displayed by the VAB/WPB transitions with the addition of a significant negative Nb anomaly.
Patterns for North Carolina samples (Fig. 3-7f-j) noticeably differ from those of central Georgia, and
display a significantly more pronounced negative Nb anomaly with respect to Th and Ce. North
Carolina samples also exhibit considerably less enrichment in Zr and Ti relative to MORB, producing
a positive Ce anomaly. Three samples display Ti and Y depletion relative to MORB, and all but one
exhibit very low Ti/Y ratios. North Carolina data best compare with VAB variations in that they
share a significant negative Nb anomaly, relative positive Ce anomaly, and low enrichments of Zr
relative to MOR