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ABSTRACT
The Alabama eastern Blue Ridge (EBR) of the Southern Appalachian Mountains hosts a
variety of felsic plutonic rocks, which intrude multiply deformed Neoproterozoic to Ordovician
metasedimentary rocks. Plutons consist of two distinct suites based on geochemical composition
and degree of deformation: pre- to syn-kinematic Neoacadian, low Sr/Y plutons (ca. 380-360
Ma) and late- to post-kinematic, Early Alleghanian high Sr/Y plutons (ca. 350-330 Ma). Here, I
report new whole rock geochemistry, U-Pb zircon SHRIMP-RG (Sensitive High Resolution Ion
Micro Probe-Reverse Geometry) ages, and Hf isotope data for 6 plutons in the Alabama EBR.
Low Sr/Y plutons are predominantly biotite-muscovite granites and granodiorites and include the
Rockford Granite (376.6  1.5 Ma) and the Bluff Springs Granite (363.8  2.9 Ma). The
Enitachopco trondhjemite dike also displays a Neoacadian age of 366.5  3.5 Ma. Zircon Hf
isotope data from the low Sr/Y suite range from -11.2 to +2.0. These plutons are in general
strongly deformed, and display geochemical characteristics consistent with mid crustal (<35 km)
partial melting of pre-existing continental crust. By contrast, high Sr/Y plutons are deformed to
undeformed, and consist of low-K tonalites and trondhjemites (e.g., Almond trondhjemites and
Blakes Ferry pluton) with geochemical characteristics suggestive of deep-crustal partial melting
of a garnet amphibole-bearing source. Two samples of the Almond trondhjemite (Wedowee
pluton and Almond pluton) yielded ages of 334.6  3.2 Ma and 343.4  3.4 Ma, respectively. An
additional peak at 324.4  3.3 may represent a Pb-loss event. Another sample of Almond
trondhjemite yielded complex ages with a peak at 349.1  1.8 Ma The undeformed Blakes Ferry
pluton also yielded complex results with Grenville-age cores (ca. 1000-1080 Ma), and rim ages
ranging from ca. 350 to 330 Ma with peaks at 343.1  3.3 Ma and 331.1  3.8. Igneous monazite
yielded an age of 345.9  3.1 Ma supporting a ca. 345 Ma crystallization age. Hf isotope data
from the high Sr/Y suite range from -14.6 to +5.6.
I propose that the transition from Neoacadian, low Sr/Y, mid-crustal partial melting to
Early Alleghanian high Sr/Y deep crustal partial melting reflects thickening of the EBR during
Neoacadian deformation. Hf isotope values also transition from crustal values (-Hf) to a mixed
signature (+Hf and -Hf), reflecting both mantle and lower crustal melting. This transition may
be related to slab break off following Neoacadian deformation.
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INTRODUCTION
The thermal evolution of orogenic belts is driven by the advection of heat due to crustal
thickening, radioactive self-heating, and possible mantle heat input from lithospheric
delamination and/or slab break-off. In collisional orogenic belts, there exists a dynamic interplay
between magmatism and metamorphism, yet the processes governing the heat transfer
mechanisms associated with melt generation and pluton emplacement are poorly understood.
Partial melting of crustal rocks plays a critical role in the thermal and mechanical evolution of
collisional orogens, and this magmatism is believed to be the result of either (1) decompressional
partial melting and rapid uplift of high-grade metamorphic rocks, (2) partial melting of
metasedimentary rocks enriched in radioactive elements, (3) high-temperature, deep crustal
partial melting at the base of tectonically thickened crust, and/or (4) deep-crustal partial melting
due to the advection of asthenospheric mantle material (Zeng et al., 2011). The nature of
plutonism in an orogenic belt can be used to constrain the tectonic setting associated with melt
generation and the timing of regional-scale metamorphism and deformation.
The Alabama eastern Blue Ridge (EBR) provides a unique, mid-crustal view into an
ancient collisional orogen, which is inaccessible in younger collisional orogens such as the
Himalayas, the Alps, and the Zagros. Plutonism associated with contractional deformation in the
EBR consists of two distinct, magmatic suites based on geochemical composition and degree of
deformation: pre- to syn-kinematic Neoacadian, low Sr/Y plutons (ca. 380-360 Ma) and late- to
post-kinematic, Early Alleghanian high Sr/Y plutons (ca. 350-330 Ma). Several authors (c.f.,
Tulloch and Kimbrough, 2003; Moyen, 2009) have hypothesized that high Sr/Y geochemical
signatures in late- to post-kinematic plutons result from partial melting of mafic crust by the
breakdown of plagioclase releasing strontium into the melt, and the generation of garnet as a
residual or fractionating phase (sequestering yttrium) associated with an increase in pressure due
1

to collisional thickening. One objective of this study is to investigate this possible link between
magmatism and crustal thickening in the Alabama EBR. Neoacadian plutons are further
distinguished from Early Alleghanian plutons by the presence of intense, solid state
deformational fabrics, which are less pervasive in younger rocks.
This study seeks to better understand the processes and timing of magma production in
the Alabama EBR by conducting U-Pb zircon geochronology, whole rock geochemistry and
zircon Lu-Hf isotope and trace element geochemistry of six intrusions that were emplaced over a
period of more than 40 m.y.r. during and following Neoacadian deformation in the Alabama
EBR. My focus is the timing and geochemical evolution of the pre- to syn-kinematic plutons
(Bluff Springs granite and Rockford granite), and the late- to post-kinematic plutons (Blakes
Ferry pluton, Wedowee pluton, and two Almond trondhjemites).
Conceptual Framework of Neoacadian magmatism in the Alabama EBR
The petrogenesis of low Sr/Y plutons in the EBR (e.g. Rockford granite) has been studied
extensively by previous workers (e.g. Drummond and Allison, 1987; Drummond 1987;
Drummond et al., 1988). Major and trace element petrogenetic modeling by Drummond and
Allison (1987) indicate that the pre- to- syn- kinematic Rockford and Bluff Springs granites are
associated with mid-crustal partial melting of quartz-rich, water-saturated, peraluminous
metasedimentary rocks in response to crustal shortening and regional metamorphism. Rubidiumstrontium and oxygen isotope studies by Russell (1987) and Drummond (1988) provide evidence
for a crustal source associated with the generation of the Rockford and Bluff Springs granites.
Investigation of the rare earth element contents of the Rockford granite and the associated
Wedowee Group show very similar values, which suggests not only a spatial relationship but
also a geochemical one (Drummond and Allison, 1987).
2

The petrogenesis of the high Sr/Y plutons is less well understood, and several models
exist for their generation (Figure 1). The Slab Melting model (Hypothesis 1), proposed by Defant
et al. (1988), suggests a subduction zone setting and slab melting of MORB that resulted in the
generation of low K, tonalite-trondhjemitic melts. Plutons associated with subduction of oceanic
crust display a distinct geochemical signature that is characterized by elevated Ni, Cr, and Mg#,
reflecting interaction between slab melts and a highly depleted mantle wedge above the
subduction zone and a strong mantle signature, such as +εHf initial (Defant et al., 1988;
Drummond and Defant, 1990). Epsilon hafnium initial (εHfi) is the notation used for the Lu-Hf
isotopic system to differentiate between the different silicate reservoirs.
The second model (Hypothesis 2), proposed by Miller et al. (2006), involves magma
generation by collisional thickening and deep crustal partial melting. Melts generated by
collisional thickening and intra-crustal partial melting should display strong crustal signatures (εHfi) in the high Sr/Y plutons. There would also be a significant lag time between collisional
thickening and high Sr/Y magmatism.
Third, the lithospheric delamination model (Hypothesis 3) involves foundering of
unstable, tectonically thickened lower crust. Foundering of the lower crust into the upper mantle
results in upwelling asthenospheric mantle to fill this void, widespread partial melting at the base
of the lower crust, and rapid uplift (Nelson, 1992; Chung et al., 2009). I propose an alternative
scenario (Hypothesis 4) in which high Sr/Y plutonism is initiated by slab break off, which
resulted in localized advection and partial melting of asthenospheric mantle, and partial melting
of a tectonically thickened, lower crust. Slab break off should result in a mixed (+ and –εHf)
signature in the high Sr/Y plutons, reflecting both mantle and lower crustal melting (Davies and
von Blanckenburg, 1995).
3

In this thesis, I seek to test a model in which the initiation of late- to post-kinematic, high
Sr/Y plutonism resulted from partial melting of post-collisional, orogenically thickened
Grenville-age crust. By combining textural evidence and this apparent geochemical transition
from low to high Sr/Y with U-Pb zircon geochronology and Hf isotope analysis of zircon, I aim
to constrain the timing and petrogenesis of these plutons as well as deformation and
metamorphism in the EBR. Each of the four proposed hypotheses (Figure 1) concerning the
initiation of high Sr/Y magmatism in the EBR makes specific predictions for the origin of high
Sr/Y plutons that will be tested by whole rock geochemical analysis, U-Pb zircon
geochronology, and Hf isotope and trace element analysis of zircon.

4
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BACKGROUND GEOLOGY
Geology of the Appalachian Orogenic Belt
The Appalachian Orogen of the eastern United States is a northeast trending belt of late
Precambrian to Paleozoic rocks that extends along strike for over 3000 km from Alabama to
Newfoundland. The orogen is flanked to the northwest by Laurentian platform rocks and to the
southeast by Mesozoic to Cenozoic sedimentary rocks of the Atlantic and Gulf Coastal Plain
(Hibbard, 2004). The Appalachian Mountains were assembled over a span of almost one billion
years from approximately 1200 Ma to 250 Ma. The region records the formation and break-up of
two supercontinents, Rodinia and Pangea, representing a complete Wilson cycle (Hatcher, 2010).
Consequently, the formation of these supercontinents resulted in two stages of significant
orogenic growth, the Grenville (ca. 1200-900 Ma) and Appalachian (ca. 550-250 Ma) orogenies.
Multiple stages of growth over such a long time span have created a very complicated landscape,
one that is referred to by Dr. Paul Mueller as “an enigmatic collage of magmatic additions and
accreted terranes” (Mueller et al., 2008).
The modern day Appalachians are an amalgamation of Laurentian rocks and suspect and
exotic terranes that were accreted during three major orogenies: the Taconic (ca. 480-450 Ma),
the Acadian/Neoacadian (ca. 420-360 Ma), and the Alleghanian (ca. 330-265 Ma). Construction
began during the late Precambrian with the rifting of Rodinia along the axis of the Grenville
Orogeny, which serves as basement rock for Appalachian related units. Rifting is believed to
have peaked around 575 Ma (Hubbard, 2004). Following rifting of Rodinia, the formation of the
Paleozoic Iapetus ocean led to the establishment of a passive margin and the deposition of
orderly, passive margin sedimentary rock sequences.
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The beginning of the Taconic Orogeny in the Early Ordovician represents the initial
closure of the Iapetus ocean accompanied by the end of carbonate sedimentation along the
Laurentian shelf and the development of a submarine thrust belt (Hibbard, 2004). During the
Taconic, the famous ophiolite complex of Newfoundland was thrust onto the continental margin.
Progression of the Taconic orogeny is believed to be associated with the introduction of the
passive margin into a subduction zone. The Taconic is more recognizable in the northern sector
of the orogen as the intensity of the Alleghanian orogeny in the south overprints the Taconic
thrusting signature (Hibbard, 2004).
Continued convergence in the late Devonian ultimately led to the final closure of the
Iapetus and the collision of Laurentia with exotic, peri-Gondwanan terranes. These exotic
terranes, such as the Avalon in the north and the Carolina in the south, make up large segments
of the Appalachian orogen (Hatcher, 2010). Docking of the Avalon and the Carolina superterranes began in the north and closed southward in an oblique, transpressional fashion. This
initial collision in the north resulted in the Acadian orogeny being more prominent in the north
and central part of the orogen. In the New York promontory of southern New England, rapid
uplift associated with the Acadian orogeny resulted in the removal of approximately 20 km of
crust and the deposition of the thick Catskill clastic wedge (Hibbard, 2004). In the southern
sector of the Appalachians, evidence of the Acadian orogeny exists in the form of 380-360 Ma
granitoid plutons such as the Pink Beds and Looking Glass pluton in North Carolina (Miller et a.,
2000) and the Rockford and Bluff Springs granites of Alabama (Drummond, 1987). Regional
scale folding and high-grade metamorphism associated with the Acadian orogeny in the north is
apparently absent in the south.
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Ultimately, final docking of the Carolina terrane was followed by the continent-continent
collision with Gondwana in the south, which resulted in the Alleghanian Orogeny. Alleghanian
deformation is recorded in the southern Appalachians by the northwest directed thrusting of the
Valley and Ridge Province and synchronous upper amphibolite facies metamorphism in the
internal parts of the Piedmont (Steltenpohl and Kunk, 1993). Dextral strike-slip motion on the
Brevard fault zone could be attributed to the oblique collision between Laurentia and Gondwana
(Hatcher, 2010). Rapid uplift associated with the Laurentian-Gondwanan collision was complex
and not uniform, and the collision ceased at approximately 265 Ma (Hatcher, 2010).
The Eastern Blue Ridge
The eastern Blue Ridge (EBR) is a southwest-northeast trending terrane of the Southern
Appalachian Mountains, stretching approximately 450 kilometers from Alabama to North
Carolina (Figure 2). From the Taconic to the Alleghanian orogenies, numerous, enigmatic
plutons were intruded into the EBR and adjacent terranes. This plutonism is believed to be
associated with the convergence and collision of Laurentia and Gondwana and exotic periGondwanan terranes (Miller et al., 2006).

8

The Alabama EBR is composed primarily of multiply deformed metasedimentary rocks,
amphibolites, and plutonic rocks (Figure 2). The most extensive lithological unit in the EBR is
the Wedowee Group, which is the host rock for all of the plutonic rocks of this study (Neathery
and Reynolds, 1973). The Wedowee group consists primarily of fine-grained graphite-chloritemuscovite schist, garnet-muscovite schist, quartz-graphite-muscovite schist as well as spare
quartzite, biotite gneiss, and amphibolite (Defant et al., 1988). It has been subdivided into three
types (A, B, and C) based on three major metamorphic events defined by Neathery and Reynolds
(1973). Type A Wedowee, which makes up approximately 60% of the total outcrop area, is
composed of low-to intermediate-grade quartzite and graphite-sericite-chlorite phyllite with
9

inter-layered garnet-biotite schist. Type A rocks exhibit a strong S1 foliation, and have been
affected by extensive, uniform regional metamorphism. Previous thermobarometic studies in the
EBR estimate temperatures of 580°C ± 65°C to 665°C ± 50°C and pressures of 4.7 ± 1 to 8.5 ±
0.8 kbars from garnet-muscovite-biotite-plagioclase equilibrium to represent regional
metamorphic conditions (Gibson and Spear, 1986; Drummond, 1988; Stowell and Green, 1990).
Type B Wedowee rocks represent the smallest portion of the Wedowee group at approximately
15% of the total outcrop area and have a close spatial relation with the Rockford and Bluff
Springs granites. Type B consists primarily of multiply foliated sericite schist, and near the
intrusive units a quartz-albite-muscovite-biotite schist is more common. Type C Wedowee
(~35% of the total outcrop area) is a complex, high-grade sequence composed of garnet-biotite
gneiss and graphite-mica schist (Neathery and Reynolds, 1973).
The EBR is structurally bounded to the southeast by the Brevard fault, which separates
the EBR from the Inner Piedmont; however, it is debated whether or not the Brevard fault marks
a terrane boundary or is simply an internal fault (Drummond et al., 1997). To the northwest, the
Hollins line fault separates the EBR from the Talladega slate belt and the Western Blue Ridge
terrane (Figure 2). Internally, the Alexander City and Goodwater-Enitachopco faults occur late in
the Alleghanian kinematic sequence (Tull, 1987).
Intrusive rocks make up approximately 25% of the total surface area of the EBR and are
typically northeast-trending, tabular sill-like bodies. Plutons of the EBR have been subdivided
into multiple groups that include: the Elkahatchee quartz diorite (EQD), the Zana and Kowaliga
gneisses, the Bluff Springs granite, the Rockford granite, the Almond trondhjemites, the Hog
Mountain pluton, the Wedowee pluton, and the Blakes Ferry pluton. The batholith scale EQD is
the largest (~880 km2), Neocadian age (ca. 380-372 Ma) intrusion in the EBR (Tull et al., 2009).
10

The dominant lithology is biotite-tonalite to granodiorite with subordinate diorite, granite, quartz
monzonite, and trondhjemite. The Kowaliga and Zana gniesses (~510 km2) intrude
metasedimentary rocks of the Emuckfaw Group and range from tonalite to granodiorite
(Drummond et al., 1997). Russell (1987) and Russell et al. (1987) report U-Pb zircon ages of
approximately 460 Ma interpreted to be associated with the Taconic orogenic event. The
remaining plutonic rocks of the EBR occur as small intrusions that range in size from less than
1.0 to 15 km2, and they have been grouped based on spatial relations and composition. They are
the focus of this study and are discussed in more detail in the following sections.
Low Sr/Y Neoacadian Granites of the Alabama EBR
The Bluff Springs and Rockford granites are S-type, peraluminous, muscovite-biotite
granites with minor components of granodiorite, trondhjemite, and tonalite. The Bluff Springs
granite has received less attention in published literature; however, it is believed to be the along
strike continuum of the Rockford granite (Drummond et al., 1997). These two suites of granite
typically exhibit a strong foliation (S1), and at map scale they are spatially elongated in the
direction of this northeast striking foliation (Drummond, 1987). The Rockford granite has been
the focus of numerous petrological, geochemical, and isotopic studies (e.g. Drummond, 1987;
Drummond et al., 1997).
The Rockford granite is a medium grained, hypidiomorphic, equigranular granitoid.
Major minerals include quartz, plagioclase, K-feldspar, biotite, and muscovite, whereas
accessory phases include zircon, apatite, garnet, epidote, clinozoisite, and ilmenite. Biotite is the
only mafic phase, which is consistent with its S-type classification. Plagioclase typically displays
a well-defined oscillatory normal zonation. Early crystallizing zircon is commonly included in
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biotite, and typically exhibits a pleochroic halo (Drummond, 1987). Textural relationships that
relate to the foliation fabric include kinked albite twins and bent and aligned mica grains.
The petrogenesis of low Sr/Y plutons in the EBR (i.e. the Rockford and Bluff Springs
granite) has been studied extensively by previous workers (e.g. Drummond and Allison, 1987).
Major and trace element petrogenetic modeling by Drummond and Allison (1987) indicate that
the pre- to- syn- kinematic Rockford and Bluff Springs granites are associated with mid-crustal
partial melting of quartz rich, water saturated, peraluminous metasedimentary rocks in response
to crustal shortening and regional metamorphism. The Neoacadian Rockford and Bluff Springs
granites possibly represent the thermal axis of regional metamorphism where elevated
temperatures could induce partial melting (Drummond, 1987). The presence of primary, plutonic
muscovite requires approximately 9-10 weight percent water at 4 to 5 kilobars pressure which is
consistent with estimated, mid-crustal emplacement depths for the Rockford granite (Drummond,
1987).
Drummond (1987) and Tull (1982) hypothesize a scenario where early Acadian
orogenesis resulted in increased loading and temperatures and production of premetamorphic
volcanics, such as the Hillabee Greenstone, followed by peak metamorphism and S-type
granitoid genesis. However, recent dating of the Hillabee Greenstone yields an Ordovician
206

Pb/238U zircon age of 468.5 ± 1.3, which contradicts the estimated timing of the Acadian

orogeny (McClellan et al., 2007; Tull et al., 2007).
Strontium isotope data from Russell (1987) recalculated with U-Pb zircon ages from this
study support melt derivation from a crustal component. Initial strontium isotope data range from
0.7055 to 0.7065 for the Rockford granite, and 0.7047 to 0.7069 for the Bluff Springs granite
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(Figure 3). Geochemical, U-Pb zircon age data, and Hf isotopic data from the Rockford and
Bluff Springs granite collected during this study will be discussed later.

High Sr/Y Trondhjemites of the Alabama EBR
The Almond trondhjemites occur as elongate lenses southwest of the Bluff Springs
granite, and the primary lithology is biotite-muscovite trondhjemite. These intrusions are
widespread in the region and are typically mildly deformed. The Wedowee and Blakes Ferry
plutons are small, circular intrusions of primarily biotite-muscovite trondhjemites that are mildly
deformed and undeformed, respectively (Drummond et al., 1997). It has been postulated that the
13

Blakes Ferry pluton is closely related to the Almond trondhjemites despite textural differences
and the elevated whole rock strontium values associated with the Blakes Ferry (Drummond et al.,
1997). The Blakes Ferry pluton is also characterized by the appearance of distinct biotite-rich
schlieren. Typically, the high Sr/Y trondhjemites of this study are medium grained,
hypidiomorphic intrusions composed of plagioclase, quartz, biotite, muscovite and with various
accessory minerals that include epidote, clinozoisite, sericite, zircon, garnet, and sphene.
Strontium isotope values from Russell (1987) recalculated with U-Pb zircon ages from this study
yield 87Sr/86Sr(initial) values that range from 0.7041 to 0.7054 for the Almond trondhjemites and
0.7042 to 0.7044 for the Blakes Ferry pluton. These values are distinct from the values seen in
the low Sr/Y granites (Figure 3).
Whereas the field relationships and geochemical nature of the Alabama EBR plutons has
been well defined by previous studies, little modern day geochronology and isotope analysis has
been performed on the low and high Sr/Y plutons of the Alabama EBR. Therefore, the absolute
age of these intrusions has not been known. One of the primary objectives of this study is to
conduct detailed U-Pb zircon geochronology on the plutons in question in order to constrain the
timing of their emplacement as it relates to regional deformation and metamorphism.
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METHODS
The four hypotheses concerning the initiation of high Sr/Y plutonism in the EBR (Figure
1) are evaluated through whole rock geochemical analysis, U-Pb zircon geochronology, trace
element analysis of zircon, and through the use of the Lu-Hf decay system as a petrogenetic
tracer. Whole rock geochemistry was performed at the University of Alabama. Laser ablation
multi-collector inductively coupled mass spectrometry (LA-MC-ICP-MS) Lu-Hf isotopic
analysis of zircon was performed at the University of Florida’s Center of Isotope Geochemistry
under the supervision of Dr. Paul Mueller. Sensitive high-resolution ion microprobe reverse
geometry (SHRIMP-RG) U-Pb zircon geochronology and trace element analysis of zircon was
performed at the Stanford University-USGS Mirco-Analysis Center under the supervision of Dr.
Joe Wooden.
Field Study and Sample Collection
My thesis advisor, Dr. Joshua J. Schwartz, or myself collected all samples during four
trips to the Alabama EBR. Sample locations can be seen in the accompanying regional map
(Table 1 and Figure 2). Approximately 3-5 samples were collected for whole rock geochemistry
for each of the five plutons in question, whereas one representative sample was chosen for U-Pb
zircon analysis and Lu-Hf isotope geochemistry. The freshest available samples were obtained,
and when available, recently quarried samples were collected. Large enclaves, schleiren, and
other potential sources of heterogeneity were avoided. Thin section images, scanned images of
polished hand sample surfaces, and photomicrograph are displayed in Figures 4-8. Sample
09BSG1 (Figure 4) of the Bluff Springs granite was collected south of Ashland, AL close to the
intersection of CR-35 and Bluff Valley Road. Sample 10ROCK1 of the Rockford granite (Figure
5) was collected less than 0.5 miles northwest of Rockford, AL adjacent to Kings Bridge Road.
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Enitachopco dike sample 10ENITA1 (Figure 6) was collected at a road cut on US-280 south of
Hatchet Creek in the Enitachopco fault zone outside of Alexander City, AL. Wedowee pluton
sample 09WP1 was collected from the APAC quarry on Lake Wedowee near the town of
Wedowee, AL. Two samples of the Almond trondhjemite were collected for U-Pb zircon
analysis: 10ALMOND1 (Figure 7), was collected near the town of Almond, AL and
10ALMOND2 was collected from a road cut at the intersection of US-280 and AL-22 in
Alexander City, AL where trondhjemite intrudes the Elkahatchee Quartz Diorite. Sample 09BF1
(Figure 8) of the Blakes Ferry pluton was collected from Flat Rock Park in Alabama east of
Lineville, AL off of Blakes Ferry Road.
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Whole Rock Geochemistry
Major element geochemistry was performed at the University of Alabama by XRF
analysis of fused glass disks. Approximately 1.5 grams of whole rock powder from each sample
was weighed and then dehydrated in a high temperature oven at approximately 1100 C for four
to six hours. Following dehydration, samples were reweighed to calculate the percentage of
volatiles lost, and 0.5 grams of dehydrated sample were combined with 4.5 grams of lithium tetra
borate with integrated lithium bromide flux. This mixture was fused in a platinum crucible and
cast in a platinum mold and analyzed using standard X-Ray fluorescence (XRF) techniques at the
University of Alabama using a Phillips 2400 XRF instrument.
Selected trace elements were collected by analysis of pressed pellets by XRF. Powdered
whole rock samples were combined with a bonding agent and compacted under 5000 psi of
pressure. To ensure that accurate concentrations are obtained from XRF analysis, each pressed
pellet and glass disk was analyzed five times. Averaged and normalized major and trace element
concentrations are presented in Table 2. In addition, the long-term reproducibility of the Phillips
2400 XRF instrument was checked by measuring concentrations of a standard (AVG-1).
Whole rock rare earth element (REE) analysis was performed at the University of
Alabama using standard whole rock geochemical ICP-MS techniques. Whole rock powders were
dissolved in concentrated hydrofluoric (HF) and nitric (HNO3) acid in Savellex vials at 110 C
followed by dissolution in 6M hydrochloric acid (HCl). Prepared samples were then diluted in
2% nitric + 0.5% HF acid and analyzed at the University of Alabama using a Perkin-Elmer
ELAN 6000 ICP-MS. All geochemical data was collected between January 2010 and December
2011 at the University of Alabama and is presented in Table 2.
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U-Pb AND Lu-Hf ISOTOPIC ANALYSIS OF ZIRCON
Why Zircon?
Zircon has many advantages for use in geochronology and as a tracer for crustal and
mantle processes. It usually contains high concentrations of uranium (U) and thorium (Th),
which is ideal when using the U-Th-Pb decay system for age dating, as well as minor
concentrations of hafnium (Hf), whose isotopic composition is often used to differentiate magma
sources. In addition to being a reservoir for U, Th, and Hf, late crystallizing zircon incorporates
highly incompatible REEs due to their propensity to remain in residual melts. In situ analysis of
the trace element composition of zircon can be aquired during U-Pb data collection using
SHRIMP-RG. Trace element concentrations in zircon are yet another characteristic to use in
discriminating between different rock types and magma sources (Belousova et al., 2002).
Zircon is common as an accessory phase in mafic to felsic rocks, yet its abundance
increases in felsic rocks, particularly felsic plutons. Magmatic zircons, such as those discussed in
this study, typically have well developed growth domains, which document complex histories
and the evolution of magmatic systems (Claiborne et al., 2010). More importantly, zircon is very
resistant to episodes of chemical and mechanical weathering, and it often survives magmatic,
metamorphic, and erosional events to which other minerals succumb (Corfu et al., 2003).
Sluggish intra-crystalline diffusion rates combined with zircon’s refractory nature allows for
variations in isotopic composition to be preserved in different growth zones often through
multiple stages of magmatism and varying metamorphic conditions (Hawkesworth and Kemp,
2006), which is a feature that is addressed in this study.
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Mineral Separation and Mount Preparation
Approximately 3 kg of fresh rock was collected for each sample for isotopic analysis, and
zircon grains were extracted using standard mineral separation techniques. Following crushing,
sample material was separated by density using a Gemini Table. The heavy fraction of minerals
was then separated using methylene iodine (MEI, 3.3 g/cm3). Non-magnetic zircon and monazite
were then separated from other heavy, magnetic minerals using the Franz magnetic separator.
Following mineral separation, 50 to 70 inclusion free zircon grains from each sample were
handpicked under a binocular microscope and mounted in 2.4 cm diameter epoxy disks along
with FC-1 and R-33 standards (Figure 9). Epoxy mounts were polished to expose cross sectional
areas. Following polishing, grains were imaged in reflected and transmitted light on a
petrographic microscope and by cathodoluminescence (CL) on the University of Alabama’s
JEOL 8600 electron microprobe with a Gatan MiniCL dectector. These images were taken for
each sample to expose inclusions and zoning domains. Backscattered-electron images for
monazite were obtained for the Blakes Ferry pluton following Franz magnetic separation.
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In addition to using standard epoxy mounts, depth profiling of zircon in indium for the
four, Early Alleghanian, high Sr/Y plutons was performed to analyze late-stage, magmatic rims.
Zircon grains were pressed into a pit of indium in an epoxy mount and no polishing was
performed (Figure 9). Therefore, the “outer shell” of individual zircon grains was analyzed using
this depth profiling technique. Depth profiling of zircon has been met with moderate success in
some studies, yet results are often complicated by high concentrations of common Pb found in
the rims of zircon due to Pb-loss.
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U-Th-Pb Geochronology of Zircon
Uranium (U) has two naturally occurring, radioactive isotopes used for zircon dating:
238

U and 235U. The principal isotope of thorium (Th) is 232Th. Both elements are common in

accessory phases, such as zircon, monazite, sphene, and apatite, in most crustal rocks. Each of
these three radioactive parent isotopes decays to a daughter isotope of stable lead (Pb). For
example, one atom of 238U decays to one atom of stable 206Pb via emission of eight -particles
and six -particles. 235U and 232Th decay to 207Pb and 208Pb, respectively, via similar decay
processes. Typically, the amount of radiogenic Pb (Pb*) produced by the decay of a uranium or
thorium parent isotope is written in a ratio with non-radiogenic 204Pb (Faure, 1986).
During crystal growth, zircon (+4 cation) incorporates U4+ and Th4+, while excluding
Pb2+, due to similarities in valence state and ionic radii. This preferential incorporation of U and
Th over Pb leads to high U/Pb and Th/Pb ratios. One might assume that the amount of Pb in a
zircon’s crystal lattice might all be the product of radiogenic decay. However, this assumption is
only reliable if the zircon crystal has remained a closed system, which is often untrue given the
mobility of U in oxidizing environments and the loss of Pb daughters through the lattice damage
associated with the emission of -particles. Typically, Pb loss occurs when zircon crystals are
subjected to high temperature conditions or metamorphic fluids, and Pb loss leads to inaccurate
results typically in the form of younger ages. If open system behavior is believed to be an issue,
then an age calculation can be made based on the ratio of radiogenic 207Pb/206Pb without
measuring either uranium parent isotope. Isotope fractionation is insignificant for this particular
family of isotopes because chemical processes do not discriminate between 207Pb and 206Pb, or
their associated parent isotopes, which indicate that the proportions of the 207Pb/206Pb that is lost,
should equal the ratio of the analyzed material that is remaining. This technique is referred to as
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the Pb-Pb system. Given that the ratio of 235U/238U is constant in nature (1/137.88), the decay
equations for 238U206Pb and 235U207Pb can be combined. This combination leaves one
unknown, time, which is dependent on the ratio of radiogenic 207Pb to 206Pb. The Pb-Pb equation
is as follows:
207

Pb/206Pb={1 * (eλ235Ut - 1)}/{137.8 * (eλ235Ut - 1)} (Faure, 1986).

U-Pb zircon and monazite geochronology was performed at the Stanford-USGS MicroAnalysis SHRIMP-RG facility. Polished epoxy mounts were gold coated to prevent charging
during analysis. Spots for U-Pb analysis were chosen using accompanied reflected light and CL
images based on zonation patterns. Magmatic rims were targeted whereas inclusions and
xenocrystic cores were avoided. Samples were analyzed in two continuous sessions (Fall 2010
and Summer 2011) with standards being run for every 3-4 unknown. During analysis, the
primary O-ion beam generated analysis pits ~30 m in diameter, and sputtered secondary ions
were mass analyzed in four cycles for each sample. While an ion microprobe does not provide
the same precision as TIMS (Thermal Ionization Mass Spectrometry), a microprobe allows one
to precisely target specific growth domains, which is particularly important for the complex,
highly zoned zircons of the EBR. The SHRIMP-RG also allows for a time efficient analysis (<20
minutes), and it is relatively non-destruction, as analysis pits are approximately 30 m in
diameter and only 2 microns deep. Reverse Geometry (RG) affords larger magnet dispersion,
which enables up to four times the mass resolution than SHRIMP-FG (Forward Geometry).
Fractionation is a concern with all ion microprobe methods as the measurement of accurate Pb/U
and Pb/Th ratios is complicated by behavior differences of Pb, Th, and U ions during ablation by
the O-ion bean. This results in fractionation of Pb relative to Th and U, which is accounted for by
comparison of the fractionation that occurs in the standard analyses.
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In order to calculate accurate radiogenic 206Pb/204Pb and 207Pb/204Pb ratios from measured
ratios, a correction for common 204Pb must be applied. This initial composition of the Pb ratios
can be estimated using the Stacey and Kramer (1975) models that characterize the evolution of
Pb in crustal rocks through time. Raw data were reduced onsite using the SQUID software, and
all age calculations and Concordia diagrams were made using Isoplot 3.7. Reduced U-Th-Pb
isotope data is summarized in Table 1 and in Figures 10-12 in the form of Tera-Wasserburg
Concordia plots and error weighted mean diagrams. Mean squared weighted deviates (MSWD)
values displayed in weighted mean diagrams are expressions of the scatter of the analyses. If
MSWD=1, then the scatter is equivalent to the scatter predicted from analytical errors, and
MSWD>1 indicates excess scatter. One condition that could result in MSWD>1 values are the
presence of multiple age populations within a zircon crystal.
The Lu-Hf Decay System
In the Lutetium (Lu)-Hafnium (Hf) decay system, 176Lu decays to 176Hf via beta ()
decay, and this decay has a half-life of 35.9 billion years. The abundance of 176Hf and the ratio of
176

Hf/176Lu in the earth’s silicate reservoirs have been increasing through geologic time (Scherer

et al., 2007). When measuring radiogenic isotope values it is common practice to divide the
radiogenic isotope by a non-radiogenic isotope of the same element such as 177Hf because the
value of 177Hf is constant and not changing with time. Therefore, this ratio of 176Hf/177Hf has also
been increasing through geologic time.
The rate of increase of the 176Hf/177Hf ratio in the different silicate reservoirs is not
constant due to variable partition coefficients of Lu versus Hf during melting events. During
mantle melting, Hf is preferentially incorporated into partial melts, whereas Lu behaves more
compatibly and remains in the residue. This behavior results in greater concentrations of Lu in
28

the mantle, which with time, will decay to 176Hf, thus, causing the 176Hf/177Hf ratio to increase
more rapidly in the mantle. Therefore, over time, continental crust has developed a lower
176

Hf/177Hf ratio than that of the mantle. (Faure and Mensing, 2005).
The Lu-Hf decay system is particularly useful due to hafnium’s preferential incorporation

into zircon. This occurs because Hf and Zr are both +4 cations and similar atomic radii. Whereas
zircon incorporates Hf, it excludes Lu, which is a 3+ cation. Therefore, zircon typically has very
low Lu/Hf ratios, which results in very little radiogenic 176Hf in growth due to post
crystallization decay of 176Lu. This is very important because the measured, present-day
176

Hf/177Hf ratio should be very similar to the initial value at the time of crystallization

(Hawkesworth and Kemp, 2006). This initial value is the 176Hf/177Hf value of the magma from
which the zircon crystallized, which is the value used to trace the source of the magma (Mueller
et al. 2008). Variations in the 176Hf/177Hf ratio due to different stages of magmatism will be
preserved within different growth zones due to the refractory nature of zircon and sluggish intracrystalline diffusion rates. Continental rocks, such as the plutons of the EBR, often record
multiple stages of magmatism in different growth zones, and these stages often represent changes
in the magmatic source (Hawkesworth and Kemp, 2006).
The radiogenic isotope of importance is 176Hf, but measurement of this isotope is not
available without interference from other isotopes. This mass interference comes from lutetium
and ytterbium (Yb), both of which have isotopes of mass 176. Interference corrections are made
for 176Yb by measuring an interference free isotope of ytterbium such as 171Yb. The ratio of
176

Yb/171Yb has an assumed value of 0.901691, and thus by knowing this value and the

concentration of 171Yb, one can solve for the total amount of 176Yb present. This value is
subtracted from the total 176Hf measured. For the interference caused by 176Lu, a similar method
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is used with the ratio of 176Lu/175Lu=0.02655 being used for that correction (Vervoort et al.,
2004).
Of equal importance is the correction for isotope fractionation of Hf, Yb, and Lu.
Fractionation of Hf is corrected for by the measurement of interference free 177Hf and 179Hf,
which has an assumed 179Hf/177Hf value of 0.73250 (Patchett and Tatsumoto, 1980). This allows
one to determine a mass bias function Hf for use in the correction for the fractionation of Hf.
Fractionation of Yb can be addressed from the measurement of 173Yb/171Yb, which has an
assumed value of 1.32338. However, if measured value of 171Yb in a sample is significantly low
in a sample, then the mass bias function Hf is often used (Vervoort et al., 2004)
The corrected, measured present day value of 176Hf/177Hf, along with the U-Pb zircon
age, the measured 176Lu/177Hf, and the 176Lu decay constant is used to calculate the initial ratio of
176

Hf/177Hf, which represents the Hf isotopic composition of the source magma. The equation for

the calculation of the initial ratio is:
(176Hf/177Hf) initial = (176Hf/177Hf) measured - (176Lu/177Hf) measured x (et-1)
where  represents the 176Lu decay constant and “t” represents the U-Pb zircon crystallization
age. Commonly, the initial ratio is compared with the 176Hf/177Hf value of CHUR, which is the
chondritic uniform reservoir value. Primitive mantle or bulk earth is believed to have the same
isotope composition of meteorites from the solar system. The present day 176Hf/177Hf value of
CHUR is approximately 0.282772 by the initial ratio of 0.279742 (Blinchert-Toft and Albarde,
1997). Comparison of the initial ratio of a particular sample with the Hf ratio of CHUR yields a
value known as:
Epsilon Hf (Hf={[(176Hf/177Hf) sample /(176Hf/177Hf)CHUR]-1} x 104).
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Hf is typically the notation used to differentiate between the different silicate reservoirs. Values
range from +15 (present day), which represents depleted mantle, to approximately -70 Hf units.
Negative values are indicative of continental crust, whereas highly negative values represent
very old continental crust.
Hf isotopic analysis of zircon was performed at the Department of Geological Sciences at
the University of Florida, on a Nu-Plasma multi-collector plasma source mass spectrometer
equipped with a New Wave UP-213 solid-state laser. Spots for Lu-Hf analysis were chosen
based on grain zoning patterns and xenocrystic cores and inclusions were avoided. Data were
acquired using a 40 m diameter spot size with static measurements of 180Hf, 178Hf, 177Hf, 176Hf,
175

Lu, 174Hf, and 172Lu. Interference and mass bias corrections were conducted for each analysis

(Mueller et al., 2008).
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RESULTS
Zircon Morphology
Zircon grains chosen for U-Pb and Lu-Hf isotope analysis are euhedral to anhedral with
average lengths ranging from approximately 100-300 μm. Doubly terminated, elongate crystals
are most common, yet were not preferentially chosen for isotope analysis to avoid bias.
Magmatic zoning occurs in almost all samples of EBR zircons as it reflects composition
variations in Hf, Y, the REEs, U, and Th that correspond to distinct stages of crystal
consumption or growth (Corfu et al., 2003). In CL, dark gray to black, 10-40 m rims are
believed to indicate high U, Th, and Hf concentrations. Rounded, xenocrystic cores were also
quite common, and zoning typically terminates into these embayed cores (Figure 10).
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U-Pb Zircon and Monazite Geochronology
Zircon U-Pb Ages of Low Sr/Y Plutons
Bluff Springs Granite
Zircon grains of the Bluff Springs granite are typically stubby subhedral crystals. In CL,
bright, low U interiors are quite common, and many interiors lack distinct zoning, whereas other
grains contain rounded, inherited cores typical of most EBR plutons. Distinct growth zones are
not well defined in the zircons from the Bluff Springs granite. Nine of the thickest black rims
were chosen for age analysis. Only one analysis with a 206Pb/238U age of 395.9 Ma was rejected
as an outilier. Eight concordant analyses display an error weighted average 206Pb/238U age of
363.8 ± 2.9 Ma with an MSWD of 3.3. The MSWD >1 is due to two slightly younger analyses of
358.0 and 358.8 Ma. (Figure 11, Table 1).
Rockford Granite
Zircons of the Rockford granite are euhedral to subhedral, elongate prismatic crystals. In
CL, distinct oscillatory zoning is present, and xenocrystic cores are common in most grains. Thin
(<20 μm) dark rims were targeted for analysis, yet sampling of purely rim material was quite
difficult due to their thin nature. Twelve grains were sampled with 206Pb/238U ages ranging from
351.7 Ma to 392.6 Ma (Table 1). Nine analyses were plotted on a Tera-Wasserburg Concordia
diagram (Figure 11) revealing two age populations that display error weighted average 206Pb/238U
ages of 390.8 ± 2.0 Ma (MSWD=1.7) and 376.6 ± 1.5 Ma (MSWD=0.53).

34

Enitachopco Trondhjemite Dike
Zircon grains from the Enitachopco trondhjemite dike are subhedral, elongate, and
contain distinct, rounded xenocrystic cores with subtle oscillatory zoning. Crystals from this
trondhjemite dike are smaller than those found in other samples with lengths rarely exceeding
150 μm, and therefore, the rims typically do not exceed 20 μm in width. Eight grains were
chosen for analysis and display predominately concordant results with an error weighted average
206

Pb/238U age of 366.5 ± 3.5 Ma with an MSWD of 1.8 (Figure 11). No analyses were rejected

from the age calculations.
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Zircon U-Pb Ages of High Sr/Y Plutons
Wedowee Pluton
Zircon grains from the Wedowee pluton are elongate, yet stubby in nature with bright
xenocrystic cores in CL. As most of the overgrowth surrounding these cores is dark gray to black
in CL, zoning is not especially distinct, but it is present (Figure 10). Late-stage crystal growth is
represented by moderately thick rims (~30 μm). Nine grains were selected for analysis and
displayed 206Pb/238U ages ranging from 319.3 Ma to 339.1 Ma (Table 1). Most of the ages used
in the age calculation were concordant, and two analyses were rejected to yield an error weighted
average 206Pb/238U age of 334.6 ± 3.2 Ma with an MSWD of 5.2 (Figure 12).
Almond trondhjemite
Zircons from each sample are similar in morphology and are characterized by distinct,
oscillatory zoning that typically surrounds the ever present, rounded, xenocrystic cores. There
are numerous thin (<10 μm) zones within most crystals that extend to the rim. Therefore,
sampling of two to three of these growth zones often plagues analyses. Both samples were also
analyzed using the depth profiling technique. Results from the standard technique (epoxy mount)
of U-Pb zircon analysis of 10ALMOND1 exhibit 206Pb/238U ages ranging from 325.6 Ma to
356.6 Ma for eleven analyses (Table 1). The results of the depth profiling technique are far more
complicated as the results display an age range of 284.3 Ma to 348.4 Ma (Table 1). Seven of the
twelve analyses resulted in 206Pb/238U ages less than 330 Ma. Tera-Wasserburg Concordia
diagrams and error weighted average plots indicate two distinct populations with error weighted
average 206Pb/238U ages of 324.4 ± 3.3 Ma with an MSWD of 2.4 and 343.4 ± 3.4 with an
MSWD of 5.0 (Figure 12).
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The results from the U-Pb zircon analysis of 10ALMOND2 are similar to those of
10ALMOND1, yet display an even greater age range. The analyses of the zircon in the epoxy
mount resulted in a range of 296.3 Ma to 378.6 Ma, whereas the range of ages from the indium
mount is 302.2 Ma to 350.5 Ma (Table 1). Four analyses yield an error weighted average
206

Pb/238U age of 349.1 ± 1.8 Ma (Figure 12).
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Blakes Ferry Pluton
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Twenty-three zircon and 12 monazite grains from the Blakes Ferry pluton were sampled
for geochronology. Zircon occur as two distinct morphologies. The first population is elongate
(~200μm), yet rounded, subhedral crystals. Light gray to white in CL xenocrystic cores are well
formed and often exhibit oscillatory zoning. In some grains these low U cores dominate the
entire crystal, and these grains were not chosen for analysis. Black, high U, magmatic
overgrowths appear almost homogenous at times, yet subtle zoning can be found in some rims.
The second population is similar to other samples in this study and is characterized by rounded,
xenocrystic cores surrounded by complex zoning. As is standard for this study, the thickest rims
were chosen for analysis, and this technique was employed with moderate success. Many
analyses include multiple growth zones and/or cores. Two cores gave Grenville ages of 1.00 Ga
and 1.08 Ga. Rim analyses range from 326.4 Ma to 352.6 Ma, and the grains from the indium
mount display similar results. No coherent age could be found from the zircon results (Table 1,
Figure 13).
Monazite from the Blakes Ferry pluton occurs as euhedeal to subhedral crystals with an
equant, prismatic morphology that are yellow in color. Back-scattered electron images (BSE)
reveal that the crystals lack cores and zoning. Twelve grains were chosen for analysis, and
following the rejection of five outliers, an error-weighted average 206Pb/238U age of 345.9 ± 3.1
Ma with an MSWD of 1.05 was calculated (Table 1, Figure 13). Several analyzed zircon display
206

Pb/238U ages similar to the monazite crystallization age; therefore, these zircons were plotted

with monazite on a Tera-Wasserburg Concordia plot.
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Whole Rock Major and Trace Element Geochemistry
Neoacadian Pluton Geochemistry
Neoacadian plutons are peraluminous, biotite-muscovite granites characterized by lower
Sr/Y ratios relative to the Early Alleghanian trondhjemites. The average Sr/Y value for the
Rockford granite is 14.5, whereas the average for the Bluff Springs granite and the Enitachopco
dike are 38.7 and 70, respectively (Figure 14). Harker diagrams of major element concentrations
(Figure 15) indicate enrichment in K2O, MgO, and total Fe relative to the Early Alleghanian high
Sr/Y trondhjemites. Trace element concentrations (Figure 16) compared to Early Alleghanian
plutons indicate enrichment in vanadium, chrome, copper, zinc, nickel, barium, rubidium, and
yttrium. All Neoacadian samples are enriched in the light REEs relative to the heavy REEs, yet
heavy REE concentrations are elevated compared to the Early Alleghanian samples (Figure 17).
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Early Alleghanian Pluton Geochemistry
The Early Alleghanian peraluminous trondhjemites are characterized by elevated high
Sr/Y ratios that range from 66.5 to 999.2. The average values for the Wedowee Pluton, the
Almond Trondhjemites, and the Blakes Ferry pluton are 87.3, 138.4, and 737.0, respectively
(Figure 14). Relative to the low Sr/Y granites, the high Sr/Y trondhjemites are peraluminous,
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high SiO2 plutons enriched in Na2O and strontium. These samples rarely have detectable
concentrations of MnO, Ni, and Cr. The Early Alleghanian samples are enriched in the light
REEs and highly depleted in the heavy REEs (Figure 17).
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Zircon Trace Element Geochemistry
Trace element concentrations in zircons from the plutons were obtained by in-situ
analysis during U-Pb data collection using SHRIMP-RG. Whereas the spot size of a typical
analysis can be too large to sample particular oscillatory zones, it is believed that multiple zones
should be representative of the average composition of the source magma at the time of
crystallization (Claiborne et al., 2010), which is important given the complexity of zircons from
this study. As is typical of most igneous zircon, the Neoacadian and Early Alleghanian samples
are characterized by light REE depletation and heavy REE enrichment. The majority of the
Neoacadian samples are characterized by Th/U ratios of less than 0.1 (Table 5), which indicates
these plutons crystallized from fluid-rich magmas.
Neoacadian Pluton Zircon Trace Element Geochemistry
Trace element analysis of zircon in the Neoacadian samples indicates enrichment in the
heavy REEs and depletion of the light REEs, which is a common characteristic in magmatic
zircon. The zircon of the Rockford granite showed the most variability of all the Neoacadian
samples, as well as exhibiting the highest concentrations of the REE. Hafnium (Hf)
concentrations for the Rockford granite range from approximately 0.93 to 1.7 wt%, whereas the
ranges for the Bluff Springs granite and Enitachopco dike are more restricted (~1.05-1.35).
Yttrium concentrations for the three samples display a similar trend with the Rockford showing a
much greater spread (~0.15-0.65 wt%) relative to the Bluff Springs and the Enitachopco (~0.070.21 wt%). Th/U ratios for the Rockford granite range from ~0.01 to 0.55, whereas the ratios for
the Bluff Springs and Enitachopco range are ~0.01 to 0.18 and ~0.01 to 0.05, respectively.
Positive Ce and negative Eu anomalies are also characteristic of all three Neoacadian samples
(Table 5 and Figures 18-20).
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Early Alleghanian Pluton Zircon Trace Element Geochemistry
Postive Ce and slightly negative Eu anomalies, and heavy REE enrichment and light REE
depletion characterize zircons from the Early Alleghanian samples. Hf concentrations range from
~0.98 to 1.5 wt% with the exception sample 10ALMOND2, which displays a greater range of
~0.71 to 2.0 wt%. Yttrium values are more restricted, ranging from ~0.08 to 0.34 wt%. Th/U
values are elevated relative to the Neoacadian samples, as the ratios for the Early Alleghanian
samples range from ~0.13 to 0.69 (Table 5 and Figures 18-20).
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Zircon Hf Isotope Geochemistry
Zircon Hf Isotope Signatures of Low Sr/Y Plutons
Bluff Springs Granite
Spot location selection for Lu-Hf analysis of Bluff Springs granite zircon was based on
previously acquired U-Pb data collection. Therefore, the same spots chosen for U-Pb analysis
were chosen for Lu-Hf isotope analysis. This method allows for a direct correlation to be made
between the U-Pb age and the Hf isotope value. Epsilon Hf values initial (εHfi) were calculated
for each analysis and range from -11.2 to +2.0 with six of the total nine values being negative
(Table 3). Probability density plots for low and high Sr/Y samples are shown in Figure 21.
Rockford Granite
Lu-Hf isotope analysis for the Rockford granite was performed before U-Pb analysis;
rims that could be correlated throughout the crystal were chosen for analysis so that correlations
with U-Pb ages could be made. Twelve analyses were conducted on the zircon of the Rockford
granite and εHfi values range from -6.7 to + 1.8 with nine of the total twelve values being
negative (Figure 21 and Table 3).
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Zircon Hf Isotope Signatures of High Sr/Y Plutons
Wedowee Pluton
Spot location selection for Lu-Hf analysis of the Wedowee pluton zircon was based on
previously acquired U-Pb data collection, which allows for a strong correlation to be made
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between isotopic and age values. Nine analyses resulted in εHfi values ranging from +0.9 to
+3.8, which is the most restricted range obtained for any of the Alabama EBR samples (Figure
21 and Table 3).
Almond trondhjemite
As with U-Pb analysis, Lu-Hf analysis of zircons from two samples of the Almond
trondhjemite proved to be difficult due to complex crystal morphology. Nine analyses were
peformed for 10ALMOND1, and εHfi values range from -14.6 to +2.7 (Figure 21 and Table 3)
with three values being highly negative (<-8.0). This is attributed to combined core and rim
analysis. Values of εHfi from obvious core analyses were rejected and not plotted. Ten spots
were chosen for Lu-Hf analysis of 10ALMOND2, and the results display similar characteristics
10ALMOND1. Values of εHfi exhibit a wide range from -19.8 to +2.8 with highly negative
values being attributed to combined core and rim analyses (Figure 21 and Table 3).
Blakes Ferry Pluton
Sixteen grains of the Blakes Ferry pluton were chosen for Lu-Hf isotope analysis of
zircon. Values of εHfi display a large spread ranging from -12.5 to +5.6 with nine negative values
and seven positive values. Some of the highly negative values are believed to be associated with
combined core and rim analysis (Table 3). Values resulting from these combined analyses were
rejected and not plotted.
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DISCUSSION
Timing of Magmatism in the Eastern Blue Ridge
Low Sr/Y Plutonism: The Rockford and Bluff Springs Granites
Previous studies indicate that the Bluff Springs granite is a continuation along strike of
the Rockford granite (Drummond et al., 1997). It is believed that as many as six deformational
phases (D1-D6) and two metamorphic episodes (M1 and M2) have affected these two suites of
biotite-muscovite granitoids (Neatherly and Reynolds, 1973). A strong metamorphic foliation
(S1) associated with the D1 and M1 events, combined with textural and field relationships support
a syn-kinematic and syn-metamorphic emplacement of the Rockford and Bluff Spring granites
during the thermal peak of the Acadian/Neoacadian prograde event (Drummond, 1987).
U-Pb zircon geochronology results of this study suggest that syn-kinematic emplacement
of the Bluff Springs and Rockford granites occured during the prograde Neoacadian event. For
the Bluff Springs granite, eight concordant analyses display an error weighted average 206Pb/238U
age of 363.8 ± 2.9 Ma (Figure 10, Table 1). We interpret this age as the crystallization age of the
Bluff Springs granite.
The results from the Rockford granite zircon are more complicated as it appears that there
are two age populations. This can possibly be attributed to partial sampling of xenocrystic cores
during analysis. Thin, magmatic rims of less than 20 microns made analysis of exclusively rim
material quite difficult during U-Pb zircon geochronology (~30 μm ablation pits), and even more
of a challenge during Hf isotope analysis (~45 μm). 206Pb/238U ages range from 351.7 Ma to
392.6 Ma with two distinct populations at 390.8 ± 2.0 Ma (MSWD=1.7) and 376.6 ± 1.5 Ma

54

(MSWD=0.53). I tentatively interpret the younger age as the crystallization age, and the older
age as the result of the incorporation of inherited core material during data collection.
High Sr/Y Plutonism: The Almond trondhjemites, The Wedowee pluton, and the Blakes Ferry
pluton
The less geographically extensive high Sr/Y plutons have received less attention in
studies focusing on the Alabama EBR, yet constraining their age and geochemical characteristics
is vital to understanding the tectonic evolution of the EBR. These syn- to- post-kinematic
intrusions can help to define the timescales associated with the Neoacadian and Alleghanian
orogonies and the initiation of high Sr/Y magmatism in the Southern Appalachians.
Zircon extracted from two samples of Almond trondhjemite (10ALMOND1 and
10ALMOND2) displayed a wide range of 206Pb/238U ages, and it also exhibits the strongest
metamorphic fabric of the high Sr/Y plutons. Sample 10ALMOND1 is characterized by two
distinct populations with weighted average 206Pb/238U ages of 324.4 ± 3.3 Ma (MSWD=2.4) and
343.4 ± 3.4 Ma (MSWD=5.0). We interpret the older age (343.4 ± 3.4 Ma) as the crystallization
age given that the majority of the younger ages occurred during the depth profiling analytical
session (Figure 12). These younger ages from the depth profiling technique are to be expected, as
the outer margins of zircon crystals are areas with high concentrations of common lead due to Pb
loss. This Pb loss could be associated with retrograde metamorphism and hydrothermal fluid
flow during the Alleghanian orogeny that affected the region. A 333.8 ± 1.7 Ma 40Ar/39Ar
hornblende age from the contiguous Mitchell Dam amphibolite and sericite-rich alteration
envelopes found in post-intrusive veins of the Hog Mountain pluton yield a Rb-Sr whole rock
age of 325 ± 10 support these post-intrusive events (Stowell et al., 1996).
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Sample 10ALMOND2 displays an even wider range of 206Pb/238U ages from 296.3 Ma to
378.6 Ma with peaks at 349.1 ± 1.8 Ma and 336.9 ± 5.1 Ma (Figure 12). I tentatively interpret
the older age as the crystallization age and the young ages a result of a Pb loss event associated
with hydrothermal fluid flow (Stowell et al., 1996).
The Wedowee pluton has a more restricted age range relative to the other high Sr/Y with
206

Pb/238U ages ranging from 319.3 Ma to 339.1 Ma. Seven concordant analyses yield a weighted

average 206Pb/238U age of 334.6 ± 3.2 Ma, and we interpret this to be the crystallization age of
the Wedowee pluton.
Whereas no coherent age could be found from the analysis of Blakes Ferry zircon, seven
igneous monazite grains yield an error weighted average 206Pb/238U age of 345.9 ± 3.1 Ma with
an MSWD of 1.05. This is interpreted as the crystallization age of the Blakes Ferry Pluton. The
complex zoning and inherited cores found in the Blakes Ferry and the other samples made zircon
dating more challenging, yet seven zircon analyses display 206Pb/238U ages that range from 338
to 348 Ma, which is compatible with the crystallization age of the igneous monazite.
Sources for the Neoacadian Plutons
Results of previous geochemical and isotope studies (e.g. Drummond and Allison, 1987)
on the Rockford and Bluff Springs granite indicate that these pre- to-syn- kinematic intrusions
are product of mid-crustal partial melting of quartz-rich, water-saturated, peralumnious
metasedimentary rocks. These mid-crustal melts were associated with the thermal peak of
regional metamorphism during the Neoacadian/Acadian orogeny. The lack of garnet in the
residue (low Sr/Y) strongly suggests that partial melting occurred at mid crustal levels (<35km).
Evidence of water saturation includes the presence of plutonic muscovite, which requires
approximately 9 to 10 wt% H2O in the magma (Drummond, 1987), and uniformly low Th/U
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ratios (<0.1). The hafnium isotope component of this study strengthens the hypothesis that these
intrusions are associated with intra-crustal partial melting of continental crust. εHfi values range
from -11.2 to +2.0 displaying a dominant crustal signature (Table 3) that differs from the Early
Alleghanian high Sr/Y plutons. This crustal signature in the Rockford and Bluff Springs granites
is also seen in the rubidium-strontium isotope work from Russell (1987), where 87Sr/86Sr(initial)
values consistently plot above 0.7055.
Previously conducted geochemical modeling (Drummond, 1987) and strontium isotope
analysis (Russell, 1987) combined with hafnium isotope analysis from this study indicate these
low Sr/Y granitoids are crustal, S-type melts. The tectonic setting associated with the
emplacement of the syn-kinematic Rockford and Bluff Springs granites is postulated by
Drummond (1987) and Tull (1982) to be an oceanic-continental setting in which melt generation
occurred in response to crustal shortening and regional metamorphism.
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Source for High Sr/Y Magmatism
The sharp contrast between the Sr/Y of the Neoacadian granites and the Early
Alleghanian trondhjemites, combined with a shift in isotopic character, indicate a change in the
tectonic setting associated with plutonism in the EBR. In addition, positive εHfi values for the
Early Alleghanian zircon signals the introduction of a mantle component that contributed to the
generation of the high Sr/Y trondhjemites. In this study, we evaluate four models (Figure 1) that
make specific geochemical, geochronological, and isotopic predictions concerning the tectonic
setting associated with these high Sr/Y melts (Figure 1).
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The Slab Melting model (Fig. 1, Hypothesis 1), proposed by Defant et al. (1988),
suggests a subduction zone setting and slab melting of MORB that resulted in the generation of
the high Sr/Y, low K, tonalite-trondhjemitic melts. At depths greater than 45 km, the oceanic
crust coverts to eclogite, and it is possible to produce a trondhjemitic melt from a MORB under
hydrous melting conditions (Defant et al., 1988; Drummond and Defant, 1990). Plutons
associated with subduction of oceanic crust display a distinct geochemical signature that is
characterized by elevated Ni, Cr, and Mg#, reflecting interaction between slab melts and a highly
depleted mantle wedge above the subduction zone and a strong mantle signature, such as +εHf
initial. The high Sr/Y plutons of the EBR differ from those predictions as they exhibit very low
concentrations of Ni, Cr, and Mg. In addition, these intrusions are characterized by a bimodal
εHf initial signature, indicating a crustal and mantle component contributed to melt generation.
The second model (Fig.1, Hypothesis 2), proposed by Miller et al. (2006), involves
magma generation by collisional thickening and deep crustal partial melting. Similar intrusions
in the EBR of North Carolina that appear to be closely related the high Sr/Y plutons of Alabama
were dated by Miller et al. (2006), and Neoacadian (ca. 380-360 Ma) and Early Alleghanian (ca.
350-330 Ma) ages similar to those found in this study were found. However, the lack of any
petrogenetic isotope analysis in the Miller et al. (2006) study makes discriminating against
tectonic regimes associated with plutonism difficult. Melts generated by collisional thickening
and intra-crustal partial melting should display strong crustal signatures (-εHfi) in the high Sr/Y
plutons. Also, melt generation in response to crustal thickening would encounter a fairly
significant lag time (>10 Myr) between the initial collision and high Sr/Y melt generation
(Figure 1). Radioactive self-heating of orogenically thickened crust resulting in temperatures
high enough for melt generation can take 30 to 40 Myr (Sacks and Secor, 1990). Therefore,
crustal thickening during the Neoacadian leading to rapid generation of high Sr/Y melts by 346
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Ma is unlikely. The mixed εHf initial signature displayed by the high Sr/Y plutons of this study
indicates the presence of mantle input during the generation of these magmas, which contradicts
the predictions of this model.
Third, lithospheric delamination (Fig 1., Hypothesis 3) occurs when orogenically
thickened lower crust delaminates into the asthenosphere. The formation of high-density eclogite
and garnet-pyroxenes (eclogitization) in the lower crust is unstable resulting in the foundering of
this crustal root into the asthenosphere (Sacks and Secor, 1990; Nelson, 1992; Chung et al.,
2009). Upwelling mantle material heating the base of the remaining crust would result in
widespread, high Sr/Y magmatism and rapid uplift. It is difficult to quantitatively define the
spatial area that would be affected by such an event, but lithospheric delamination is one
hypothesis proposed for the uplift and high Sr/Y magmatism associated with the Tibetan Plateau.
This type of tectonomagmatic environment would produce a mixed crustal and mantle signature
in the late-stage high Sr/Y magmas, yet the high Sr/Y magmatism in the EBR appears to be
regionally restricted and form a linear belt.
I propose an alternative view (D) in which high Sr/Y plutonism is initiated by slab breakoff, which resulted in localized advection and partial melting of asthenospheric mantle, and
partial melting of a thickened, lower crust (Blanckenburg and Davies, 1995; Keskin, 2003). Slab
break-off should result in a mixed (+ and -εHfi) signature in the high Sr/Y plutons, reflecting
both a crustal and mantle component in these melts. This mixed εHfi is seen in the high Sr/Y
plutons as εHfi values range from -8.8 to +5.6 for the Almond trondhjemites, and the Wedowee
and Blakes Ferry plutons (Figures 21, 22 and Table 3). The linear, restricted nature of high Sr/Y
magmatism is consistent with slab break off model.
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Following the postulated Acadian/Neoacadian oceanic-continental subduction zone
setting (Tull, 1982; Drummond, 1987), continued convergence of the Carolina terrane with the
eastern margin of Laurentia would have led to the introduction of continental crust in the
subduction zone. The less dense continental crust would resist the slab pull resulting in slab roll
back, crustal weakening, and ultimately the rupture of the down-going slab. This rupture would
leave a void to be filled by the upwelling of asthenospheric mantle resulting in mantle derived
mafic underplating, high Sr/Y melt generation, and rapid uplift (Blanckenburg and Davies, 1995;
Keskin, 2003).
The Extent of Magmatism in the eastern Blue Ridge
Whereas the primary focus of this study are the plutons of the Alabama EBR, examining
and characterizing the timing and extent of low and high Sr/Y magmatism across the entire
terrane is important when developing tectonomagmatic hypotheses. Therefore, geochronology
and geochemical data from select plutons from the eastern Blue Ridge of northwest Georgia and
North Carolina were compared to the data of this study.
The geochemical and U-Pb geochronology data was obtained from C. F. Miller et al.,
2000, Mapes et al., 2001, and B.V. Miller at al., 2006. These studies focused on the geochemical
and age relationships of the Early Alleghanian (ca. 350-330 Ma) Mt. Airy, Stone Mountain,
Rabun, and Yonah plutons and the Neoacadian (ca. 380-360 Ma) Pink Beds and Looking
plutons. The Early Alleghanian samples are peraluminous, two-mica, low-K intrusions that vary
in composition from granodiorite to trondhjemite and are characterized by Sr/Y greater than 70
(C.F Miller et al., 2000). These high Sr/Y samples of northeast Georgia and North Carolina
display an age range of approximately 334 to 346 Ma and a Sr/Y range of 70-462 (Figure 23)
(C.F. Miller et al., 2000; B.V. Miller et al., 2006). The Neoacadian samples display lower Sr/Y
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ratios that range from 39-136 with a mean of 80 and are also peraluminous, two-mica, low-K
plutons range in composition from granodiorite to trondhjemite with an age range of 388-380 Ma
(Figure 23). Similar to the plutons of the Alabama EBR, the presence of inherited cores and
complicated zoning patterns are displayed by zircon from these studies. Many of the analyzed
cores are Grenville in age (C.F. Miller et al., 2000; B.V. Miller et al., 2006).
There are many hypotheses regarding magma generation in the northern sector of the
EBR similar to those discussed in this study (Figure 1). Miller et al., 2006 proposed a model in
which slab delamination following the collision of the Carolina terrane with Laurentia resulted in
upwelling of hot asthenosphere to the base of the lower crust beneath the EBR and magmatism in
the Acadian (ca. 430-380 Ma). Continued convergence and thrusting of the Carolina terrane over
Laurentia resulted in doubling of crustal thickness, intracrustal melting, and the emplacement of
the Alleghanian granites around 330 Ma. The lack of a petrogenetic isotope study in Miller et al.,
2006 makes supporting this sequence of events difficult. The results of the Lu-Hf isotope
analyses of this study suggest a different scenario whereby the Neoacadian granites are crustal
melts, and the high Sr/Y trondhjemites are the result of mixing of a crustal and mantle
component possibly due to a process such as slab break-off.

62

Timing of Deformation and Metamorphism in the eastern Blue Ridge
Rocks of the EBR record a complex history of polyphase deformational and metamorphic
events that are traditionally correlated with the Taconic, Acadian, and Alleghanian orogenies
(Goldberg and Dallmeyer, 1997). Deducing the tectonic evolution of the southern Appalachians
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requires resolving the timing of these tectonothermal events (Goldberg and Dallmeyer, 1997),
and obtaining precise crystallization ages of plutonic rocks in the EBR are critical in this regard.
Careful characterization of the contact relationships with country rocks, the deformational
fabrics, and metamorphic mineral assemblages in the felsic plutons can be combined with
absolute age dates to constrain the timing of regional deformation and metamorphism (Miller et
al., 2006).
The presence of early Mississippian (Tournaisian, 359-345 Ma) plant fossils in the Erin
Slate of the Talladega belt to the northwest of the EBR provide evidence that ductile deformation
and metamorphism did not occur before this time (Gastaldo et al., 1993). Crystallization ages for
the high Sr/Y Almond trondhjemites (343.4 ± 3.4 Ma and 349.1 ± 1.8 Ma) and Blakes Ferry
pluton (345.9 ± 3.1 Ma) share this early to middle Mississippian age. Deformational fabrics are
evident in all the plutons of this study, yet the amount of strain differs between the low and high
Sr/Y samples. The low Sr/Y, Neoacadian (ca. 380-360 Ma) Rockford and Bluff Springs granites
exhibit a more obvious S1 foliation than the high Sr/Y, Early Alleghanian (ca. 350-330 Ma)
trondhjemites. The youngest high Sr/Y sample, the Wedowee pluton, displays a crystallization
age of 334.7 ± 3.2 Ma. This age is proximal to a 333.8 ± 1.7 Ma 40Ar/39Ar hornblende age from
the Mitchell Damn amphibolite in the eastern Blue Ridge (Steltenpohl et al, 1993). Therefore,
deformation and metamorphism occurred after pluton emplacement during the Alleghanian
orogeny in the Alabama EBR.
To the north, three metamorphic peaks of 365, 345, and 330 Ma from zircon rim ages in
the Inner Piedmont and EBR of North Carolina and north Georgia have been reported from
Bream (2003). In the Inner Piedmont of North Carolina, Neoacadian metamorphism began ca.
378 Ma with the intrusion of the Toluca Granite and lasted to at least ca. 350 Ma. Uplift and
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cooling from ca. 350 Ma to 330 Ma was interrupted by a thermal event in the Alleghanian
(Hatcher and Merschat, 2006). According to Hatcher and Merschat (2006), collision of the
eastern margin of Laurentia with the Carolina terrane was an oblique convergence event that
began in the north and progressed to the south resulting in the progression of deformation and
metamorphism from north to south. Therefore, pluton emplacement, deformation, and
metamorphism occurred later in the southernmost part of the orogen.
Comparison of the Southern Appalachians to the European Alps and the Himalayan
Orogenic System
Comparison of hypotheses regarding syn- to post-collisional magmatism in the ancient
and deeply eroded Southern Appalachians with other younger or active collisional orogenic
systems can yield insight on the processes governing magma production. Recent studies on the
European Alps and the Himalayan-Tibetan orogenic system of Asia will be examined and
similarities to the Southern Appalachians will be highlighted in the following section.
The European Alps
Blanckenburg and Davies (1995) propose a model for syn-collisional magmatism in the
European Alps resulting from slab breakoff and localized upwelling of asthenospheric mantle.
They propose that slab breakoff will occur when continental lithosphere enters a subduction zone
and resists slab pull, which leads to extensional rupture of the down-going slab. According to
Blanckenburg and Davies (1995), this tectonic environment will be characterized by bimodal
magmatism, rapid uplift and exhumation of high-pressure metamorphic rocks, regional
metamorphism, and extensional structures (Blanckenburg and Davies, 1995).
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Similar to the Appalachians, the European Alps formed during the closure of an oceanic
basin followed by continental collision. Bimodal magmatism occurred over a span of
approximately 20 Ma during the peak of the collision. Granodiorite, tonalite, and subordinate
mafic intrusions are confined to a narrow belt along a prominent strike-slip fault zone. Initial
εNd and 87Sr/86Sr values range from +4 to -9 and 0.704 to 0.712, respectively, exhibiting a
typical mixing array of mantle and crustal isotopic values. Blanckenburg and Davies (1995)
suggest that the slab break-off induced melts weakened the lithosphere leading to the formation
of a tectonic fault. Continued oblique convergence is recorded by the fault accommodation, and
this localized zone of lithospheric weakness confines the intrusions.
The Himalayan-Tibetan Orogenic System
Uplift of the Himalyan-Tibetan Orogen has been produced by the continental collision
between the Indian and Asian plates. The presence of anomalously thick continental crust
underlying the Tibetan plateau is the subject of debate. According to Chung et al. (2009), postcollisional intrusions were emplaced between ca. 26 Ma and 9 Ma and display a range of
compositions, yet most exhibit high Sr (~1100 ppm) and low Y (<10 ppm) concentrations similar
to the high Sr/Y plutons of the Alabama EBR. Magmatic zircons display positive εHf values that
range from +12 to 0. This elevated Hf isotopic signature is believed to be associated with the
relic subduction zone beneath southern Tibet associated with northward subduction of oceanic
crust prior to the collision with India (Chung et al., 2009)
Lower crustal thickening underneath the Tibetan plateau is the result of a sequence of
events beginning with the intrusion of mafic melts into the deep lithosphere due to northward
subduction of the relic Neotethyan slab. These fluid and melt rich bodies weakened the lower
crust. Continued subduction led to slab steepening and detachment of the Neotethyan oceanic
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slab from the incoming Indian continental lithosphere around ~45 Ma (Chung et al., 2004). The
termination of the subduction zone led to the continent-continent collision between India and
Asia, which produced significant deformation and crustal thickening (Chung et al., 2009).
Formation of high-density eclogite, garnet pyroxenes, and garnet amphibolites at this crustal root
was unstable. Convective removal of this high density lithospheric root at ~26 Ma resulted in
upwelling of mantle material and partial melting at the base of the remaining lower crust creating
“adakitic”, high Sr/Y magmas (Chung et al., 2004). Foundering of this crustal root followed by
the upwelling of mantle material would have caused a rapid rise in topography (Chung et al.,
2006). This uplift combined with the continued northward convergence of the Indian plate has
resulted in crustal thicknesses that exceed 70 km, which is believed to have remained unchanged
for over 15 m.y. (Chung et al., 2009).
CONCLUSION
Previously proposed models (e.g. Slab Melting, Intracrustal Partial Melting, and
Lithospheric Delamination) regarding syn- to- post- collisional magmatism in the southern
Appalachians are not compatible with the acquired data of this study. Therefore, based on new
SHRIMP-RG U-Pb zircon ages and LA-ICP-MS Lu-Hf zircon data, I present an alternative
model for the evolution of the southern Appalachian orogen and the associated magmatism.
Following crustal thickening during the Neoacadian orogeny and the intrusion of low Sr/Y
granites, a change in the depth of partial melting from shallow to deep crustal levels (>35 to 40
km) occurred. Cessation of subduction due to the introduction of the Carolina terrane into the
subduction zone led to buoyancy-driven, extensional detachment of the subducted, oceanic slab,
and ultimately, rupture of the down-going slab. Upwelling of asthenospheric mantle to fill the
void left by the ruptured slab resulted in localized partial melting at the base of the tectonically
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thickened lower crust, high temperature and high pressure metamorphism, and rapid uplift. The
interaction of the Grenville-aged lower crust beneath the EBR and the upwelling mantle material
culminated in the formation of high Sr/Y partial melts that exhibit the mixed crustal and mantle
signature seen in the Lu-Hf data. Similar models of slab break off and the associated syn- topost- collisional, bimodal magmatism help to explain features in active collisional systems such
as the Himalayas and the European Alps.
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