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ABSTRACT
The Mars Hill terrane (MHT), a lithologically diverse belt exposed between Roan

Mountain, North Carolina–Tennessee, and Asheville, North Carolina, is distinct in
age, metamorphic history, and protoliths from the structurally overlying Eastern Blue
Ridge and underlying Western Blue Ridge. MHT lithologies include diverse granitic
gneisses, abundant mafic and sparse ultramafic bodies, and mildly to strongly alumi-
nous paragneisses. These lithologies experienced metamorphism in the granulite facies
and are intimately interspersed on cm to km scale, reflecting both intrusive and tec-
tonic juxtaposition.

Previous analyses of zircons by high-resolution ion microprobe verified the pres-
ence of Paleoproterozoic orthogneiss (1.8 Ga). New data document a major magmatic
event at 1.20 Ga. Inherited and detrital zircons ranging in age from1.3 to 1.9 Ga (plus
a single 2.7-Ga core), ubiquitous Sm-Nd depleted mantle model ages ca. 2.0 Ga, and
strongly negative εεNd during Mesoproterozoic time all attest to the pre-Grenville her-
itage of this crust that was suggested by previous whole-rock Pb and Rb-Sr isotope
studies. A single garnet amphibolite yielded a magmatic age of 0.73 Ga, equivalent to
the Bakersville dike swarm, which cuts both the MHT and the adjacent Western Blue
Ridge. Zircons from this sample display 0.47-Ga metamorphic rims. Zircons from all
other samples have well-developed ca. 1.0-Ga metamorphic rims that date granulite-
facies metamorphism. Silica contents of analyzed samples range from 45 to 76 wt %,
reflecting the extreme diversity observed in the field and the highly variable protoliths.

The MHT contrasts strikingly with basement of the adjacent Eastern and West-
ern Blue Ridge, which comprise relatively homogeneous, 1.1- to 1.2-Ga granitic rocks
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INTRODUCTION

The Blue Ridge province of the southern Appalachian oro-
gen is divided into western (Western Blue Ridge) and eastern
(Eastern Blue Ridge) zones. The Western Blue Ridge is gener-
ally thought to be part of Laurentia (native North America),
whereas the more structurally and lithologically complex East-
ern Blue Ridge is considered to comprise one or more suspect
terranes—possibly a rifted and reattached fragment of Laurentia
or an exotic terrane(s) (e.g., Hatcher, 1989; Stewart et al., 1997).
The Western Blue Ridge includes granitic rocks of Grenville and
Neoproterozoic age; Neoproterozoic mafic dikes and intrusions;
and overlying, chemically mature metasedimentary rocks that
experienced relatively low-grade Paleozoic metamorphism (e.g.,
Rankin, 1975; Hatcher, 1978; Misra and McSween, 1984; Davis,
1993). The Eastern Blue Ridge comprises an assemblage of less
mature, Neoproterozoic–early Paleozoic clastic metasedimen-
tary rocks and mafic to ultramafic bodies of higher metamorphic
grade; variably deformed, felsic Paleozoic intrusions; and rela-
tively sparse exposures of Grenville-age granitoid gneisses.

Several workers have noted an assemblage of lithologies at
the Eastern Blue Ridge–Western Blue Ridge boundary that,
although included by some as part of the Western Blue Ridge,
appears to have no counterpart in either area. This assemblage
is exposed in a belt that extends at least from the vicinity of Roan
Mountain, Tennessee–North Carolina, to northwest of Asheville,
North Carolina (Fig. 1) (Merschat, 1977; Gulley, 1982; Bartholo-
mew and Lewis, 1988, 1992; Raymond et al., 1989; Merschat
and Wiener, 1990; Johnson, 1994; Raymond and Johnson, 1994;
Adams et al., 1995; Stewart et al., 1997; Trupe et al., 2001). It
differs from the Eastern Blue Ridge and Western Blue Ridge as
follows:

1. The MHT displays widespread evidence for granulite-
facies metamorphism (e.g., Merschat, 1977; Gulley, 1985; Adams
and Trupe, 1997); granulite-grade rocks are rare in the Eastern
and Western Blue Ridge.

2. The MHT contains abundant mafic and some ultramafic
rocks interspersed with granitic gneisses on the cm to km scale;
the mafic rocks are commonly migmatitic (e.g., Merschat,
1977). Mafic rocks are common in the Eastern Blue Ridge, but
only in contact with the metasedimentary sequences, and they
are rarely migmatitic; they are rare or absent in the Western Blue
Ridge, except for the Neoproterozoic dikes.

3. Field relations and Rb-Sr geochronology suggest that
the MHT contains the oldest rocks in the southern Appalachians
and lacks Phanerozoic rocks. Metasedimentary rocks that have
experienced granulite-facies metamorphism are cut by lower-
grade, 730-Ma dikes of the Bakersville swarm (Goldberg et al.,
1986), and a whole-rock Rb-Sr isochron has been interpreted to
demonstrate a magmatic crystallization age of 1.8 Ga at one
locality (Monrad and Gulley, 1983). Whole-rock lead isotope
ratios (Sinha et al., 1996) and high initial strontium isotope
ratios (Monrad and Gulley, 1983; Fullagar et al., 1979) also sug-
gest antiquity of this terrane. All metasedimentary rocks in the
Eastern Blue Ridge and Western Blue Ridge are interpreted to
be younger than 730 Ma, and no other igneous rocks from the
southeastern United States has reported radiometric ages older
than 1.2 Ga.

4. The Mars Hill terrane (MHT) is the most lithologically
diverse basement exposure south of Virginia. Other basement
exposures in this region are almost entirely meta-igneous (pos-
sibly including some high-grade, feldspathic metasandstone)
and generally lack mafic rocks.

Based upon its lithologic distinctiveness, the MHT has been
mapped as an important regional unit (or units) and interpreted
as a suspect terrane. Merschat (1977) mapped biotite-horn-
blende migmatite in the vicinity of Mars Hill, North Carolina,
and inferred that it was regionally extensive. Gulley (1982,
1985) investigated granulite-facies rocks at Roan Mountain and
informally designated metasedimentary lithologies as Cloud-
land gneiss and mafic and felsic meta-igneous rocks as Carvers
Gap gneiss. On the North Carolina state geologic map (Brown
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with initial εεNd values near 0. It appears to have more in common with distant Paleo-
proterozoic crustal terranes in the Great Lakes region, the southwestern United
States, and South America.

Keywords: Appalachians, geochemistry, zircon, SHRIMP, geochronology, Proterozoic,
granulite facies, Grenville, Nd isotopes

Figure 1. (A) Location of the MHT and its possible extent toward Georgia and Virginia. (B) Localities of samples analyzed for this study and
Carrigan et al. (2003). Sample labels all have prefix RM, except for MBCL4 and 5. Inset: Roan Mountain-Bakersville area, where most samples
were collected. North Carolina State Highway 261, Tennessee State Highway 143, and Roan Mountain spur road (Forest Service Route 130) are
shown for reference. CG—Carvers Gap; MM—Meadlock Mountain; RHB—Roan High Bluff. Only samples for which analytical data are
reported are shown. For all samples shown, elemental analyses were done; for circled samples, Rb-Sr-Sm-Nd isotopic analyses; for underlined
samples, zircon U-Pb analyses; samples with asterisks were analyzed by Carrigan et al. (2003). Zircon sample CAR 1501 was collected by J.P.
Dubé and K.G. Stewart at locality RM2X. Maps modified from Brown et al. (1985) and K.G. Stewart (unpublished data).
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et al., 1985), Merschat’s biotite-hornblende migmatite unit
stretches for 80 km, from Roan Mountain to northwest of Ashe-
ville, and similar, possibly related migmatitic biotite gneiss
extends another 120 km southwest to the Georgia border (Ray-
mond et al., 1989). Workers from the University of North Car-
olina at Chapel Hill have mapped the northern portion of this
zone as the Pumpkin Patch or Fries thrust sheet and refer to the
high-grade rocks as the Pumpkin Patch Metamorphic Suite
(Goldberg et al., 1989; Adams et al., 1995; Stewart et al., 1997;
Trupe et al., 2001). Bartholomew and Lewis (1988, 1992), Ray-
mond (1987; Raymond et al., 1989), and Brewer and Woodward
(1988) identified this general area as a suspect terrane, calling it
the Mars Hill terrane, the Cullowhee terrane, and Amphibolitic
Basement Complex, respectively. Raymond et al. (1989) and
Brewer and Woodward (1988) suggested that the terrane may be
a melangelike complex of granitic and mafic material, minutely
imbricated as a consequence of ocean basin closure. Raymond
et al. (1989) suggested that closure occurred during the late Neo-
proterozoic–early Paleozoic (post-Bakersville dikes), whereas
Brewer and Woodward (1988) interpreted it to have been com-
pleted during late Mesoproterozoic–early Neoproterozoic time
(pre-Bakersville dikes).

In a reconnaissance study of basement rocks of western
North Carolina and northernmost Georgia and South Carolina,
Carrigan (2000) and Carrigan et al. (2000, 2001, 2003) noted
that Western Blue Ridge and Eastern Blue Ridge basement is
uniformly broadly granitic in composition. Zircons from these
rocks lack inheritance, yield magmatic ages between 1.08 and
1.19 Ga, and have ca. 1.03-Ga metamorphic rims. An initial εNd
value near 0 suggests that the crust that these rocks represent was
young and possibly juvenile during Grenville time. Only in the
MHT did Carrigan identify an older component, with both U-Pb
and Sm-Nd data suggesting the presence of Paleoproterozoic
crust; this is consistent with the initial Rb-Sr results of Monrad
and Gulley (1983) and whole-rock Pb isotope data of Sinha et
al. (1996).

The purpose of this paper is to characterize the geochem-
istry and ages of representative examples of lithologies from the
MHT in its better-documented portion between Roan Mountain
and Asheville, in order to decipher its geologic history and con-
strain its relationships with surrounding units. These data will,
in turn, contribute to a better understanding of the Proterozoic
and Paleozoic assembly of southeastern North America.

METHODS

Samples for both geochronological (5 kg) and geochemical
(1 kg) analysis were selected from fresh outcrops to represent
both typical lithologies and the diversity of compositions. Sam-
ple CAR 1501 had been collected previously by J.P. Dubé and
K.G. Stewart. Sample locations are shown in Figure 1, B; pre-
cise locations and petrographic descriptions can be found in
Ownby (2002).

Zircons were separated using standard procedures, mounted
in epoxy, polished, and imaged by cathodoluminescence on the
JEOL JSM 5600 scanning electron microscope at Stanford Uni-
versity. Points on the zircon grains ∼30–40 µm in diameter were
analyzed according to Stanford/U.S. Geological Survey (USGS)
Sensitive High-Resolution Ion Microprobe, Reverse Geometry
(SHRIMP-RG) Facility procedures (cf. Bacon et al., 2000). Zir-
con standards R33 (419 Ma) and CZ3 (550 ppm U) were used
for U-Pb and U concentration standards, respectively. Standards
were provided by the Stanford/USGS facility. Common Pb cor-
rections were based on measured 204Pb and data reduction used
SQUID (Version 1.02; Ludwig, 2001).

Powders prepared in an alumina ceramic shatterbox were
analyzed for elemental and isotopic analyses. Elemental com-
positions were determined by Activation Laboratories, Ltd., of
Canada, using X-ray fluorescence, inductively coupled plasma
mass spectrometry, and instrumental neutron activation analy-
sis. Sm-Nd and Rb-Sr isotopic analyses were performed at the
University of North Carolina at Chapel Hill on a VG Micromass
Sector 54 multicollector thermal ionization mass spectrometer,
following the methods described in Fullagar et al. (1997) and
Fullagar and Butler (1979).

PROTOLITH INTERPRETATION: PITFALLS,
CRITERIA USED, AND KEY ISSUES

Interpretation of protoliths in the MHT faces formidable
obstacles. Primary textures have been obliterated by high-
temperature recrystallization, and for the most part, intense duc-
tile deformation has thoroughly modified initial rock-unit
geometry and destroyed primary contact relations and textures
(see the Petrography and Field Relations section). In this paper,
we rely primarily on elemental chemistry for protolith interpre-
tation. Mafic rocks are relatively straightforward: their geo-
chemistry is indistinguishable from common basalts and
gabbros and is unlike any common sediments. Likewise, sparse,
highly aluminous rocks are clearly metapelites (we have ana-
lyzed only a single sample, although Gulley [1982] described
numerous samples from the Cloudland gneiss). Other unequiv-
ocal protoliths are absent: there are no high-silica rocks (>80 wt
% SiO2), carbonates, or calc-silicates among our samples.

A majority of the rocks of the MHT are feldspar-rich
gneisses and granofelses that are intermediate to felsic (55–75
wt % SiO2) and mildly metaluminous to moderately peralumi-
nous (Fig. 2). Potential protoliths of such rocks include inter-
mediate to felsic igneous rocks and feldspathic sandstones
(greywackes, arkoses). There is no entirely reliable way to dis-
tinguish igneous rocks from sandstones, because extremely
immature sandstones can be identical to their igneous sources.
However, there is a strong tendency for clastic sediments to
show the imprint of weathering and sorting and therefore to be
enriched in quartz and more peraluminous than igneous source
rocks. Recognizing that these criteria are not foolproof, we dis-
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Figure 2. Selected major-element oxides
and normative corundum plotted against
SiO2. All concentrations in wt %. Negative
normative corundum in panel G is the defi-
ciency in alumina realtive to CaO + Na2O
+ K2O in metaluminous samples (calcu-
lated from the same equation as normative
corundum). “Other basement” includes
Eastern Blue Ridge and Western Blue
Ridge basement, from Carrigan (2000) and
Carrigan et al. (2003).



tinguish probable sedimentary from igneous protoliths on the
following basis: rocks with typical intermediate to felsic igneous
SiO2 and Al2O3 concentrations (55–75 and 10–20 wt %, respec-
tively) are considered likely to have igneous protoliths if they do
not have unusually high normative corundum (>0 at 55 wt %
SiO2, >2 wt % at 75 wt % SiO2) or normative quartz (>10 at 55
wt % SiO2, >45 wt % at 75 wt % SiO2). Rocks that meet these
standards have >50% normative feldspar, also consistent with
igneous parentage. A further geochemical test of protoliths, pre-
sented in Figure 3, results in the same protolith assignments as
the abovementioned criteria for all but one sample. Previous
studies in the area have taken similar approaches and concluded
that, with the exception of the Cloudland gneiss, igneous pro-
toliths dominate the MHT (Merschat, 1977; Gulley, 1982),
although in a review paper, Bartholomew and Lewis (1988) sug-
gested that it is largely metasedimentary.

We emphasize that distinguishing volcanic from plutonic
protoliths on the basis of geochemistry is impossible. In some
exposures in the MHT, intrusive relationships permit the identi-
fication of plutonic rocks, but in most cases the distinction can-
not be made.

Zircon age distributions and zoning patterns can also sug-
gest protolith. Excluding metamorphic rims, a single dominant
age population is consistent with igneous parentage, although
sediment derived from a single-aged source terrane could yield
the same result. A modest number of distinctly older zones, espe-
cially if they are clearly located within a core, are also consistent
with an igneous protolith. Absence of a dominant age population
or older ages that are more common than younger ones strongly
suggests sedimentary origin. Likewise, fragmented grains may
suggest sedimentary transport. Rounded external zircon mor-
phology, however, is an unreliable criterion for sedimentary ori-
gin in rocks with histories like these: inherited cores in igneous

rocks typically are rounded by resorption; zircons from very
high-grade rocks characteristically have thick overgrowths that
impart a subrounded external shape, and partial resorption rounds
premetamorphic cores (e.g., Hanchar and Miller, 1993). Zircon
data presented in this paper and observed morphologies are
mostly consistent with geochemically based protolith assign-
ment; exceptions are discussed in the Geochronology section.

Protolith interpretation is of special interest in two cases:
sample RM1, collected along the National Forest spur road 130
to the top of Roan Mountain, and the RM30 exposure (three
dated samples) along Tennessee Highway 143, northeast of
Roan Mountain. The RM30 exposure and samples are discussed
in following sections on field relations, geochemistry, and
geochronology. RM1 is a key sample reported in Carrigan et al.
(2003) and interpreted as a meta-igneous rock with an age of 1.8
Ga. Only at Roan Mountain has there been a suggestion of rocks
of this antiquity in the southeastern United States, and the Car-
rigan et al. data appear to confirm previous suggestions. If it is
in fact metasedimentary, then this age points to an Early Pro-
terozoic source region, but does not verify the existence here of
Early Proterozoic rocks. The sample is of massive, unfoliated
granofels. The rationale for its interpretation as meta-igneous is
as follows:

1. The Carvers Gap gneiss, of which RM1 is part, was
interpreted as an igneous complex by Gulley (1982), based pri-
marily on geochemical criteria similar to those discussed above.

2. Previous efforts at dating suggested essentially the same
age: Monrad and Gulley (1983) presented a whole-rock Rb-Sr
isochron based on samples collected along a 1.5-km road cut tra-
verse that included samples from near site RM1; the isochron
appears to be robust and yielded an age of 1.82 Ga, an unlikely
result if these were metasedimentary rocks. Furthermore, Fulla-
gar and Gulley (1999) reported a conventional zircon U-Pb
upper intercept of 1.84 Ga and lower intercept of 1.08 Ga for a
nearby sample.

3. Eight of nine of zircon core analyses of Carrigan et al.
(2003) define a discordia with an upper intercept of 1.77 Ga and
lower intercept of 1.01 Ga; the only analysis that did not fall on
this discordia gave a discordant post-Grenville age and clearly
reflected younger lead loss. The well-defined discordia would
require that, if this rock were metasedimentary, it had only a sin-
gle detrital age population and that this population be distinct
from detrital populations of all other reported samples form the
Southeast (e.g., see Carrigan et al., 2003; Bream et al., this vol-
ume, and data in this paper).

4. Internal zoning in zircons from sample RM1 is clearly
igneous and, although all grains have metamorphic over-
growths, the magmatic interiors are not truncated, as would be
likely in detrital populations (see Fig. 4 in Carrigan et al., 2003).

5. The composition of RM1, although fairly high in SiO2
(75.8 wt %), is within a reasonable igneous range; it is very
weakly peraluminous, with only 0.6 wt % normative corundum,
and has >50% normative feldspar. We acknowledge that RM1
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Figure 3. P2O5/TiO2 plotted against MgO/CaO as a discriminator for
felsic igneous versus clastic sedimentary protoliths in granulite-facies
rocks. After Werner (1987).



could be a highly immature meta-arkose, but the preponderance
of evidence strongly suggests that it is a meta-igneous rock and
supports the notion that there is a 1.8-Ga igneous complex at
Roan Mountain.

PETROGRAPHY AND FIELD RELATIONS

The MHT is characterized by a great diversity of lithologies
interspersed on all scales. Almost every exposure contains mul-
tiple rock types, some with readily interpretable contact rela-
tions (dikes, migmatitic leucosomes and melanosomes,
pervasive injection zones), but many others with more ambigu-
ous relationships that, at least in some cases, require tectonic
juxtaposition. Raymond et al. (1989) described and illustrated
exposures in possible correlative rocks to the southwest of
Asheville that show similar juxtapositions of lithologies, which
they refer to as “block-in-matrix” structures.

Mafic rocks are ubiquitous throughout the MHT. The most
readily interpretable are dikes of the Neoproterozoic Bakersville
dike swarm (Goldberg et al., 1986; Adams and Trupe, 1997),
which crosscut other lithologies and are apparently the youngest
rocks of the MHT. Although they commonly preserve relict fine-
grained diabasic fabric, the dike rocks are overprinted by amphi-
bolite-facies, garnet amphibolite, and mineral assemblages.
Larger mafic bodies that preserve igneous textures have been
interpreted as Bakersville suite intrusions (Goldberg et al., 1986;
Adams and Trupe, 1997). The Meadlock Mountain gneiss, a
biotite-bearing garnet ± clinopyroxene amphibolite, is unusual
in that it forms mappable-scale bodies. Adams et al. (1995)
reported that it records peak conditions in the high-P portion of
the amphibolite facies (13 kb, 725 °C), consistent with the pres-
ence of felsic leucosome pods that suggest anatexis during peak
metamorphism. Garnet amphibolites lacking orthopyroxene are
fairly widespread in the MHT and may correlate with Meadlock
Mountain gneiss. Orthopyroxene (opx)-bearing mafic rocks are
also abundant, but appear not to form extensive exposures. Gul-
ley (1985) estimated peak granulite-facies conditions for the
opx-bearing metabasites and nearby metapelites at Roan Moun-
tain as ∼7 kb, 800 °C. The granulite-grade mafic rocks are com-
monly banded, either with alternating hornblende-rich and
opx-rich layers, or with more- and less-felsic layers. In thin sec-
tion, a garnet-hornblende assemblage rims or replaces opx, indi-
cating a retrograde reaction (lower T and/or higher P). Ultra-
mafic rocks are present locally (Merschat, 1977; Raymond and
Johnson, 1994), but they are exceedingly rare in areas that we
sampled (we collected only a single igneous-textured, plagio-
clase-bearing websterite). We interpret the Bakersville dikes,
and probably the larger mafic bodies (Meadlock Mountain
gneiss), to be intrusions. It is not evident whether smaller sheets
and pods are metamorphosed volcanic rocks, sills, or dismem-
bered dikes and larger intrusions.

Like mafic rocks, felsic gneisses are ubiquitous but variable
in field characteristics and composition. None appear to form
map-scale plutons. Some are compositionally banded; in others,

foliation is defined by weak mafic mineral alignment or by
mylonitic fabric; and still others are massive, with prominent,
blocky, perthitic K-feldspar. Compositional banding probably
reflects both transposed compositional layering in protoliths 
and deformation-induced metamorphic segregation; protoliths
appear to include aluminous sediments, very small intrusions,
and probably felspathic psammites, felsic volcanic rocks, and
dismembered larger intrusions. Some are rich in K-feldspar
(alkali feldspar granite composition), others are very poor in
Kspar (trondhjemitic); most are quartz-rich, but not rich enough
to represent quartz-rich sandstone; and some are rich in kyanite
and/or sillimanite (Gulley, 1985). Biotite is present in all sam-
ples. Opx and clinopyroxene, present in some but not all sam-
ples, document the granulite-facies event in the MHT. Where
present, the pyroxenes are commonly rimmed by garnet and
hornblende, probably reflecting the high-P amphibolite-facies
event described by Adams et al. (1995) for mafic rocks. Garnet
is also commonly present as discrete grains.

Some of the feldspathic banded gneisses are similar to
MHT gneisses exposed near Mars Hill that are interpreted as
metavolcanics (Merschat and Carter, personal communication)
but, in these intensely deformed and metamorphosed rocks, dis-
tinguishing volcanic from intrusive or weakly aluminous sand-
stone protoliths is difficult (see the Protolith Interpretation and
Geochemistry sections for discussion of the distinction between
sedimentary and igneous protoliths). Small bodies of massive
felsic rock intrude mafic and banded gneisses, indicating that the
protoliths were granites. A single plagioclase-biotite-quartz-
garnet-scapolite-ilmenite(?) banded gneiss sample (RM13) is of
enigmatic origin. Highly aluminous paragneisses with probable
shale and aluminous graywacke protoliths are common on Roan
Mountain (Gulley, 1985) but rare elsewhere.

The latest events indicated by field and petrographic rela-
tions to have affected the MHT include development of local
mylonitic shear zones that preserve some unrecovered strain and
limited greenschist-facies recrystallization, indicated by minor
epidote and fine-grained chlorite, muscovite, and biotite (Gul-
ley, 1985; Adams and Trupe, 1997).

One exposure along Tennessee Highway 143 merits a brief
discussion, because it is the site at which three samples (RM30,
RM30B, RM30C) were collected that yielded important but
somewhat equivocal geochemical and geochronological data.
This road-cut exposure lacks the rather chaotic block-in-matrix
structure that characterizes much of the MHT, but contact rela-
tions among lithologic units are still not straightforward. The
road cut is dominated by banded gneiss, mostly gray and inter-
mediate to felsic in appearance (represented by RM30B) and, in
part, distinctly more mafic (RM30C). The gray gneiss is miner-
alogically simple, with feldspars, biotite, quartz, and garnet. The
mafic gneiss contains plagioclase, hornblende, clinopyroxene,
opx, garnet, biotite, and quartz. Sheets of massive, medium-
coarse, felsic granofels up to ∼2 m in thickness parallel the foli-
ation of the gneisses. RM30, collected from one of these sheets,
comprises abundant feldspars and quartz, with minor biotite,

Geochronology and geochemistry of the Mars Hill terrane 615



opx, and clinopyroxene. The gneisses and granofels are cut by a
fine-grained mafic dike that is probably part of the Bakersville
swarm. It is not obvious whether the planar contacts and sheet-
like geometry of the three predike lithologies reflect original
forms and contacts of the units or tectonic rearrangement and
transposition. If the initial geometry is more or less intact, the
most reasonable field interpretations are that either (1) all three
are part of a depositional sequence—volcanic or sedimentary;
or (2) the banded gneisses were intruded by dikes or sills of the
granitic granofels protolith (or, conceivably, that the gray
banded gneiss was intruded by both the granofels protolith and
the mafic gneiss protolith).

GEOCHEMISTRY

Elemental compositions of MHT rocks reflect the lithologic
diversity that is evident in the field and constrain possible pro-
toliths (Table 1; Figs. 2–5). Concentrations of SiO2 in the ana-
lyzed samples range from 45 to 76 wt %. The samples with <55
wt % SiO2 have compositions consistent with mafic magmatic
heritage; they have moderately high Al2O3, Cr, Ni, and Mg#s
(atomic Mg/[Mg + Fe], 0.4–0.6) and are metaluminous and
olivine-normative to weakly quartz-normative (Ownby, 2002). In
Table 1, Figures 2 and 4–6, and the discussion that follows, these
rocks are interpreted to be metamorphosed mafic igneous
rocks—diabases, basalts, and/or gabbros—and are subdivided
into opx-bearing and opx-free varieties. Compositions of rocks
with 70 to 76 wt % SiO2 suggest felsic igneous protoliths: they
have abundant normative feldspar and 27 to 43 wt % normative
quartz and are weakly metaluminous to weakly peraluminous. As
noted previously, we cannot rule out the possibility that some of
these samples are metamorphosed, extremely immature arkoses
or volcaniclastic sediments that closely mimic their igneous
sources in composition, but the simplest and most plausible inter-
pretation is that most or all are metagranitoids and metarhyolites.
Therefore, we refer to them as felsic orthogneisses.

The four analyzed samples with 56 to 69 wt % SiO2 are all
dissimilar to typical igneous rocks. Compared with igneous
rocks with similar SiO2 concentrations, all four are unusually
peraluminous, three are unusually high in normative quartz, and
three have high Cr and Ni (Table 1; Fig. 2, G) (Ownby, 2002).
The peraluminous compositions are a reflection of very low
Na2O and/or CaO concentrations. On a plot of P2O5/TiO2 ver-
sus MgO/CaO, three samples plot clearly in the metasedimen-
tary field, whereas all samples interpreted to be felsic ortho-
gneisses plot in the igneous field (Fig. 3) (Werner, 1987). Sam-
ple RM31, with extremely high normative corundum and mod-
erate SiO2, clearly has a pelitic protolith, similar to fairly
common lithologies at Roan Mountain described by Gulley
(1982, 1985). RM-CLG, a sample of Gulley’s Cloudland parag-
neiss, is also almost certainly metasedimentary, based on its
high normative corundum and quartz and concentrations of Ni
and Cr; its probable protolith is an impure sandstone, perhaps a

quartz-rich greywacke. RM30B has 1.5 wt % normative corun-
dum, very low Na2O and Sr concentrations, and high Cr and Ni,
characteristics that are highly unusual for an igneous rock with
61 wt % SiO2. We therefore suggest that it is also a meta-
greywacke (RM30B is discussed further in the following para-
graph). RM13 has a highly unusual composition that does not
match either typical igneous or sedimentary protoliths; despite
having 56 wt % SiO2, it has low Mg# (0.3), Cr, and Ni,
extremely low Na2O, and is peraluminous. It also is enriched in
Sr, Ba, P2O5, and TiO2. This sample may have been derived
from an unusual sediment that included both chemically pre-
cipitated and insoluble residue components, or it could represent
an intensely altered protolith. Because its composition appears
to reflect surface or near-surface processes, we group it tenta-
tively with the paragneisses.

Elemental chemistry of the samples from the RM30 road
cut on TN Highway 143 suggests that this exposure contains
both igneous and sedimentary rocks. RM30B, the gray banded
gneiss, is probably metasedimentary, as noted earlier. Mafic
banded gneiss RM30C has an igneous composition; it could be
a sill or transposed dike, but the simplest interpretation is that it
was a basalt flow interbedded with immature sandstones. RM30
has a felsic igneous composition and therefore, its protolith
could have been a rhyolitic ash or lava or a dike or sill. Its high
Zr concentration (711 ppm) could suggest that it is a metasand-

616 S.E. Ownby et al.

Figure 4. Chondrite-normalized REE abundances (normalization fol-
lowing Boynton, 1984). The field of Eastern Blue Ridge (EBR) and
Western Blue Ridge (WBR) basement is from Carrigan (2000) and Car-
rigan et al. (2003).
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stone that was enriched in zircon by sedimentary processes.
However, it lacks any other evidence for compositional effects
induced by weathering or the mechanical concentration of
grains in a sandstone. It has only 0.3 wt % normative corundum,
is rich in Sr, and not unusually quartz-rich. The high Zr could
reflect either origin as a relatively high-T rhyolite—the calcu-
lated zircon saturation temperature for RM30 is 937 °C—or as
a cumulate-rich intrusive rock, consistent with its high Sr and
positive Eu anomaly.

Elementally based protolith interpretations suggest that
meta-igneous rocks may have been bimodal, with no analyzed
samples between 53 and 70 wt % SiO2. The felsic orthogneisses
range from K-poor to highly potassic (2.3 to 8.5 wt % K2O) and
have distinctive rare-earth-element (REE) patterns, with com-
mon positive Eu anomalies and low heavy REE (HREE) (Fig. 4,
A). Moderate enrichment of incompatible elements with large
negative high-field-strength-element (HFSE) anomalies is evi-
dent on primitive mantle-normalized spider plots (Fig. 5, A).
RM1, the 1.8-Ga felsic sample of Carrigan et al. (2003), is more
silicic but much lower in K and Rb than the samples investigated

in this study. The paragneisses have no or negative Eu anomalies
and much higher HREE contents than do the felsic ortho-
gneisses. Mafic samples, with 45 to 52 wt % SiO2, are relatively
rich in K2O (0.5 to 1.4, except for MBCL5A, with 2.7 wt %) and
other incompatible elements compared with average basalts.
The mafic rocks are mildly enriched in light REE (LREE) rela-
tive to HREE; MBCL5A is especially LREE rich (Fig. 4, B). All
mafic samples have broadly similar incompatible element enrich-
ment patterns. There are, however, subtle but important differ-
ences (Figs. 5, B and 6 and the following discussion).

The U concentrations are for the most part low in analyzed
samples (<∼1 ppm) and Th/U ratios are high, as is typical of
rocks that have undergone granulite-facies metamorphism (e.g.,
Zartman and Doe, 1981). The mean Th/U ratios of paragneisses
(12), felsic orthogneisses (21), and opx-bearing mafic gneisses
(6.2) are well above the global average of ∼4. In contrast, the
average opx-free mafic rock has a ratio of 4.4, possibly because
these samples did not experience the highest-grade event.

The MHT samples are compared with analyses of Eastern
Blue Ridge and Western Blue Ridge basement (Carrigan, 2000)

618 S.E. Ownby et al.

Figure 5. Elemental concentrations nor-
malized to primitive mantle. Normaliza-
tion values and element sequence are
from Sun and McDonough (1989). The
field of Eastern Blue Ridge (EBR) and
Western Blue Ridge (WBR) basement is
from Carrigan (2000) and Carrigan et al.
(2003).
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Figure 6. Tectonic discrimination diagrams. Felsic orthogneisses are plotted in 6A and 6B, mafic samples in 6C and 6D. (A) Rb versus Yb + Ta dia-
gram of Pearce et al. (1984). ORG—ocean ridge granite; SYN COLG—syn-collisional granite; VAG—volcanic-arc granite; WPG—within-plate
granite. (B) Ta versus Yb diagram of Pearce et al. (1984). Symbols as in panel A. (C) Hf-Th-Ta diagram of Wood (1980). MORB—Mid-oceanic ridge
basalt. (D) Ti-Zr-Y diagram of Pearce and Cann (1973). LKT—Low-K tholeiite; WPT—within-plate tholeiite; CAB—calc-alkaline basalt.

in Figures 2, 4, and 5. MHT felsic orthogneisses are distinct
from samples of basement from elsewhere in the southern Blue
Ridge. The Eastern Blue Ridge and Western Blue Ridge base-
ment gneisses have a wider range of SiO2, higher REE concen-
trations (especially HREE), negative Eu anomalies, and
somewhat higher incompatible element enrichments.

In standard tectonic discrimination diagrams (Fig. 6), the
felsic orthogneisses generally plot together within the fields for
arc-related granites, suggesting that they were either generated
in an arc setting or derived from arc-generated crust. All four
opx-free mafic samples plot as “within-plate basalts.” The three
opx-bearing mafic rocks plot within the calc-alkaline or arc
basalts field on the Ti-Zr-Y diagram of Pearce and Cann (1973);
on the Hf-Th-Ta diagram of Wood (1980), two plot as arc
basalts, but the incompatible-element-rich rock, MBCL5A,
plots alone in the field of alkaline within-plate basalts.

The Sm-Nd isotopic systematics of MHT samples docu-
ment the antiquity of the crust that they represent (Table 2; Fig.
7). Two felsic orthogneisses, two opx-bearing mafic gneisses,
and a paragneiss have Sm-Nd depleted mantle model ages
(DePaolo, 1981) of ca. 1.7 to 2.3 Ga, and their calculated εNd
values during Grenville time were –2 to –7, considerably lower
than those of basement granitic gneisses of the Eastern Blue
Ridge and Western Blue Ridge at the same time (approximately
–1 to +3). Two opx-free mafic samples have much higher εNd
(calculated as approximately +4 and +5 during Grenville time).
Their values at 730 Ma (+1 and +3) are essentially identical to
those calculated from whole-rock data for Bakersville dikes
(Goldberg et al., 1986) (Fig. 7).

Calculated 87Sr/86Sr ratios of the felsic orthogneiss and
paragneiss samples during Grenville time (1.0–1.2 Ga) range
from 0.706 to 0.714. These high ratios, like the low Nd ratios,



indicate that they were derived from much older crust. The opx-
bearing mafic samples have calculated Grenville ratios of
>0.706, whereas the two opx-free mafic samples both have a
Grenville ratio of 0.703. Recalculated at 730 Ma, the age of Bak-
ersville dikes (and the age of CAR 1501—see the Geochronol-
ogy section), both opx-free samples yield ratios of 0.7035 and
0.7041. These ratios are similar to the initial ratio of 0.7044
obtained by Goldberg et al. (1986) from a whole-rock isochron
for Bakersville samples. Open-system behavior during gran-
ulite-facies metamorphism would tend to lower Rb/Sr ratios and
possibly increase 87Sr/86Sr ratios through interaction with
nearby, more radiogenic Sr reservoirs. Thus, the calculated
ratios are probably maxima, but the distinction between opx-
bearing and opx-free mafic rocks appears real, as does the sim-
ilarity of the opx-free samples to Bakersville dikes.

GEOCHRONOLOGY

As noted previously, Monrad and Gulley (1983), Fullagar
and Gulley (1999), and Carrigan et al. (2003) have all reported
ages of ca. 1.8 Ga for Carvers Gap orthogneiss from Roan
Mountain. Fullagar and Gulley (1999) also obtained an upper-
intercept age of 1.4 Ga for another Carvers Gap sample. Carri-
gan et al. (2003) analyzed zircons from four other Roan
Mountain samples by ion microprobe, two of Carvers Gap
gneiss and two of Cloudland paragneiss. The orthogneiss sam-
ples yielded imprecise ages of ca. 1.6 Ga and 1.2 Ga, interpreted
as the time of magmatic crystallization. Cores of detrital grains

from Cloudland gneiss gave nearly concordant ages ranging
from ∼1.0 to 1.85 Ga. The youngest ages approach and in some
cases are younger than the age of ubiquitous metamorphic rims
(ca. 1.03 Ga) and therefore probably reflect Pb loss. However,
the abundant concordant ages strongly indicate a range of Meso-
proterozoic to Paleoproterozoic detrital ages. Fullagar et al.
(1979) reported a whole-rock Rb-Sr age of 1183 ± 65 Ma for
granitic gneiss from near Mars Hill.

Sites for SHRIMP U-Pb analysis of zircons from the seven
samples investigated for this study were selected and interpreted
in part on the basis of zoning evident in cathodoluminescence
images. We interpret zoning based on criteria described in Miller
et al. (1992, 1998), Hanchar and Miller (1993), and references
therein. Almost all grains are strikingly zoned, with bright (less
commonly, dark), weakly zoned or unzoned rims that we inter-
pret to be metamorphic and having one or more distinct interior
zones. Some grains have zoning that suggests two discrete meta-
morphic overgrowths, and others have distinct cores with mag-
matic overgrowths (characterized by euhedral, in some cases
oscillatory zoning), all surrounded by a metamorphic rim.

In the following discussion, we briefly describe the zoning
(Fig. 8) and U-Pb data (Table 3; Fig. 9) for zircons from each of
the samples. In general, metamorphic data are concordant or
nearly so, but imprecise owing to low U and Pb concentrations,
whereas magmatic and premagmatic data for most samples are
discordant. This discordance may in small part reflect beam
overlap into two distinct age zones, but the fact that analyses
commonly define discordia with young lower intercepts that do

620 S.E. Ownby et al.

TABLE 2. WHOLE-ROCK ISOTOPIC DATA

Mafic, opx-free Mafic, opx-bearing Felsic gneiss Paragneiss

RM2 RM2X RM24 RM30C RM1 RM15 RM-CLG

Approximate age (Ga)* 0.73 0.73 1.2 1.2 1.8 1.2 1.2
Rb (ppm) 12.25 22.43 4.95 20.83 39.06 258.37 7.81
Sr (ppm) 310.1 304.9 267.9 147.7 253.6 346.0 249.6
87Rb/86Sr† 0.114 0.213 0.054 0.4086 0.446 2.168 0.091
87Sr/86Srmeasured 0.704732 0.706333 0.707354 0.719332 0.718556 0.742263 0.715261
s??? 87Sr/86Sr (%) 0.0008 0.0010 0.0008 0.0008 0.0007 0.0009 0.0008
87Sr/86Srinitial 0.70354 0.70411 0.70643 0.71231 0.70701 0.70500 0.71370
87Sr/86Sr1.15‡ 0.70286 0.70282 0.70646 0.71260 0.71121 0.70657 0.71376
Nd (ppm) 5.01 6.38 3.68 8.40 2.85 1.48 7.69
Sm (ppm) 19.28 26.99 16.18 37.31 19.00 11.01 48.04
147Sm/144Nd† 0.1607 0.1462 0.1407 0.1394 0.0929 0.0831 0.0990
143Nd/144Ndmeasured 0.512625 0.512443 0.512112 0.511915 0.511489 0.511625 0.511637
s.e. 143Nd/144Nd (%) 0.0004 0.0009 0.0008 0.0007 0.0012 0.0005 0.0008
εNd,present day –0.25 –3.80 –10.26 –14.10 –22.41 –19.76 –19.53
143Nd/144Ndinitial 0.511856 0.511743 0.511003 0.510817 0.510389 0.510970 0.510857
εNd,initial 3.11 0.91 –1.66 –5.31 1.57 –2.31 –4.52
143Nd/144Nd1.15‡ 0.511412 0.511339 0.511050 0.510863 0.510788 0.510998 0.510890
εNd1150 5.06 3.64 –2.02 –5.68 –7.15 –3.04 –5.15
TDM (Ga) 1.20 1.35 1.94 2.32 1.96 1.65 1.82

Note: Data for samples RM2, RM1, and RM-CLG are from Carrigan et al (2003). Model age TDM is calculated according to DePaolo (1981).
*For calculation of initial ratio.
†Sm/Nd and Rb/Sr uncertainties are estimated to be <1% (2σ).
‡Calculated at 1.15 Ga for comparison.



207Pb/206Pb ages as the best estimates for the ages of these
zones.

All stated age uncertainties in the text and Table 3 are ± 2σ;
intercept errors in Figure 9 are also 2σ, but error ellipses on con-
cordia plots are 1σ for clarity.

RM21—Felsic Orthogneiss

Zircons in RM21 have simple, concentric internal zones; in
some cases, euhedral and, rarely, oscillatory (Fig. 8, A). Based
on zone morphology alone, it is difficult to distinguish mag-
matic from inherited portions with certainty, but rare truncated
zoned fragments in the centers are the best candidates for inher-
ited cores. Most grains have thick, bright overgrowths that we
interpret to be metamorphic; in some cases, these form the rims,
but in others, they are surrounded by a thin, darker rim zone.

Five discordant interior points that we interpret to be mag-
matic fall on a zero-lower-intercept discordia with an upper
intercept of 1198 ± 26 Ma (mean square of weighted deviations
[MSWD], 0.30) (Fig. 9, A). The four most concordant points
yield an identical 207Pb/206Pb age (MSWD, 0.40) (Fig. 9, A).
Two analyses from cores have discordant 207Pb/206Pb ages of
1276 and1538 Ma. The 207Pb/206Pb ages of nine points from
rims and probable metamorphic interiors average 1026 ± 19 Ma
(MSWD, 1.02).

RM38—Felsic, Mylonitic Orthogneiss

Zircons from RM38 (Fig. 8, B) are well formed and pris-
matic, with euhedral and locally oscillatory zones that we inter-
pret to be magmatic. Dark cores in the magmatic portions are
rare. All grains have thin to thick bright, rounded rims that we
interpret to be metamorphic, and some have slightly less bright
zones inside the bright rims that appear to mark earlier meta-
morphic growth.

Ten analyses from zones interpreted as magmatic or possi-
bly magmatic define a discordia with an upper intercept of 1200
± 26 Ma and a lower intercept of 383 ± 110 Ma (MSWD, 1.13)
(Fig. 9, B). The five most concordant points have a mean
207Pb/206Pb age of 1185 ± 36 Ma (MSWD, 2.2); the slightly
younger age and higher MSWD reflect the fact that these points
actually lie on the well-defined discordia defined by all ten mag-
matic points, which has a nonzero lower intercept. One dark
unzoned (presumably inherited) core yielded a 207Pb/206Pb age
of 1511 ± 69 Ma.

MBCL4—Felsic Orthogneiss

Zircons from MBCL4 have very well-defined euhedral,
oscillatory magmatic zoning and thin to thick, bright metamor-
phic rims (Fig. 8, C). No cores are evident. Eleven points from
magmatic zones define a discordia with an upper intercept 
of 1257 ± 26 Ma and a lower intercept of 540 ± 280 (MSWD,
0.35) (Fig. 9, C). The ten most concordant points have a mean

Geochronology and geochemistry of the Mars Hill terrane 621

Figure 7. Calculated Nd isotopic evolution of samples analyzed in this
study, plus two whole-rock analyses of Bakersville rocks by Goldberg
and Dallmeyer (1997). Depleted mantle curve is from DePaolo (1981).
Eastern Blue Ridge/Western Blue Ridge basement field from Carrigan
(2000) and Carrigan et al. (2003). Gray bars at 730 Ma and 1.2 Ga show
ranges of initial values of opx-free mafic rocks + Bakersville dikes and
of gabbros and other Mars Hill samples, respectively.

not correspond to ages of any identifiable zones—in several
cases, zero-age lower intercepts—indicates that most discor-
dance is a result of Pb loss. The greater discordance of U-rich
magmatic zones than of U-poor metamorphic zones is consis-
tent with discordance through Pb loss. There is essentially no
correlation between Th/U ratio and zone type (Table 3).

For the most abundant age populations, which we interpret
to reflect magmatic crystallization or possibly detrital rework-
ing of a slightly older igneous source, we have estimated age in
two ways. First, we have pooled the 207Pb/206Pb ages of the
more concordant points, and second, we have determined upper
intercepts of discordia for those samples for which the data fit
well on a regression. For those samples that define a discordia,
the upper intercept is invariably within the error of the pooled
207Pb/206Pb age. In fact, five samples (all but two) yield ages
within error of one another at 1.20 Ga. In Figure 9, both discor-
dia (if defined by the data) and a constant 207Pb/206Pb age ref-
erence line (from the origin through the approximate magmatic
age) are shown. Lower intercepts of the discordia are either near
zero or imprecisely defined Paleozoic ages.

The less precise metamorphic ages are estimated in most
cases by pooling 207Pb/206Pb ages; in some cases, the data can
be fit to a discordia. Although the dominant metamorphic age is
clearly near 1.0 Ga, there is some evidence that there may be a
second, older metamorphic population, but there are too few
points to define this age well. Older, apparently detrital and
inherited cores are mostly discordant, and we take individual
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Figure 9. Concordia plots displaying U-Pb data for analyzed samples.
Ellipses represent 1σ uncertainty for individual analyses. Gray ellipses
were used to calculate discordia regressions that we interpret to rep-
resent ages of magmatic crystallization and Pb loss; open ellipses
enclosed by solid lines are regions interpreted as metamorphic, with
upper intercepts taken to be the age of metamorphism; and ellipses
enclosed by dashed lines are inherited, detrital, or, in some cases, of
uncertain origin (possibly a 1.1- to 1.2-Ga metamorphic event?). Errors
in the calculated intercepts are 2σ Solid lines, which extend from the
origin through the approximate upper intercept for magmatic points
(i.e., they represent constant 207Pb/206Pb age), are for reference.? (A–F)
Conventional concordia plots; (G) Tera-Wasserburg concordia plot for
CAR 1501 without common Pb correction.

207Pb/206Pb age of 1245 ± 18 Ma (MSWD, 1.2); as with RM38,
the younger age and higher MSWD are consistent with the well-
defined discordia with a nonzero lower intercept. Probable meta-
morphic zones yielded imprecise and, in some cases, strongly
discordant or reversely discordant results, but an age of ca. 1.0 Ga
is suggested.

RM30 Samples (Highway 143 Road Cut

Zircons from all three RM30 samples are complexly zoned,
with unzoned to weakly zoned rims and, in most cases, multiple
distinct interior zones. The best-defined population in all three
samples is from interior zones with ages of ca. 1.20 Ga; other
interior zones have diverse older ages, suggesting that they rep-
resent inherited and/or detrital cores.

RM30—Felsic Orthogneiss(?)
All zircons from RM30 have thin to thick, dark interior

zones. Many have some small, concentrically zoned cores inside
the dark zones, and all have thin to thick bright rims (Fig. 8, D).
Four analyses, three from small euhedral-zoned cores and one
from a dark, weakly zoned interior, have 207Pb/206Pb ages of
1168 to 1239 Ma and yield a pooled age of 1190 ± 19 Ma

(MSWD, 1.3) (Fig. 9, D). Four analyses, three of bright rim zones
and a fourth from an interior, give a mean 207Pb/206Pb age of
1080 ± 100 Ma. Six zoned cores range in 207Pb/206Pb age from
1320 to 1672 Ma, with two concordant at 1658 Ma and 1672 Ma.
These cores are presumably either inherited or detrital.

RM30B—Banded Paragneiss(?)
Some zircons from this sample have tiny dark cores, and

many have larger concentrically zoned cores (Fig. 8, E) or dark,
unzoned to weakly zoned interiors. Almost all of these interiors
are surrounded by thick bright, weakly zoned regions that in
some cases extend to the rims and in others are surrounded by
thin to thick dark outer rims.

Seven analyses that probably represent metamorphic
growth (including unzoned dark and bright interiors and rims)
have a mean 207Pb/206Pb age of 975 ± 31 Ma (MSWD, 0.74)
(Fig. 9, E). Six points from weakly to strongly zoned interiors
and distinct cores define a discordia with intercepts of 1207 ±
32 Ma and 277 ± 670 Ma (MSWD, 0.44); these points have a
mean 207Pb/206Pb age of 1211 ± 34 Ma (MSWD, 1.5). Four
cores range in 207Pb/206Pb age from 1273 to 1500 Ma, another
is 1919 Ma, and a sixth is 2653 Ma. If this is indeed a metased-
imentary rock, as suggested previously, both the 1200-Ma points
and the older ages represent detrital zircon; if the protolith is plu-
tonic or volcanic, 1200 Ma is presumably the crystallization age,
and the older ages may be inherited.

RM30C—Mafic, Orthopyroxene-Bearing 
Banded Orthogneiss

RM30C zircons have euhedral-zoned magmatic interiors,
commonly with sector zoning (Fig. 8, F). Well-defined dark or
bright cores are fairly common, and most grains have bright, thin
metamorphic rims. Seven points from magmatic-like, euhedral-
zoned regions define a discordia with intercepts of 1209 ± 35
Ma and 306 ± 540 Ma (MSWD, 1.3) (Fig. 9, F). The same points
have a have a mean 207Pb/206Pb age of 1197 ± 24 Ma (MSWD,
1.3). One analysis from a similar area falls off the concordia and
yields a younger 207Pb/206Pb age of 1123 ± 44 Ma. Two impre-
cise analyses from rim zones that appear to document meta-
morphic growth have 207Pb/206Pb ages of 1142 ± 72 Ma and
1148 ± 147 Ma. These may suggest an older episode that is evi-
dent from metamorphic zones in other samples, or there may
have been slight beam overlap with interiors that are older and
richer in U. Four inherited (or detrital?) cores have 207Pb/206Pb
ages between 1432 Ma and 1582 Ma, and another is highly dis-
cordant and has an imprecise 207Pb/206Pb age of 1782 ± 201 Ma.
That these cores are invariably armored by thick magmatic over-
growths suggests that they are inherited.

The zircon data have implications for the interpretation of
the RM30 exposure. As discussed previously, field relations
suggest that either all three lithologies are part of a depositional
sequence, or the protolith of felsic gneiss RM30 was a dike or
sill that intruded the banded gneisses. Elemental chemistry is
most consistent with RM30 and RM30C being felsic and mafic



meta-igneous rocks and RM30B being a metamorphosed felds-
pathic sandstone. The strikingly similar patterns of zircon zona-
tion and ages are consistent with all three samples being part of
a 1.2-Ga volcanic/volcaniclastic sediment sequence that incor-
porated detrital and xenocrystic zircons.

CAR 1501—Meadlock Mountain Mafic, Orthopyroxene-
Free Orthogneiss

Zircons from the sample CAR 1501 have euhedral-zoned
interiors and thin to fairly thick bright rims (Fig. 8, G). Twelve
data points from the magmatic zones are concordant (or nearly
so) and fall between 640 Ma and 756 Ma (Fig. 9, G). When
pooled after excluding two young outliers (640 Ma and 649 Ma,
possibly reflecting Pb loss), the data yield a weighted mean
206Pb/238U age of 728 ± 16 Ma (MSWD, 2.1)—a magmatic age
completely different from the remainder of the samples but
essentially identical to the 734 ± 26-Ma Rb-Sr age determined
by Goldberg et al. (1986) for Bakersville dikes. Two points that
apparently represent metamorphic growth are concordant at ca.
475 Ma.

CONCLUSIONS

Age of Mars Hill Crust

Our new data further substantiate the notion that the MHT
represents Paleoproterozoic crust. Although we did not date any
additional samples that crystallized before 1.3 Ga, ca. 2-Ga Sm-
Nd model ages for mafic and felsic samples and abundant inher-
ited and detrital zircons with 1.6- to 1.9-Ga ages support the
ancient heritage suggested by Monrad ands Gulley (1983),
Sinha et al. (1996), Fullagar and Gulley (1999), and Carrigan et
al. (2003). The evidence suggests that the MHT is Paleo-
proterozoic crust that was intensely reactivated at 1.20 Ga.

Two Generations of Mafic Rocks

The presence in the MHT of the Neoproterozoic Bak-
ersville dike swarm is well established (e.g., Goldberg et al.,
1986); however, the age and relationships of other metabasites
have been more problematic. The 1.20-Ga age of mafic sample
RM30C demonstrates that at least some of the mafic rocks of the
MHT are much older than the Bakersville dikes.

Our data suggest that MHT mafic rocks may be roughly
divided into two groups, based on the presence or absence of
opx. We interpret the presence of opx to reflect granulite-facies
metamorphism, probably during the Grenville orogeny; the
absence of opx indicates that the rock may have escaped this
metamorphism and suggests that its protolith may be post-
Grenville. Gulley (1982) and Rainey (1989) demonstrated that
in some areas, Bakersville dikes contain opx interpreted to be of
metamorphic origin, indicating post-Neoproterozoic granulite-
facies metamorphism. Thus, presence or absence of opx is cer-

tainly not an entirely reliable discriminator of Neoproterozoic
mafic rocks from older samples. However, for the limited num-
ber of samples that we have studied, it appears to distinguish
populations that are otherwise distinct in petrogenesis and prob-
ably in age. The age of RM30C is 1.20 Ga, whereas that of opx-
free garnet amphibolite CAR 1501 is 0.73 Ga, identical in age
to the Bakersville dikes. The two analyzed opx-free samples
have Sr and Nd isotope ratios that match Bakersville dikes
(Goldberg et al., 1986; Goldberg and Dallmeyer, 1997); the two
analyzed opx-bearing samples have very different ratios that
suggest much greater age. The four opx-free samples plot on tec-
tonic discrimination diagrams as within-plate basalts, consistent
with Neoproterozoic, rift-related origin, whereas the three opx-
bearing samples plot in distinct fields, generally as arc-related
basalts. The opx-free samples have normal Th/U ratios, in con-
trast to the elevated ratios of the opx-bearing samples.

Regardless of the general applicability of the distinction
between opx-bearing and opx-free mafic rocks, it is evident that
metamorphosed mafic bodies in the MHT reflect both Neopro-
terozoic, rift-related magmatism and one or more generations of
early and possibly pre-Grenville magmatism.

Ages of Magmatism and Metamorphism

Carrigan’s recent work (Carrigan, 2000; Carrigan et al.,
2003) verified the existence of 1.8-Ga felsic igneous rock at
Roan Mountain, as suggested by Monrad and Gulley (1983),
and indicated that somewhat younger (ca. 1.6-Ga) Paleprotero-
zoic rock and 1.2-Ga Mesoproterozoic rock were also present.
Our new data suggest widespread felsic and mafic magmatism
of early Grenville age. By far the dominant magmatism occurred
at 1.20 ± 0.01 Ma. A single sample documents a 1.25-Ga mag-
matic event. The MHT apparently escaped mid- and late
Grenville magmatism (post-1.18 Ga), but it was heavily intruded
by mafic magma during incipient rifting at 0.73 Ga.

Although generally imprecise, our data for zones interpreted
to be metamorphic are consistent with the 1.03-Ga age estimated
by Carrigan et al. (2003) for peak metamorphism of basement
rocks in the Blue Ridge. There is also a possible suggestion of an
earlier episode of metamorphic growth at or prior to ca. 1.1 Ga.
Carrigan et al. (2003) found no distinguishable differences in
ages of metamorphic rims between Eastern Blue Ridge, Western
Blue Ridge, and the MHT. There is also evidence for Ordovician
(Taconic) metamorphism from 470-Ma zircon overgrowths from
Neoproterozoic sample CAR 1501. There is no other direct evi-
dence for Paleozoic metamorphism in our zircon data, but lower
discordia intercepts of Paleozoic age and thin, undated rims on
zircons from several samples that were observed under cathodo-
luminescence may reflect Paleozoic events.

Geologic Evolution

The early stages of the history of the MHT are poorly
defined, having been obscured by subsequent events. Available
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evidence suggests formation of juvenile, probably arc-related
crust during the Paleoproterozoic. The Sm-Nd model ages of
samples other than Neoproterozoic mafic rocks, the magmatic
crystallization age of RM1, and U-Pb ages of detrital and inher-
ited zircons from several samples fall in the range 1.9 ± 0.2 Ga.

A major, possibly bimodal magmatic episode in early
Grenville time (1.2 Ga) appears not to have added much new
crust, based on Sm-Nd isotopic compositions of samples of this
age. The triggering mechanism remains uncertain, as does the
relationship between magmatism and sedimentation. Ages of
detrital zircon suggest that sedimentation was roughly coeval
with magmatism, but neither geochronology nor observed field
relations permit us to say whether they were strictly simultane-
ous (interlayered volcanic and sedimentary strata), sediments
were deposited on a slightly older igneous substrate, or sedi-
ments were intruded by slightly younger magmas. Field, ele-
mental, and U-Pb data for the outcrop RM30 sample appears to
lend credence to synchronous sedimentation and magmatism,
but it is only a single exposure and far from conclusive.

Very high-grade metamorphism occurred twice, during late
Grenville and Taconic episodes. The conditions attained during
these episodes (Adams et al., 1995) and the widespread presence
of migmatite, including in Neoproterozoic mafic rocks, suggest
that local partial melting accompanied both events. We infer that
complex and pervasive deformation observed in the MHT
reflects both Grenville and multiple Paleozoic events. It is pos-
sible that the small-scale juxtaposition of diverse lithologies
may be a consequence of deformation during anatexis. The final
ductile deformation, indicated by mylonite zones, probably
occurred after peak Paleozoic metamorphism.

Constraints on Relationships to the Eastern 
and Western Blue Ridge

The Sm-Nd model ages, ages of magmatism, and those of
detrital and inherited zircons all indicate that the MHT is a fun-
damentally older terrane than either the Eastern Blue Ridge or
the Western Blue Ridge. It also is clearly different lithologically
from the other basement rocks of the southern Blue Ridge;
unlike either the Eastern Blue Ridge or Western Blue Ridge, the
MHT contains metasedimentary and abundant mafic rocks. It is
thus apparent that the MHT is a continental fragment, with an
origin distinct from its surroundings. It is plausible that it sim-
ply represents an exposed portion of an older lower crust that
underlay the more juvenile rocks of the Western Blue Ridge and
possibly the Eastern Blue Ridge basement during Grenville
time. Fullagar (2002) recognized contributions of older—in
part, Paleoproterozoic—crust to the Blue Ridge and adjacent
Inner Piedmont. Such contributions may have come from a
MHT-like lower crust.

The post-1.1-Ga history of the MHT suggests linkages to
the Eastern Blue Ridge and Western Blue Ridge, but the impli-
cations of these linkages remain puzzling (cf. Johnson, 1994;
Raymond and Johnson, 1994; Adams and Trupe, 1997). All

three areas appear to have experienced a profound metamorphic
event shortly before 1.0 Ga. Both the Western Blue Ridge and
the MHT—but not the Eastern Blue Ridge basement—were
intruded by Neoproterozoic mafic dikes, although the MHT
seems not to include any of the Neoproterozoic granites that are
common in the Western Blue Ridge. Both the MHT and the East-
ern Blue Ridge—but not the Western Blue Ridge—underwent
similar high-grade Ordovician metamorphism. The data are
consistent with, but do not require, the interpretation that all
three were in fairly close proximity by late Grenville time.
Because of the extent of the global Grenville orogen and of late
Grenville metamorphism, the similarity in age of metamor-
phism may be of limited use as a geographic constraint. The dis-
tribution of Bakersville dikes appears to suggest MHT–Western
Blue Ridge (but not Eastern Blue Ridge?) proximity during the
Neoproterozoic, and high-grade Taconian metamorphism seems
to link the Eastern Blue Ridge and MHT, but perhaps not the
Western Blue Ridge, during the Ordovician.

Constraints on Relations to Other Ancient 
Continental Crust

We are unaware of any other exposures of crust of similar
antiquity to the MHT in the southeastern United States. The only
possible Appalachian correlatives of the MHT that we are aware
of are in Virginia and Maryland. The Pedlar and Lovingston
massifs in the Virginia Blue Ridge both are highly diverse in
terms of lithology (mafic, felsic, and some metasedimentary
rocks, wide range of SiO2) (e.g., Bartholomew and Lewis, 1984;
Hughes et al., 1997, 2001). An upper U-Pb concordia intercept
of 1.87 Ga for detrital zircon and whole-rock Pb isotope data
suggesting a possible Archean source component indicate that
the Stage Road layered gneiss, a unit of the Lovingston massif,
records input from material that was much older than Grenville
(Pettingill et al., 1984; Sinha and Bartholomew, 1984; Sinha et
al., 1996). However, the reported Sm-Nd isotopic compositions
of analyzed samples of the Stage Road gneiss and other Pedlar
and Lovingston lithologies (εNd > 0 at 1.1 Ga) (Pettingill et al.,
1984) is nowhere near as evolved as that which we have found
so far in the MHT. The Goochland terrane, which lies to the east
in the Piedmont zone and is of uncertain origin, also is litholog-
ically diverse, but there is no evidence that it includes protoliths
much older than Grenville age (no pre-Grenville zircon ages;
εNd, 1.1 Ga ∼ 0, TDM ∼ 1.4 Ga) (Owens and Samson, 2001).
Aleinikoff et al. (this volume) report 1.25-Ga ages for felsic
gneisses of the Baltimore Gneiss in the Maryland Piedmont,
similar to the dominant MHT magmatic age population. Like the
MHT, the Baltimore Gneiss includes both mafic and felsic
rocks. However, there appears to be no zircon evidence for
Paleoproterozoic precursor crust (no old inheritance), and Pb
isotope data reported by Sinha et al. (1996) for Baltimore Gneiss
are consistent with other central and southern Appalachian base-
ment but not with the MHT. There are no reported Nd isotopic
data for the Baltimore Gneiss.
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The nearest known crust of Paleoproterozoic origin is in the
Penokean Province near the western Great Lakes. Paleo-
proterozoic crust is also exposed in the southwestern United
States, including parts of the Mojave, Yavapai, and Mazatzal ter-
ranes (e.g., Karlstrom et al., 1999). These areas contain diverse
lithologies and have compatible estimated crustal formation
ages (TDM values of ca. 2 Ga). The MHT is separated from all
of these Paleoproterozoic exposures by a vast tract of early
Mesoproterozoic rocks (ca. 1.4- to 1.5-Ga magmatic crystal-
lization ages) that is interpreted to represent juvenile crust (TDM
values are only very slightly older) (Van Schmus et al., 1996). If
the MHT was once a part of a Paleoproterozoic Laurentian
crustal block with the Great Lakes and/or southwestern terranes,
and if the midcontinent province is juvenile, then the MHT may
be a rifted Laurentian fragment and the midcontinent province
an enormous expanse of rift-fill crust. The Pb isotope ratios of
southern Appalachian basement have been used as evidence that
southern Appalachian crust in general did not originate in its
current position with respect to Laurentia, and existing data 
for the MHT suggest that it is even more distinct from nearby
parts of the continent than is true for the rest of the southern
Appalachians (Sinha et al., 1996; Sinha and McLelland, 1999;
Loewy et al., 2002). An origin adjacent to a distant part of Lau-
rentia might explain this and other discrepancies. Alternatively,
the MHT may be an orphan fragment of crust removed from a
larger Paleoproterozoic terrane now exposed on another conti-
nent, perhaps in West Africa or South America (Rogers, 1996;
Tosdal, 1996; Ruiz et al., 1999; Loewy et al., 2002; Pisarevsky
et al., 2003).
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