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ABSTRACT

Ages of detrital monazite and zircon from 
alluvium collected from the French Broad 
River drainage basin, an orogen-crossing 
main trunk river, and alluvium in fi rst-
order tributary streams, provide an uncon-
ventional perspective for examining the 
regional tectonic and metamorphic history 
of the southern Appalachian orogen (east-
ern United States). The French Broad River 
system samples migmatitic Ashe–Tallulah 
Falls suite paragneisses (with inferred Neo-
proterozoic clastic protoliths) of the Eastern 
Blue Ridge and western Inner Piedmont, 
Mesoproterozoic basement orthogneisses, 
numerous Paleozoic metaplutonic gneisses, 
and tectonite equivalents of these lithologies 
in the Brevard fault zone. Middle Ordovician 
ages dominate the monazite age spectrum. 
Monazite from tributaries has a dominant 
208Pb-232Th age peak ca. 463 Ma. Monazite 
from the French Broad River alluvium suite 
yields a dominant 208Pb-232Th age mode ca. 
450 Ma, but differs from the tributaries in 
having scattered Meso protero zoic, Silurian–
Devonian, and Carboniferous ages. Electron 
microprobe total Th-U-Pb chemical ages for 
selected tributary monazite grains also ana-
lyzed by ion microprobe reveal additional 
monazite growth events (i.e., metamorphic 
reaction) at 480–475 Ma and 445–440 Ma. 
Tributary and French Broad River zircon 
age spectra are dominated by Mesoprotero-
zoic and Ordovician grains. Most Ordovi-
cian zircon from the French Broad River has 
Th/U > 0.1 and is most likely derived from 
the Henderson orthogneiss (447.6 ± 5.4 Ma), 
the largest pluton in the French Broad River 
head waters region. A minor zircon age popu-
lation at 450 Ma, represented primarily by 
metamorphic zircon rims with Th/U < 0.05 
on magmatic Mesoproterozoic zircon cores, 
is present  in tributaries and samples of mig-
matitic Ashe–Tallulah Falls suite paragneiss. 

Rare Neoproterozoic ages of 800–700 Ma and 
600–550 Ma are present in all zircon data sets.

Ordovician monazite ages and zircon rim 
ages correspond to Taconian metamorphism 
in the Eastern Blue Ridge province. The 
dominant monazite age mode (463 Ma) from 
tributaries is slightly older than the Ordovi-
cian metamorphic zircon age mode (450 Ma), 
which is accounted for by monazite growth 
primarily via prograde metamorphic reac-
tions, and zircon growth by melt-forming 
reactions in migmatites at the thermal peak. 
The scattered middle to late Paleozoic zir-
con and monazite ages attest to the lack of 
signifi cant thermotectonic and magmatic 
events of that age in the Southern Blue Ridge 
providing sediment to the French Broad 
River drainage system. This dearth of ages 
is consistent with the pattern of nonpenetra-
tive late Paleozoic deformation, retrograde 
metamorphism, and scattered plutonism 
northwest of the Brevard fault zone. A rea-
sonable source of Neoproterozoic zircon in 
alluvium or in Ashe–Tallulah Falls para-
gneisses is Neoproterozoic rift-related mag-
matic rocks. The rarity of Mesoproterozoic 
monazite compared to zircon contrasts with 
the marked abundance of monazite in Ashe–
Tallulah Falls paragneisses, and emphasizes 
the responsiveness of monazite compared to 
zircon in regional metamorphism. The abun-
dant Mesoproterozoic zircon was inherited 
from Mesoproterozoic basement lithologies 
by Neoproterozoic sediments, preserved 
through regional metamorphism and three 
phases of orogenesis, and persists in modern 
alluvium being shed by the orogen.

INTRODUCTION

Direct dating of peak regional metamorphism 
accompanying collisional orogenesis ideally 
involves isotopic analysis of metamorphic min-
erals with high closure temperatures for diffu-
sion of daughter isotopes. Use of metamorphic 

index minerals such as garnet, staurolite, and 
kyanite would be most defi nitive for claiming 
one is dating metamorphism (e.g., Lanzirotti and 
Hanson, 1995). However, the relatively low con-
centration of radiogenic parent isotopes (Sm, U) 
in these minerals and the prevalence of monazite 
or zircon  inclusions (DeWolf et al., 1996) are 
limiting issues. Many geochronologic studies of 
regional metamorphic rocks have resorted to the 
use of monazite as a geochronometer (Parrish, 
1990; Smith and Barreiro, 1990), as Th and U 
are major or minor elements in monazite, mona-
zite contains very low initial Pb concentrations, 
and monazite growth can often be correlated with 
metamorphic reactions or fabric-forming defor-
mation events attending porphyroblast growth 
(Foster et al., 2002; Williams and Jercinovic , 
2002; Pyle and Spear, 2003; Gibson et al., 2004). 
Zircon is generally not amenable to dating low- 
and medium-grade regional metamorphism as 
its growth is usually limited to upper amphibolite 
to granulite facies conditions (Vavra et al., 1999; 
Rubatto et al., 2001). In addition to suitability for 
isotopic analysis, the growth history of monazite 
and zircon as revealed by microimaging methods 
can aid in interpreting the context of the meta-
morphic reaction and deformation history. This 
type of dating requires analytical methods with 
high spatial resolution, e.g., electron probe and 
ion probe microanalysis. Higher age precision 
may be attained using isotope dilution-thermal 
ionization mass spectrometry (ID-TIMS), but 
determination of metamorphic ages across a ter-
rane requires a large number of samples, which 
is ineffi cient by ID-TIMS.

This study is an unconventional approach to 
dating regional metamorphism and contempo-
raneous magmatism that takes advantage of an 
extensive set of ages of detrital monazite and zir-
con separated from alluvium of the French Broad 
River, which drains an ~12,000 km2 area of the 
southern Appalachian Blue Ridge. The samples 
were collected primarily for a comparison of the 
utility of detrital monazite versus detrital zircon 
ages as provenance indicators (Hietpas et al., 
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2010). Here we examine the monazite and zir-
con age distributions from this data set in more 
detail. Our study also incorporates new zircon 
secondary ion mass spectrometry (SIMS) U-Pb 
ages and monazite electron microprobe Th-U-Pb 
chemical ages for alluvium and bedrock samples 
collected in the context of zircon cathodolumi-
nescence (CL) zoning, zircon Th/U values, and 
monazite compositional zoning, to determine the 
timing of regional metamorphic and magmatic 
events in the Blue Ridge and western Inner 
Piedmont. Although the original petrofabric and 
microstructural context of detrital  monazite and 
zircon are unknown, we can tie the provenance 
of each grain to a probable source lithology 
based on its sample locality  and in some cases 
on chemical characteristics (i.e., Th/U in zir-
con). The large number of grains analyzed in the 
Hietpas et al. (2010) study (1100 zircon analy-
ses; 150 monazite analyses) combined with the 
wide sampling area and new SIMS and elec-
tron microprobe ages increases the likelihood 
of identifying less extensive metamorphic and 
magmatic events, and provides a terrane-scale 
context for those events.

GEOLOGIC SETTING

The broad outline of Blue Ridge tectonic his-
tory and distribution of regional metamorphic 
isograds have been known for decades (Hadley 
and Goldsmith, 1963; Carpenter, 1970; Butler, 
1973; Rankin, 1975; Hatcher, 1978). How-
ever, the timing of metamorphic and magmatic 
events, based on high precision and high spa-
tial resolution U-Pb geochronometers, has only 
recently been determined (Miller et al., 2000; 
Moecher et al., 2004a; Miller et al., 2006, 2010; 
Corrie and Kohn, 2007), and then only from 
scattered outcrops. There is also considerable 
ambiguity in the extent and intensity of each 
phase of metamorphism that has affected the 
southern Appalachians due to a series of over-
printing Paleozoic collisional events.

The Blue Ridge in the southern Appalachians 
of western North Carolina is an amalgamation 
of Mesoproterozoic (Grenville age) basement 
rocks (mostly granitic orthogneisses), Neo-
proterozoic rift-related bimodal volcanic and 
plutonic rocks, late Neoproterozoic to Early 
Ordovician rift and passive margin, mostly clas-
tic sedimentary cover sequences (Ocoee Super-
group, Ashe Metamorphic Suite, Chilhowee 
Group), and Ordovician plutonic rocks (Fig. 
1A). These Blue Ridge components were fi rst 
metamorphosed together in the Middle Ordo-
vician. Regional metamorphism reached upper 
amphibolite facies with extensive development 
of migmatites in pelitic and mafi c bulk composi-
tions. Granulite facies assemblages in pelitic and 

mafi c bulk compositions occur locally (Absher 
and McSween, 1985; Eckert et al., 1989), as 
well as the most extensive tract of eclogite 
facies rocks in the Appalachian orogen (Willard 
and Adams, 1994; Miller et al., 2010). Middle to 
late Paleozoic metamorphism is greenschist (in 
basement, eastern and western Blue Ridge cover 
sequences) to amphibolite facies (Blue Ridge 
thrust complex, western Inner Piedmont) and 
not penetratively developed, compared to early 
Paleozoic metamorphism and compared to the 
extent of Acadian metamorphism in the north-
ern Appalachians. Plutons of early, middle, and 
late Paleozoic age in the Blue Ridge, emplaced 
into a compressional setting, were variably 
deformed by each phase of orogenesis.

Uncertainty regarding the setting for early 
and middle Paleozoic tectonism and plutonism 
is largely the result of late Paleozoic collision 
and formation of crystalline thrust sheets that 
transported the complex of Precambrian and 
Paleozoic units westward onto the Laurentian 
margin (Hatcher, 1987). Greenschist facies 
mylonite zones defi ne thrust sheet boundaries 
and occur throughout Blue Ridge basement as 
1–10-km-wide anastomosing zones of Missis-
sippian age mylonites (Merschat et al., 2006). 
Late Paleozoic deformation also resulted in 
folding at all observable scales and retrograde 
metamorphism of early Paleozoic assemblages 
(Massey and Moecher, 2005; Clemons and 
Moecher, 2009).

The French Broad River headwater streams 
collect alluvium from both sides of the north-
eastern-striking Brevard fault zone (Fig. 1B). 
The Eastern Blue Ridge in the French Broad 
headwaters includes the Mesoproterozoic 
Toxaway Gneiss (Carrigan et al., 2003), Neo-
protero zoic metasediments of the Ashe–Tallulah 
Falls suite (ATFS, Hatcher, 2002; Bream et al., 
2004), the Ordovician Whiteside pluton, and 
Devonian Looking Glass and Pink Beds plu-
tons (Miller et al., 2000). The southeast side 
of the Brevard zone includes the western Inner 
Piedmont, dominantly mica schists, migmatitic 
gneisses, and amphibolites of the ATFS. From 
its headwaters near Rosman (North Carolina), 
the French Broad River fl ows northeast paral-
lel to the Brevard fault zone, turns north through 
Asheville and across the migmatitic pelitic 
gneisses and amphibolites of the ATFS (Rankin 
et al., 1973; McSween et al., 1989; Hatcher, 
2002), then turns northwestward across mostly 
Blue Ridge basement rocks to the Great Smoky 
fault (base of the crystalline thrust sheets) in 
western North Carolina and eastern Tennes-
see (Fig. 1B). The main tributary of the French 
Broad is the Pigeon River, which cuts across 
the eastern end of the Great Smoky Moun-
tains and has local headwater tributaries in the 

Canton  quadrangle  (Fig. 1B). Metamorphism in 
the study area ranges from sillimanite grade in 
the southeast to chlorite grade in the northwest 
(Carpenter, 1970; Hadley and Nelson, 1971).

Mesoproterozoic (ca. 1350–900 Ma) base-
ment rocks are dominantly upper amphibolite 
facies, migmatitic layered gneisses enclos-
ing 1–10-km-scale masses of weakly foliated 
granulite facies orthogneisses. The granulite 
assemblages are demonstrably Mesoprotero-
zoic (Carrigan et al., 2003; Ownby et al., 2004), 
whereas the migmatitic layered gneisses are 
probably the product of upper amphibolite 
facies early Paleozoic metamorphism of rocks 
with Mesoproterozoic proto liths (Merschat 
et al., 2006). The ATFS in the study area is dom-
inantly migmatitic metapelitic gneisses with 
conspicuous leucosomes and a mineral assem-
blage of plagioclase + biotite + kyanite/silli-
manite + garnet + quartz + rutile + muscovite 
(Fig. 2). Minor components of the ATFS include 
amphibolites and calc-silicates. Trondhjemite 
dikes and pegmatites of Silurian to Devonian 
age are volumetrically minor but widespread in 
the area west and north of Asheville, and could 
potentially contribute detrital zircon to mod-
ern alluvium. The kyanite-sillimanite isograd 
bisects the Canton quadrangle (Merschat and 
Wiener, 1988).

Known regional tectonometamorphic and 
magmatic events in the drainage basin of the 
French Broad and Pigeon Rivers include Meso-
proterozoic magmatism and granulite facies 
metamorphism, Neoproterozoic continental 
rift magmatism (Goldberg et al., 1986; Su 
et al., 1994; Aleinikoff et al., 1995; Tollo et al., 
2004) (and potential contact or hydrothermal 
metamorphism), and Paleozoic plutonism and 
regional metamorphism. The early Paleozoic 
Henderson orthogneiss is one of the largest 
Paleozoic plutons in the Southern Blue Ridge, 
and is bedrock along much of the upper course 
of the French Broad River (Fig. 1B).

Based on U-Pb zircon and monazite geo-
chronology from localities elsewhere in the 
Blue Ridge of western North Carolina, peak 
Paleozoic amphibolite, granulite, and eclogite 
facies metamorphism is Middle Ordovician in 
age (Moecher et al., 2004a, 2005; Corrie and 
Kohn, 2007; Miller et al., 2010). Hornblende 
40Ar-39Ar plateau ages in the study area range 
from 410 to 450 Ma (Dallmeyer, 1975; Kunk 
et al., 2006), but variably disturbed hornblende 
isotopic systematics are widespread (Goldberg 
and Dallmeyer, 1997). The Rb-Sr and Sm-Nd 
mineral-rock isochrons from samples in the 
vicinity of the Lick Ridge eclogite support the 
interpretation of Middle Ordovician regional 
metamorphism with variable Devonian resetting  
(Goldberg  and Dallmeyer, 1997). Musco vite 
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40Ar-39Ar plateau and Rb-Sr mineral-rock iso-
chron ages throughout the entire study area 
are generally Carboniferous (Dallmeyer, 1988; 
Connelly and Dallmeyer, 1993; Goldberg and 
Dallmeyer, 1997; Kunk et al., 2006).

METHODS

For our earlier study (Hietpas et al., 2010) 
samples of coarse sand were collected from the 
French Broad River at 14 sites extending from 

its headwaters near Rosman, North Carolina, to 
Douglas Lake near Newport, Tennessee (Fig. 
1B). An additional sample was collected from the 
Pigeon River near its confl uence with the French 
Broad River. Heavy mineral concentrates in allu-
vium from tributary streams in the Canton quad-
rangle (Fig. 1B; Table 1) were originally obtained 
from the North Carolina Geological Survey 
(Merschat and Wiener, 1988) and made available 
for the Hietpas et al. (2010) study. The tributary 
stream samples were collected in the context of 

1:24,000 scale bedrock mapping and must be 
derived from either ATFS schist and migmatitic 
paragneiss (Fig. 2, A-1–A-3) or Mesoproterozoic 
Sandymush and Earlies Gap gneisses (Merschat 
and Cattanach, 2008) (Table 2), as these are the 
only lithologic units observed in the quadrangle 
(Merschat and Wiener, 1988). The western half 
of the Canton quadrangle drains into downstream 
stretches of the French Broad River via the 
Pigeon River, and the eastern half drains directly 
into the French Broad River.

 Foreland Fold-and-Thrust B
elt

Wes
ter

n  
    

  In
ne

r  
    

    
   P

ied
mont

Brev
ard

  F
au

lt  
Zone

MB

GBSG

GSG

W
CG

CBR
GSF

EB
R

E B R

WCG

LCC

Breva
rd  F

ault  
Zone

WSG

LRE

E B R

50 km

35°

36°

82°

83°

84°

W
B

R NC
TN

GA

30

40

7585

Figure 1 (on this and following page). (A) Generalized geologic map of the southern Appalachian orogen (after Rankin et al., 1990). Dashed 
outline is approximate study area, shown in Figure 1B. BTC—Blue Ridge thrust complex; CBR—Central Blue Ridge; EBR—Eastern Blue 
Ridge; GB—Grenville basement; GSF—Great Smoky fault; GSG—Great Smoky Group; LCC—Lake Chatuge mafi c complex; LRE—Lick 
Ridge eclogite; MB—Murphy Belt; SG—Snowbird Group; WBR—Western Blue Ridge; WCG—Walden Creek Group; WSG—Winding 
Stair Gap.

 on June 3, 2011geosphere.gsapubs.orgDownloaded from 

http://geosphere.gsapubs.org/


Alluvium Geochronology

 Geosphere, April 2011 497

Additionally for this study, fresh samples 
of migmatitic Ashe paragneiss, Ashe pelitic 
schist, and Henderson orthogneiss were col-
lected from roadcuts near tributary and allu-
vium sample sites. The rock samples were 
crushed and processed using heavy liquids and 
magnetic separation to concentrate zircon for 
ion microprobe dating.

Monazite and zircon in river and stream 
alluvium, and crushed rock samples, were 
handpicked from all recognizable populations 
based on size, crystal morphology, and color. 
Other random approaches for mounting grains 

for analysis (e.g., pouring grains from a vial) 
result in a bias for larger grains. Zircon from 
Meso protero zoic orthogneisses is generally 
much larger and more abundant than zircon 
from Paleozoic Appalachian granitic plutons 
(Moecher and Samson, 2006). Therefore, any 
approach for mounting grains that might intro-
duce a size bias would also bias the age distri-
butions. Zircon or monazite crystals, along with 
age standards, were embedded in epoxy. Cured 
mounts were then ground to expose the interi-
ors of the crystals. Each monazite crystal was 
imaged before ion probe analysis by backscat-

tered electron imaging using the JEOL 8600 
Superprobe at Syracuse University. Represen-
tative monazite grains analyzed by ion micro-
probe were also selected for electron microprobe 
wavelength dispersive X-ray elemental mapping 
to determine the nature and extent of growth 
zoning, which was used to guide monazite 
electron probe microanalysis. Every zircon ana-
lyzed in this study was imaged using cathodo-
luminescence to determine relative propor tion 
of cores and rims as a guide for microanalysis, 
to assess magmatic versus metamorphic growth 
(Hanchar and Miller, 1993; Corfu et al., 2003), 
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and to ensure that analytical spots did not over-
lap core-rim boundaries. In most cases the cores 
of monazite and zircon were analyzed, and rims 
of zircon were analyzed if of suffi cient width to 
accommodate the laser beam.

Monazite 208Pb/232Th was measured using 
SIMS on the CAMECA 1270 at the Univer-
sity of California Los Angeles as described 
in Hietpas et al. (2010) (also see Harrison et 
al., 1995). The 208Pb-232Th system was used 
because Th is a major element in monazite, 
leading to higher signal intensities and shorter 
analysis times, an important factor when high 
throughputs are necessary for assembling a 
detrital age data set.

Some detrital zircon U-Pb ages were also 
determined by SIMS using the CAMECA 
1270 instrument at the University of California 
Los Angeles (Grove et al., 2003). One impor-
tant advantage of SIMS analysis is that only a 
few nanograms of zircon are consumed in the 
analysis and that no mineralogical or chemi-
cal change occurs in the crystal being ana-
lyzed. Thus the technique can be viewed as 
non destructive. The majority of the detrital 
zircon crystals, however, were dated using 
laser  ablation–multicollector–inductively coupled 
plasma mass spectrometry (LA-MC-ICP-MS) 
techniques on the Isoprobe-P at the LaserChron 
Center of the University of Arizona (Gehrels 
et al., 2008). As with SIMS analysis, LA-ICP-
MS ages are dependent on comparison of ages 
of natural zircon standards. The main differ-
ences between techniques are that the LA-ICP-
MS dating technique is much faster than SIMS 
(~1 min compared to ~15 min), but the former 
uses considerably more material (at least hun-
dreds of nanograms) and physically alters the 
zircon by preferentially extracting uranium com-
pared to Pb from the analyzed region (Patchett 
and Samson, 2004). Thus this technique must be 
viewed as at least partially destructive. The ana-
lytical data and calculated ages for accessory 
minerals from modern alluvium are available in 
Hietpas et al. (2010). Accessory mineral ages 
for potential source rocks are presented here.

Selected monazites from the tributary streams 
draining areas underlain by Ashe paragneisses 

that were analyzed by SIMS for 208Pb-232Th 
geochronology were also analyzed by electron 
probe microanalysis (EPMA) for total Th-U-
Pb chemical age determinations (Montel et al., 
1996; Pyle et al., 2005; Williams et al., 2007). 
This method measures the total Pb concen-
tration in monazite and assumes that all Pb is 
radiogenic, produced by decay of 235U, 238U, 
and 232Th. Monazite typically contains higher 
concentrations of Th than U (usually 1–5 wt% 
ThO

2
, 0.1–1 wt% UO

2
; Montel et al., 1996), 

so that most of the radiogenic Pb results from 
Th decay. Total Pb concentrations range from 
100 to 1000 ppm, which can be measured pre-
cisely via EPMA with high beam currents, long 
count times, and careful background measure-
ments (Williams et al., 2006). The amount of 
non radio genic Pb in monazite is suffi ciently 

low (1–3 ppm; Parrish, 1990; Hawkins and 
Bowring, 1997) as to not signifi cantly affect 
the calculated chemical age of monazite. The 
greatest limitation of the chemical age method 
is that discordance of the U-Pb system cannot 
be assessed. The advantage of EPMA chemical 
age dating is that the electron microprobe has 
one to two orders of magnitude higher spatial 
resolution than the ion microprobe, allowing for 
analysis of multiple and smaller growth genera-
tions in a single monazite grain than with the ion 
microprobe.

Monazite EPMA for this study was carried 
out at the University of Massachusetts on the 
CAMECA Ultrachron microprobe following 
the analytical protocol of Williams et al. (2006) 
and Williams and Jercinovic (2002). Semi-
quanti tative X-ray maps of monazite grains 

TABLE 1. MODAL ANALYSES OF PANNED HEAVY MINERAL CONCENTRATES, CANTON QUADRANGLE, NORTH CAROLINA

Sample Lithology Zone
Mag
(%)

Ilm
(%)

Hbl
(%)

Epid
(%)

Grt
(%)

Staur
(%)

Ky
(%)

Sil
(%)

Monaz
(%)

Titan
(%)

Rut
(%)

Zrc
(%)

Tour
(%)

CT112
CT120
CT136
CT141
CT145
CT147

Ye, Zas Sil 29.5 17.5 1.0 2.0 21.5  1.0  3.5 1.0  3.5 0 0.5 19.0 0
Ye, Zas Sil  6.0 18.5 9.0 4.5 30.5   tr  8.5 4.0 12.5 0 1.0  5.5 0

Zag Sil 11.0 28.0 0 0 34.5  1.0  1.5 2.5  8.0 0 0.5 13.0 0
Ye, Zas Ky  4.5 53.5 0 0  2.5  0.5 27.5 0  4.5 0.5 0.5  6.0 0

Zag Sil  9.0 26.5 1.0 0 21.0 13.5 12.0 1.0  7.0 0 2.0  7.0 0
Zag Sil 13.5 24.0 0.5 0 27.5  5.5  1.0 1.0  9.0 2.5 0 15.5 0

Note: Data Source: Merschat and Wiener (1988). Ye—Earlies Gap gneiss; Zas—ATFS (Ashe–Tallulah Falls suite) schist; Zag—ATFS gneiss; tr—trace; Sil—
sillimanite; Mag—magnetite; Ilm—ilmenite; Hbl—hornblende; Epid—epidote; Grt—garnet; Staur—staurolite; Ky—kyanite; Monaz—monazite; Titan—titanite; 
Rut—rutile; Zrc—zircon; Tour—tourmaline. 

TABLE 2. ION MICROPROBE AGES FOR MONAZITE FROM CANTON TRIBUTARY STREAMS

Sample No. 208Pb-232Th age 
(Ma)

Error 
(Ma)

Sample No. 208Pb-232Th age 
(Ma)

Error 
(Ma).dauqnotnaC.dauqnotnaC

ct136r1g1 547 11 ct141r12g9 451 10
ct136r1g2 450 11 ct141r12g10 466 12
ct136r1g4 461  8 ct112R14G22 461 10
ct136r1g5 465 10 ct 112R14G23 465  9
ct136r1g7 461 10 ct 112R14G24 477  9
ct136r1g8 454 10 ct 112R14G25 483  9
ct136r1g11 459  9 ct 112R14G28 472 10
ct136r1g12 461  9 ct145r6g22 470 10
ct135r1g11 459  9 ct145r6g21 476 11
ct136r1g14 455  9 ct145r6g20 471  9
ct136r1g15 474  9 ct145r6g19 466 10
ct136r1g16 467  8 ct145r6g17 466  9
ct136r1g17 459  8 ct145r5g17 466 10
ct112r13g26 476 10 ct145r5g18 465 10
ct112r13g25 474  9 ct145r5g19 461  9
ct112r13g24 470  8 ct145r5g21 472  8
ct112r13g23 473  8 ct145r5g16 461  9
ct112r13g22 470 10 ct145r5g9 460 10
ct112r13g1 458  9 ct145r5g10 438  9
ct112r13g2 458 11 ct145r5g11 460  9
ct112r13g3 464 11 ct145r5g12 467  8
ct112r13g4 465  9 ct145r5g13 463 10
ct112r13g5 460  9 ct145r5g1 455 10
ct120r9g1 460  9 ct145r5g2 457  8
ct120r9g2 467 10 ct145r5g3 453 10
ct120r9g3 462  7 ct145r5g5 459  9
ct120r9g4 458  9 ct145r7g1 453 10
ct120r9g6 463  8 ct145r7g2 455  8
ct141r12g3 449  9 ct145r7g3 456  9
ct141r12g6 465  9 ct145r7g5 453  9
ct141r12g7 455 11 ct145r7g6 462  8

Note: Data from Hietpas et al. (2010).
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were used to determine growth domains based 
on the distribution of Th, U, and Y, followed by 
complete EPMA quantitative analysis of 6–8 
points in each zone. Measured Th, U, and Pb 
contents (with Y correction) are used to calcu-
late a date for each point (Table 3). Age preci-
sion for each point is based on X-ray counting 
statistics. Individual point analyses (5–10) are 
pooled to calculate a weighted mean age and 
error for a generation of monazite growth that is 
interpreted to be geologically meaningful (time 
of growth of that zone, representing a phase 
of mineral reaction; Foster et al., 2002; Spear 
and Pyle, 2002; Williams and Jercinovic, 2002; 
Wing et al., 2003; Gibson et al., 2004; Williams 
et al., 2007; Corrie and Kohn, 2008).

RESULTS

Monazite

Monazite grains from the Canton quadrangle 
tributaries exhibit Th, U, and Y compositional 
zoning patterns consisting of sector zoned cores 
that compose the bulk of the grain with thin 
rims overgrowing embayed margins (Fig. 2B). 
The 208Pb-232Th ages are Ordovician (Fig. 3A; 
Table 2). All but three ages are within analytical 
error [generally ±5–10 m.y. (1σ) for monazite 
232Th-208Pb ages] in the range 455–475 Ma. The 
age distribution is slightly skewed to younger 
ages and the distribution appears to consist of 
two age populations if plotted with 5 m.y. bins 
(Fig. 4A).

Monazite grains from French Broad River 
alluvium are dominated by Middle Ordovi-
cian ages, but yield a greater range of Ordo-
vician ages than those of the Canton quadrangle 
tributary streams, and include scattered Meso-
proterozoic ages, three Neoproterozoic ages, 
and numerous middle to late Paleozoic ages 
(Fig. 4). The Ordovician age mode consists of 
a major peak at 455–460 Ma and a spread of 
ages from 455 to 425 Ma (Fig. 4C). The French 
Broad samples also have minor populations of 
Devonian and Carboniferous ages, which are 

absent in the tributary alluvium. The majority of 
the younger ages are from samples FB1 to FB4, 
which were collected southeast of the Brevard 
fault zone, but could be derived from streams in 
the French Broad headwaters region that collect 
alluvium from either side of the fault zone (Fig. 
1B). Sample FB15 (Fig. 1B; Table 2), collected 
in the fl oodplain of the Pigeon River, yields an 
age range similar to the French Broad River and 
tributary streams.

Electron microprobe total Th-U-Pb chemi-
cal ages of detrital monazite from Canton 
quadrangle tributaries are dominantly Middle 
Ordovician, with rare Cambrian, Silurian, and 
Devonian ages (Table 3). Three grains for which 
the same growth zone was analyzed by both 
EPMA and ion probe yield identical ages (467 ± 
10 versus 463 ± 7; 461 ± 9 versus 464 ± 12; 
457 ± 8 versus 457 ± 5 Ma; Fig. 2; Table 3). For 
other monazite grains, distinctive growth zones 
as defi ned by differences in Th or U concentra-
tion, may yield the same total Th-U-Pb chemi-
cal age, or they may yield analytically different 
ages, and rims may be older than cores, which 
is not uncommon in monazite due to resorption 
and embayment followed by overgrowth by new 
monazite (Spear and Pyle, 2002). The chemical 
age of 479 ± 5 Ma (sample CT136, Table 3) is 
similar to the oldest monazite ion probe ages 
for tributary samples (475–485 Ma). However, 
the youngest chemical age (395 ± 5 Ma) is for a 
narrow Th-rich rim zone that is too thin to ana-
lyze precisely by ion probe and younger than the 
youngest ion probe age for the tributaries (Fig. 
2B). Although this Devonian age is not detected 
by ion probe, similar middle Paleozoic ages 
occur in upper French Broad River alluvium 
samples (see following).

Zircon

Zircon from Canton tributary samples (Tables 
4 and 6) has oscillatory zoned cores with Th/U 
values consistent with magmatic crystallization, 
and unzoned rims and Th/U consistent with 
metamorphic growth (Fig. 2C). Dominant age 

peaks occur at 1190, 1050, and 450 Ma, with 
minor peaks at 1290 and 1800 Ma (Fig. 5A). 
No ages younger than ca. 420 Ma were found. 
The Canton tributary samples are dominated by 
Mesoproterozoic zircon with age distributions 
that are identical to French Broad alluvium  
samples collected in areas draining Meso-
protero zoic basement northwest of Asheville 
(e.g., FB6–FB10, Fig. 1B). Neoproterozoic ages 
are rare in Canton quadrangle stream samples. 
Values of Th/U for zircon with Ordovician ages 
are 0.01–0.06, which contrasts with Th/U values 
in Mesoproterozoic zircon from the tributaries 
of 0.11–2.25 (Fig. 5D). Neoproterozoic zircon, 
although rarer, has Th/U of 0.06–0.41. Rock 
samples of ATFS migmatitic gneiss and schist 
exhibit an age distribution similar to those of 
tributary streams (Table 5; Fig. 5E), with fewer 
Ordovician zircons and rare Neoproterozoic 
ages. The former have very low Th/U (0.01–
0.03) (Fig. 5F; Table 5).

The dominant zircon age population in 
French Broad alluvium samples is Middle 
Ordovician (ca. 450 Ma) (Fig. 6A); sec-
ondary populations occur at 1150–1190 and 
1000–1050 Ma, similar to tributary zircon age 
distributions. Neoproterozoic ages are much 
less abundant than Mesoproterozoic ages, 
but span the entire eon (Fig. 7A). The Ordo-
vician zircons exhibit a range of Th/U (Fig. 
8B), indicating that a mix of metamorphic and 
magmatic zircon defi nes that population. The 
dominant age population in French Broad allu-
vium is the same as the age of zircon from rock 
samples of the Henderson orthogneiss, which 
has relatively high Th/U (0.45–1.14; Table 5) 
and yields a concordia age of 447.6 ± 5.4 Ma 
(Fig. 9; Table 5). Zircon in Ashe paragneiss and 
schist is dominantly Mesoproterozoic, with 
scattered Neoproterozoic ages, and a distinct 
Ordovician peak (Fig. 5E; Table 5). The Ordovi-
cian zircon has distinctly lower Th/U values 
than the Mesoproterozoic and Neoproterozoic 
zircon in the Ashe bedrock samples (Fig. 5F), 
which are similar to values for zircon in tribu-
tary samples (Fig. 5D).

TABLE 3. MONAZITE TH-U-PB ELECTRON PROBE MICROANALYSIS CHEMICAL AGES, BEDROCK SAMPLES OF ASHE GNEISS

Age (Ma)
Spot No.

EPMA SIMS

Ave 
(Ma)

Error 
(Ma)

Age 
(Ma)

Error 
(Ma)Sample No. 1 2 3 4 5 6 7 8

110547544054154154534144244erocUih2g1r631TC
CT136 r4 g17 rim 476 480 480 484 478 472 474 488 479  5 459  8

017647364374864854664364254eroc2g9r021TC
6664864464674564564654mir2g9r021TC

916421464354864874554mirpu91g5r541TC
87545754654554354254564854eroc2g5r541TC

6593204893393004193883mirhTih2g5r541TC
CT147 r8 g8 outer rim 428 432 433 431 420 418 452 427*  6
CT147 r8 g8 hiY core 504 492 508 505 502 513 520 523 504 10

*Average age excludes spot 7.
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DISCUSSION

Age Distributions: Canton Tributaries 
versus French Broad River

The restricted sampling area of the Can-
ton tributary streams (7.5 minute quadrangle 
[Merschat  and Wiener, 1988]) compared to the 
wide region sampled by the French Broad River 
is refl ected in both monazite and zircon age dis-
tributions. Based on abundance of monazite in 
Canton tributary and Ashe bedrock samples, it 
appears that Neoproterozoic metasedimentary 
rocks are the predominant source of monazite in 
this region of the Blue Ridge province, and the 
majority of the monazite is metamorphic. Either 
Ordovician monazite did not form in granitic 
Mesoproterozoic basement orthogneisses, or 
those rocks did not undergo Taconian metamor-
phism; the latter is unlikely, because basement 
lithologies are intimately interfolded with, and 
similarly migmatitic as, ATFS rocks that are at 
sillimanite grade. Although igneous monazite 
is diffi cult to distinguish from metamorphic 
monazite based solely on available ages or com-
position, given its abundance in ATFS rocks we 
argue that the monazite age mode in Figure 3 
corresponds to the time of peak regional meta-
morphism.

Age Distributions: Monazite versus Zircon

The minor amount of Precambrian monazite 
is striking compared to the abundance of Paleo-
zoic monazite (Fig. 3B). The Canton tributary 
samples illustrate the contrasting responsive-
ness of monazite in pelitic lithologies versus 
that in granitic systems during high-grade meta-
morphism. Apparently, there were no signifi cant 
monazite-fertile pelitic lithologies among those 
composing the Mesoproterozoic basement com-
plex, which is consistent with bedrock mapping 
in the region (Merschat and Cattanach, 2008).

In addition to compositional zoning patterns 
revealed by CL imaging (oscillatory zoning ver-
sus sector zoning versus no zoning), Th/U has 
been purported to distinguish magmatic zircon 
from metamorphic zircon. The Th/U value is 
usually higher in igneous zircon than metamor-
phic zircon. However, there is not a consensus as 
to the minimum value considered diagnostic of 
igneous zircon. Hoskin and Schaltegger (2003) 
stated that Th/U ≥ 0.5 is typical for igneous zir-
con, Vavra et al. (1999) stated that Th/U = 0.3 is 
typical of magmatic zircon, and Rubatto (2002) 
stated that magmatic zircon may have values 
as low as 0.18. For example, Meso proterozoic 
magmatic zircon in igneous rocks from the 
Adirondack terrane, a classic locality for Gren-
ville magmatism, has Th/U ranging from 0.1 to 
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Figure 3. (A) Histogram compiling 232Th-208Pb ion microprobe ages for monazite from Can-
ton quadrangle tributary streams derived from weathering of Mesoproterozoic gneisses and 
Neoproterozoic Ashe suite lithologies. (B) Histogram compiling all monazite analyses from 
French Broad River (R.) alluvium samples. Data are from Hietpas et al. (2010).
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1.5 (Fig. 6C). At upper amphibolite and granu-
lite facies conditions under which anatexis is 
common, zircon in leuco somes is essentially 
magmatic (e.g., Moecher et al., 2004a), with 
Th/U values and zoning patterns indistinguish-
able from magmatic zircon.

The kyanite-sillimanite isograd is mapped in 
the Canton quadrangle, and much of the ATFS 
in the French Broad drainage is migmatitic (Fig. 
2A), so some zircon growth is possible. Despite 
the high grade of metamorphism and onset of 
melt-forming reactions, tributary alluvium 
derived from weathering of Ashe lithologies, 
and direct samples of Ashe metasedimentary 
rocks, yield only a few Ordovician zircon ages, 
most of which are for zircon rims that have 

Th/U = 0.01–0.05 (Fig. 5F). Ashe bedrock and 
alluvium zircon remain dominated by Meso-
proterozoic zircon ages in spite of the presence 
of widespread high-grade Middle Ordovician 
metamorphism and the abundance of Ordovi-
cian monazite ages.

Although the ranges of monazite and meta-
morphic zircon ages overlap for both tributary 
and French Broad River data sets, the peak of 
the dominant age populations for Ordovician 
metamorphic zircon in both the tributary and 
river alluvium samples is younger than the peak 
age of monazite (Figs. 4A, 5B, and 8A). Zircon 
and monazite need not date the same metamor-
phic reaction during a prograde event, and both 
ages inform our interpretation of the metamor-

phic history. Monazite growth has been shown 
to typically begin at lower amphibolite facies 
(staurolite grade) (Smith and Barreiro, 1990; 
Kingsbury et al., 1993; Foster et al., 2002; Wing 
et al., 2003; Gibson et al., 2004; Corrie and 
Kohn, 2008), whereas zircon growth typically 
coincides with the onset of partial melting (silli-
manite grade and higher in metapelites) (Vavra 
et al., 1999; Rubatto et al., 2001; Moecher 
and Samson, 2006). For a high-grade terrane 
such as the southeastern Blue Ridge, monazite 
growth would begin early on the prograde P-T-t 
( pressure-temperature-time) path, but zircon 
growth would not begin until near the thermal 
peak of metamorphism, that is, later in the P-T-t 
path. A phase of monazite growth might occur 
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Figure 4. (A-1, A-2) Histograms and probability age distributions for only Ordovician monazite ages from tributary streams 
with 10 and 5 Ma bins. (B) All French Broad River (R.) Paleozoic monazites with 10 Ma bins. Data are from Hietpas et al. (2010).

 on June 3, 2011geosphere.gsapubs.orgDownloaded from 

http://geosphere.gsapubs.org/


Alluvium Geochronology

 Geosphere, April 2011 503

as each successive isograd is reached (i.e., when 
prograde mineral reactions occur). Because 
lead diffusion in monazite is suffi ciently slow 
(Cherniak et al., 2004), each phase of monazite 
growth would be preserved and is dateable if 
suffi cient volume of monazite were generated 
by each event and resolvable by X-ray mapping 
techniques. Metamorphic zircon ages should 
be younger than most of the monazite ages in 
the same rock, with the youngest generation of 
monazite overlapping zircon growth. That is 
the pattern observed in the data set presented 
here, and emphasized by the range of mona-
zite ages obtained by high spatial resolution 
electron microprobe chemical age dating. The 
most common ion probe and monazite chemical 

ages (460–465 Ma) are both slightly older than 
the dominant metamorphic zircon age popula-
tion in our alluvial samples (ca. 455 Ma) and 
slightly older than the most precise ages for 
peak regional metamorphism in the Eastern 
Blue Ridge [concordant U-Pb zircon ID-TIMS 
age 458 ± 1 Ma (2σ) from granulite facies mig-
matites; Moecher et al., 2004a]. We propose 
that the 460–465 Ma monazite ages correspond 
to the time of the bulk of monazite growth that 
resulted from release of light rare earth ele-
ments from prograde allanite breakdown. The 
latter begins at lower amphibolite facies condi-
tions, but before the metamorphic thermal peak 
(Smith and Barreiro, 1990; Wing et al., 2003; 
Corrie and Kohn, 2008).

Monazite Ion Microprobe versus Electron 
Microprobe Ages

Williams et al. (1999) demonstrated that mona-
zite electron microprobe Th-U-Pb chemical ages 
are in many cases identical within uncertainty to 
conventional Th-U-Pb isotopic ages of mona-
zite for the same rock, indicating that all of the 
assumptions of the EPMA technique are valid. 
The same outcome was obtained here when the 
same spots or growth zones were analyzed on the 
same crystals by both methods (Fig. 2B; Table 3). 
Based on ages discernable only by the order of 
magnitude higher spatial resolution of the elec-
tron microprobe, it is apparent that the monazite 
growth history, and by extension the metamorphic 

Sample No. Th/U
Age
(Ma)

Error
(Ma)

CT112 Ye (Zas)
R9 G8 rim 0.28  441   5
R10 G45 rim 0.09  447   4
R10 G27 C 0.34  454   6
R9 G8 Core B 0.06  704   7

898814.051G01R
26000185.023G01R
63010143.08G01R
05310113.061G01R
24120114.031G01R
02030182.06G9R
93730143.092G01R
85840184.063G01R
02940152.074G01R
13060182.091G9R
32060106.014G9R
34070144.04G01R
32970180.07G9R

R10 G45 core 0.10 1106  27
83911174.05G01R

R10 G40 core 0.25 1152  36
02751162.03G01R
02851113.014G01R
02461104.06G01R
68371184.091G9R
62471133.09G9R
06871171.13G9R
02481113.02G01R
03981141.063G9R
93691102.081G9R
25002116.052G9R
32702124.09G01R
97942191.092G9R
26223102.052G01R
75043192.032G01R
45696185.033G9R
43187195.083G01R

CT120 Ye, Zas
5249938.041G11R

R2 G21 CORE 0.66 1024  32
R2 G31 CORE 0.44 1037  42

34650130.172G2R
64870177.045G2R
02490134.094G2R
02411157.005G2R
03711152.044G2R
77621104.052G2R

R2 G53 CORE 0.30 1129  58
82431145.062G2R
65141142.02G2R
04241124.014G2R
33851144.015G2R

TABLE 4. ZIRCON AGE AND Th-U RATIOS, CANTON QUADRANGLE TRIBUTARY STREAMS

(continued)

Sample No. Th/U
Age
(Ma)

Error
(Ma)

CT120 Ye, Zas
R1 G8 CORE 0.36 1165  56
R2 G13 CORE 0.41 1176  20
R2 G11 CORE 0.31 1191  90

63102133.093G2R
74922175.022G2R
12922146.073G2R

R2 G7 CORE 0.50 1249  23
91882104.023G2R
13194105.074G2R

R2 G20 CORE 0.41 1500  34
CT141 Ye (Zas)
R4 G38 TIP 0.18  424  13

703491.031G3R
2103422.003G3R

R4 G40 RIM 0.12  459   4
R4 G39 LOW TIP 0.23  489  18
R3 G17 UP TIP 0.13  577  12
R3 G22 UP rim 0.04  916  19

8405992.06G3R
6599928.03G3R

R4 G22 UP LFT RIM 0.12 1008  50
24310196.04G3R

R4 G39 CORE 0.36 1019  20
64530153.042G4R
73140121.053G3R
34340182.032G3R

R4 G38 CORE 0.36 1052  20
02750133.061G3R

R6 G23 UP RT 0.25 1202  23
R5 G2 CORE 0.38 1203  27

14302117.092G5R
34722186.072G5R

R5 G37 RHS 0.19 1256  23
R5 G23 Core 0.32 1280  42
CT147 Zag
R8 G2 RIM 0.04  425  11

492460.0piT1G7R
R7 G14 LowTip 0.02  468   6
R8 G38 TIP 0.05  470  12

3178780.051G8R
5147841.091G8R
923992.025G8R

R7 G1 Core 0.51  945  11
5975962.092G8R
1585995.082G7R
4418972.023G8R

R7 G14Core 0.78 1009  38
R8 G2 Core 0.17 1014  40

83020102.034G8R
15440134.033G7R
13670144.01G8R
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history of the Blue Ridge, may be more complex 
than the history resolvable by monazite ion probe 
methods or zircon U-Pb geochronology. In addi-
tion to the dominant Middle Ordovician event, 
the electron microprobe revealed Middle to Late 
Cambrian, Early and Late Ordovician, Early Silu-
rian, and Early Devonian monazite crystallization 
events. The ages correspond to known Appala-
chian tectonic phases and/or have age analogs 
among the zircon ages for the tributary samples 
and among the French Broad monazites.

The Th-U-Pb chemical ages for detrital mona-
zite derived from ATFS paragneisses are the 
same as chemical, ion microprobe, and TIMS 
ages in Great Smoky Group schist and migma-
titic gneisses to the southwest, which also prob-

ably formed from Neoproterozoic clastic rocks 
derived from Grenville sources (Zo map unit, 
Fig. 1B). Monazite chemical ages from the Great 
Smoky Group schist and gneiss defi ne Early, 
Middle, and Late Ordovician ages (Moecher 
et al., 2004b, 2005), similar to EPMA and ion 
microprobe ages for monazite from the tributary 
stream samples. Some monazite grains contain 
late Neoproterozoic to early Paleozoic cores, and 
there are scattered younger ages within the dis-
tribution, similar to the pattern of French Broad 
monazite. Corrie and Kohn (2007) interpreted 
high mean square of weighted deviate values for 
U-Pb ID-TIMS analysis of monazite extracted 
from Great Smoky Group schists by microdrill-
ing, spanning ages from 440 to 470 Ma, as not 

representing a single population of monazite 
growth. Corrie and Kohn (2007) established 
450 ± 5 Ma as most closely representing the 
time of the majority of monazite growth, and 
by extension, the thermal peak of regional 
metamorphism in the Great Smoky Mountains 
region. These relations constitute preliminary 
evidence that Taconian regional metamorphism 
in the Appalachian Blue Ridge consisted of more 
than one tectonometamorphic pulse.

Henderson Orthogneiss

The age of the Henderson granite (Table 5), 
now dominantly an orthogneiss that is locally 
protomylonitic to ultramylonitic in the vicinity  

 TABLE 4. ZIRCON AGE AND Th-U RATIOS, CANTON QUADRANGLE TRIBUTARY STREAMS (continued)

Note: Grouped by bedrock lithologies in each tributary drainage basin (minor lithology in parentheses). Data from Hietpas et al. (2010).

Sample No. Th/U
Age
(Ma)

Error
(Ma)

CT147 Zag
67990152.071G8R
23421170.07G7R
13721192.011G8R
73231191.072G8R
63531103.002G7R
64541142.001G8R
66151171.064G8R
44451115.015G8R
55671103.062G7R
44481153.003G8R
86291107.083G7R

R8 G38 CORE 0.39 1195  87
44782191.043G8R
44692152.08G7R
53992164.044G8R
46992163.06G7R
04600151.043G11R
82110171.061G11R
02740143.07G11R
05160153.084G11R
56090111.082G11R
02901172.054G21R

27.013G11R 1111  27
02131124.071G11R
02241180.062G11R

R11 G47 TIP 0.14 1155  36
13061152.002G11R
02161173.051G11R
02271162.063G21R
02881136.024G21R
02491184.044G11R
02891114.023G11R
72502104.083G11R
36412124.092G11R
02612105.04G11R
62912173.02G11R
13622160.173G11R
02032136.074G21R
52152142.044G21R
02972102.033G11R
541392152.253G21R
36592194.06G11R
91803149.011G11R
52543185.052G11R
53283135.081G11R
54114154.014G21R
91757116.032G11R

CT136 Zag
R2 G11rim 0.02  423  12
R2 G53rim 0.01  440   7

Sample No. Th/U
Age
(Ma)

Error
(Ma)

CT136 Zag
674420.0mir8G1R

R2 G31 RIM 0.02  512  15
8154702.0mir7G1R

R2 G21rim 0.22  825  15
R3 G26 CORE 0.54 1080  36

84831187.053G4R
32931164.114G4R
04051134.074G4R
82281183.063G4R
06381114.051G3R
92781170.12G3R
12091166.022G3R
93391195.032G4R

R3 G28 CORE 1.71 1199  47
04102174.043G4R
62602184.07G3R
43022132.01G3R
02962103.012G3R
63472199.034G3R
83382193.08G3R
45223149.004G4R
85763125.021G3R
02083103.011G3R

CT145 Zag
R5 G29rim 0.06  417  12
R6 G29rim 0.02  440   8
R5 G33 rim 0.01  445  10
R6 G31 rim 0.01  451  14
R5 G23 rim 0.01  455   9
R5 G2 rim 0.02  465  11
R5 G22 rim 0.12  598  20

7247732.0mir8G5R
3287853.013G6R
917905.11G5R
5328995.003G5R

R5 G13rim 0.08  985  42
33820124.05G5R
85940150.152G5R
47550184.041G5R

R5 G13 CORE 0.48 1057  74
R5 G4 CORE 0.51 1116  64
R5 G22 CORE 0.26 1149  42
R5 G8 CORE 0.50 1157  32
R5 G33 core 0.54 1182  27

93491124.091G5R
91213193.06G8R

R8 G2 RIM 0.04  425  11
802463173.194G8R
14104142.022G8R
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of the Brevard fault zone, is a long-standing 
problem in Blue Ridge tectonics (Horton and 
Butler, 1986). The Henderson is one of the 
largest exposed plutons in the southern Appa-
lachians and probably was emplaced during a 
major period of granitic magmatism. U-Pb zir-
con and Rb-Sr isochron dates ranging from 600 
to 350 Ma have been reported (e.g., Odom and 
Fullagar, 1973; Sinha and Glover, 1978), some 
of which are geologically meaningful. Carri-
gan et al. (2001) reported a SIMS microprobe 
U-Pb zircon age of ca. 490 Ma, but Vinson et al. 
(1999) reported ages for some zircon from the 
Henderson that are as young as 450 Ma. The 
concordia age determined here for a sample of 
Henderson gneiss is 447.6 ± 5.4 Ma, making the 
Henderson essentially a synmetamorphic Taco-
nian pluton. If the Henderson were signifi cantly 
older, or consisted of multiple plutons intruded 
over a span of time, older ages or a wider range 
of ages should be a prominent component of the 
alluvium zircon age distributions, as the French 
Broad headwaters fl ow across a region underlain 
almost exclusively by Henderson gneiss (Fig. 
1B). The majority of Ordovician zircon from 

the alluvium samples is ca. 450 Ma with Th/U 
consistent with magmatic values (>>0.1; data in 
Hietpas et al., 2010) and with values measured 
for zircon from the rock sample of Henderson 
gneiss yielding the ca. 450 Ma age (Table 5).

Neoproterozoic Ages

Neoproterozoic zircon ages are rare but pres-
ent in all zircon data sets (Figs. 5A, 6A, and 
7A). Ages cluster in the ranges 600–550 and 
800–700 Ma. As little new zircon was gener-
ated in the Ashe paragneisses, and most new 
zircon occurs as Ordovician rims on detrital 
Meso protero zoic zircon, these zircons are most 
likely detrital and derived from Neoproterozoic 
rocks. The Th/U values for zircon younger than 
800 Ma imply that both magmatic and meta-
morphic zircon is present (Fig. 7B).

The primary late Neoproterozoic tectonic 
event in the Blue Ridge was continental rifting, 
which is interpreted in the central and southern 
Appalachians to have involved two phases of 
rift-related magmatism (Crossnore plutonic-
volcanic complex, Robertson River granites, 

Bakersville mafi c intrusive suites; Catoctin and 
Mount Rogers volcanics) at 765–680 Ma and 
620–550 Ma (Odom and Fullagar, 1984; Gold-
berg et al., 1986; Su et al., 1994; Aleinikoff et al., 
1995; Tollo et al., 2004). These ages are well 
represented in French Broad River alluvium 
samples (Fig. 7A), particularly sample FB6 
(data in Hietpas et al., 2010) collected northwest 
of Asheville in an area containing outcrops of 
Bakersville dikes (Rb-Sr isochron age of 734 ± 
26 Ma; Goldberg et al., 1986). Although Cross-
nore type granites (U-Pb zircon crystallization 
ages of 745 ± 5 Ma: Su et al., 1994) do not crop 
out in the French Broad drainage basin, these 
rocks were apparently exposed and generating 
detrital zircon during deposition of ATFS sedi-
mentary protoliths, as Neoproterozoic zircon 
ages also appear in tributary stream samples and 
ATFS gneisses.

Depositional Age of Ashe Metamorphic 
Suite Protoliths

The age distributions of Canton quadrangle 
tributary zircon and zircon from the sample of 
ATFS gneiss are very similar to detrital zircon 
age distributions of other extensive meta clastic 
rocks in the Western, Central, and Eastern Blue 
Ridge (Tallulah Falls Formation, Ocoee Super-
group, Coleman River Formation, Otto Forma-
tion, Chauga Belt rocks; Bream et al., 2004; 
Chakraborty et al., 2010). Based on regional 
bedrock mapping, Tallulah Falls Formation 
metasedimentary rocks are considered to be 
broadly time equivalent to Ashe Metamorphic 
Suite metasediments (Hatcher, 2002; Bream 
et al., 2004). The inferred equivalency is further 
supported by the new zircon data set presented 
here. The maximum depositional age of the 
Ashe suite protoliths is the age of the young-
est detrital zircon, which must be as young as 
Cambrian, as indicated by the youngest zircon 
ages with magmatic Th/U values in the samples 
of ATFS gneiss (Figs. 5E, 5F; Table 5) and 
tribu taries draining areas of ATFS bedrock (Fig. 
5A). The maximum age of the Neo protero zoic 
Ocoee Supergroup, another Ashe suite correla-
tive, based on the age of the Bakersville dikes 
intruding basement, and the absence of cross-
cutting relations with overlying Ocoee sedi-
ments, must be less than the age of the Bakers-
ville dikes (ca. 735 Ma; Goldberg et al., 1986). 
This inference is supported by detrital zircon 
U-Pb ages for the lower Ocoee Supergroup 
(Wading Branch Formation) of 640 ± 10 Ma 
(Chakraborty et al., 2010) and diagenetic and/or 
metamorphic monazite and xenotime U-Pb ages 
of ca. 570–580 Ma for the Thunderhead Forma-
tion of the upper Ocoee Supergroup (Aleinikoff 
et al., 2010).

TABLE 5. ZIRCON AGES FOR HENDERSON ORTHOGNEISS AND ASHE MIGMATITIC GNEISSES

Lithology/Analysis
Age
(Ma)

Error
(Ma) Th/U Lithology/Analysis

Age
(Ma)

Error
(Ma) Th/U

Henderson Orthogneiss
HENDr9gr30  446   9 1.14 HENDr9gr22  447   4 0.79
HENDr9gr29  445  22 0.85 HENDr9gr17  439   4 0.45
HENDr9gr27  442   4 0.56 HENDr9gr10rim  453   6 0.71
HENDr9gr26  467   6 0.47 HENDr9gr4  452   6 0.45
HENDr9gr25  455   5 0.51 HENDr9gr1  432   6 0.83
HENDr9gr23  455   5 0.61
Ashe Mylonitic Gneiss
FB4Br8gr20 1058  82 0.30 FB4Br8gr13 1145  81 0.24
FB4Br8gr19 1225 110 0.21 FB4Br8gr11 1115  60 0.41
FB4Br8gr18 1235  70 0.40 FB4Br8gr10 1068  53 0.14
FB4Br8gr17 1159  59 0.19 FB4Br8gr9 1194  95 0.43
FB4Br8gr16rim 1056  39 0.22 FB4Br8gr7 1052  67 0.29
FB4Br8gr16core 1020  78 0.52 FB4Br8gr6 1138  79 0.30
FB4Br8gr15 1057  97 0.27 FB4Br8gr5 1020  84 0.26
FB4Br8gr14rim  886  36 0.19 FB4Br8gr3RHS 1119  74 0.30
Ashe Migmatitic Gneiss
ZAGr10gr1 1282  77 0.46 ZAGr10gr12core 1178  50 0.04
ZAGr10gr1lowrim  566   8 0.04 ZAGr10gr15 1147  92 1.15
ZAGr10gr2 1078  46 0.44 ZAGr10gr16 1031  45 0.24
ZAGr10gr4rim  463   4 0.01 ZAGr10gr17  463   9 0.01
ZAGr10gr4core 1227  53 1.01 ZAGr10gr18  939  24 0.38
ZAGr10gr5  582  47 0.24 ZAGr10gr24rim  445   5 0.01
ZAGr10gr6  756  22 0.28 ZAGr10gr26  986  61 0.86
ZAGr10gr7  923  10 0.19 ZAGr10gr27rim  449   7 0.02
ZAGr10gr8  870  21 0.10 ZAGr10gr27core 1019  36 0.25
ZAGr10gr10 1003  31 0.17 ZAGr10gr29  639   9 0.16
ZAGr10gr12  475  40 0.03 ZAGr10gr30 1015  61 0.24
Ashe Schist
ZASr11gr2 1076  53 0.18 ZASr11gr19  955  39 0.37
ZASr11gr3 1199  50 0.61 ZASr11gr20 1056  81 0.23
ZASr11gr4 1034  56 0.08 ZASr11g21 1104  26 0.25
ZASr11gr5 1264  38 0.21 ZASr11gr22 1026  40 0.26
ZASr11gr8 1319  44 0.12 ZASr11gr24  883  19 0.25
ZASr11gr10 1262  31 0.33 ZASr11gr24b  880  21 0.30
ZASr11gr11 1272  64 0.20 ZASr11gr25 1034  24 0.40
ZASr11gr12 1142  47 0.34 ZASr11gr30 1324  23 0.36
ZASr11gr14  913  24 0.58 ZASr11gr35core  504  15 1.02
ZASr11gr15 1061  45 0.35 ZASr11gr35LTip  480   8 0.50
ZASr11gr18 1155  52 0.27 ZASr11gr37 1217  35 1.01
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IMPLICATIONS FOR SOUTHERN 
BLUE RIDGE TECTONICS

The monazite and zircon geochronology pre-
sented here corroborates the emerging pattern of 
metamorphic crystallization and cooling ages in 
the Southern Blue Ridge. Although Paleozoic 
orogenesis was a temporally protracted process 
in the Western and Eastern Blue Ridge in North 
Carolina, peak Barrovian regional metamor-
phism northwest of the Brevard zone, as brack-
eted by ages of metamorphic monazite (growth 
on the prograde path or at the thermal peak) and 
ages of zircon rims on Mesoproterozoic zircon 
cores in metasedimentary rocks (growth at the 
thermal peak), is defi nitively Middle Ordovician 
(Taconian). In contrast, regional metamorphism 
in the western Inner Piedmont is distinctly 
younger (Late Devonian to Mississippian; Den-
nis, 2007); evidence for this includes monazite 
ID-TIMS U-Pb geochronology (Dennis and 
Wright, 1997), and SIMS U-Pb ages of zircon 
rims (Carrigan et al., 2001) in orthogneisses 
and metasediments of the western Inner Pied-
mont that are correlated with the Tallulah Falls 
Formation of the Eastern Blue Ridge (Hatcher, 
2002). Middle Paleozoic zircon rim ages are 
also found in easternmost Blue Ridge rocks near 

the Brevard fault zone (Carrigan et al., 2001). 
Albeit much less abundant than Ordovician 
monazite, most of the late Paleozoic monazite 
ages in our data set are for monazite grains in 
alluvium samples collected on the southeast 
side of the Brevard fault zone. Although the age 
of the metamorphic peak is different in the East-
ern Blue Ridge and western Inner Piedmont, 
there is abundant evidence for middle and late 
Paleozoic retrograde metamorphism in the East-
ern Blue Ridge (Goldberg and Dallmeyer, 1997; 
Moecher et al., 2007; Miller et al., 2010), but as 
yet no evidence for Ordovician metamorphism 
in the western Inner Piedmont (Dennis, 2007). 
The only non-Ordovician monazite age in the 
tributary data set (defi nitive Eastern Blue Ridge 
affi nity) is from a thin monazite rim detected by 
high spatial resolution EPMA (Fig. 2B). The 
pattern and distribution of ages suggest variable 
and nonpenetrative overprinting of Taconian 
fabrics and mineral assemblages by younger 
deformation that is progressively more perva-
sive to the southeast. Resolution of the manner 
in which middle to late Paleozoic tectonometa-
morphism characteristic of the western Inner 
Piedmont overprinted early Paleozoic effects 
in the Eastern Blue Ridge would be facilitated 
by an extensive program of ion probe isotopic 

analysis and microprobe chemical age dating of 
rocks across the Brevard fault zone, in the con-
text of the deformation and retrograde metamor-
phic history of those rocks.

Published 40Ar-39Ar hornblende and musco-
vite age distributions provide further evidence 
for this contrasting thermotectonic history for 
the Eastern Blue Ridge and western Inner Pied-
mont. Many hornblende 40Ar-39Ar age spectra 
for Eastern Blue Ridge rocks in western North 
Carolina fail to defi ne plateaus, suggesting iso-
topic disturbance (Goldberg and Dallmeyer, 
1997), but the few samples that defi ne plateaus 
yield Ordovician to Silurian ages (Dallmeyer, 
1975; Kunk et al., 2006). In contrast, horn-
blende cooling ages in the westernmost Inner 
Piedmont (including the Brevard zone) are lat-
est Devonian to Carboniferous (Dallmeyer, 
1988), decreasing to Permian in the eastern 
Inner Piedmont (Dallmeyer et al., 1986). The 
late Paleozoic hornblende ages are derived from 
Ar release spectra that generally defi ne plateaus, 
in contrast to the large degree of disturbance 
in Eastern Blue Ridge rocks along strike to the 
northeast. Exceptions to the pattern of disturbed 
Eastern Blue Ridge hornblende age spectra 
are the plateau ages of 354 and 362 Ma for the 
Lake Chatuge mafi c-ultramafi c complex (LCC, 
Fig. 1A) in the Eastern Blue Ridge of southern-
most North Carolina and northernmost Georgia 
(Fig. 1A) (Dallmeyer, 1989). Muscovite plateau 
40Ar-39Ar ages for schists, gneisses, and retro-
grade mylonites in the Eastern Blue Ridge tend 
to have an older upper age limit (370–320 Ma; 
Connelly and Dallmeyer, 1993; Goldberg and 
Dallmeyer, 1997; Kunk et al., 2006) than west-
ern Inner Piedmont muscovites (Dallmeyer, 
1988) (Fig. 10).

Although inferred to not be a suture (Hatcher, 
2002), based primarily on the similarity of 
detrital  zircon age distributions in metasedi-
mentary rocks from its contiguous belts (Bream 
et al., 2004), the Brevard fault zone is clearly 
a signifi cant tectonic boundary separating rocks 
of different metamorphic age, grade, structural 
style, and igneous composition (Miller et al., 
2000; Mapes et al., 2001; Merschat et al., 2005; 
Dennis, 2007). The ductile, peak metamorphic 
(sillimanite grade), and largely strike-slip com-
ponent of motion on the Brevard fault zone 
(Reed and Bryant, 1964; Vauchez, 1987) cannot 
explain the contrast, requiring a component of 
signifi cant Pennsylvanian vertical displacement, 
as indicated by the difference in muscovite cool-
ing ages between the western Blue Ridge and 
western Inner Piedmont (Fig. 10). The Rosman 
fault, a late southeast-dipping thrust fault within 
the Brevard fault zone (Horton and Butler, 
1986), may accommodate some of the requisite 
displacement.

TABLE 6. AGES OF TRIBUTARY ZIRCONS FOR WHICH 
BOTH CORE AND RIM AGES WERE DETERMINED

Sample Analysis Th/U
Age
(Ma)

Error 
(Ma)

CT112 R9 G8 rim 0.28  441  5
CT112 R9 G8 core 0.06  704  7
CT136 R2 G53 rim 0.01  440  7
CT136 R2 G53 core 0.30 1129 58
CT136 R1 G8 rim 0.02  447  6
CT136 R1 G8 core 0.36 1165 56
CT136 R2 G31 rim 0.02  512 15
CT136 R2 G31 core 0.44 1037 42
CT136 R2 G21 rim 0.22  825 15
CT136 R2 G21 core 0.66 1024 32
CT136 R2 G11 rim 0.02  423 12
CT136 R2 G11 core 0.31 1191 90
CT136 R1 G7 rim 0.20  745 18
CT136 R2 G7 core 0.50 1249 23
CT141 R4 G38 rim 0.18  424 13
CT141 R4 G38 core 0.36 1052 20
CT141 R3 G22 rim 0.04  916 19
CT141 R3 G22 0.66 1190 21
CT141 R4 G40 rim 0.12  459  4
CT141 R4 G40 core 0.94 1322 54
CT145 R6 G31 rim 0.01  451 14
CT145 R6 G31 core 0.35  878 23
CT145 R5 G29 rim 0.06  417 12
CT145 R5 G29 core 0.71 1203 41
CT145 R5 G33 rim 0.01  445 10
CT145 R5 G33 core 0.54 1182 27
CT145 R5 G23 rim 0.01  455  9
CT145 R5 G23 core 0.32 1280 42
CT147 R7 G1 rim 0.06  429  4
CT147 R7 G1 core 0.51  945 11
CT147 R8 G2 rim 0.04  425 11
CT147 R8 G2 core 0.17 1014 40
CT147 R7 G14 rim 0.02  468  6
CT147 R7 G14 core 0.78 1009 38
CT147 R8 G38 rim 0.05  470 12
CT147 R8 G38 core 0.39 1195 87
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Figure 5. (A) Histogram of all zircon ages for Canton quadrangle tributary 
streams. (B) Histogram of Paleozoic zircons in A. (C) Values of Th/U for zircons 
in B. (D) Age histogram, probability age distribution, and dominant age peaks 
for Mesoproterozoic zircons in A. (E) Values of Th/U for Mesoproterozoic zircon 
in D. (F, G) Ages and Th/U for zircon from Ashe suite migmatitic paragneisses. 
Data in A–E are from Hietpas et al. (2010); data for F and G are in Table 5.
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Figure 6. (A) Age histogram for 
all zircon from French Broad 
River alluvium. (B) Th/U for 
Mesoproterozoic zircon in allu-
vium. (C) Th/U for zircon from 
Adirondack AMCG (anortho-
site-mangerite-charnockite-
granite) suite rocks (data from 
McLelland  et al., 2004). (D) Age 
histogram for Mesoproterozoic 
zircon only. Data in A, B, D are 
from Hietpas et al. (2010).

 on June 3, 2011geosphere.gsapubs.orgDownloaded from 

http://geosphere.gsapubs.org/


Alluvium Geochronology

 Geosphere, April 2011 509

A

B

French Broad Alluvium Neoproterozoic Zircon
0.008

5

4

3

2

1

0

500

0.0 0.5 1.0 1.5 2.0

600 700 800 900 1000

1000

900

800

700

600

500

P
ro

ba
bi

lit

F
re

qu
en

cy

A
ge

 (
M

a)

Age (Ma)

Th/U

y

A

B

French Broad Alluvium Paleozoic Zircon
0.025

60

50

40

30

20

10

0
300 350 400 450 500

0.0 0.5 1.0 1.5 2.0

550

550

500

450

400

350

300

P
ro

ba
bi

lit

F
re

qu
en

cy
A

ge
 (

M
a)

Age (Ma)

Th/U

y

0.660.620.580.540.500.46

0.0 0.5 1.0 1.5

0.065

0.067

0.069

0.071

0.073

0.075

0.077

0.079

470

460

450

440

430

480

460

420

20
6 P

b /
23

8 U

207Pb/235U

Concordia Age = 447.6 + 5.4 Ma
(95% confidence; errors 2σ) 

MSWD (of concordance) = 0.56 
Probability (of concordance) = 0.45

440

A

B

Henderson Orthogneiss

Th/U

A
ge

 (
M

a)

Figure 7. Neoproterozoic zircon from French Broad River alluvium. 
(A) Age histogram. (B) Th/U values.

Figure 8. Paleozoic zircon from French Broad alluvium. (A) Age 
histo gram. (B) Th/U values. Data are from Hietpas et al. (2010).

Figure 9. Concordia diagram and age for sample of Henderson orthogneiss, western Inner Piedmont, collected from an outcrop 
at alluvium sample site FB4 (see Fig. 1). MSWD—mean square of weighted deviates.
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SUMMARY

Peak Barrovian regional metamorphism 
in the Western and Eastern Blue Ridge of the 
southern Appalachian orogen, as determined 
by high spatial resolution analysis methods on 
monazite and zircon in alluvium and bedrock 
samples, is Middle Ordovician. Details of age 
distributions and the highest spatial resolution 
age measurements reveal that tectonometa-
morphism occurred in three phases that span 
the Ordovician Period. There is thus a richer 
history of events that requires deconvolution 
by microgeochronology in order to construct a 
more complete and accurate tectonic model for 
the Taconian.

Lithologically, the Southern Blue Ridge is 
a relatively magma poor region, dominated by 
extensive latest Neoproterozoic to Cambrian 
metaclastic sequences. The fi ngerprint of the 
orogen, from a detrital mineral provenance per-
spective, is dominated by Mesoproterozoic zir-
con derived from basement that exhibits a very 
weak response to Paleozoic metamorphism. 
Monazite in selected lithologies is much more 
responsive to regional tectonometamorphic 
events. As both minerals have strengths and 
limitations as a provenance indicator, a more 
informative approach to provenance analysis 
would involve routine analysis of both detrital 

monazite and detrital zircon. The availability 
of high throughput microanalysis systems now 
makes such an approach highly practicable.
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