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Stability of Zircon U-Pb Systematics in a Greenschist-Grade Mylonite: 
An Example from the Rockfish Valley Fault Zone, Central Virginia, USA1 

David M. Wayne2 and A.Krishna Sinha 
Department of Geological Sciences, Virginia Tech, Blacksburg, VA, 24061, USA 

ABSTRACT 

The mid-Paleozoic, greenschist-grade Rockfish Valley Fault Zone (RVFZ) of central Virginia cuts the Grenville-aged 
Pedlar River Charnockite Suite (PRCS) and contains zircons that underwent brittle failure during ductile deformation. 
Electron microprobe analyses and scanning electron microscope (SEM) backscattered electron (BSE) imaging show 
that zircons from the protolith PRCS are concentrically zoned (with alternating U-Hf-rich and U-Hf-poor bands), and 
contain numerous radial microcracks. Zircons from the RVFZ mylonite are unzoned, fragmented, show no internal 
microfractures, and have low U and Hf concentrations relative to the PRCS zircons. U-Pb isotopic studies of zircons 
from the mylonites and from the charnockitic protolith demonstrate that no preferential Pb loss occurred in the 
zircons from the mylonite, and that the 207Pb/20Pb ages of the mylonite zircons are identical to those of the protolith 
zircons. The loss of primary zoning from the zircons of the RVFZ ultramylonites can be explained by the physical 
removal of microfractured, U-rich, alpha-damaged zircon domains as the result of brittle failure and disaggregation 
during mylonitization. Mechanically resistant (low-U) portions of zircon grains tended to remain intact in the mylo- 
nite. Thus, it may not always be possible to predict whether or not the zircon U-Pb system has been disturbed by 
mylonitization by using physical criteria (e.g., grain size reduction, obliteration of primary zoning textures) alone. 
Evidently, fluids present during mylonitization accomplished the hydration of primary mineral assemblages, but did 
not chemically interact with zircons, and their primary U-Pb and Pb-Pb ages were preserved. 

Introduction 

Studies of zircon U-Pb isotopic systematics in my- 
lonites (Lindh and Schoberg 1988; Scharer 1978; 
Sinha and Glover 1978; Wayne and Sinha 1988; 
Wayne et al. 1992) suggest that the ability of zircon 
to date metamorphism is dependent on both its 
mechanical behavior during grain size reduction 
and its chemical response to fluid-rock interaction 
and metamorphic reactions. In many instances, 
zircons from mylonites are appreciably more dis- 
cordant than those from the less-deformed proto- 
lith (e.g., Lindh and Schoberg 1988). Isotopic dis- 
cordance occurs when Pb, U, and/or Th is lost (or 
gained) at some time after primary crystallization. 
In zircon, Pb loss is prevalent over other discor- 
dance-producing mechanisms because alpha-decay 
events (which produce radiogenic Pb) cause exten- 
sive internal structural disorder (e.g., Chakou- 

1 Manuscript received November 12, 1991; accepted March 

30, 1992. 
2 Present address: Department of Earth Sciences, the Univer- 

sity, Leeds, England LS2-9JT. 

makos et al. 1987; Murakami et al. 1991). Zircon 
damaged by alpha-decay events is thus less able 
to retain the daughter product during episodes of 
heating and/or fluid-rock interaction. 

Brittle failure of zircon during mylonitization 
has been documented (Boullier 1980; Wayne and 
Sinha 1988; Lindh and Schoberg 1988; Dirks and 
Hand 1990). Although fracturing, by itself, does 
not necessitate Pb-loss (e.g., Aaberg and Bollmark 
1985), it may facilitate Pb loss in several ways: (1) 
by increasing the surface area available for leaching 
by metamorphic fluids, (2) by providing additional 
high-diffusivity paths that may enhance the mobil- 
ity of radiogenic Pb, and (3) by decreasing the effec- 
tive radius for diffusion of Pb out of the zircon. 

The presence of pre-existing microcracks may 
influence the deformation behavior of a material 
(e.g., during mylonitization) by providing sites for 
the nucleation of dynamically induced cracks (At- 
kinson 1982). Thus, the occurrence of microcracks 
in zircon (a common feature of radiation-damaged 
materials; see Clinard and Hobbs 1986) prior to the 
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D. M. WAYNE AND A. K. SINHA 

onset of mylonitization may enhance its tendency 
toward brittle behavior. Studies of synthetic and 
natural materials suggest that microcracking in 
zircon is related to anisotropic lattice expansion 
caused by the accumulation of interstitial atoms 
displaced primarily by alpha-recoil events (Clinard 
and Hobbs 1986; Chakoumakos and Ewing 1985; 
Murakami et al. 1991). The formation of micro- 
cracks in natural, radiation-damaged zircons may 
be facilitated by chemical zonation of U and Th 
(Chakoumakos et al. 1987, 1992), where the accu- 
mulation of lattice defects proceeds at different 
rates in the radionuclide-poor and radionuclide- 
rich portions of the crystal. Interstitial defects ac- 
cumulate more rapidly in the radionuclide-rich 
zones, causing lattice expansion to proceed at a 
faster rate, relative to the rate of expansion in the 
radionuclide-poor zones. This differential swelling, 
in turn, sets up an internal stress field that may 
cause microfracturing (Chakoumakos et al. 1987). 
Thus, chemically zoned, microfractured zircons 
may be predisposed to extensive grain-size reduc- 
tion via further fracturing and physical disaggrega- 
tion during mylonitization. 

The objective of the present study was to exam- 
ine the possible relationships between the U-Pb 
isotopic systematics of zircon and its mechanical 
behavior at greenschist-grade conditions. To this 
end, we performed a detailed chemical and isotopic 
study of zircons in mylonites from the Rockfish 
Valley Fault Zone (RVFZ) in central Virginia. The 
RVFZ mylonites are derived from the Grenville- 
aged Pedlar Charnockite (Sinha and Bartholomew 
1984), which contains abundant, large, chemically 
zoned zircons. 

Geologic Setting 

Located in the Blue Ridge of central Virginia (figure 
1), the Pedlar River Charnockite Suite (PRCS) is a 
complex association of Grenville-aged granulite- 
grade metasediments and igneous rocks. The char- 
nockite is coarse-grained, granoblastic, and con- 
sists of quartz, alkali feldspar, plagioclase, biotite, 
and orthopyroxene. Accessory phases (magnetite/ 
ilmenite, zircon, and apatite) are abundant, and lo- 
cally the rock shows signs of low-temperature al- 
teration, particularly along fractures. Euhedral, 
concentrically zoned zircons typically occur in as- 
sociation with apatite and clusters of subhedral 
opaques which are, themselves, intimately associ- 
ated with orthopyroxene and biotite. Less often, 
zircon occurs as inclusions within quartz and feld- 
spars. The results of previous geochronologic stud- 
ies of the PRCS and related rocks are summarized 

in table 1 (see also: Davis 1974; Pettingill et al. 
1984; Sinha and Bartholomew 1984; Bartholomew 
et al. 1991). 

The Rockfish Valley Fault Zone (RVFZ) (figure 
1) constitutes the southeastern border of the parau- 
tochthonous PRCS (Bartholomew et al. 1981). At 
the sample locality, the RVFZ is composed of a 
series of small ductile deformation zones (Mitra 
1978; Bartholomew et al. 1981), which vary in 
width from <1 cm to approximately 100 m. Sam- 
ples for U-Pb geochronology were obtained from 
the widest portion of this zone. Deformation 
within the ductile deformation zones (DDZs) is in- 
homogenous, and mildly deformed felsic gneisses 
are crisscrossed by narrow zones (>1 to 4 cm) of 
fine-grained mylonitic material. Across these 
zones, the reduction in grain size is accompanied 
by an increase in the modal proportions of phyllo- 
silicates (chlorite, green biotite and white mica), 
calcite, epidote-group minerals, and actinolite at 
the expense of feldspars, orthopyroxene, and red- 
brown biotite. The hydrated, phyllosilicate-rich 
mineral assemblages pervasively developed 
throughout the ultramylonites of the RVFZ indi- 
cate that deformation and metamorphism of the 
charnockite took place at greenschist-grade condi- 
tions in the presence of a HO0-rich fluid phase (see 
also Mitra 1978; Bartholomew et al. 1981). Zircon 
is abundant in the mylonites as rounded or broken 
grains. 

Deformation within the RVFZ is inferred to be 
middle Paleozoic (450-475 Ma) in age, primarily 
on the basis of field relationships (Bartholomew et 
al. 1981, 1991; Pettingill et al. 1984). Dallmeyer 
(1975) also obtained mid-Paleozoic ages for a retro- 
grade event in the southern Blue Ridge basement 
using 39Ar/40Ar data from biotite and hornblende. 
A Rb-Sr whole rock study (Pettingill et al. 1984) of 
the mylonitized charnockite from the RVFZ (also 
used to obtain zircon for this study) indicated that 
mylonitization caused only partial redistribution 
of Rb and Sr. 

Analytical Techniques 

Chemical analyses of zircons were performed at 
Virginia Tech and the University of Leeds on auto- 
mated Cameca SX-50 4-channel electron micro- 
probes. Counting statistics yield detection limits 
in the range of 0.005 to 0.01 wt % oxide for each 
of the trace elements, with the exception of Yb and 
Er, which have detection limits of 0.01 to 0.015 
wt % oxide. Details on the operating conditions, 
analytical standards, counting times, and other mi- 
croprobe procedures used are presented in Wayne 
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Figure 1. Geologic map of the central Virginia Blue Ridge (adapted from Pettingill et al. 1984), showing the location 
of the charnockite sample (Z-1) and the mylonitized charnockite (UM) from the RVFZ. 

(1990) and Wayne et al. (1992). SEM work included 
both secondary electron imaging (SEI) for informa- 
tion on surface features and backscattered electron 
(BSE) images for information on variations in mean 
atomic number (Z-number) within single zircon 
grains. Details on the application of these tech- 
niques are presented in Lloyd (1987) and Paterson 
et al. (1989). For mass spectrometry, zircon frac- 
tions were separated from fresh 45-90 kg rock 
samples via standard mineral separation tech- 
niques. The remaining steps in the dissolution, 
processing, and purification of Pb and U from zir- 
con follow the method of Krogh (1973). All isotope 
ratios corrected for mass fractionation (Pb: 0.04 to 
0.12% per amu, U: 0.03% to 0.08% per amu) and 
total procedural blank (Pb: 0.2 to 0.6 ng, U: 0.015 
ng). All U/Pb and Pb/Pb age data corrected for 1030 
Ma old common Pb using the two-stage evolution 
model of Stacey and Kramers (1975). Decay con- 
stants are from Steiger and Jaeger (1977). A more 

detailed account of the methods of analysis is 
given by Wayne (1990), and Wayne et al. (1992). 
Regressions were performed using ISOPLOT (Lud- 
wig 1990a), with U/Pb isotopic ratios, rho values, 
and associated errors obtained from PBDAT (Lud- 
wig 1990b). Uncertainties on upper and lower in- 
tercept ages are stated at the 95% confidence level. 

Zircon Morphology and Fracturing 

Zircons from the less-deformed charnockite within 
the PRCS (figure 2a, table 2) are prismatic, subhe- 
dral, and rounded, with complex terminations; typ- 
ical of zircons from charnockites (e.g., Duchesne 
et al. 1987). These zircons show strong variations 
in color: from dark brown and nearly opaque, to 
pale lilac and transparent. Concentric internal zon- 
ing and radial fractures are readily apparent in 
grains immersed in oil, and in thin section. No 
corrosion, surface pitting, or core-overgrowth 
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Table 1. Age Data from the Pedlar River Charnockite 
and Related Rocks 

Unit Age (Ma) Technique 

PRCSa 1021 + 36 Rb-Sr whole rock 
1489 + 118 Nd-Sm whole rock 
1189 ± 300 Nd-Sm K-spar/whole 

rock join 
RVFZ mylonitea 683 ± 34 Rb-Sr whole rock 
PRCSb 1029 Zircon Pb/Pb age 

(avg.) 
1075 Zircon U-Pb upper 

intercept age 

a Pettingill et al. (1984). 
b Sinha and Bartholomew (1984). 

Figure 2. Zircons from the charnockite unit of the 
PRCS. (a) Secondary electron image (-100+200 frac- 
tion) showing complex crystal form and rounded termi- 
nations typical of zircons from charnockites. (b) Back- 
scattered electron (BSE) image of zircons from a thin 
section of the charnockite, showing euhedral form, com- 
plex zonation, abundant internal microfractures (both ra- 
dial and concentric) and crosscutting fractures (see text). 

Table 2. Zircon Morphology 

Avg. length Avg. 1: w 
Sample n (mm) ratio 

PRCS charnockite 22 .266 + 63 2.11 + 43 
RVFZ mylonite, 20 .218 ± 35 2.21 ± 58 

unfractured 
RVFZ mylonite, 30 .179 ± 25 1.48 ± 26 

fractured 

Note. Measurements made at 100X in transmitted light. All 
samples are from a single seived fraction (- 100, + 200). Stan- 
dard deviations are 1-sigma. 

structure is evident from secondary electron im- 
ages (figure 2a). 

Zircons from the PRCS contain abundant inter- 
nal fractures. We believe that these are not simply 
the result of sample preparation for several rea- 
sons: (1) other minerals in the PRCS samples con- 
tain few internal fractures, (2) fracturing due to 
thin sectioning and polishing has a distinctive ap- 
pearance, and occurs only in the outermost 2-5 
mm of the sample (which was avoided), (3) the ra- 
dial fracture patterns of the PRCS zircons, in par- 
ticular, are typical of radiation-damaged materials 
(see below), and (4) the fracture patterns are con- 
trolled by the zoning pattern of the zircon. 

In thin section and in BSE images (figure 2b), 
at least three distinct fracture sets are apparent in 
zircons from the PRCS: (1) crosscutting planar 
cracks, (2) radial microfractures, and (3) curved in- 
ternal microfractures. Typically, the crosscutting 
cracks penetrate through zircons and pass into 
adjacent mineral grains and may be filled with 
secondary minerals such as calcite. These cracks 
originated during late-stage fracturing of the 
charnockite, which may be related to either the 
late Paleozoic mylonitization, the more recent 
(200-300 Ma) thrusting of the Blue Ridge Province 
over the Valley and Ridge Province (Sinha and Bar- 
tholomew 1984), or uplift. 

Radial fractures are due to internal stresses ex- 
erted by differential swelling as the result of the 
accumulation of point defects related to alpha- 
recoil damage (e.g., Chakoumakos et al. 1987). 
Typically, these microfractures are oriented per- 
pendicular to the concentric zoning pattern (see 
also Peterman et al. 1986). From the BSE image 
(figure 2b), it is also apparent that radial micro- 
cracks die out at zone boundaries, or within zones 
of relatively high average Z-number (and low bire- 
fringence). This was also observed by Chakou- 
makos et al. (1987) in zoned Sri Lankan zircon and 
may be the result of crack-tip blunting brought on 
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by the inability of the crack to propagate through 
the dense tangle of dislocations and point defects 
present in the radiation-damaged material (Clinard 
and Hobbs 1986). Chakoumakos et al. (1987) also 
point out that such behavior is consistent with the 
observed decrease in the elastic moduli (Ozkan 
1976; Chakoumakos et al. 1992) and increase in 
fracture toughness of radiation-damaged zircon. 

Although their origin can only be speculated 
upon, the morphology of the curved internal mi- 
crocracks suggests that they may also be caused 
by stresses related to gradients in the intensity of 
alpha-damage. Note that the trajectories of the 
curved microcracks run approximately parallel to 
the concentric zoning patterns visible in the BSE 
image (figure 2b) and appear to be localized near 
zone boundaries. Similar fracture patterns have 
also been observed in zoned zircons from the Bre- 
vard Fault Zone (Wayne and Sinha 1988). 

Zircons from the retrograde ultramylonites of 
the RVFZ are pale lilac in color (some are stained 
yellow-brown by Fe oxides), and approximately 
70% have one (or more) fracture surfaces (figure 
3a). Unbroken crystals display the same complex 
terminations and rounded appearance as the zir- 
cons from the protolith and have a similar average 
length-width ratio to the zircons from the unde- 
formed charnockite (table 2). For a given size frac- 
tion (e.g., -100, +200 mesh), fractured zircons 
from the mylonite are smaller and have lower aver- 
age length-width ratios (table 2) than unfractured 
zircons. Secondary electron images of these zircons 
revealed no surface features associated with corro- 
sion or pitting (figure 3a). 

In thin section, zircons from the RVFZ are com- 
monly rounded (figure 3b) and/or fragmented (fig- 
ure 3c,d,e). Some grains shown boudinage-type 
structures (figure 3b), which are consistent with 
brittle failure in a dominantly tensional stress re- 
gime (Lloyd and Ferguson 1981). Boudinaged zir- 
cons are typically fractured along planes oriented 
at high angles to the foliation, with the widest 
fracture-spacing at the center of the grain (figure 
3b). Inter-boudin gaps are filled with matrix mate- 
rial. These extensional fracture patterns are similar 
to those produced by brittle failure via stress trans- 
fer (White et al. 1980), whereby tensional stresses 
are exerted on a brittle mineral grain (in this case: 
zircon) by the ductilely deforming matrix. The 
maximum stress is localized at the center of the 
mineral grain, and fractures form perpendicular to 
the axis of maximum tensile stress. Thus, elon- 
gated grains tend to break at the center into 
roughly equidimensional segments. The operation 
of a stress transfer mechanism is also consistent 

with the observed reduction in length: width ratio 
of the fractured zircons from the RVFZ (see also 
Boullier 1980). 

Zircon Chemistry 

Zircons from the PRCS are typified by complex, 
concentric zoning (e.g., figure 2b), and the average 
Z-number contrast apparent in BSE images corre- 
sponds to birefringence contrasts visible in thin 
section. Zones with relatively low birefringence (1o 

yellow to red) correspond to zones of brightness in 
the BSE, and highly birefringent zones (2° green) 
correspond to dark zones in the BSE. This suggests 
that the contrasts in average Z are related to 
changes in the total alpha-decay dose of the differ- 
ent zones by virtue of their relatively high contents 
of high Z-number substituents (e.g., U, Th), an ob- 
servation also confirmed by microprobe analyses 
(see also Sahama 1981; Chakoumakos et al. 1987). 

A table (Table 3) containing the complete micro- 
probe analyses of the RVFZ and PRCS zircons can 
be obtained from The Journal of Geology upon re- 
quest, free of charge. Microprobe analyses of zir- 
con from the PRCS demonstrate a strong cor- 
relation between BSE intensity and the relative 
concentration levels of trace elements (figure 4). 
The "bright" zones consistently contain greater 
amounts of UOz, HfO2, and Yb2O3 than do the dull 
zones. The elevated U content of the bright zones 
is also consistent with their lower birefringence, 
caused by the accumulation of lattice defects due 
to alpha-decay (e.g., Holland and Gottfried 1955; 
Sahama 1981; Chakoumakos et al. 1987). 

By contrast, BSE images of the zircons from the 
RVFZ (figure 3b,c,d) reveal a lack of sharp composi- 
tional gradients. Patterns of Z-number contrast are 
diffuse and poorly defined, although zircons from 
the RVFZ may bear remnants of zones having 
sharp, well-defined Z-number contrasts on their 
outer perimeters (e.g., figure 3b). Microprobe analy- 
ses also indicate that zircons from the RVFZ gener- 
ally lack regions of high U content (figure 4). The 
chemistry of zircons from the mylonite tends to be 
similar in terms of HfO2 and UO2 content to the 
"dull" regions of zircons from the PRCS (table 3, 
figure 4). Analyses of the zircon fragments shown 
in figure 3 (d) and (e) group with the low-U, low-Hf 
population (figure 4). 

Isotopic Analyses 

The U-Pb isotopic data for zircons from the PRCS 
were originally presented in Sinha and Bartholo- 
mew (1984). For this study, their raw isotopic data 
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Figure 3. Zircons from the greenschist-grade mylonites of the Rockfish Valley Fault Zone (RVFZ). (a) Secondary 
electron image of zircons (- 100 + 200 fraction). Zircons with one or more fracture surfaces are abundant, but evidence 
of surface pitting and corrosion is lacking. (b), (c) and (d) BSE images of zircon from a thin section of the RVFZ 
mylonite. Mylonitic foliation is parallel to the long axis of the photograph in (c), and parallel to the long axis of the 
zircon in (b) and (d). Note the absence of pronounced, regular zoning patterns in all three images. (c) and (d) show 
the development of boudinage-type structures, and the fragmentation of zircon grains. (e) Zr La emission map of the 
area depicted in (d). 
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Figure 4. Variation of UO2 vs. HfO2 in zircons from the 
protolith charnockite of the PRCS (solid squares, hollow 
squares, hollow triangles) and the RVFZ mylonite (solid 
and hollow circles). In the PRCS zircons, analyses of 
zones with high average Z-number ("bright" zones) clus- 
ter tightly in the high UO2-high HfO2 region, while anal- 
yses of zones having lower average Z-number ("dull" 
zones) tend to have lower U and Hf contents. Hf and U 
contents of zircons and zircon fragments from the RVFZ 
are similar to those of the "dull" zones of the PRCS. 

was reprocessed using PBDAT (Ludwig 1990b) and 
presented in table 4. New U-Pb isotopic data were 
collected on three mesh size fractions (+ 100, 
- 100+200, -200+325) obtained from the char- 
nockite-derived retrograde mylonites of the RVFZ. 
Fractions finer than 325 mesh were not recoverable 
due to the extremely fine grain size (< 25 JIm) of 
the enclosing mylonite. 

The close correspondence of the 207pb/206Pb ages 
of the zircons from the charnockite and the retro- 
grade ultramylonite (table 4, and figure 5) indicates 
that the zircon U-Pb system remained closed dur- 
ing the greenschist-grade event. The isotopic data 

Figure 5. Concordia plot of zircon U-Pb data from the 
PRCS (Sinha and Bartholomew 1984), and the RVFZ. 
Note that none of the data from the RVFZ is rotated 
toward the age of mylonitization (approx. 450 Ma). Error 
polygons represent 2-sigma uncertainties, while the er- 
rors on the upper and lower intercept ages are stated at 
the 95% confidence interval. 

from the three size fractions obtained from the my- 
lonite, combined with the data from the charnock- 
ite, yield a well-constrained upper intercept age of 
1033 + 3 Ma and a lower intercept of 40 ± 52 
Ma (figure 5). The upper intercept age is in close 
agreement with the whole rock Rb-Sr age of 1021 
Ma, obtained by Pettingill et al. (1984) and the re- 
sults (207Pb/206Pb ages: 1027-1031 Ma) of the study 
by Sinha and Bartholomew (1984). Note, however, 
that the data points representing the charnockite 
zircons and two of the three mylonite fractions are 
tightly clustered (figure 5). When combined with 
the data from the + 100 RVFZ ultramylonite zir- 
cons, the result is a line based on two points. The 
slight reverse discordance of the + 100 RVFZ zir- 
cons is probably the result of minor present day 

Table 4. U-Pb Isotopic Data 

Atomic Ratios Ages (Ma) 

U Pb 206pbb 207Pbb 206Pbb 207Pbc 206pbc 2o7pbc 206Pb 207Pb 207Pb 
Sample (ppm) (ppm) 204Pb 206Pb 208pb 235U 238U 206Pb 238U 235U 206Pb 

Charnockitea 
PC-100+200 273 43 9,237 .07526 10.0200 1.5948 .15690 .07372 940 968 1034 ± 4 
PC-200+325 286 45 10,108 .07499 9.8943 1.5826 .15601 .07358 935 963 1030 ± 2 

Ultramylonite 
RV+ 100 190 36 9,666 .07521 7.0756 1.8281 .17980 .07374 1066 1056 1034 ± 2 
RV-100+200 185 31 2,979 .07820 6.2130 1.5735 .15544 .07342 931 960 1026 ± 12 
RV-200+325 181 30 2,736 .07848 6.0409 1.5774 .15614 .07327 935 961 1022 ± 14 

Note. All samples represent the least magnetic fraction at 1.75 amperes, 9 degrees forward tilt and 2 degrees side tilt on the Frantz 
isodynamic separator. 
a See also Sinha and Bartholomew (1984). 
b Corrected for blank and mass fractionation. 
c Corrected for blank, mass fractionation and common Pb. 
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U-loss induced by a prolonged (45 min.) washing 
step in warm 8N TD-HNO3 undertaken to remove 
surface contamination and Fe oxide staining. De- 
spite the potential U-loss during the acid wash, the 
207pb/206pb ratio of the + 100 RVFZ fraction is sim- 
ilar to that of the remaining samples. 

To test the validity of the intercept ages, the 
data set was regressed (1) without the RVFZ + 100 
point, (2) without RVFZ + 100, but with the upper 
intercept forced at 1021 Ma (the Rb-Sr whole rock 
agr obtained by Pettingill et al. 1984), and (3) with- 
out RVFZ + 100, but with the lower intercept 
forced at 0 ± 10 Ma. The results of all regressions 
are shown in table 5. The unconstrained data yield 
statistically and geologically meaningless "ages" 
due to the lack of spread in U/Pb ratios. By con- 
trast, the relatively good fit of the zircon data to 
the forced upper intercept of 1021 Ma (and the re- 
sulting 0 Ma lower intercept age) are consistent 
with the results of the regression which included 
the + 100 RVFZ data. Similarly, the forced fit 
through a 0 Ma lower intercept yields a geologi- 
cally reasonable upper intercept age of 1030 ± 8 
Ma. Thus, the inclusion of the RVFZ + 100 data 
creates no bias in upper or lower intercept ages. 

Bulk uranium concentration data obtained via 
isotope dilution are consistent with the results of 
the electron microprobe analyses summarized in 
the preceding section. The two size fractions of zir- 
cons from the charnockite protolith contain 273 
and 286 ppm U, while the three zircon fractions 
from the RVFZ ultramylonite contain 181 to 190 
ppm U. Similarly, the Pb concentrations of the 
charnockite zircons (43 to 45 ppm) are also slightly 
higher than those of the ultramylonite zircons (30 
to 36 ppm). These compositional trends may be 
related to: (1) primary heterogeneities in the U (and 
Pb) content of different zircon populations, or (2) 
grain size reduction of zircons during mylonitiza- 
tion, resulting in the preferential degredation of U- 
Th-rich, microfractured zircons. 

Discussion 

The zircon U-Pb isotopic data from PRCS char- 
nockite and the RVFZ ultramylonites suggest that 
the geochemical and physical processes associated 
with mylonitization at greenschist grade do not ne- 
cessitate the preferential loss of radiogenic Pb. At 
first glance, this seems to be at odds with the re- 
sults of BSE imaging, which revealed the absence 
of primary concentric zoning features in the RVFZ 
zircons. Such zoning patterns may be partially 
obliterated by annealing of alpha-recoil damage, or 
diffusion of U, Th, Hf, and other substituents dur- 

Table 5. Regression Results of Zircon U-Pb Data 

Regression 
parameters U.I. (Ma) L.I. (Ma) MSWD 

5 points (all data) 1033.4 ± 3.2 39 ± 56 1.79 
4 points, no 1407 ± 874 804 ± 402 .52 

constraints 
4 points, U.I. at ... 146 ± 230 3.3 

1021 10 Ma 
4 points, L.I. at 0 1030 ± 7.5 ... 2.8 

+ 10 Ma 

ing a thermal episode. Recrystallization and an- 
nealing of metamict zircon during greenschist- 
grade metamorphism is known to occur (Gebauer 
and Grunenfelder 1976) but would require partial 
(if not total) resetting of the U-Pb isotopic system 
during the event. Similarly, the energy required 
for substantial diffusive transport of large, highly 
charged cations such as U, Hf, and Th would far 
exceed that required to activate radiogenic Pb 
atoms, which reside in loosely bound, disordered 
sites due to alpha-recoil damage. 

Hydrothermal experiments (e.g., Pidgeon et al. 
1966; Sinha et al. 1989; Hansen and Friderichsen 
1989) have also shown that interaction of zircons 
with saline fluids and dilute acids at elevated P-T 
conditions results in severe Pb loss and, in some 
cases, partial dissolution. Zircons from the RVFZ 
totally lack surface features indicative of dissolu- 
tion (e.g., Wayne et al. 1992). This suggests that 
the critical factor in the preservation of zircon 
207pb/206pb ages in the RVFZ was the inability of 
the fluids present during mylonitization to leach 
radiogenic Pb from severely alpha-damaged regions 
of zircon grains. Such "passive" behavior of the 
zircon U-Pb system has also been observed in other 
retrograde mylonites, such as the Bitterroot mylo- 
nite zone (Chase et al. 1983). This generalization 
cannot be extended to include all retrograde mylo- 
nites, as perturbation of the zircon U-Pb system 
due to greenschist-grade mylonitization has been 
documented by Scharer (1978), Gehrels and Sa- 
leeby (1987), Lancelot et al. (1983), and Lindh and 
Schoberg (1988). In two of these examples 
(Lancelot et al. 1983; Lindh and Schoberg 1988), 
however, surface corrosion and pitting of zircons 
from the mylonites was observed using SEM tech- 
niques. 

Although the instance of primary heterogeneity 
cannot be ruled out, the results of the microprobe 
study and the isotopic dilution analyses, together 
with the textural evidence for brittle deformation 
of the zircons in the RVFZ ultramylonite, suggest 
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Figure 6. Steps in the physical evo- 
lution of zircon in the RVFZ. Step 
1: Internal stresses build as zircon 
undergoes anisotropic lattice expan- 
sion due to alpha-recoil damage. 
U-Th rich zones expand at a faster 
rate than U-Th poor zones, resulting 
in additional stress buildup at zone 
interfaces. Step 2: Radial microfrac- 
tures develop as a result of stress 
buildup. Crosscutting cracks may 
also occur in response to external 
stresses. Step 3: Fragmentation and 
disaggregation of zoned, microfrac- 
tured zircon during mylonitization. 
Note that individual fragments 
show little of the original zoning 
pattern. 

that their lower U concentrations may be a result 
of the disaggregation of zoned zircons during my- 
lonitization (figure 6). In this model the mechani- 
cal behavior of zircons constituting an initially 
heterogenous population (i.e., U-rich and U-poor) 
may be very different, and zoned, microfractured 
U-rich zircons would be preferentially disaggre- 
gated during mylonitization while pristine U-Th- 
poor zircons remained relatively intact. The U-rich 
portions of zoned zircons, already riddled with mi- 
crocracks due to the effects of alpha-recoil damage, 
act as sites for crack nucleation and growth in an 
external stress field. Further stress increases may 
cause fragmentation and total disaggregation of the 
entire zircon crystal via stress transfer, depending 
on its size and orientation. 

Fracturing and comminution of zircons during 
mylonitization along the RVFZ resulted in the for- 
mation of a fine grained (<20 Lm) zircon popula- 
tion, composed exclusively of fragments (e.g., fig- 
ure 3d,e). The fine grain size of the mylonite itself 
precluded the recovery of this fraction for U-Pb iso- 
topic work. Microprobe analyses of two fragments 
revealed no unusually high U concentrations, as 
predicted by our model (figure 6). If these frag- 
ments are representative of the majority of zircon 
fragments in the ultramylonite, we suggest that 
the exfoliation of U-rich fragments occurred at an 
early stage in the deformational history of the my- 
lonite zone. Thus, within the ultramylonites, the 
removal of external U-rich zones may already have 
been accomplished and further deformation re- 

sulted in the disaggregation of mechanically com- 
petent U-poor zircon. Therefore, future investiga- 
tions of the isotopic, chemical and mechanical 
behavior of zircon in deformed rocks should in- 
clude detailed studies of protomylonites as well as 
ultramylonites. 

Conclusions 

1. Paleozoic mylonitization of Grenville-aged 
charnockite from the PRCS at greenschist-grade 
caused no disruption of zircon U-Pb isotopic sys- 
tematics. 

2. Zircons from the RVFZ show evidence for ex- 
tensive brittle failure and fragmentation as a result 
of mylonitization. Unlike zircons from the proto- 
lith charnockite, zircons from the RVFZ are not 
chemically zoned. Therefore, the loss of primary 
zoning in fractured zircons from the RVFZ is asso- 
ciated with a mechanical process that did not dis- 
rupt U-Pb systematics. 

3. We suggest that microfracturing related to 
alpha-decay damage predisposed zoned zircons to 
brittle failure and exfoliation of U-rich zones dur- 
ing mylonitization. 

4. Geochronologic studies of zircons from 
metamorphic rocks should include a detailed SEM 
study of their surface features and zoning patterns. 
From the available data, it appears that the distur- 
bance of zircon U-Pb systematics in mylonites is 
associated with surface corrosion and/or over- 
growths. 
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