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Abstract Recent advances in U-Pb geochronology allow
unprecedented levels of precision in the determination of
geological ages. However, increased precision has also
illuminated the importance of understanding subtle
sources of open-system behavior such as Pb-loss,
inheritance, intermediate daughter product disequilibria,
and the accuracy of the model assumptions for initial
Pb. Deconvolution of these effects allows a much richer
understanding of the power and limitations of U-Pb
geochronology and thermochronology. In this study, we
report high-precision ID-TIMS U-Pb data from zircon,
baddelleyite, titanite and apatite from the McClure
Mountain syenite, from which the “°Ar/*’Ar hornblende
standard MMhb is derived. We find that excess *°°Pb in
zircon due to inclusions of high-Th minerals and ele-
vated Th/U in titanite and apatite jeopardize the utility
of the Z*U-*"°Pb system in this rock. Strongly air-
abraded zircons give dates that are younger than
chemical-abraded zircons, which yield a statistically
robust 2°’Pb/?°U date of 523.9840.12 Ma that is
interpreted as the crystallization age. We explore the
best method of Pb, correction in titanite and apatite by
analyzing the U-Pb isotopes of K-feldspar and using
2-D and 3-D regression methods—the latter of which
yields the best results in each case. However, the calcu-
lated compositions of Pb. for titanite, apatite and K-
feldspar are different, implying that using a single Pb.
correction for multiple U-Pb thermochronometers may
be inaccurate. The U-Pb thermochronological results
are used to predict a closure time for Ar in hornblende
of 522.98+1.00 Ma. Widely cited K-Ar and “°’Ar/*°Ar
dates overlap with the U-Pb date, and relatively large
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errors make it impossible to verify whether U-Pb dates
are systematically < 1% older than K—Ar and “°Ar/*Ar
dates.

Introduction

U-Pb geochronology is one of the most precise methods
for placing temporal constraints on igneous and meta-
morphic processes and for establishing benchmarks for
the stratigraphic timescale. Because of the high closure
temperature (7.21,000°C) for diffusion of Pb and the
high U (and negligible initial Pb) concentrations in zir-
con, this mineral is ideal for dating the timing of crys-
tallization under igneous and metamorphic conditions.
In addition, minerals with lower T, such as titanite
(T.~=550-650°C; Cherniak 1993; Corfu 1988; Frost et al.
2000), apatite (7T.~450-550°C; Chamberlain and
Bowring 2000; Cherniak et al. 1991; Nemchin and Pid-
geon 1999) and rutile (7,~400-500°C; Cherniak and
Watson 2000; Mezger et al. 1991; Schmitz and Bowring
2003) have allowed the determination of thermal histo-
ries of rocks in the lower to middle crust. Over the past
15 years, improvements in isotope dilution thermal
ionization mass-spectrometry (ID-TIMS), sample prep-
aration, and laboratory blanks have resulted in internal
precision on individual dates to below the 0.1% level,
allowing for the calibration of geologic time at an
unprecedented level. However, such precision has also
revealed the importance of quantitatively addressing
what are often subtle sources of open-system behavior in
U-PDb systematics such as intermediate daughter product
disequilibria, Pb-loss, and inheritance (see reviews in
Hanchar and Hoskin 2003). These issues are also
important in U-Pb thermochronology, though precision
is often limited by relatively low ratios of radiogenic lead
to initial (a.k.a. common) lead (Pb*/Pb.), introducing
significant error in the correction for the isotopic com-
position of Pb, (Ludwig 1980, 1998). In fact, the Pb,
correction is arguably the most prominent source of
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inaccuracy in U-Pb thermochronology and is a critical
aspect of calculating dates which are as accurate as they
are precise (Chamberlain and Bowring 2000; Corfu
1988; Verts et al. 1996). But because the isotopic signa-
ture of Pb in rocks or magmas may vary widely as a
function of time and space during crystallization and
cooling, each approach to the correction involves a set of
assumptions that are difficult to address in detail.
Improvements in both the precision and accuracy of
U-Pb geo- and thermochronology is important not only
for a better understanding of the geologic record but also
for the purposes of intercalibrating the U-Pb system with
other geochronologic methods. For example, Renne
et al. (1998a) pointed out that many “°Ar/*’Ar dates are
systematically younger than U-Pb dates by < 1%, and
Min et al. (2000) suggested—based on a re-evalution of
the experimental data—that this is because the values of
the *°K decay constant used by the geochronologic
community (Steiger and Jidger 1977) should be ~2%
lower and that larger associated uncertainties are more
realistic. Because high-precision experimental redeter-
mination of the “°K decay constant is a very difficult task,
it has been suggested that it be calibrated against the U
decay constants, whose values are the most precisely
known in geochronology (Jaffey et al. 1971). However,
Mattinson (2000) and Schoene et al. (2006) use system-
atic discordance of high-precision ID-TIMS U-Pb dates
to show that one or both of the mean values of the U
decay constants are inaccurate (but within the reported
errors), which will adversely affect the approach of cali-
brating other decay schemes against U-Pb. Intercali-
bration of the two methods therefore requires both the
generation of a large set of mineral pairs dated with high
precision by both methods that unambiguously record
the same event, and ultimately repeated experiments to
redetermine the U and K decay constants.
Intercalibrating the U-Pb and “°Ar/*Ar systems is
complicated in part by the contrasting closure tempera-
tures of diffusion of the respective daughter products
(Dodson 1973). High-K minerals used in “°Ar/*°Ar
geochronology such as hornblende (7.~550-500°C;
Harrison 1981) or micas (7, <350°C; Grove and Harri-
son 1996; Harrison et al. 1985) record cooling through
their closure temperatures and therefore cannot neces-
sarily be compared with zircon U-Pb dates that record
crystallization. This problem may be overcome by using
40Ar/*Ar geochronology in sanidine from young volca-
nic rocks, whose “°Ar/*”Ar systematics likely record the
timing of eruption because the 7, is below that of mag-
matic temperatures. However, U-Pb dates from zircons
in young magmatic systems are sometimes complicated
by pre-eruptive crystallization of unknown duration
(Reid and Coath 2000; Reid et al. 1997; Schmitz and
Bowring 2001). This problem becomes less important as
the age of the sample increases because reasonable esti-
mates of magma residence time (Reid and Coath 2000;
Reid et al. 1997) are likely to be smaller than the indi-
vidual errors of high-precision U-Pb dates. On the other
hand, older volcanic rocks pose difficulty for *°Ar/*’Ar

dating because mineralogically pure sanidine is unstable
at surface conditions and may not record the timing of
eruption (e.g., Min et al. 2000). Quickly cooled plutonic
rocks provide another option for intercalibration,
though assessing systematic biases between U-Pb and
YOAr/*Ar dates introduced by “°K decay constant inac-
curacies is necessarily based on an assumed cooling rate,
unless U-Pb thermochronology can be used to establish
a thermal context for the *°Ar/*Ar data (Schmitz and
Bowring 2001; Schoene et al. 2006).

In this contribution, we address the issues of preci-
sion versus accuracy in U-Pb dating and systematic
biases between the U-Pb and “°Ar/*Ar dating methods.
We present data from the McClure Mountain syenite,
the source of a widely used standard in *°Ar/*’Ar dating,
the McClure Mountain hornblende (MMhb; Alexander
et al. 1978; Samson and Alexander 1987). Ample K-Ar
and “°Ar/*’Ar data for this hornblende allow for the
assessment of interlaboratory bias and sample hetero-
geneity. In addition, the abundance of high-U minerals
such as zircon, baddeleyite, titanite, and apatite allow us
to characterize the thermal history of this rock in the U—
Pb system alone. Back-scattered electron (BSE) and
cathodoluminesence (CL) imaging in combination with
ID-TIMS U-Pb dating of zircon provide a high-preci-
sion date for crystallization of the rock. Careful
assessment of the compositions of Pb, in titanite, apatite
and K-feldspar in relation to their petrographic context
allows us to calculate a temperature—time curve with
high confidence, providing a framework for comparison
with “°Ar/*’Ar dates. In addition, assessment of Pb
isotopic systematics as a function of time allows for the
construction of petrologic models for the McClure
Mountain magmatic system.

Methods
Electron microprobe analysis

The MIT JEOL 733 Superprobe electron microprobe
(EMP) facility was used for both imaging and energy
dispersive spectrometry (EDS) of zircon separates and
thin sections. Zircons were hand-picked based on varying
morphology, color, clarity and degree of metamictization,
and were mounted in epoxy resin and polished to reveal
the crystal centers. Both grain-mounts and thin sections
were polished, cleaned and carbon-coated. BSE and CL
images were collected using a 15 keV accelerating voltage
with a beam current between 4 and 50 nA depending on
the individual mineral. EDS analysis was conducted using
a1 pum beam size, and this technique was used for mineral
identification and qualitative major element analysis.

U-PDb analytical procedure

Minerals were extracted from the rock sample by stan-
dard crushing, Wilfley table, heavy-liquid, and magnetic



separation. Zircon fractions were pre-treated with either
the air-abrasion (Krogh 1982) or chemical-abrasion
(Mattinson 2003, 2005) technique. Air-abraded zircons
were ultrasonically cleaned in 30% HNO; for 1 h, fluxed
in 30% HNO; at ~80°C for 1 h, and rinsed in ultrapure
acetone and H,O before being loaded into 300 pl Teflon
FEP microcapsules and spiked with a mixed
23U-23U—"°Pb tracer. Zircon was dissolved in ~120 pl
29 M HF with ~25 pl 30% HNOj; at ~210°C for 48 h,
dried to fluorides, and then re-dissolved in 6 M HCI at
~180°C overnight. For the chemical-abrasion technique,
zircons were placed in a muffle furnace at 900 +20°C for
~60 h in quartz beakers before being transferred to
300 pl Teflon FEP microcapsules and leached in ~120 ul
29 M HF + ~25 pl 30% HNO; for 12-14 h at ~180°C.
Fractions were then rinsed in ultrapure H,O, fluxed on a
hotplate at ~80°C for an hour in 6 M HCI, ultrasoni-
cally cleaned for 1 h, placed back on the hotplate for an
additional 30 min, and rinsed in ultrapure H,O and 30%
HNOs;. Fractions were then spiked and fully dissolved
using the procedure described above. Cleaning and dis-
solution of baddeleyite, titanite and feldspar follow that
of air-abraded zircons; apatite was rinsed only in water
and dissolved in 12 N HCl overnight. Step-wise leaching
of feldspar followed the procedure of Housh and
Bowring (1991), modified to account for smaller sample
size. U and Pb were separated using an HCI-based
single-column (zircon and baddeleyite) or an HBr-based
two-column (titanite, apatite, feldspar, and feldspar
leachates) anion exchange chemistry modified after
Krogh (1973).

U and Pb isotopic measurements were done on a
VG Sector-54 multi-collector thermal-ionization mass
spectrometer at MIT. Pb and U were either loaded
together (HCl-based chemistry) or separate (HBr-based
chemistry) on Re filaments in a silica-gel/phosphoric
acid mixture (Gerstenberger and Haase 1997). Pb was
measured by either (1) peak-hopping on a single Daly
detector (for smaller beams); (2) a dynamic Faraday—
Daly routine (F-D) that cycles between placing mass
204 in the axial Daly collector and masses 205-208 on
the H1-H4 Faraday detectors to placing mass 205 in
the axial Daly and masses 206-208 in the HI-
H3 Faradays, providing real-time Daly gain correction;
or (3) for samples with large 204 peaks, in static
Faraday mode. U isotopic measurements were made as
the oxide in static Faraday mode. Mass fractionation
and detector bias on the Daly detector were deter-
mined to be 0.25+0.04%/amu over a wide tempera-
ture range based on analysis of the NBS-981 common
Pb standard and spiked aliquots of NBS-983. Mass
fractionation on the F-D and static Faraday routines
was determined to be 0.07+0.04%/amu. U mass
fractionation was calculated in real-time using a
23U-2%U double spike. All common Pb for the zircon
and baddeleyite analyses was attributed to procedural
blank. A sensitivity test shows that the composition of
the common Pb in zircon and baddeleyite has little or
no effect on the calculated dates. Total procedural Pb
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blanks for the HBr-based chemistry were determined
to be 1.5+£0.4 pg, which was used in the reduction of
titanite, apatite, and total dissolution K-feldspar data.
K-feldspar leachates were assigned a Pb blank of 10 pg
based on the amount of reagent used in the procedure,
and the blank is a negligible proportion of the total Pb
in those analyses. U blanks are difficult to measure,
but are < 0.1 pg, and only in feldspar analyses is the
blank a significant portion of the total U, but in no
cases are the blank-corrected isotopic ratios sensitive
to the U blank. All samples were spiked with a
205pp-233U—233U tracer, whose calibration is detailed in
Schoene et al. (2006), in which an error of £0.015% is
assigned to the Pb/U of the tracer.

Isotopic ratios and associated errors were reduced
using the algorithms of Ludwig (1980) and are presented
at the 95% confidence level. Tracer and decay constant
errors are considered systematic errors and are added to
the error of weighted mean data clusters (Ludwig 1998;
Mattinson 1987; Renne et al. 1998b; Schmitz and
Bowring 2001; Schmitz et al. 2003). Values and errors
for the uranium decay constants are from Jaffey et al.
(1971). Concordia plots, isochron regressions and
weighted mean calculations and associated MSWD
(mean square of weighted deviates; York 1969) calcu-
lations were generated in ISOPLOT (Ludwig 1991).

Sample description

The sample used in this study is from the McClure
Mountain complex, a series of ultramafic to low-Si al-
kalic igneous intrusions in the Wet Mountains region of
Colorado, USA. The complex is composed of early
crystallized mafic-ultramafic layered intrusions such as
olivine gabbro, pyroxenite, anorthosite and dunite,
which are in turn intruded by massive hornblende—bio-
tite syenite and then by nepheline syenite (Parker and
Hildebrand 1963; Shawe and Parker 1967). A series of
carbonatites, lamprophyres, and quartz—barite—thorite
dikes and veins crosscuts these older units (Olson et al.
1977).

This study focuses on the hornblende-biotite syenite
from which MMhb was extracted (Alexander et al. 1978).
A re-collection of the syenite (D. Hawkins, personal
communication, 1998) attempted to sample the same
quarry-derived boulders as were described in Alexander
et al. (1978). Major constituent minerals include K-feld-
spar, plagioclase, hornblende, biotite and clinopyroxene.
Titanite and apatite make up several percent of the rock.
Nepheline, magnetite, ilmenite, zircon, baddeleyite, zir-
conolite, calcite, iron-sulfides, and alteration products
such as sericite and chlorite constitute <2% of the rock.
Hornblende, pyroxene, biotite, titanite and apatite occur
as ~2-8 mm diameter clusters of intergrown crystals en-
cased in a matrix of microperthitic K-feldspar and pla-
gioclase crystals <1-10 mm in diameter (Fig. 1a). The
rock description of Alexander et al. (1978) did not identify
pyroxene in their sample, but instead describes the
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hornblende as zoned with olive-green cores and brown-
green exteriors. Our thin sections show similar zonation,
though the olive-green cores are Mg-rich clinopyroxene
(Fig. 1a). In addition to pyroxene cores, hornblende is
ubiquitously filled with inclusions of all other phasesin the
rock, which sometimes occur as euhedral crystals and
sometimes filling cracks and cleavages (especially with
respect to biotite). In each thin section, there are discrete
sub-linear zones several millimeters in length containing
calcite, nepheline, baddelleyite and symplectitic plagio-
clase/K-feldspar intergrowths in addition to other major
phases (Fig. 1b). These low-Si, high-CO, zones are not
located along cracks or in zones of obvious alteration, but
instead appear to be concentrated in-between major phase
minerals.

Apatite occurs as euhedral crystals ~50-200 pm in
diameter and is included in every major phase in the
rock, indicating it was an early liquidus phase (Fig. 1a).
CL images of apatite in thin section are generally fea-
tureless, though some show weak concentric zoning
(Fig. 2a). Titanite occurs with hornblende, oxides, and/
or biotite as both anhedral and euhedral phenocrysts up
to 300 um in diameter (Figs. la, 2b). Zircon (ZrSiOy),
baddeleyite (ZrO,), and zirconolite (CaZrTi,O7) are rare
in thin section, though all were identified in at least one
section using EDS. Several ~20 pum zircon grains were
identified in thin section by EDS and were located both
in clusters with titanite and apatite and also within the
feldspar matrix. Traditional mineral separation pro-
vided a large amount of zircon, whose textures and
geochronology are described in the U-Pb isotopic results
section. Baddeleyite is found in both the calcite-rich
zones described above (Fig. 2c) and also intergrown
with zircon and zirconolite. Zirconolite is also found as
microcrystic intergrowths with ilmenite, magnetite and
titanite. Though zirconolite has proved useful as a U-Pb
geochronometer (Rasmussen and Fletcher 2004), grains
found in thin section are <20 pum in diameter and were
not recovered in mineral separates.

U-Pb isotopic results
Zircon

Zircon from this sample forms two end-member popu-
lations, both of which range in grain-size from 30 to
500 pm. Group 1: magnetic, euhedral, brown-gray di-
pyramids that are cloudy to opaque due to inclusions
and/or metamictization. Group 2: non-magnetic, sub- to
anhedral, pink to colorless, translucent grains. These
two populations are equally easy to distinguish by CL
images (Fig. 3). Note that zircons located in thin section
are too small to make generalizations about the petro-
grpahic context of the endmember populations identified
in mineral separates. Group 1 exhibits both oscillatory
growth zoning, typical of magmatic zircons, and ‘“‘con-
volute” zoning—a texture that has been interpreted to
reflect subsolidus remobilization of trace ele-
ments—creating chaotically patchy zones of bright and
dim luminesence (Fig. 3d—i; Corfu et al. 2003; Pidgeon
et al. 1998). Also, this group of zircons has a higher
concentration of inclusions, including anorthite, K-
feldspar, magnetite, allanite and thorite (Fig. 3e, g).
Allanite inclusions typically contain weight-percent U
and Th, and form radiation halos of dim CL about 10—
20 um in radius in the surrounding zircon (Fig. 3g, h).
Group 2 zircons are dominated by oscillatory growth
zoning, though thin zones of bright or dark lumines-
cence cross-cutting this zonation occur as well; zircon
resorption during periods of undersaturation either in
the magma or during sub-solidus fluid migration may
explain the truncated zonation (Fig. 3a—d).

Seventeen single-grain zircon fractions were analyzed
for U-Pb systematics including six group 2 air-abraded
grains, one unabraded group 2 zircon, five chemical-
abraded group 1 zircons, and five chemical-abraded
group 2 zircons. U-Pb isotopic data are presented in
Table 1 and a concordia diagram is shown in Fig. 4. All

Fig. 1 Photomicrographs from the McClure Mountain syenite.
Abbreviations are as follows: ap apatite; bt biotite; cc calcite; cpx
high-Mg clinopyroxene; hbd hornblende; ksp K-feldspar; mg
magnetite; nph nepheline; p/ plagioclase; #¢ titanite. a Textural
relationship between major constituent minerals. See text for

discussion. Scale bar is 500 pm. b Example of carbonate-rich zone
featuring symplectitic intergrowth of plagioclase and K-feldspar, as
well as nepheline and calcite. See text for discussion. Scale bar is
200 pm



Fig. 2 BSE and CL images. Scale bar in each image is 100 um. All
abbreviations are the same as in Fig. 1 with the addition of: bd
baddelleyite; ilm ilmenite; z/ zirconolite. a CL image of sub- to
euhedral apatite in K-feldpsar matrix in polished thin section. Note
weak concentric zoning in the right-hand grain. b BSE image
depicting typical setting of an inclusion-rich subhedral titanite.
Note intergrowths of magnetite, ilmenite, titanite and zirconolite
along grain boundaries. ¢ BSE image showing baddeleyite spatially
associated with calcite. See text for discussion
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air-abraded zircons are positively discordant, and yield
206pp 238U and 2°’Pb/** U ratios that are lower than
those of the chemical-abraded grains, consistent with
Pb-loss in domains that were not totally removed by the
air-abrasion technique. The ten chemical-abraded zir-
cons give a range of 2°°Pb/>**U dates, and those with the
highest Th/U ratios (between 14 and 211; Table 1) are
negatively discordant. The dispersion in those data is
most likely due to >*°Th disequilbrium resulting in excess
20pp derived from variably abundant inclusions of
thorite and allanite in group 1 zircons, as seen in BSE
images (Fig. 3e, g). Though previously documented
examples of ?*°Th disequilibrium are interpreted to re-
sult from magmatic growth (Mattinson 1973; Parrish
1990; Schirer 1984)—as opposed to Th-rich inclu-
sions—the resulting negative discordance is expected to
be similar. Indeed, some group 2 zircons have Th/U
above 1 as well, which may be derived from unseen
micro-inclusions of high Th minerals or from within the
zircon crystal structure. *°’Pb/?*>U ratios from all ten of
the chemical-abraded zircons are statistically indistin-
guishable and yield a weighted mean date of
523.98+0.12/0.18/0.74 Ma (MSWD=1.4; internal
errors/with tracer calibration errors/with tracer calibra-
tion and decay constant errors). We consider this to
represent most accurately the crystallization age of the
rock.

Baddeleyite

Baddeleyite grains are brown to colorless and range in
size from <20-200 um. Three clear baddeleyite grains
were analyzed (b12, bl4 and bl5), and these all have low
Pb*/Pb, (<15) and two of them are greater than 14%
negatively discordant and one plots near concordia
(b12). Eleven brown baddeleyites were analyzed, and
five are between 3 and 28% negatively discordant while
the other fractions span a range of time slightly below
concordia from ~520 to 525 Ma (Table 1; Fig. 5).
Fraction b8 is more discordant and has an older
207pp2%pPh date than the other five brown grains, which
may be due to inheritance (though inheritance is not
commonly reported in baddelleyite) or to its relatively
low Pb*/Pb, (~14). The dispersion of the six grains near
concordia is consistent both with continuous growth of
baddeleyite and with open-system behavior with respect
to U and/or Pb after a single-stage of crystallization.
The observed negative discordance in numerous grains
provides ample evidence that open-system behavior was
important in these grains, and therefore we question
whether any of the grains record accurate age informa-
tion. Four fractions, however, are equivalent (MSWD
of equivalence = 1.2) and yield a weighted mean
207pp/235U date of 522.41+0.27/0.34/1.03 Ma (MSWD =
0.9; internal errors/with tracer calibration error/with
tracer calibration and decay constant error), though
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Fig. 3 BSE and CL images of
type 1 (e—i) and type 2 (a—)
zircons from the McClure
Mountain syenite. e and g are
BSE images of the same zircons
shown in CL in f and h,
respectively. All other images
are CL. pl plagioclase, th
thorite, aln allanite, ksp K-
feldspar. Scale bars are 100 pm.
See text for discussion

whether or not this date represents crystallization of all
or any of the baddeleyite is questionable.

Titanite and apatite

Nine titanite fractions were analyzed, including six sin-
gle-grain fractions and three fractions with 2-3 grains
each (Table 2). Grain diameter ranged from ~50 to
500 um and grains were subhedral, bottle-brown to dark
orange in color and free of visible inclusions. The seven
apatite fractions each comprised between 4 and 7 sub- to
euhedral grains that were clear, colorless, and free of
inclusions and ranged from ~50 to 300 pm in diameter
(Table 2). Two outliers in 2°’Pb/?°Pb—>**U/***Pb space
(a4 and s6; determined to be outside 2 SD of the pop-
ulation; figure not shown) are plotted on concordia
diagrams, but are excluded from weighted-mean dates
and linear regressions. Age calculations from these data
are sensitive to the choice of common Pb, due to the
relatively low Pb*/Pb, ratios in both titanite (1.5-11)
and apatite (1.3-2.1). The implications and methodology
of deriving an adequate Pb. correction is discussed
below.

Feldspar

Single feldspar crystals ranging from 100 to 400 um in
diameter were hand-picked from non-magnetic separates
and were free of inclusions or alteration. A random
sample of ten of these grains was selected for EDS

analysis and each was high-K feldspar. Five single-grain
K-feldspar crystals were dissolved and analyzed by ID-
TIMS for U-Pb isotopic composition (Table 2). These
have low but variable U contents, and show significant
scatter in isotope correlation diagrams (Fig. 6). One
fraction of ~20 grains was subjected to a modified ver-
sion of the step-wise leaching procedure of Housh and
Bowring (1991) and analyzed for U-Pb isotopic com-
positions (Table 2; Fig. 6). The first two leaching steps
were not analyzed and the fraction was completely dis-
solved by the sixth leaching step. The first analyzed leach
step (Fsp2a) gives the least radiogenic Pb isotope com-
position (*°°Pb/***Pb=17.369+0.017 and **"Pb/***Pb =
15.425+£0.020; Fig. 7), and is used as the closest
approximation of initial Pb in feldspar for Pb. correc-
tions in titanite and apatite (as discussed below). The
poor linear fit of these data on U-Pb isotope correlation
diagrams (Fig. 6) indicates either that not all feldspar
crystals had the same initial lead composition or that
post-crystallization open-system behavior with respect to
uranium and/or lead affected the grains.

Discussion

Inaccuracies due to U decay constants and **°Th
disequilibria

Several studies (Mattinson 1994, 2000; Schoene et al.
2006) have suggested that the mean values of one or
both of the U decay constants may be inaccurate, as
evidenced by normally discordant high-precision U/Pb



621

(338p qd907/9dL0T/2¥ep N8E€T/Ad90TX001)—001

= O0UBPIOISIP Y,
BWSIS 7 o1k s1011g,

(1L61) 'T& 19 A3gef JO sjUBISUOD KBIIP S} UO PIseq Ik SUONENI[L),
(0861) Smpn jo swyuod[e ay) Suisn pajesedord ewSis 7 aIv SIOLIHy
Jue[q [eINpadoId oq 0) PaWNSSE SEM qd UOWWOD [[Y “YUE[q Uk oYIds ‘UONBUONOLI] 0] PIJOAII0),
‘K1oAnoadsalr ‘sasAjeue A[eg—Aepere JIUBUADP pue sasA[eue A[e(q 10309][00-9[3uls 0} pardde axom nwre/o,+(0°0F L0°0 pue (Jun ssew
JIWOIR) NWER/% (') F ST JO SUONIIIOD) "€86-SAN PUB [86-SIN JO SISA[RUR UO PISBQ 2I0M SUONIILIOD UOTIBUOIIORIJ SSRIAl “AJUO UOTRUONORI] PUB dYIdS 10] PI)Oa1I0d ORI PAINSBIA,
93® qd907/9dL0T pue oner qd90z/qd80g drueSoIpel woly pajeno[es onel /YL [PPON,
qd uowuwod Jo JySom (8101,
qd uowwod 0 (qd807 SuIpn[our) qd OIUaSoIpel Jo oney,
suooaiz 7 dnoi3 are 1x91 ure(d ur esoy) pue suodNz |
dnoi3 are sOI[eII Ul SUOTIORIJ UODITZ “dNDIUYI9) UOISLIQR-[RIIWAYD 9y} 0] Pajdalqns a1om JBY) SUOIORIJ UOJIIZ dIB 3]0 ‘TRZ ‘[ BZ "SUIRIS 9[3UIS JO pasodwod suonorly aIe <0319 ‘7q ‘1q ‘7z ‘12,

8SHI- 081 Y0TIS 8L6 I11€C9 6L11 90°0K9 6160 €80 988500  OI'T 6ILFS0 €61 S8EHOI0 #I+'0  8TE w101 LY 19
88'9T- LTE  168IS T6'0 19TT9 LLO  ISTISO 6590  ST'O0 TLLSO0O  0TO 0€9¥8°0  CTI'O 0SE90I0 €£0°0 186 €0 8¢¥ a viq
9c'¢-  S'LT 1T80S S6'€ SSITS HPT  6SHCS  6LS0 6L°0 €VLSO0  L60 LEILOO 80 6LLYSOO 990°0 98I o 0LS  ve €19
€00 68°€  L9TTS OI'l TSTIS 660 6¥TTS ISL'0 810 1I8L500  LTO 86TLY0  0TO 9THP800 1200 6 LO0 9€S 89 z1q
SE0  YI'T  0C€ITS €90 88°6IS 650  SS6IS LLLO 010 8LLSO0  SI'0 798990  TI'0 €€6€80°0 6800 TIOT 8TO 61T I¢ 119
€= STH 08805 9€'T 81'STS vET 968 0180 610 SPLSO0  €£0 LELLOO  9T0 SISS80'0 1900  90vT  0T0  IET Iz 019
STIl- vTT  T8V6Y TLO b6'LES TLO  9U'8KS 8080 010 60LS00  LI'O 8S869°0  #I'0 $SL880°0 6ST°0  690°T 950  1IL'1 e 69
061  6€S POSES +9T 1ILTS 66T 8TSTS €760  STO #I8S00 90 950890 650 968¥80°0 1050  LbL 8T €Il 4l 84
TE0 €1 PSSTS LEO0 TTHIS €0 16°€TS 1690 LO0  68LS0°0 6070 LLSLY0 900 999¥80°0 6T00  S96°L 600 €1 1zl L9
TI0 S0T  9KTTS 650 86°1TS SSO  L8ITS F9LO 600 I8LSO0 IO 60TLY0 110 TTEP8O'0 €00 99vT 010  8T°€ (44 a
€9°0 T EISTS €90 €S7TCS LSO ¥6ITS LPLO  OL'0 884500  SI'0 667L90 110 €€€¥80°0 #0000  69T°€ 100  TTLL 8 va
§9°0  bPT  0TSTS 6£0 STTS SE0  €6°1TS 8TLO  L0O 88LS0°0 OO0 00490 LOO TEEKRO'0 6100  T6LO 900  bHl €01 €q
60°8C- 9T€  9S0LY LOT LIILS OF'T  9L°965 1080  ST'0 9¥9S0°0  STO 60SSLO0 610 €66960°0 LTI'O  LLST TS0 LY'I sT <l
L8T-  LI'E  89°0TS T80 6TTES $90  00SES 1890  #I°0 9LLSO0  0TO SI689°0 €10 €£5980°0 L9T°O0  TLY'T SSO 65T 8T 19
aNkoneppeg
€8°0  9TT  99°LTS I€0 €TYTLS YTO  PPETS OK90 900 F6LSO0  LOO O08SL90 SO0 L8SKRO'0 SETO  TSSTH SLO 670 9pL 01vz
S0 681  €5STS 8Y0 0L€TS OF0  LTETS €890 600 68LS0°0  TI'0 I6VL90 800 8SSPS00 SKTH  6SKL  FSEL  9T0 6€S 6vz
LEO  6ST  9TSTS OV0 9L€TS TEO  THETS #9900 LOO 88LSO0 OO €0SL9°0  90°0 €8SH800 I6£°0  IOLY  STT 89l 6 gez
[€h- 85T €0°L0S 650 60+TS Tv'0  TOSTS L8O  TI'0 OPLSO0  $I'0 9SSL90 800 9SES80°0 99€°€9 OLV'E  6€11T TLO 6£0€ Lz
LLO  LYT  STLIS 8€0 LOFTCS €£0 SEETS 8690  LOO €6LS00 600 ¥SSLO0 900 OLSP800 8L8F  YLLO  0SSI ¥ LYS 9pz
SP0 660 PL'STS 670 68°€TS LTO  LYETS 89L0 SO0 68LS0°0  LO'O ¥TSLOO SO0 I6SPS00 I8Y'0  €60°S6 €ST €40 L861 gez
0C0  8TI TEHIS TE0 OIFCS 970  16'€CS 1290 900 L8LSO0  80°0 8SSL9°0 SO0 S$99¥80°0 18T0  €S0°9C 060 940 €Ly vz
960 65T PL'STS THO 8THIS 9€0  PE'ETS TOLO  LOO 68LS0°0  OI'0 885490  LOO [L9Y80°0 LVTO  60T89 6L0  TY0 LOTI gez
9L'0- 8T T90TS 8Y0 IL€CS THO  EPHTS 6690 800 9LLSO0  TI'0 ¥6PLO0 800 TSLYSO'O 86E°9  €80°v  €9°0T LSO vy vz
U= 96T LO6IS 9P°0 19°€TS €€0  S9HCS T090 600 TLLSOO 110 8LVL90  LOO 68LY80°0 6099  vL8t  6£1C  8I'1 80S vz
8TT 88T LL9TS 9L'0 ISTITS #9°0  I€0TS SOL0 €10 T6LSO0 610 IE1L90 €10 6S0¥80°0 I€£0  6SS'T  SOT  0TT 6T Iz
PLT ST TO9TS vLO 98°8IS €90 YTLIS €0L°0 €10 06LS0°0 810 S$6999°0 €10 PSES0°0 ObTO  999°T  SLO  LST 6T 1z
LO0 19T  10°€TS 990 TLTIS ¥SO  99TTC 0890  TI'O TSLSOD 910 O0LELYD 110 ¥SPP80°0 SSTO  TS6'T 180 €01 e €1z
vT0  9¢€ 9L°€TS 180 LLTIS 190 $STIS 1€9°0  SI'0 ¥8LSO0  0TO 6EEL90  TIO0 SEPPSO0 IETO  9L9T L0 860 6T 21z
0L0 96T 6C9TS 8L0 I¥'€CS 990 9LTTS 10L0  FI'0 164500 610 vbPL90 €10 TLVPRO0 SLI0 6851 950 vTl 9z £z
€70 €ST  6LFTS L90 10°€TS 850 65TCS LOLO  TIO LSLSO0 910 8LELYD 110 vbbP80°0 8LT0  9SL'T 680  LS'1 1€ z
SE0 67T  THEIS TO0 86ITS SSO  S9ITS 8TLO  OI'0 €8L50°0  SI'0 60TL90 110 S8TH8O'0 LLTO  LOLT 880  Ob'l 6v 1z
uodlIryz
Adyo; ullgez ullgez 3909 1Adoge eee ger dgge o9dipge

PSP Y% F ldje  F Mdie T gy WD w9%  JAdje #9%  RAdie #90%  [Adge  19dge ddge; 06D g

(e ) soreQ soner drdojos| L Cad \Mi » ojdwes

o)1kaf[eppeq pue uodIz 10y eyep o1dojost qd— T dIqeL



622

0.08s4 + 2°Pb/**%U &
0.0850 + zircon

-t 2"Pb/*°U date e
00846+ 523.98+0.12 Ma e

! MSWD =1.4 ;
0.0842 + / e
0.0838 1 / el

I / 518
0.0834 + air-abraded

- 27pp/235Y | ,—> chemical-abraded
0.0830 : : |

0662 0666 0670 0674 0678

Fig. 4 Concordia diagram for zircon. Data are in Table 1. Gray
band indicates error limits of the concordia curve. Calculated
207pp/23°U date includes all chemical-abraded grains. Errors are at
the 95% confidence level
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Fig. 5 Concordia diagram for baddeleyite. Gray band indicates the
error limits of the concordia curve. Data are in Table 1. Errors are
at the 95% confidence level

datasets spanning a wide range of time. Those studies
imply that the real values of the decay constants are
within the errors reported in the original alpha-counting
experiments (Jaffey et al. 1971), but many authors note
that the value of the **U decay constant is likely the
more accurate of the two based on evaluation of the
quality of the experiments (Begemann et al. 2001;
Mattinson 1994, 2000; Schoene et al. 2006; Schon et al.
2004). Our zircon data are consistent with those con-
clusions, in that the chemical-abraded zircon analyses
with Th/U of <20 are also slightly normally discordant.
In this regard, it may be more accurate in an absolute
sense to rely solely on the »*U—2°Pb system for age
calculations while using the 2°’Pb/**°U date for evalua-
tion of concordance/discordance only.

On the other hand, any mineral that has a Th/U ratio
that differs from the magma or fluid from which it
crystallized should be expected to have either an excess
or deficiency in 2*°Pb, which will affect the accuracy of
the calculated 2*°Pb/***U date. While this phenomenon
is most pronounced in monazite (Parrish 1990; Schéirer
1984), it has previously been inferred to affect zircon
systematics as well (Amelin and Zaitsev 2002; Oberli
et al. 2004; Schmitz and Bowring 2001). Excess 2°°Pb is a
controlling factor in our zircon *°°Pb/***U data, due in
part to the variable abundance of high-Th mineral
inclusions such as thorite and allanite, and possibly
because of elevated Th levels in the zircon grains
themselves. Correcting 2°°Pb/***U dates for excess °°Pb
requires either some knowledge of the Th/U of the melt
from which the minerals crystallized (Parrish 1990;
Schirer 1984) or by making the assumption that all
minerals crystallized from a fluid with identical Th/U
values, forcing data to converge upon a single
206pp/23¥U. Our data show that no single assumed value
for the Th/U of the magma can cause the data to con-
verge, proving that assumption to be incorrect in this
case. The apatite and titanite populations are also likely
affected by this problem, in that these minerals have
model Th/U ratios of ~7-8 and 4-6 (Table 2), respec-
tively, while that of the crystallizing magma is uncon-
strained. Several studies have also argued that excess
207Pp in zircon, derived from non-equilibrium values of
B1pa, can jeopardize 2°’Pb/ **U dates (Amelin and
Zaitsev 2002; Anczkiewicz et al. 2001; Mattinson 1973;
Mortensen et al. 1992). However, these cases are rela-
tively rare and the consistency of our *°’Pb/?*°U dates
from chemical-abraded zircons suggests that this is not
an issue for the data reported in the present study.

Therefore, we choose to focus on the **’Pb/**°U dates
from zircon, titanite and apatite rather than the more
precise 2°°Pb/*®U dates. The trade-off in precision
between the two methods is minimal compared to the
potential inaccuracies introduced by excess “*°Pb. Any
inaccuracy in the **°U decay constant will introduce a
systematic error, but will not affect the relative offset
between the closure dates of the different minerals (for
example, the data in Schoene et al. (2006) would predict
an offset of 0.1% between *°°Pb/***U and **’Pb/*°U
dates). Therefore, the cooling history of the rock and
any potential bias with the *°Ar/*’Ar method may still
be addressed accurately. If future work results in
refinement of the *°U decay constant, correcting these
dates to be more accurate in absolute time is a trivial
issue.

Common Pb correction

The apatite and titanite dates are heavily dependent on
the correction used for the initial isotopic composition
of lead (a.k.a. common lead; Pb.), which can be chosen
using several methods: (1) selecting a composition based
on a bulk Pb evolution model, such as that in Stacey and
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Fig. 6 U-Pb isotope correlation diagram for K-feldspar. Data are
in Table 2. See text for discussion. Errors are at the 95% confidence
level
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Fig. 7 Pb isotope correlation diagram depicting the Pb. values
derived by different methods for correcting U-Pb titanite and
apatite data. See text for discussion. Errors are at the 95%
confidence level

Kramers (1975); (2) determining and applying the Pb
isotopic composition of cogenetic low-U minerals; or (3)
employing 2-D and 3-D isochron regression techniques,
in which the intercept of a line with one of the axes
describes the best-fit Pb. composition. Several studies
have investigated the effects of using a Pb, correction
derived from the Stacey and Kramers (1975) two-stage
Pb-evolution model in comparison to those extracted
from coexisting low-U minerals such as K-feldspar (e.g.,
Chamberlain and Bowring 2000; Corfu 1988; Mezger
and Cosca 1999; Schmitz and Bowring 2001; Verts et al.
1996). The latter methods are deemed to yield more
accurate dates because, in general, the data are sensitive
enough to the choice of Pb, that it is difficult to justify an
ad hoc correction using a model Pb. composition; in
some cases the U-Pb dates reduced with feldspar Pb also
plot closer to concordia. However, Chamberlain and

Bowring (2000) note that in one sample, a poor linear fit
of apatite and feldspar in 2°’Pb/***Pb—"°Pb/***Pb space
suggests that the two minerals do not meet one of the
required assumptions: that the minerals were in isotopic
equilibrium at a mutual time of crystallization and that
each phase has remained closed with respect to U and
Pb since that time. We attempt here to test those
assumptions further by measuring U-Pb systematics of
K-feldspar and using 2-D U-Pb isochrons or the 3-D
total Pb-U isochron (Ludwig 1998) to constrain whether
those assumptions are met.

We have calculated the 2°°Pb/>***Pb and **’Pb/***Pb
values for Pb, in titanite and apatite using each of the
techniques described above. The results are shown in
Fig. 7 and the data reduced with those compositions are
plotted in concordia space in Fig. 8. It is easy to dis-
tinguish the K-feldspar Pb isotopic values from the
Stacey and Kramers (1975) values at 520 Ma (Fig. 7).
The calculated **°Pb/?**Pb and *°’Pb/***Pb values from
the 2-D isochron regressions overlap with the feldspar
data, though the apatite data are discernibly less radio-
genic than the Stacey and Kramers (1975) estimate and
the calculated initials are relatively imprecise. The least
radiogenic feldspar datum (corresponding to the first
leach step which contained minimal U; Fsp2a) lies out-
side the Pb, compositions calculated from the 3-D total
Pb-U isochron regressions of titanite and apatite
(Fig. 7). The added precision of regressing titanite and
apatite together on the 3-D isochron yields a result with
higher precision than with each phase individually, but
gives an unacceptably high MSWD of linearity (~3-10;
isochrons are not shown). This is also true for regres-
sions involving apatite, titanite and K-feldspar (MSWDs
are ~3-10), suggesting these minerals were not in iso-
topic equilibrium at any moment in time or that open-
system behavior was important.

It should be noted that the 3-D total Pb-U isochron
utilizes both U decay schemes, and therefore the result
may be affected by >*°Th disequilibrium. As a sensitivity
test, the ratios uncorrected for non-blank Pb. (Table 1)
were corrected for excess *°°Pb using methods similar to
those in Schirer (1984) and Parrish (1990) for various
magmatic Th/U ratios. This test shows that while the
calculated dates can vary significantly (e.g., can lower
apatite dates by 1-2 Myr for Th/U of the magma
between 5 and 1), the calculated initial Pb isotopic
compositions are insensitive. Therefore, for all dates
calculated using isochron Pb. estimates, the Pb. com-
positions and the associated errors are used to reduce the
raw U-Pb data and the resulting 2°°Pb/>**U and
207pp/35U ratios are plotted in concordia space and
used to calculate weighted-mean dates (Fig. 8; the
resulting dates are summarized in Fig. 9).

A further caveat lies in that titanite fractions have less
total Pb than either apatite or feldspar, and are therefore
potentially more sensitive to the effect of Pb blank on
the resulting 3-D isochron solution. A sensitivity test
shows that using blank values of 0-10 pg has a negligible
effect on the calculated initial 2°’Pb/?**Pb, but using
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Fig. 8 Concordia diagrams for titanite and apatite depicting the
effect of different Pb. corrections on the data. See text for
discussion. Uncorrected data are in Table 2, and a summary of
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Fig. 9 Summary diagram for the Pb. correction in titanite and
apatite. Numbers in parentheses indicate the MSWD of the linear
regressions (for multi-phase U-Pb dates) or weighted-mean dates
(single phase 2’Pb/***U dates—method of calculation described in
text). Values of Pb. are depicted in Fig. 7 and concordia diagrams
with each Pb. composition are in Fig. 8. Errors are at the 95%
confidence level

blank values of >5 pg has considerable affect on the
calculated initial 2°°Pb/***Pb and on the U-Pb date
calculated with the 3-D regression (for example, a 5 pg

the weighted-mean 2°’Pb/?*°U dates, errors, and MSWDs are in
Fig. 9. Gray band indicates error limits of the concordia curve.
Errors are at the 95% confidence level

blank returns a U-Pb date of 523.2+3.9 Ma and an
initial 2°°Pb/?**Pb of 17.7+1.4 and 2Pb/***Pb of
15.5£0.4 with an MSWD=0.1 and a 10 pg blank
returns a U-Pb date of 532.9£3.7 Ma and an initial
206pp 204ph of 13.9+3.6 and **’Pb/***Pb of 15.5+3.5
with an MSWD =9.4). However, a Pb blank of >5 pgis
unreasonable for these data because of the consistency
of total procedural blanks (which fall between 1 and
2 pg), the fact that low-PDb single grain fractions have
< 10 pg total Pb., and an increasingly poor linear fit of
the data and correspondingly large errors of the result-
ing Pb. values. Therefore, we consider the Pb blank of
1.5+0.4 pg to be robust, and the resulting initial Pb,
values and U-Pb dates to be accurate.

Picking the best Pb, composition is easily done in
concordia space (Fig. 8) if we assume that the titanite
and apatite data are most likely within error of con-
cordia or normally discordant and that the cooling dates
must be less than or equal to the zircon crystallization
age. The apatite dataset is especially sensitive to the
choice of Pb. because these data overall have lower and
more variable Pb*/Pb.. These data show substantial
scatter and are negatively discordant when using the
Stacey and Kramers (1975) Pb. correction, and the
amount of offset from concordia correlates roughly with
the Pb*/Pb,. of the individual analyses. Using the less
radiogenic estimates shifts the data closer to concordia,
though both the 2-D isochron solution and the feldspar
Pb. values shift the data to values that are normally
discordant and older than the zircon date. The titanite
data are less sensitive to the choice of Pb, composition,
though feldspar-corrected data also fall normally dis-
cordant with a weighted-mean *°’Pb/**°U date that is
substantially older than with other Pb, estimates
(Fig. 9). The total Pb—U isochron solutions for titanite
and apatite yield concordant results with weighted-mean
207pb/?33U dates that overlap with the zircon 2°’Pb/>*°U
date (Figs. 8, 9).
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We conclude that the best composition of Pb, for
both titanite and apatite are the values determined by
the total Pb-U isochron, and that these values are
different from one another (Figs. 7, 8, 9; best-fit com-
positions are as follows: titanite 2°°Pb/***Pb=17.79 +
0.34, 2Pb/**Pb=15.56+0.10; apatite >°°Pb/***Pb=
17.54+0.27, *'Pb/***Pb=15.47+0.04). Additionally,
neither thermochronometer is amenable to the feldspar
Pb, and therefore all three phases have different average
Pb. compositions. The best estimate weighted-mean
207pp/>3U closure dates for titanite and apatite are
523.26+0.65/0.72/1.27 Ma (MSWD =0.7) and 523.51 +
1.47/1.53/2.09 Ma (MSWD=2.1; internal errors/with
tracer calibration errors/with tracer calibration and
decay constant errors), respectively (Fig. 9).

Thermal and petrologic history of the rock

Given that the best estimates for Pb. differ for titanite,
apatite and K-feldspar, we must conclude that the min-
erals were not in isotopic equilibrium at the time of their
respective crystallization or that subsequent open-system
behavior affected the U-Pb systematics. There are several
end-member explanations for the observed variations in
Pbisotope systematics: (1) that the minerals incorporated
Pb with variable isotopic compositions at the time of
crystallization; (2) that the isotopic signatures changed as
a function of time during cooling due to interaction with
reservoirs of variable Pb, composition; or (3) that mineral
alteration and recent weathering compromised closed-
system behavior. Option 3 is unlikely both because of the
freshness of the rock and the minerals analyzed and
because such processes would also substantially disturb
the age information recorded in titanite and apatite, which
isnot observed. If the first option is true, it requires that on
average, the three phases crystallized from reservoirs of
Pb with distinct isotopic signatures. Given that petro-
graphically, titanite, apatite and feldspar likely have sig-
nificant overlap in the timing of crystallization and are
often in contact with one another, this option seems un-
likely to be entirely responsible for the observed variation.
In addition, this option would require that the minerals
were able to retain a distinct isotopic signature above their
respective closure temperatures in an environment that
had magmas/fluids with fluctuating or evolving Pb iso-
topic values.

The best explanation for the observed differences in
initial Pb, composition in titanite, apatite and K-feldspar
is that the average isotopic composition of the lead
incorporated in each mineral is a function of differing
closure temperatures and therefore reflects a changing
composition of lead in the system during cooling. Min-
eralogical and textural features in our sample show that
the composition of the magma and associated fluids
changed with respect to major and trace element chem-
istry as a function of space (e.g., within the scale of a thin-
section) and/or time. This is evidenced by the presence of
calcite, baddeleyite and nepheline, which are not dis-

tributed homogeneously throughout the rock, but in-
stead occur together in discrete millimeter-sized zones
(Figs. 1b, 2¢). K-feldspar and plagioclase symplectite
texture (Fig. 1b) also occur in these zones, and this tex-
ture is often interpreted to reflect subsolidus quenching
perhaps following the removal of a fluid-rich component
(Fenn 1986; Lofgren 1980). Therefore, we infer that in-
tercumulus or late-stage fluid became CO,-rich and Si-
undersaturated late in the rock’s crystallization history.
It seems reasonable then that the Pb isotopic composi-
tion of the fluids may have changed with time and/or
space as well; therefore, minerals with different closure
temperatures would retain different isotopic composi-
tions of Pb, at their time of closure to diffusion. Evidence
consistent with this interpretation comes from Armb-
rustmacher and Hedge (1982), who conducted a trace
element and Sr-isotope study of the McClure Mountain
complex and showed that the main body of the nepheline
syenite, which post-dates the hornblende—biotite syenite,
has distinctly less-radiogenic Sr isotopic values. They
concluded that this is indicative of multiple distinct
source regions for the different magmatic compositions
of the complex. We should note also that the U-Pb data
from baddeleyite are consistent with this model. Though
the potential for open-system behavior in these
data complicates their interpretation, the weighted-
mean 2*’Pb/**°U date of four equivalent points (Fig. 5)is
~1-1.5 Ma younger than the zircon date; if this date is
robust, it is consistent with their crystallization being
concurrent with a late-stage fluid evolving towards
Si-undersaturation.

Whether or not titanite, apatite and K-feldspar could
equilibrate with the Pb isotopic characteristics of a host
fluid during cooling is dependent on the balance between
the rates of fluid advection through the rock and volume
diffusion of Pb within individual minerals. Typical
values for nominal closure temperatures for diffusion
of Pb in titanite and apatite (7.=~600-650°C and
~450-550°C, respectively) are derived from a combina-
tion of diffusion experiments (Cherniak 1993; Cherniak
et al. 1991), crystal-chemical theory based on ionic
porosity (Dahl 1997), and the consistency of numerous
geologic studies (e.g., Chamberlain and Bowring 2000;
Corfu 1988; Corfu and Stone 1998; Mezger et al. 1991;
Nemchin and Pidgeon 1999). A simple calculation using
the diffusion parameters for apatite from Cherniak et al.
(1991) shows that if the rock remained at a constant
temperature of 575°C for 1-2 Myr (the maximum offset
in closure dates between apatite and titanite), one would
expect diffusion of Pb to be important in apatite on
length-scales of 100-150 um. Given that the radii of
apatite cylinders analyzed in this study vary between 50
and 150 pum, and that the rates of grain boundary dif-
fusion are far greater than volume diffusion (e.g.,
Joesten 1992), it is reasonable that apatite could equili-
brate with a fluid that is temporally variable with respect
to the Pb isotopic composition over those timescales.

The closure temperature of Pb in K-feldspar is not
well constrained, though the diffusion experiments of



Cherniak (1995) suggest that under anhydrous condi-
tions Pb is less mobile than in apatite. Because feldspar
lacks sufficient U to be a good U-Pb thermochronome-
ter, there are no field-based tests to verify the diffusion
experiments and the effect of hydrous conditions are
unknown but potentially important. If the closure tem-
perature of feldspar with respect to Pb is higher than
apatite, then the evolution of the Pb isotopic values of the
interacting fluid would have to fluctuate up and down as
a function of time because the feldspar Pb, estimates are
less radiogenic than the apatite total Pb—U isochron
estimate (Fig. 7). If the closure temperature for Pb in K-
feldspar is in fact lower than apatite (Chamberlain and
Bowring 2000), a simpler single-stage model is more
appropriate where the isotopic composition of Pb in the
fluid evolves towards less radiogenic values with time.
The excess scatter in U-Pb data from titanite, apatite and
feldspar, evidenced by high MSWDs and outliers in
isotope correlation diagrams (e.g., Figs. 6, 9) may be
suggestive of more complicated interaction of mineral
growth, volume and grain boundary diffusion of Pb, and
transport of Pb of different compositions by magmatic
fluids during cooling. It may also be a reflection of
the grain-size dependency on closure temperature
(Dodson 1973, 1986), partial equilibration of Pb, com-
position, or armoring of mineral-inclusions that prevents
fluid—mineral interaction entirely (Loferski and Ayuso
1995; Meurer and Boudreau 1996; Willmore et al. 2000).

The implications of our observations of variable Pb,
compositions in different phases in the rock go beyond a
petrologic model and are applicable more generally to
U-Pb thermochronology. The accuracy of some studies
relies on correctly assigning a Pb, composition to the
data and in slowly cooled rocks, typical of Archean and
Proterozoic terranes, the methods used here may not be
applicable. The grain-size dependence on closure tem-
perature of thermochronometers means that neither 2-D
nor 3-D isochrons are valid methods of Pb. composition
determination in slowly cooled rocks. Making a cor-
rection with the isotopic composition of cogenetic low-U
minerals such as K-feldspar may also be inaccurate. The
importance of this point to a given study is of course
dependent on the sensitivity of an interpretation to a Pb,
correction. For example, in minerals that are periodi-
cally or permanently open to diffusion for hundreds of
millions or billions of years (e.g., Schmitz and Bowring
2003), there is a far greater time period in which different
fluids may act as reservoirs for Pb., but any inaccuracy
introduced with that correction may be unimportant
compared to the magnitude of the spread in U-Pb dates.
For studies that pursue relatively short-duration, high-
precision cooling histories or intermethod comparison,
the Pb, correction is of utmost importance.

Intercalibration of U-Pb and *°Ar/*’Ar from MMhb

Because K-Ar and *°Ar/*’Ar hornblende dates from
MMhb are cooling dates, we have established a context
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within the U-Pb system to which dates can be com-
pared. Given the high-precision, relatively fast, cooling
path constrained by the **>U-*""Pb system, and that the
closure temperature of Ar in hornblende is between ti-
tanite and apatite (7.=500-550°C; McDougall and
Harrison 1999), the “°Ar/*’Ar cooling date should fall,
within internal errors, between the lower-bound
207pp/35U  date of apatite and the upper-bound
207pp/35U  date of titanite, or 522.98+1.00 Ma
(including tracer calibration errors, but not decay con-
stant errors) if no bias existed between the two systems
(Fig. 10).

MMhb ranks among the most-dated minerals by the
K-Ar and “°Ar/*’Ar methods, despite the fact that its
homogeneity and quality as a standard are often ques-
tioned. Baksi et al. (1996) showed that unpurified 15 mg
sglits of MMhb show isotopic inhomogeneity, giving
OAr/*Ar  dates ranging from 513.5£14 to
520.4+1.8 Ma with respect to the SB-3 biotite at
162.9 Ma, and concluded that MMhb is unsuitable as a
fluence monitor in “°Ar/*Ar geochronology. This con-
cern is supported by previous work summarized in Baksi
et al. (1996) and also in subsequent intercalibration
studies by Renne et al. (1998b) and Spell and McDou-
gall (2003), who find inhomogeneity in total-fusion
analyses relative to the Fish Canyon sanidine and GA-
1550 biotite. Inhomogeneity in dates for MMhb is likely
derived from impure separates or inclusions of high-K
minerals such as biotite and K-feldspar (Lee et al. 1991;
Villa et al. 1996). Incremental heating experiments on
MMhb support this inference in that early heating steps
show anomalously low apparent ages, though resulting
plateau dates yield highly consistent results (Lee et al.
1991; Rex et al. 1993; Villa et al. 1996). Despite evidence
for inhomogeneity in MMhb, continued work to re-
collect and proliferate this standard is being carried out
(Kunk et al. 1994; Kunk and Miller 2002), emphasizing
the importance of attaining an accurate reference date
and further characterizing under what conditions this
standard can be considered homogeneous.

The most widely cited reference dates for MMhb are
the K—Ar compilation date from Samson and Alexander
(1987) of 520.4+ 3.4 Ma and the total-fusion “°Ar/*Ar
dates from Renne et al. (1998b) of 523.1 £5.2 and from
Spell and McDougall (2003) of 523.3+1.8 Ma, refer-
enced to the primary biotite standard GA-1550 using
K-Ar ages of 98.8+1.9 and 98.5+1.6, respectively
(*°Ar/*°Ar dates include intercalibration errors, but not
decay constant errors). These K-Ar and “°Ar/*Ar dates
return apparent biases of 0.5+0.7, 0.0+1.0, and
0.0+0.4% with respect to the >**U-2"Pb system
(excluding decay constant errors; Fig. 10). A robust
20pp 238y date would likely be younger than the
207pp/335U date by ~0.1% (ca. 0.5 Myr) given tangible
inaccuracies in the U decay constants (Mattinson 2000;
Schoene et al. 2006). Though each date overlaps within
internal error of the predicted *°’Pb/**°U date, the K-Ar
date has a high probability of being different than the
207pp/35U date. The offsets between the U-Pb and
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Fig. 10 Summary comparin7g popular K-Ar and *°Ar/*Ar dates
from the literature with >°’Pb/>**U dates from this study. Gray
band marks the expected closure time of hornblende based on the
maximum and minimum closure times of titanite and apatite,
respectively. Errors on U-Pb dates include tracer calibration errors

“OAr/*Ar dates are consistent with previous observa-
tions that U-Pb dates are often systematically older than
OAr/°Ar dates by <1.0% (Min et al. 2000, 2001;
Renne 2000; Renne et al. 1998a; Schoene et al. 2006) if
only internal errors are considered. However, these data
are also consistent with there being no bias between the
two methods. Assessing more precisely any bias with
respect to MMhb would be aided by higher-precision
“OAr/*°Ar dates. This goal may be realized through the
intercalibration of MMhb against other “’Ar/*Ar
standards using purified separates and the step-heating
method both because of the potential for greater preci-
sion and the added benefit of evaluating concordancy.
Such a study—in combination with our U-Pb age—may
further reveal whether MMhb is a suitable standard for
geochronology or whether it should be abandoned for a
more suitable reference material.

Conclusions

The McClure Mountain syenite yields two populations
of zircon, and the abundance of high-Th inclusions in
one population and sporadically high-Th contents in the
other negate the use of the **°Pb/***U date. A weighted
mean 2°’Pb/**°U date from ten chemical-abraded zircon
fractions of 523.98+0.12/0.18/0.74 Ma (MSWD=1.4;
internal errors/with tracer calibration errors/with tracer
calibration and decay constant errors) is our best esti-
mate for the crystallization age of the syenite.

We explore the best correction for the isotopic com-
position of initial Pb (Pb,) in titanite and apatite and K-
feldspar, and show that the composition is different for
each mineral. This implies that using a single Pb. cor-
rection for multiple U-Pb thermochronometers may be
inaccurate, especially in rocks that have complicated
late-stage magmatic or hydrothermal histories or in
slowly cooled rocks.

A possible model to explain this involves a late-stage
magmatic fluid, whose Pb isotopic composition changed
as a function of time, controlled the composition of Pb,

207ph /235 titanite (this study)

207ph/235) apatite (this study)

207ph/235) zircon (this study)

K-Ar hornblende (Samson&Alexander 1987)
40Ar/33Ar hornblende (Spell&McDougall 2003)

40Ar/39Ar hornblende (Renne et al. 1998b)

but not decay constant errors. Error bars for zircon date are smaller
than the symbol. Errors on “°Ar/*Ar dates include intercalibration
errors but not errors for the primary standard used or for the decay
constants or physical constants of “°K. All errors are at the 95%
confidence level

in each mineral phase at the time of its respective closure
to diffusion of Pb.

The 2°’Pb/***U cooling dates for titanite and apatite
are 523.26+0.65/0.72/1.27 Ma (MSWD=0.7) and
523.51+1.47/1.53/2.09 Ma (MSWD=2.1; internal
errors/with tracer calibration errors/with tracer calibra-
tion and decay constant errors), respectively.

U-Pb thermochronologic data yield a best estimate
closure date for Ar in hornblende of 522.98 +1.00 Ma
with respect to the **>U-*'Pb system, from which
intermethod biases may be assessed. While these data
are consistent with previous studies that show K—Ar and
YOAr/*Ar dates to be younger than U-Pb dates
by < 1%, they are also consistent with there being no
bias. The ambiguity is Ig)rimarily a result of large errors
in the K—Ar and “°Ar/*’Ar dates, which may be a result
of the inhomogeneity in MMhb pointed out by other
workers.
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