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The coupling of two new approaches enabled acquisition of in situ U–Pb data from zircons as small as 5 mm

in a metamorphosed mafic dike from the Northern Madison Range, Montana. Despite negligible zircon yield

by mineral separation, automated mineralogy rapidly identified 4375 sub-20 mm zircons in a single thin

section. Subsequently, zircon crystals were dated using modifications to the conventional SIMS technique to

diameter analysis pit. This approach allowed analysis of zircons too small to be dated by standard SIMS and

TIMS methods. U–Pb data define a discordia array with upper and lower intercepts of 175379 Ma and

6378 Ma, respectively (1s error, MSWD¼1.5). We interpret the upper intercept to reflect zircon growth

during high-temperature and high-pressure metamorphism (800 1C, 1.2 GPa) based on textural relationships

between the dated zircons and the peak metamorphic assemblage. The lower intercept is attributable to the

thermal pulse associated with emplacement of the nearby ca. 75 Ma Tobacco Root batholith. Percent

discordance is linked with both textural setting and U concentration. Zircons located along grain boundaries

or within fractured host grains display a positive correlation between U (1049–2817 ppm) and percent

discordance (12–82%) that is consistent with radiation damage-enhanced Pb loss. In contrast, three zircons

housed completely within unfractured quartz yield the most concordant analyses of the dataset (r7%

discordant), despite U concentrations comparable to highly discordant matrix grains. This relationship

suggests that the included zircons were shielded from Pb loss by the encapsulating quartz crystals. The

results imply that targeting zircons located completely within unfractured host phases may aid in isolating

earlier portions of geologic histories. The primary geological implication of this dataset is to increase the

documented extent of Paleoproterozoic high-grade metamorphism in the northwestern Wyoming craton.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Zircon U–Pb geochronology is a cornerstone of tectonic studies.
Zircons are ideal targets for chronological information because they
are common in many rock types, contain relatively high U and Th
concentrations but incorporate little Pb upon crystallization, are
durable, and are characterized by low U, Th, and Pb diffusivities
through the undamaged crystal lattice. Increasingly precise analy-
tical techniques, as well as improvements in spatial resolution,
continue to expand the reach of this tool. For example, the analytical
precision of 0.1% attained by thermal ionization mass spectrometry
methods has dramatically enhanced our ability to calibrate the
stratigraphic record (e.g., Bowring and Schmitz, 2003; Ramezani
et al., 2011), the rapid throughput of U–Pb dating by laser ablation
ICPMS techniques has facilitated detrital zircon geochronology
All rights reserved.
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studies to decipher sediment provenance and erosional histories
(e.g., Gehrels et al., 2008), and the high spatial resolution of
secondary ion mass spectrometry (SIMS) allows precise targeting
of specific domains within individual zircon crystals (e.g., Ireland
and Williams, 2003). Although most SIMS U–Pb studies are carried
out on separated zircons in grain mounts, this method is also
especially well-suited for in situ U–Pb dating. Most in situ analytical
work has been accomplished on monazite (e.g., Stern and Berman,
2000), with fewer studies on zircon (e.g., Tomkins et al., 2005).

The ability to date increasingly small zircon crystals using
SIMS with retention of the petrographic context has a variety of
benefits that are specifically exploited in this study. First, this
capability enables extraction of age information from samples
otherwise difficult to date by the U–Pb method. For example,
mafic dike swarms provide critical time markers for tectonome-
tamorphic activity and are useful for unraveling complex geologic
histories, but dike samples commonly yield little or no zircon of
sufficient size (Z10 mm) for U–Pb analysis. Second, in situ
investigation permits the petrologic significance of the zircon
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Fig. 1. Simplified regional geologic map of the northern Rocky Mountains of Montana, Idaho, and Wyoming, with basement rocks exposed in Laramide uplifts. Major

Precambrian geologic provinces are noted and separated by dashed gray lines. Black box denotes location of Fig. 2A.
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dates to be directly linked with the zircon growth history and the
pressure–temperature–time evolution of the rock. Finally, these
analytical advances may provide insight into aspects of the U–Pb
system that have not yet been fully explored. For example,
although thermal shielding of zircons included in other phases
might be expected to influence the age distribution of U–Pb data
from complex polymetamorphic rocks, this effect has not pre-
viously been documented. The absence of such datasets may
reflect the paucity of U–Pb studies that retain the petrographic
context of the analyzed grains.

In this study, we applied two new approaches that together
enabled us to acquire geochronological information on zircons from
a metamorphosed mafic dike in the Wyoming craton in the North-
ern Madison Range of southwestern Montana (Figs. 1 and 2). Initial
processing of �40 kg of this sample using conventional crushing,
magnetic separation, and heavy liquid methods yielded only two
low-quality zircons. In contrast, subsequent application of auto-
mated mineralogical analysis of a single thin section from the mafic
dike identified over 375 sub-20 mm zircon grains in less than
30 min. U–Pb SIMS geochronology typically uses a spot size of
10–20 mm, exceeding the dimensions of most of our zircon crystals
and thus rendering many of our grains undatable by conventional
methods. However, advances in SIMS techniques recently allowed
dating of in situ baddeleyite grains as small as 3 mm (Chamberlain
et al., 2010; Schmitt et al., 2010). Similar application to zircon in our
study permitted us to date grains with a minimum dimension of
4 mm. We used this coupled approach to first guide our selection
of zircon crystals and then to acquire in situ U–Pb data from a suite
of 25 zircons from the thin section. We then utilized these results to
(1) characterize the relationship between zircon textural setting, U
concentration, and discordance in our dataset, (2) assess the
significance of an intriguing association between the most concor-
dant analyses and the occurrence of zircons encapsulated within
quartz, and (3) place our chronological data in the context of
regional tectonometamorphism along the northwestern margin of
the Wyoming craton.
2. Geological setting

The Wyoming craton is characterized by assemblages of geo-
physically and geochemically distinct Middle and Late Archean
rocks (Wooden and Mueller, 1988; Mogk et al., 1992; Frost et al.,
1998; Henstock et al., 1998; Chamberlain et al., 2003), exposed in
Late Cretaceous–Early Tertiary Laramide-style uplifts. Mafic dike
swarms of differing age commonly occur in the basement-cored
uplifts and have experienced varying degrees of tectonometa-
morphism (e.g., Snyder et al., 1988). Age constraints on the
emplacement of these swarms include ca. 2.7 Ga in the Beartooth
Mountains of Montana associated with Stillwater Complex mag-
matism (Premo et al., 1990), 2.69 Ga in the Bighorn Mountains of
north-central Wyoming (Chamberlain et al., 2010), 2.17 Ga in the
Wind River Range of Wyoming (Harlan et al., 2003), 2.09 Ga in the
Sierra Madre Mountains of southern Wyoming (Premo and
Van Schmus, 1989), 2.06 Ga in the Tobacco Root Mountains of
Montana (Mueller et al., 2004), 2.01 Ga in the Laramie Range of
Wyoming (Cox et al., 2000), and 1450 Ma and 780 Ma in the
Tobacco Root, Ruby, and Highland Mountains of Montana (Harlan
et al., 2005).

The Northern Madison Range of southwestern Montana is
located along the northwestern margin of the Wyoming craton
(Fig. 1). Crystalline basement rocks in the range include 3.5–
3.3 Ga orthogneisses (dominantly tonalite–granodiorite–granite)
and intercalated paragneisses (e.g., Mueller et al., 1993, 2004),
intruded by variably deformed and metamorphosed mafic dikes
of unknown age. Recent geochronological studies indicate that
regional thermotectonism at 1.78–1.72 Ga, culminating in upper
amphibolite to granulite facies metamorphism, affected rocks in
the Tobacco Root Mountains and other ranges at the extreme
northwestern margin of the Wyoming craton (Fig. 2A; Erslev and
Sutter, 1990; Jacob, 1994; King, 1994; Harlan et al., 1996; Kovaric
et al., 1996; Brady et al., 1998, 2004; Roberts et al., 2002; Cheney
et al., 2004a). However, while Proterozoic thermal resetting of
K/Ar and Rb/Sr systems has long been recognized in southwestern
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Montana (Fig. 2A; Hayden and Wehrenberg, 1959; Giletti, 1966;
Marvin and Dobson, 1979), with newer 40Ar/39Ar data locally
requiring temperatures of at least 500–550 1C (Jacob, 1994;
Harlan et al., 1996; Kovaric et al., 1996; Brady et al., 1998;
Roberts et al., 2002), the timing and extent to which high-grade
metamorphism (temperatures 4700 1C) impacted rocks across
this region are still unclear. Additional regional thermal perturba-
tions include the emplacement of volcanic and intrusive suites in
Cretaceous and Tertiary time (Fig. 1).

Mafic dikes of the Northern Madison Range are well-exposed
in Bear Trap canyon, along the Madison River (Fig. 2). Mafic dikes
intrude Archean garnet and biotite-bearing quartzofeldspathic
gneisses and garnet amphibolite. The �310 km2 Tobacco Root
batholith is exposed west of Bear Trap Canyon in the eastern and
central Tobacco Root Mountains. It is composed of granitic to
dioritic intrusive rocks and yields K–Ar biotite dates of 7772–
7272 Ma (1s errors) (Fig. 1 and Fig. 2A; Vitaliano et al., 1980).
3. Sample, methods and results

3.1. Sample M08-72

The analyzed sample (M08-72) was collected from the core of an
�3 m-wide mafic dike in Bear Trap canyon (Fig. 2A and B). The
sample contains early relict orthopyroxene and an equilibrium peak
assemblage of GrtþCpxþHblþBtþPlþQzþ Ilm, with accessory Ap
z85

M08-72 < 10 µm
10-15 µm

> 15 µmShort Axis:

Opx
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Grt
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Hbl
Qz

Bt
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Fig. 3. M08-72 QEMSCAN thin section maps showing (A) location of zircons classified

mineralogy. Enlarged inset in (A) is an example of an analyzed zircon as it appears i

morphology of a subset of the analyzed zircons. The smallest analyzed zircon is (C). W
and Zrn (abbreviations of Whitney and Evans, 2010). This dike was
emplaced into a PlþBtþQz7Grt gneissic host. The dike cross-cuts
an early, southwest-striking, shallowly dipping, folded fabric pre-
served in the host gneiss (S1) but also contains a penetrative,
northeast-striking, moderately dipping deformation fabric (S2) that
parallels the dike-host gneiss contact (Fig. 2B). The margins of the
dike have been retrogressed to Hbl–Pl and the dike is boudinaged
(Fig. 2B). Quantitative thermobarometry of the dike indicates peak
metamorphic conditions of 1.270.1 GPa and 800750 1C (Fig. 2C;
mineral compositions, details of thermobarometry calculations, and
associated X-ray compositions maps in Supplemental Material, S1).

3.2. Automated mineralogy, zircon imaging, and zircon selection

Identification and textural characterization of zircons were
facilitated by in situ automated mineralogical analysis. We
employed automated scanning electron microscope analysis
(QEMSCAN) conducted at the Advanced Mineralogy Research
Center at the Colorado School of Mines. QEMSCAN is a scanning
electron microscope (SEM)-based analysis system that simulta-
neously collects energy dispersive X-ray spectrometer (EDS)
spectra and calibrated backscatter electron (BSE) intensity infor-
mation (Hoal et al., 2009). At each point in an automated map, the
system collects a BSE signal and an EDS spectrum to make a phase
identification based on prescribed BSE values and elemental
intensities. A similar zircon search routine was used by Sack
et al. (2011). Instrument operating conditions include 25 kV
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Table 1
SIMS U–Pb zircon analyses from M08-72 (UTM 0453791E, 5046873N). Errors are given at 1-sigma.

Graina Textural

Setting

Max. axisa

(mm)

Min. axisb

(mm)

206Pb/238U % 7 207Pb/235U % 7 rho c 207Pb/206Pb % 7 U

(ppm)

206Pb* d (%) Dates (Ma)

206Pb/238U 7 207Pb/235U 7 207Pb/206Pb 7 % Discordance

(A) Within unfractured quartz

z214 Qz 10 8 0.2863 0.90 4.1940 13.40 0.93 0.1062 0.13 1700 99.3 1623 45 1673 26 1736 22 7

z271 Qz 23 12 0.2862 0.75 4.2130 11.10 0.99 0.1068 0.05 1495 100.0 1622 37 1677 22 1745 8 7

z272 Qz 11 8 0.3171 1.04 4.7080 15.20 1.00 0.1077 0.03 1330 100.0 1775 51 1769 27 1761 5 0

(B) In phases with fractures and cleavage planes

z82 Opx 11 7 0.0778 0.29 0.9899 30.10 0.67 0.0923 2.59 1340 73.2 483 18 699 153 1473 531 67

z127 Qz 10 8 0.0654 0.26 1.2310 4.95 0.29 0.1365 0.65 1608 98.8 408 16 815 23 2184 83 81

z279 Bt 15 8 0.0504 0.12 0.6440 2.38 0.78 0.0927 0.22 2214 97.8 317 7 505 15 1481 45 79

(C) Along grain boundaries

z13 gb e 28 20 0.0696 0.20 0.9792 4.28 0.86 0.1020 0.24 1631 97.1 434 12 693 22 1661 44 74

z21 gb 10 8 0.1520 0.35 2.2600 5.19 0.89 0.1078 0.12 1062 99.1 912 20 1200 16 1763 20 48

z35 gb 7 5 0.0936 0.31 1.3100 4.55 0.91 0.1015 0.15 1751 99.9 577 18 850 20 1652 27 65

z76 gb 13 7 0.0749 0.25 1.0420 6.54 0.77 0.1009 0.43 1493 94.5 466 15 725 33 1641 79 72

z79 gb 25 12 0.2676 0.77 3.9150 11.90 0.98 0.1061 0.06 1049 99.3 1529 39 1617 25 1733 10 12

z85 gb 36 13 0.1147 0.31 1.6340 4.49 0.99 0.1033 0.05 1462 99.9 700 18 984 17 1685 8 58

z87 gb 10 8 0.1511 0.38 2.1630 6.33 0.93 0.1038 0.11 1205 97.3 907 21 1169 20 1693 20 46

z138 gb 24 22 0.1370 0.32 1.9820 4.93 0.99 0.1049 0.04 1110 99.4 828 18 1109 17 1712 8 52

z139 gb 13 10 0.1307 0.36 2.1360 24.40 0.74 0.1186 1.14 1140 91.3 792 21 1161 79 1935 172 59

z147 gb 38 18 0.0918 0.16 1.3100 7.97 0.62 0.1035 0.54 1594 97.2 566 9 850 35 1687 96 66

z148 gb 6 4 0.0786 0.13 1.0450 3.05 0.76 0.0965 0.19 1615 98.2 488 8 727 15 1557 37 69

z223 gb 30 10 0.0853 0.20 1.1780 7.18 0.49 0.1001 0.54 1516 95.8 528 12 790 34 1626 100 68

z269 gb 34 22 0.0772 0.17 1.0690 2.51 0.96 0.1004 0.06 1419 99.8 480 10 738 12 1631 12 71

z274 gb 12 10 0.1315 0.36 2.0450 18.30 0.69 0.1128 0.83 1515 94.2 796 20 1131 61 1845 133 57

z288 gb 12 9 0.0551 0.21 0.7097 8.64 0.71 0.0935 0.92 2817 91.4 346 13 545 51 1498 187 77

z289 gb 14 14 0.0542 0.09 0.7447 6.77 0.31 0.0996 0.87 1776 83.2 340 6 565 39 1617 162 79

z306 gb 36 25 0.0549 0.10 0.7486 1.36 0.98 0.0989 0.04 1706 99.8 345 6 567 8 1603 7 79

z311 gb 12 10 0.0445 0.07 0.5797 1.64 0.34 0.0945 0.26 1806 96.7 281 4 464 11 1519 51 82

z322 gb 20 15 0.1164 0.16 1.6680 2.16 0.92 0.1040 0.05 10279 99.4 710 9 997 8 1696 10 58

Decay constants: l(238U)¼1.55125�10�10 a�1; l(235U)¼9.8485�10�10 a�1; l(232Th)¼4.9475�10�11 a�1; 207Pb/235U ages are calculated from the measured radiogenic 207Pb, corrected for common Pb, and measured 238U

divided by the 238U/235U abundance ratio of 137.88. U/Pb relative sensitivity was calibrated by UO2/U. AS3 zircon standard analyzed during a May 12–13, 2010 session yielded a weighted mean 207Pb/206Pb date of 1073717 Ma

(95% confidence; MSWD¼0.93) and a weighted mean 206Pb/238U date of 1095714 Ma (95% confidence; MSWD¼0.68). AS3 standard analyzed during a March 3, 2011 session yielded a weighted mean 207Pb/206Pb date of

1085719 Ma (95% confidence; MSWD¼0.96) and a weighted mean 206Pb/238U date of 1104728 Ma (95% confidence;MSWD¼0.18). Uncertainties in the reported analyses do not include error on the primary reference zircon or

decay constant error.
a Max. axis¼maximum axis dimension.
b Min. axis¼minimum axis dimension.
c rho¼correlation coefficient of error ellipses.
d Pb*¼radiogenic Pb value, corrected for common Pb, in percent.
e gb¼grain boundary.
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accelerating voltage, 5 nA sample current, 0.25–0.5 mm beam size.
An advantage of automated mineralogical analysis over X-ray
elemental analysis is the far more rapid generation of whole thin
section maps (o30 min with a 4 mm pixel dimension in our case).
This facilitates quick identification of the primary phases and
general texture via the BSE base map, and also rapidly confirms
the presence, textural setting, and approximate grain size of
accessory minerals as small as 4 mm.

QEMSCAN was used to create two maps of a single thin section
from M08-72. The first map highlights the location of zircons
(4 mm step-size; Fig. 3A) and the second is a complete map of
modal mineralogy (20 mm step-size; Fig. 3B). A total of 376
zircons were identified in thin section and classified according
to size (Fig. 3A). Approximately 50, 30, and 20% of the grains have
short axes of o10 mm, 10–15 mm, and 415 mm, respectively. The
maximum axis of the largest identified zircon is 38 mm. The two
thin section maps were superimposed in concert with petro-
graphic analysis to evaluate the textural setting of the zircons.
Most zircons are located along grain boundaries and intersections
of Grt, Cpx, Opx, Bt, Hbl, Pl, Qz, and Ilm. Several grains are
contained entirely within Opx, Bt, or Qz. A subset of zircons was
imaged with BSE using a JEOL JXA 8600 electron microprobe at
the University of Colorado at Boulder. Most grains appear
unzoned or exhibit minimal but irregular zoning patterns in
BSE. We attempted to image the grains with cathodolumines-
cence (CL) on the JEOL 5800LV SEM at the University of Wyoming,
but the grains did not luminesce.

A set of 25 zircon grains was selected for U–Pb SIMS analysis
based on grain size, morphology, and textural setting. BSE images
of the analyzed zircons are cataloged in Fig. 3C–F and Fig. S2. Of
the target grains, 15 have a minimum axis dimension r10 mm
(Table 1). The smallest dated grain is 6�4 mm2 (z148, Fig. 3C).
The largest dated grain is 36�25 mm2, and is one of the largest
grains of the entire zircon population (z306, Fig. S2S). Nineteen
zircons are located along grain boundaries, including 7 spatially
associated with Opx, 6 associated with Grt, 4 associated with Hbl,
Pl, and Qz, and 2 associated with Bt. Of the zircons associated
with or included in Bt, two zircons are rounded to subhedral and
appear to have been overgrown by biotite (e.g., z306; Fig. S2S). Of
the remaining 6 zircons, one grain (z82) is located within an Opx
characterized by fractures parallel to cleavage planes (Fig. 3E).
Another zircon is housed entirely within Bt and has a morphology
suggesting zircon growth may have exploited the biotite 001
cleavage plane (z279; Fig. 3F). Finally, 4 of these 6 zircons zircons
are located completely within quartz (z271, z272, z214, z127;
Fig. 4 and Fig. S2). Two (z271, z272) are in the same quartz grain
(Fig. 4B) and one (z127) occurs along an open fracture (Fig. 4C).
Most zircon grains exhibit ovular or irregular morphology. Of the
analyzed grains, 17 zircons lack internal zoning and 7 exhibit
minor, irregular, or patchy zoning in BSE. One zircon is an
exception (z322) and displays two distinct domains: an inner
core riddled with inclusions and an outer, inclusion-free domain
(Fig. S2U).
3.3. SIMS U–Pb analysis and results

The M08-72 thin section was trimmed to pieces o7 mm in
size using a low speed diamond saw. These pieces were then
mounted in epoxy in a Teflon ring with an inner diameter of
2.54 cm, polished, cleaned, and covered with a nm-scale coat of
conductive Au following the procedures outlined in Schmitt et al.
(2010). Each mount also contained up to 5 grains of zircon
standard AS3. Target grains were photographed and documented
in both plane and cross-polarized light, both with and without a
Au-coat to assist in locating zircons during SIMS analytical work.
We used the high-sensitivity CAMECA ims 1270 ion microp-
robe at the University of California, Los Angeles in three analytical
sessions during two visits to the lab facility separated by nine
months. Recent advances in the SIMS technique improve upon the
spatial resolution and ion yield of the conventional SIMS method
(Schmitt et al., 2010), making this the optimal tool for obtaining
in situ, high-resolution U–Pb geochronological data on small
(r10 mm) zircons. In this refined approach, zircons are identified
using the CAMECA ims 1270 imaging capabilities and the Hf
signal to ensure that the dominant signal of the U and Pb analysis
is from the target zircon grain alone, even when the �20 mm
primary beam diameter analysis pit encompasses both the zircon
and a portion of the adjacent minerals (Fig. S3). The field aperture
of the ims 1270 is adjusted to subsample secondary ions emitted
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from the interior of the pit. This allows for analysis of zircon
grains with a minimum dimension as small as 4 mm at radiogenic
yields typically 495% for 206Pb* (radiogenic Pb). Narrowing the
field aperture also assists in suppressing common Pb derived from
the host minerals. In addition, the sample surface is flooded with
oxygen gas, because enriching the sample surface layer in oxygen
has been demonstrated to enhance the Pb* yield for sputtering of
zircon by a factor of two. The instrument operating conditions
and procedures performed to optimize secondary ion yields for
the present study are described in detail by Grove et al. (2003)
and Schmitt et al. (2010). Multiple analyses of zircon standard
AS3 were performed at the beginning and end of each analytical
session and between every 3 to 7 sample analyses.

We acquired one analysis for each of the 25 selected zircons
because of the small size of the target grains. The results show a
range of dates and U concentrations. Analytical results are
reported in Table 1. All but one of the analyses define a discordia
array with an upper intercept of 175379 Ma and a lower
intercept of 6378 Ma (Fig. 5A; 1s error; MSWD¼1.5). One grain,
z127, falls off this chord with a 207Pb/206Pb of 2184783 Ma
(Fig. 5A, 1s error). Percent discordance varies between 0 and 82%
(Table 1). U concentration ranges from 1049 to 2817 ppm. Zircon
z322 is an outlier with a U concentration of 10279 ppm, likely
due to analysis of the grain’s core that is filled with BSE-bright
(Fig. S2U) and presumably U-rich inclusions.
4. Discussion

4.1. Influence of radiation damage and shielding on Pb loss from

zircon

The discordance of the U–Pb data shows a relationship
with both zircon U concentration and textural setting. Most data
(22 of 25 analyses) display a positive correlation between dis-
cordance and U concentration for U values less than �1600 ppm,
with the trend flattening out at higher U (Fig. 5A and B).
Within this suite, the two lowest U grains (1049–1062 ppm) are
the most concordant (12–48%) and the three highest U grains
(41800 ppm) are the most discordant (Z77%). Nineteen of these
zircons are located along grain boundaries (e.g., Fig. 3C and D,
Fig. S2). Three zircons occur in host minerals characterized by
open fractures or cleavage planes (z127 in fractured quartz, z279
in biotite, and z82 in fractured orthopyroxene; Fig. 3 and Fig. S2).
In contrast, the three zircons that do not conform to this U
concentration pattern are either encapsulated completely within
unfractured quartz (z214, z272), or in quartz with an annealed
fracture (z271) (Fig. 4 and Fig. 5B and C). These three zircons yield
the most concordant analyses (r7%) of the entire dataset,
although they have U comparable to matrix zircons that are
67–79% discordant (Figs. 4 and 5). We find no correlation between
zircon size and discordance even within groups of restricted U
concentration, although this may reflect the randomness of thin
section intersection with the zircon crystals that hinders reliable
estimation of maximum zircon dimensions.

The upper intercept of the U–Pb discordia array indicates zircon
growth at 175379 Ma, likely during high-grade metamorphism as
discussed in the next section. The lower intercept at 6378 Ma
overlaps within 1s uncertainty the K–Ar biotite dates of 7772–
7272 Ma (1s uncertainty; Vitaliano et al., 1980) for the large
(�310 km2 mapped exposure) Tobacco Root batholith located
o10 km from the study area (Fig. 1 and Fig. 2A), pointing toward
batholith emplacement as the cause of discordia array development.
Although K/Ar and 40Ar/39Ar hornblende, muscovite, and biotite data
from basement cored uplifts near the study area are predominantly
1.8–1.6 Ga (blue symbols in Fig. 2A and associated references),
distinctly younger dates in a halo around the Tobacco Root batholith
document the thermal pulse associated with batholith intrusion (red
symbols in Fig. 2A; Giletti, 1966; Roberts et al., 2002; Brady et al.,
2004). Nominal closure temperatures based on experimental data
for Ar diffusion are 500–550 1C for hornblende (Harrison, 1981),
425–450 1C for muscovite (Harrison et al., 2009), and 300–350 1C
for biotite (Grove and Harrison, 1996) depending on composition.
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Two samples located �7 km southwest of the M08-72 locality in
southern Bear Trap canyon (Fig. 2A) yield 40Ar/39Ar dates of 12727
8 Ma and 8374 Ma for hornblende, and 7278 Ma for biotite
(Roberts et al., 2002), while a biotite K–Ar date of 1620732 Ma
(Hayden and Wehrenberg, 1960) is reported from �10 km north of
our sample locality (Fig. 2A). These results document spatial
heterogeneity in the duration and intensity of peak temperatures
from o300 1C to �500 1C depending on proximity to the batholith.
The internal consistency of Grt–Bt thermometry with that of Grt–
Cpx and Grt–Hbl from M08-72 suggests that Cretaceous reheating of
this sample was likely nearer the lower end of the 300–500 1C range.

Although discordia array development was surely caused by
batholith intrusion, observations are inconsistent with a second
phase of zircon growth at this time. Only a minority of zircons
exhibit irregular but minimal zoning in BSE (Fig. 3C–F, Fig. S2).
Analysis pits on all zircons unzoned in BSE that occur in the matrix
or fractured host phases yield discordant data. Conversely, two of
three analyses (z271, z272) of the zircons hosted in unfractured
quartz yield the most concordant results of the dataset despite the
presence of faint zoning in BSE (Figs. S2N and S2O). These obser-
vations suggest that the discordia array is not due to sampling of
multiple chemically distinct age domains. In addition, the sample
is taken from the dike interior (Fig. 2B) and preserves a well-
developed high-grade metamorphic texture. We do not observe
petrographic evidence for significant retrograde metamorphic
reactions associated with a post-1750 Ma thermal event that might
have induced growth of a second zircon generation. For example,
although garnet exhibits minor rim depletion in Mg suggestive of
limited late Fe–Mg diffusional exchange with other ferromagnesian
minerals, the subhedral garnet morphology and the lack of Mn
enrichment at the edges are consistent with negligible retrograde
garnet resorption (Fig. S1).

Instead, several aspects of the dataset point toward a radiation
damage-enhanced Pb loss mechanism for generation of the discor-
dia array. The U–Pb data from the zircons in fractured host grains
and the matrix exhibit the classic relationship between higher U
concentration and greater discordance that has been considered
diagnostic of radiation damage-enhanced Pb loss (e.g., Silver and
Deutsch, 1963; Krogh and Davis, 1975). The zircons do not lumi-
nesce in CL, as expected for significantly radiation damaged zircon
grains in which CL is suppressed (Nasdala et al., 2002). Alpha dosage
calculations also indicate that the zircons are strongly radiation
damaged. Zircons accumulate radiation damage at temperatures
below the critical amorphization temperature of �360 1C (Meldrum
et al., 1998). The regional background 40Ar/39Ar and K–Ar biotite
dates (blue symbols in Fig. 2A and associated references) of
1.6–1.7 Ga indicate that the zircons were at temperatures less than
�300–350 1C and accumulating radiation damage for �1.6 Ga until
the thermal pulse associated with ca. 70 Ma Tobacco Roots batholith
emplacement. Estimates of radiation damage alpha dosage com-
puted using the equation of Holland and Gottfried (1955), assuming
a 1.6 Ga time interval, and ignoring the contribution from Th range
from 5.9149�1018 a/g to 1.5947�1019 a/g for the lowest and
highest U zircons, respectively. These dosages exceed the typically
observed threshold at which zircons become metamict (Geisler
et al., 2003).

Although undamaged zircon has a nominal closure tempera-
ture of �900 1C, experimental data demonstrates that radiation
damage accumulation in zircon substantially lowers the Pb reten-
tivity so that the closure temperature for metamict zircon may be
no greater than a few hundred 1C (e.g., Cherniak and Watson,
2000). The �300–350 1C temperatures likely attained by our
sample during the Cretaceous thermal pulse and the correlation
between U and discordance in the dataset point toward this
mechanism of enhanced volume diffusion in radiation damaged
zircon. In this case, higher U zircons with greater radiation
damage become less retentive to Pb and will undergo greater
fractional Pb loss in response to a thermal pulse than lower U
zircons with less damage accumulation. The recognition that the
three zircons completely encapsulated in unfractured quartz yield
the most concordant analyses of our dataset despite U concentra-
tions comparable to matrix zircons suggests that textural armor-
ing shielded these zircons from Pb loss. The contrast in
discordance between quartz-hosted z271 and z272 (0, 7% dis-
cordance) with grains such as z274 (57% discordance) located
along the boundary between this same quartz grain and the
adjacent garnet supports this hypothesis (Fig. 4B). Although z271
is in contact with an annealed fracture in quartz that is visible in
BSE, this fracture appears to have had little influence on Pb loss
from this grain, suggesting that the fracture was not open at the
time of the Pb loss event. In contrast, although z127 is also
located completely within quartz, the zircon resides along an
open fracture that is obvious both optically and in BSE. The z127
analysis is 81% discordant, consistent with facilitation of Pb loss
by the presence of the open fracture (Fig. 4C). Together these
observations suggest that the concordant and near-concordant
results for the zircons in quartz are due to protection from Pb loss
by the encapsulating grain, whereas the greater discordance of
zircons located in fractured host grains and along grain bound-
aries is due to the presence of pathways for Pb migration during
the Pb loss event. It is possible that the analytical spot sampled
both the target zircon and some lesser portion of the host quartz
grain, such that some fraction of the radiogenic Pb could have
been analyzed from outside the zircon along the grain boundary
or in the quartz. However, regardless of the exact location of the
Pb, it is clear that it was mostly retained within the analysis site,
suggesting that the zircons housed completely within unfractured
quartz lacked fast pathways for the Pb to readily escape from the
zircon and its immediate surroundings.

If the interpretation of enhanced volume diffusion in radiation
damaged zircon is correct, this study would be the first to provide
evidence for thermal shielding of zircons from Pb loss. Previous
research on shielding effects in the U–Pb system has been largely
empirical (Dahl, 1997), focused primarily on textural armoring of
monazites from later recrystallization (e.g., DeWolf et al., 1993;
Zhu et al., 1997; Montel et al., 2000), or emphasized shielding of
zircon from interaction with crustal melts (e.g., Sergeev et al., 1995;
Watson, 1996), all of which are distinct from the phenomenon of
shielding of U–Th rich phases from Pb loss due to thermal effects
alone. Few geo- or thermochronological datasets of any kind have
been used to convincingly argue for shielding from thermal reset-
ting. Perhaps the only example is an 40Ar/39Ar thermochronology
study of a polymetamorphic gneiss that documented a discrepancy
in dates between garnet-hosted and matrix biotite. This observation
lead the authors to suggest that biotite grains in contact with
fractures in the host garnet and along grain boundaries were more
susceptible to Ar loss via volume diffusion following a high-grade
metamorphic event than those biotite crystals in garnet that were
thermally shielded from Ar loss (Kelley et al., 1997).

Other non-diffusional mechanisms, such as fluid-assisted pro-
cesses (e.g., Geisler et al., 2007), can also induce Pb loss from
zircons. An alternative interpretation of our results is that a fluid
phase was responsible for the Pb loss, with greater Pb removed
from the more damaged zircons, thus generating the correlation
between U and discordance observed in our dataset. In this
scenario, the limited Pb loss from the quartz-hosted zircons
would be due to the inability of the fluid to penetrate the host
grains, with any fractures in the host grains providing conduits
for the fluid. However, we do not observe significant textural
evidence for fluid, and the intensity of the thermal pulse appears
sufficient to induce volume diffusion in these damaged zircons
without requiring the assistance of a fluid to explain the data.
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4.2. Implications for regional Paleoproterozoic thermotectonism

Peak P–T constraints, textural setting, zircon morphology,
structural observations, and U–Pb geochronology from M08-72
collectively suggest metamorphic zircon growth in Paleoproter-
ozoic time during high-pressure metamorphism. Quantitative
thermobarometry of the peak mineral assemblage GrtþCpxþ
HblþBtþPlþQzþ Ilm yields metamorphic conditions of �800 1C
and �1.2 GPa (Fig. 2C). The zircons are texturally associated with
all minerals of this peak metamorphic assemblage, including
partial inclusion in several garnet porphyroblasts (e.g., Fig. S2B).
Zircon characteristics are most consistent with a metamorphic
origin (Corfu et al., 2003), as the zircons are round, ovular, or
irregular in shape, and either lack internal zoning or exhibit
minor, patchy zoning (Fig. 3C–F, Fig. S2). The peak assemblage
defines the S2 fabric observed in the M08-72 mafic dike and
adjacent host gneiss (Fig. 2B), and our field observations indicate
that this penetrative fabric occurs in the orthogneisses, para-
gneisses, and other similar mafic dikes exposed throughout the
Bear Trap Canyon area. Based on these lines of evidence, we consider
the upper intercept of 175379 Ma to represent the timing of high-
pressure metamorphism and regional D2 deformation.

Paleoproterozoic high-grade metamorphism has been documen-
ted both in Archean rocks and mafic dikes in adjacent basement-
cored mountain ranges to the west. Archean gneisses and metape-
lites in the Tobacco Root Mountains yield temperatures as high as
750 1C and pressures up to 1.0 GPa (Cheney et al., 2004a) at ca.
1.7 Ga (Brady et al., 2004; Cheney et al., 2004b; Harms et al., 2004).
Mafic dikes exposed in the Tobacco Root Mountains record pres-
sures of 0.8–1.0 GPa and temperatures of 625–700 1C (Cheney et al.,
2004a); these peak conditions are slightly lower than those deter-
mined for M08-72. U–Pb data from a population of rounded zircons
from a Tobacco Root dike in the northwestern part of that range
record a weighted mean 207Pb/206Pb SHRIMP date of 176378 Ma
(Mueller et al., 2004). This date is interpreted to represent the timing
of high-grade metamorphism in the Tobacco Root Mountains
(Mueller et al., 2004), and is statistically indistinguishable from
our metamorphic zircon date from M08-72 in Bear Trap Canyon.

Together these data point to a regional high-grade tectono-
metamorphic event at ca. 1.75 Ga along the northwestern margin
of the Wyoming craton. Previous workers in the Tobacco Root
Mountains labeled this event the Big Sky Orogeny, reflecting an
arc-continent collision associated with activity on the Great Falls
Tectonic Zone (e.g., Harms et al., 2004). Our data extend the
spatial extent and elevated P–T conditions associated with this
event into the Northern Madison Range and indicate that rocks in
the vicinity of Bear Trap Canyon may be exhumed from a deeper
structural level than those in the Tobacco Root Mountains.
5. Conclusions

The ability to analyze in situ zircon crystals as small as 5 mm
with retention of the petrographic context makes it possible to
obtain chronological information from zircons that are undatable
by conventional methods, allows effective linkage of zircon
growth history with the tectonometamorphic evolution of the
rock, and can provide new insights into aspects of zircon U–Pb
systematics. We applied automated mineralogy coupled with
modifications to the conventional SIMS U–Pb dating technique
to extract U–Pb data from zircons in a metamorphosed mafic dike
in the Northern Madison Range, Montana. Automated mineralogy
mapping revealed 4375 sub-20 mm zircons in a variety of
textural settings in our dike thin section. Adjusting the field
aperture of the CAMECA ims 1270 to subsample the analysis pit
(Chamberlain et al., 2010; Schmitt et al., 2010) allowed us to
analyze zircon grains with minimum dimensions as small as 4 mm
at radiogenic yields typically 495% for 206Pb.

The discordia array shows a clear correlation with both zircon U
concentration and textural setting. The positive correlation between
U and discordance for matrix zircons and those in fractured host
phases, as well as no evidence for new zircon growth, lead us to
interpret the discordia array to reflect radiation damage-enhanced Pb
loss. The temporal overlap between the lower intercept at 6378 Ma
and emplacement of the nearby Tobacco Root batholith suggests that
the thermal pulse associated with intrusion induced the Pb loss.
Three zircons encapsulated completely within unfractured quartz are
the only analyses that overlap concordia despite U concentrations
comparable to highly discordant matrix grains. The simplest inter-
pretation is that the zircons were shielded from Pb loss at ca. 63 Ma
due to armoring in quartz. Thermochronologic data suggest that
sustained basement temperatures near our sample of no greater than
�300–500 1C during Tobacco Root batholith emplacement induced
the variable magnitudes of fractional Pb loss observed in our dataset.

We interpret the concordant analyses, defining the upper
intercept of 175379 Ma, to represent the timing of high-pressure
metamorphism and associated deformation in the northwestern
Wyoming craton during regional tectonism along the Great Falls
Tectonic Zone. Documentation and interpretation of this early
metamorphic history was enabled in part because the quartz-
encapsulated zircons were shielded from the effects of subse-
quent intrusive activity. Our data thus highlight the value of
in situ analyses for unraveling the complex evolution of poly-
metamorphic rocks.
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