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ABSTRACT

Measurements of 60 single-grain, UV laser microprobe 40Ar/39Ar total gas ages for 
hornblende from metamorphic rocks of the Tobacco Root Mountains in southwest Mon-
tana yield a mean age of 1.71 ± 0.02 Ga. Measurements of 40Ar/39Ar step-heating plateau 
ages of three bulk hornblende samples from the Tobacco Root Mountains metamorphic 
rocks average 1.70 ± 0.02 Ga. We believe that these and the K/Ar or 40Ar/39Ar ages report-
ed by previous workers are cooling ages from a 1.78 to 1.72 Ga, upper-amphibolite to 
granulite facies, regional metamorphism (Big Sky orogeny) that affected the northwestern 
portion of the Wyoming province, including the Tobacco Root Mountains and adjacent 
ranges. Based on the 40Ar/39Ar data, this 1.78–1.72 Ga metamorphism must have achieved 
temperatures greater than ~500 °C to reset the hornblende 40Ar/39Ar ages of samples from 
the Indian Creek Metamorphic Suite, which was previously metamorphosed at 2.45 Ga, 
and of the crosscutting metamorphosed mafi c dikes and sills (MMDS), which were intrud-
ed at 2.06 Ga. Biotite and hornblende from the Tobacco Root Mountains appear to give the 
same 40Ar/39Ar or K/Ar age (within uncertainty), indicating that the rocks cooled rapidly 
through the interval from 500 to 300 °C. This is consistent with a model of the Big Sky 
orogeny that includes late-stage tectonic denudation that leads to decompression and rapid 
cooling. A similar cooling history is suggested by our data for the Ruby Range. Three biotite 
samples from the Ruby Range yield 40Ar/39Ar step-heating plateau ages with a mean of 1.73 
± 0.02 Ga, identical to the best-estimate (near-plateau) age for a hornblende from the same 
rocks. Two samples of the orthoamphibole, gedrite, from the Tobacco Root Mountains 
were studied, but did not have enough K to yield a reliable 40Ar/39Ar age. Several biotite 
and three hornblende samples from the region yield 40Ar/39Ar dates signifi cantly younger 
than 1.7 Ga. We believe these samples were partially reset during contact metamorphism 
by Cretaceous (75 Ma) intrusive rocks. Hydrothermal alteration associated with ca. 1.4 Ga 
rifting led to growth of muscovite with that age in the Ruby Range, but this alteration was 
apparently not hot enough to reset biotite and hornblende ages there.

Keywords: Wyoming province, Big Sky orogeny, Proterozoic era.
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INTRODUCTION

The Tobacco Root Mountains of southwestern Montana 
(Fig. 1) are cored by metamorphic rocks of the Wyoming prov-
ince that are believed to have a geologic history spanning at least 
3 Ga. Sensitive high-resolution ion microprobe (SHRIMP) dat-
ing of individual Tobacco Root Mountain zircons by Mueller et 
al. (1998) yielded detrital zircon core ages of 3.2 to 3.9 Ga, with 
none younger than 2.9 Ga. Although Rb/Sr studies by Mueller 
and Cordua (1976) and by James and Hedge (1980) yielded a 
whole-rock age of 2.7 Ga for the metamorphic rocks of this 
region, consistent with similar ages reported for the central Wyo-
ming province, recent work on U and Pb isotopes of monazite 
and zircon (Krogh et al., 1997; Burger et al., 1999; Cheney et al., 
1999; Dahl et al., 1999; Roberts et al., 2002; Dahl et al., 2002; 
Cheney et al., 2004b, this volume, Chapter 8; Mueller et al., 
2004, this volume, Chapter 9) has identifi ed metamorphic events 

in the Tobacco Root Mountains at 2.45 Ga and between 1.78 and 
1.72 Ga with no clear evidence for a 2.7 Ga event.

Early K/Ar studies of biotite in southwest Montana by 
Hayden and Wehrenberg (1959, 1960) demonstrated that the 
Tobacco Root Mountains rocks experienced a heating event 
at 1.7 Ga that was not observed in the Archean rocks of the 
Beartooth Plateau. Giletti and Gast (1961) using Rb/Sr data for 
micas and Giletti (1966, 1968) using K/Ar and Rb/Sr data for 
micas and whole rocks showed that the entire northwestern por-
tion of the Wyoming province was heated at 1.6–1.7 Ga, including 
the Tobacco Root Mountains and adjacent Ruby Range and High-
land Mountains. Giletti (1966) presented a map of the Wyoming 
province showing a line that divided the 1.6–1.7 Ga terrane from 
the rest of the Wyoming province. Marvin and Dobson (1979) 
also reported 1.7 Ga K/Ar ages for muscovite in a pegmatite and 
for hornblende in gneiss from the northern Tobacco Root Moun-
tains. However, because the studies of Mueller and Cordua (1976) 

Ennis

Virginia
   City 

Sheridan

Twin Bridges

Dillon

112° 30' 112° 00' 111° 30'

45° 15'

45° 00'

45° 30'

Highland Mountains

Ruby Range

Blacktail
Mountains

Tobacco Root
Mountains

Montana

10 kilometers

N

#

#

#

#

#

KI

KI

KAT-21,23A,24A

TK-34

RP-2

RK-10,12,ACL-5,23

AC-22

SW-8

5

18

21

HR1 HR2

22

NC8-1

4

2,3

8 9

LJ-76
HW4

63R6,R8

LJ-   50,49,25

TK-58,68,69

M2

MR3
MR2

WC1

MC3

40
37,39

MC5

GC5

ER7

SW2,3,4

ER4

42

70
SW1

CR4,11,12

CR2,3,5
C200

ER1,2 Figure 1. An outline map of the outcrop 
distribution of Precambrian metamor-
phic rocks (in gray) and adjacent Creta-
ceous intrusive rocks (KI) in southwest 
Montana. Also shown are the locations 
of samples used for K/Ar and 40Ar/39Ar 
dating. Solid circles—samples newly 
described in this paper. Open circles—
samples of Brady et al. (1998). Solid 
squares—samples of Giletti (1966). 
Open squares—samples of Harlan et 
al. (1996). Solid diamond—samples of 
Marvin and Dobson (1979). Open dia-
mond—sample of Hayden and Wehren-
berg (1960). Stars—samples of Roberts 
et al. (2002).



 40Ar/39Ar ages of metamorphic rocks 133

and James and Hedge (1980) showed 2.7 Ga Rb/Sr data that were 
apparently not reset at 1.6–1.7 Ga, it was generally believed that 
the 1.6–1.7 Ga metamorphism was a low-grade, patchy, green-
schist facies event (e.g., Mueller and Cordua, 1976; Berg, 1979; 
Dahl, 1979) with little accompanying deformation or fabric devel-
opment. Indeed, most of the data were from micas, which can be 
crystallized or have their K/Ar clocks reset at relatively low tem-
peratures (300–400 °C, McDougall and Harrison, 1988).

More recently, O’Neill et al. (1988a, 1988b) described 1.8–
1.9 Ga euhedral rims on zircon crystals in a Highland Mountains 
gneiss dome, which they believe demonstrate a signifi cant meta-
morphism accompanied by penetrative deformation—certainly 
more signifi cant than a static regional greenschist facies heating. 
Erslev and Sutter (1990) and Harlan et al. (1996) also argued that 
the Proterozoic heating recorded by mica and amphibole K/Ar data 
was a major, regional event involving signifi cant deformation.

It was in this context that we obtained a number of 40Ar/39Ar 
isometric ages that further constrain the tectonometamorphic his-
tory of the region as part of an ongoing study of the metamorphic 
rocks of southwest Montana (Brady et al., 1994; Kovaric et al., 
1996; Brady et al., 1998). In the following pages, we present our 
40Ar/39Ar data and compare them to previously published 40Ar/39Ar 
and K/Ar data, including the extensive 40Ar/39Ar data presented by 
Roberts et al. (2002). We join the other authors cited previously to 
argue that the 1.7 Ga ages determined for the potassium-bearing 
minerals of the Tobacco Root Mountains and adjacent ranges date 
their cooling at the end of a major orogenic event that included 
regional-scale, granulite facies metamorphism. We argue further 
that the similar K/Ar and 40Ar/39Ar ages obtained for hornblende, 
biotite, and muscovite are evidence for rapid cooling, consistent 
with a model of decompression due to tectonic unroofi ng as sug-
gested by Cheney et al. (2004a, this volume, Chapter 6).

SAMPLES

The Tobacco Root Mountains samples were collected by 
Jacob (1994), King (1994), and Tierney (1994) from amphibo-
lites and gneisses while studying the metamorphism, geochem-
istry, and structure of the Spuhler Peak Metamorphic Suite and 
adjacent Indian Creek Metamorphic Suite (see Fig. 1). The 
Spuhler Peak Metamorphic Suite is a mafi c unit—largely of 
basaltic composition but with signifi cant portions of Ca-poor, 
Mg-Fe–rich orthoamphibole gneisses and layers of Al-rich 
quartzite—that outcrops principally along the southwestern 
margin of the Tobacco Root batholith (see also Burger, 2004, this 
volume, Chapter 1; Vitaliano et al., 1979a, see reprinted map and 
text accompanying this volume). The Indian Creek Metamorphic 
Suite is a quartzofeldspathic gneiss package that also includes 
marbles, metamorphosed iron formation, and other metasedi-
ments as well as felsic meta-igneous rocks, and occupies the 
southern portion of the Tobacco Root Mountains (see Vitaliano 
et al., 1979b; Mogk et al., 2004, this volume, Chapter 2). Amphi-
boles were also dated from weakly foliated and locally folded 
metamorphosed mafi c dikes and sills (MMDS) that crosscut the 

gneissic layering of the Indian Creek Metamorphic Suite but 
do not occur in the Spuhler Peak Metamorphic Suite. The goal 
of our sample collection was to identify differences (if any) in 
the 40Ar/39Ar data for similar minerals in the three rock groups 
(Spuhler Peak Metamorphic Suite, Indian Creek Metamorphic 
Suite, MMDS), so our Tobacco Root samples are all from a 
comparatively small area in the central Tobacco Root Mountains 
where all three units occur near one another. As a consequence, 
the Tobacco Root samples studied are all within fi ve kilometers 
of the Cretaceous Tobacco Root batholith and may have been 
heated by it. No new samples were dated from the Pony–Middle 
Mountain Metamorphic Suite, which is believed to have the same 
Proterozoic geologic history as the Indian Creek Metamorphic 
Suite because both have gneissic banding cut by the MMDS.

Ruby Range rocks were collected in 1990 by Green (1991), 
Larson (1991), and Brady et al. (1991) in pursuit of an origin for 
the talc deposits in the marbles there (see Brady et al., 1998). All 
of the Ruby Range samples were taken from gneisses, marbles, or 
amphibolites of the Christensen Ranch Metamorphic Suite within 
or adjacent to talc deposits (see James, 1990). The Highland 
Mountains sample was collected by Brady in 1978 from gneisses 
within a chlorite deposit as part of the Dillon 1° × 2° Sheet study 
of the U.S. Geological Survey. More detailed sample information 
can be found in the theses listed above as well as in Table 1.

METHODS

40Ar/39Ar isotopic ages for these samples were determined 
in three different laboratories (University of California at Los 
Angeles [UCLA], Massachusetts Institute of Technology [MIT], 
University of Maine) employing contrasting techniques. Some of 
the Tobacco Root Mountains samples were analyzed at MIT using 
UV laser microprobe, single-grain 40Ar/39Ar total gas methods on 
irradiated hornblende grains as described in Hames and Cheney 
(1997). Other Tobacco Root Mountains samples were dated at 
UCLA by Kovaric (1996) following standard step-heating proce-
dures of irradiated bulk mineral separates (Quidelleur et al., 1997). 
The Ruby Range samples (Brady et al., 1998) were analyzed at the 
University of Maine, also following standard step-heating proce-
dures of irradiated bulk mineral separates (Lux et al., 1989).

RESULTS

Sample information, total gas ages, and plateau ages where 
available are listed for all samples in Table 1. Errors for the ages 
in Table 1 are reported as one standard deviation (1σ). Also 
compiled for comparison in Table 1 are total gas and plateau 
ages for previously published K/Ar and 40Ar/39Ar studies of 
K-bearing minerals in the Tobacco Root Mountains, the High-
land Mountains, the Ruby Range, and the Blacktail Mountains. 
40Ar/39Ar step-heating release spectra for individual samples are 
shown in Appendix Figures A1 and A2 along with the original 
data (Tables A1 and A2). Also in the Appendix are histograms 
for each sample of UV laser microprobe, single-grain, and total 
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gas ages (Fig. A3), along with the original data (Table A3). Two 
samples of the orthoamphibole, gedrite, from the Spuhler Peak 
Metamorphic Suite were studied, but did not have enough K to 
yield a meaningful 40Ar/39Ar age.

As many as ten separate hornblende crystals from each 
of nine Tobacco Root Mountains samples were dated using 
a UV laser microprobe 40Ar/39Ar total gas method. Data for 
these 89 crystals are collected in a histogram in Figure 2 (see 
also Fig. A3). The ages shown in gray are for the 29 crystals of 
samples TK-58, TK-68, TK-69, which we believe to have been 
partially reset by Cretaceous intrusions, based on their location 
and on their scattered ages. The 60 ages shown in black have a 
mean of 1.71 ± 0.02 Ga. Some of these individual ages are older 
than the metamorphic maximum that occurred between 1.78 and 
1.72 Ga (Cheney et al., 2004b, this volume, Chapter 8; Mueller et 
al., 2004, this volume, Chapter 9), so they may have accumulated 
excess 40Ar. Others are as young as 1.50 Ga and appear to have 
lost some Ar due to reheating.

Measurements of 40Ar/39Ar step-heating plateau ages of three 
bulk hornblende samples from the Spuhler Peak Metamorphic 
Suite of the Tobacco Root Mountains average 1.70 ± 0.02 Ga. 
Measurement of three bulk biotite samples from the Ruby Range 
yielded 40Ar/39Ar step-heating plateau ages with a mean of 1.73 
± 0.02 Ga, identical to the best-estimate (near-plateau) age for 
a hornblende sample from the same rocks. The similarity of the 
step-heating plateau ages to the mean of the 60 UV laser micro-
probe total gas ages leads us to believe that 1.71 ± 0.02 Ga is 
the most recent time the metamorphic rocks in the Tobacco Root 
Mountains and in the Ruby Range were at temperatures above 
the Ar closure temperature of hornblende and biotite.

Monazite and zircon studies (Krogh et al., 1997; Burger 
et al., 1999; Cheney et al., 1999; Dahl et al., 1999; Dahl et al., 
2002; Cheney et al., 2004b, this volume, Chapter 8; Mueller et 
al., 2004, this volume, Chapter 9) show that there was a major, 
orogenic event (the Big Sky orogeny) that affected the Tobacco 
Root Mountains region during the Middle Proterozoic. Detailed 
monazite data on Pb isotopes are interpreted by Cheney et al. 
(2004b, this volume, Chapter 8) to mean that high-pressure 
metamorphism with monazite growth beginning at 1780 Ma 
was followed by low-pressure metamorphism with monazite 
growth ending at 1720 Ma (see also Cheney et al., 2004a, this 
volume, Chapter 6). The large cluster of K/Ar and 40Ar/39Ar ages 
observed between 1.73 and 1.71 Ga is consistent with cooling of 
these rocks through the Ar closure temperatures as part of this 
metamorphic pressure-temperature path.

Overall, our data are similar to the results of other investi-
gators. A histogram of all 71 total gas 40Ar/39Ar and K/Ar ages 
in Table 1 is presented in Figure 3 with our data (23 samples) 
shown in the gray pattern. Most (55) of the ages in Figure 3 
fall in a group between 1.54 and 1.84 Ga with a mean of 1.70 
± 0.07 Ga. Nine ages form a group between 72 and 248 Ma. 
Another seven ages fall between these two groups. Based on the 
data in Figure 3, there is no signifi cant or systematic difference in 
age between the various Precambrian rock suites (Indian Creek 
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Metamorphic Suite, Pony–Middle Mountain Metamorphic Suite, 
Spuhler Peak Metamorphic Suite, and MMDS) in the Tobacco 
Root Mountains. However, the scatter among the total gas ages is 
too large (300 m.y.) to reasonably attribute to differences in cool-
ing age from a single orogenic event. Clearly, some samples must 
have been disturbed by subsequent heating to lose Ar, while other 
samples must have acquired excess Ar.

We interpret the nine 72–248 Ma ages to be the result of par-
tial to complete Ar loss due to heating by nearby 75 Ma intrusive 
igneous rocks (Tobacco Root batholith, Hells Canyon pluton, and 
smaller igneous bodies). Two of these nine ages, for Highland 
Range micas, were reported by Giletti (1966), who fi rst recognized 
this Cretaceous resetting. Eight of these nine samples are mica 
separates (biotite or muscovite), which can lose their Ar if heated 
to between 300 and 400 °C (McDougall and Harrison, 1988). In 
our study, both biotite and hornblende were separated and dated 
from one Tobacco Root Mountains Spuhler Peak Metamorphic 
Suite sample (KAT-21). Both minerals have disturbed 40Ar/39Ar 
step-heating spectra (Fig. 4) and no good age plateau (adjacent 
steps including >50% of the 39Ar, all within 2σ of the plateau age). 
The hornblende yields a total gas age of 1639 ± 26 Ma, whereas 
the biotite gives a total gas age of 129 ± 6 Ma. Because the biotite 
age is close to the Tobacco Root batholith intrusion age (75 Ma, 
Vitaliano et al., 1980), we believe this sample was heated above 
300 °C by that intrusion. Because the hornblende is only slightly 
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disturbed, the host rock was probably not heated above 500 °C, 
but the hornblende total gas age may be a minimum age. Indeed, 
there is a “near plateau” at 1700 ± 9 Ma that is our best estimate 
of the metamorphic cooling age of this sample, so there may have 
been some Ar loss due to heating by the intrusion. Sample KAT-
21 was collected approximately one kilometer from the surface 
exposure of the Tobacco Root batholith. Using simple thermal 
models for batholith emplacement (Jaeger, 1964), Kovaric (1996) 
demonstrated that temperatures between 300 and 500 °C are 
reasonable contact metamorphic temperatures for the size of the 
batholith and the position of the samples.

Several samples give ages between the main group with the 
1.70 ± 0.07 Ga mean and the young group clearly reset by the 
Cretaceous intrusions. One of these (JBB-AC-22) is a muscovite 
sample from a zone of hydrothermal alteration that formed a talc 
deposit in the Ruby Range. Brady et al. (1998) argue that this age 
(total gas = 1.33 ± 0.01 Ga, plateau = 1.36 ± 0.01 Ga) represents 
the growth of muscovite during formation of the talc as part of ca. 
1.4 Ga rifting. Indeed, this sample was collected in an attempt to 
learn the age of talc formation. Because samples of biotite (RP-2, 
RK-12, ACL-023), phlogopite (ACL-005, SW8), and hornblende 
(RK-10) near the talc deposits were not reset, the hydrothermal 
alteration and growth of mica must have occurred at temperatures 
below 300 °C. The three amphibole samples (TK-58, TK-68, 
TK-69) that give intermediate mean ages (839, 1228, 1298 Ma) 
were collected near one another about one kilometer from the 
Tobacco Root batholith contact and even closer to several satellite 
intrusions. We believe that these three samples were heated enough 
to lose some, but not all, of their Ar. The heating of these samples 
was probably due to the batholith, but these and other intermediate-
age samples may have been affected by the intrusion of (unmeta-
morphosed) mafi c dikes during the Proterozoic era at 1450 Ma 
(Wooden et al., 1978) or at 780 Ma (Harlan et al., 2003).

DISCUSSION

K/Ar and 40Ar/39Ar data for hornblende, biotite, and musco-
vite of the northwestern portion of the Wyoming province present 
a consistent temporal pattern, whether measured by traditional 
bulk K/Ar methods, by 40Ar/39Ar step heating of bulk, irradiated 
mineral separates, or by total gas 40Ar/39Ar UV laser spot heating 
of irradiated single crystals, and in a number of different labs 
(Fig. 3). As fi rst observed by Hayden and Wehrenberg (1959) 
and more fully documented by Giletti (1966), the K/Ar systems 
of the metamorphic rocks of the Tobacco Root Mountains and 
adjacent areas record Early Proterozoic ages, unless reset by 
thermal effects such as those due to Late Cretaceous plutons. 
40Ar/39Ar data reported here further document the nature of the 
Proterozoic event. The Indian Creek Metamorphic Suite, which 
was previously metamorphosed at 2.45 Ga (Cheney et al., 1999; 
2004b, this volume, Chapter 8), and the MMDS, which were 
intruded at 2.06 Ga (Burger et al., 1999; Mueller et al., 2004, this 
volume, Chapter 9), must have achieved temperatures greater 
than ~500 °C (McDougall and Harrison, 1988) during the 1.78–

1.72 Ga metamorphism to reset their hornblende 40Ar/39Ar ages 
and to record cooling by 1.71 ± 0.02 Ga. The fact that similar 
40Ar/39Ar ages are obtained for hornblende from the Ruby Range 
and the Highland Mountains is consistent with a high-tempera-
ture, tectonothermal event of regional extent.

Interestingly, the K/Ar and 40Ar/39Ar ages of amphiboles 
and micas are very similar in these rocks (Fig. 5), even though 
the amphibole ages are believed to be set as the rock cools 
through ~500 °C and the mica ages are believed to be set as the 
rock cools through ~300 °C (McDougall and Harrison, 1988). 
Cooling rate, grain size, and mineral composition can affect the 
value of the closure temperature, but the available K/Ar and 
40Ar/39Ar data appear to refl ect fairly rapid cooling through the 
500–300 °C temperature interval. Cheney et al. (2004a, this 
volume, Chapter 6) argue on the basis of mineral assemblages 
and reaction textures that the pressure-temperature path fol-
lowed by Tobacco Root Mountains rocks during the Big Sky 
orogeny includes a nearly isothermal decompression segment, 
possibly caused by tectonic unroofi ng during late extension. If 
their model is correct, then one would expect rapid cooling to 
follow the removal of overburden. The observed similarity in 
amphibole and mica ages from the Tobacco Root Mountains 
lends support to this model.

Plateau ages for the three Highland Mountains samples 
reported by Harlan et al. (1996) are slightly older (averaging 
1.81 ± 0.01 Ga) than the ages reported here for the Tobacco Root 
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Mountains and the Ruby Range. Our three plateau ages for the 
Tobacco Root Mountains average 1.70 ± 0.02 Ga, whereas our 
three plateau ages for the Ruby Range average 1.73 ± 0.02 Ga. 
It is possible that some of the Harlan et al. (1996) samples held 
excess 40Ar, giving them apparently older ages. However, it is 
also likely that, in an event as large as the 1.78–1.72 Ga Big Sky 
orogeny, rocks with different cooling histories can be found, due 
to their different locations in the orogen. Indeed, different levels 
of the crust might be juxtaposed by the extensive Cenozoic block 
faulting. Clearly, there is much to learn from additional isotopic 
studies in this region.

Recently, Roberts et al. (2002) presented 40Ar/39Ar UV 
laser microprobe ages for 18 samples from the Ruby Range, 13 
samples from the Tobacco Root Mountains, and two samples 
from the Highland Mountains, examining at least ten single crys-
tals of biotite (23 samples) or hornblende (10 samples) for each 
sample. This large data set, which nearly doubled the number of 
samples with measured 40Ar/39Ar total gas ages from this region, 
is included in the histograms of Figures 3 and 5. Alone, the Rob-
erts et al. (2002) biotite data defi ne a histogram similar to Fig-
ure 2, but with a mean age of 1.76 ± 0.02 Ga, older than the 1.71 
± 0.02 Ga 40Ar/39Ar cooling age adopted in this paper. Roberts et 
al. (2002) argue that all measured ages younger than 1700 Ma 
are for samples that have lost Ar due to the Cretaceous intrusions, 
and only use ages older than 1700 Ma to date cooling from the 
Proterozoic metamorphism, possibly biasing their results to older 
values. They also suggest that some of their amphibole ages that 
are older than 1780–1740 Ma are due to the presence of excess 
40Ar and, therefore, focus on their biotite data. As a consequence, 
they argue from their selected biotite data that these rocks cooled 
through the temperature interval of 350–300 °C during the inter-
val 1780–1740 Ma.

The Roberts et al. (2002) interpretation of their data is 
in confl ict with the abundant evidence of monazite growth 
in the Tobacco Root Mountains as late as 1720 Ma reported 
by Cheney et al. (1999; 2004b, this volume, Chapter 8), who 
correlate late monazite growth with a lower-pressure portion 
of the metamorphic pressure-temperature path at temperatures 
of 650–700 °C (see also Cheney et al., 2004a, this volume, 
Chapter 6). The Roberts et al. (2002) 1780–1740 Ma age is also 
somewhat in confl ict with the 40Ar/39Ar plateau ages obtained 
in our study. Roberts et al. (2002) presented 207Pb-206Pb garnet 
step-leaching ages, probably dating monazite inclusions in the 
garnet, of 1820–1780 Ma for samples from this region (also in 
confl ict with the results of Cheney et al., 2004b, this volume, 
Chapter 8). They argue that their 1780–1740 Ma 40Ar/39Ar 
total gas ages were set during cooling from 1820 to 1780 Ma 
regional metamorphism. One possible explanation for the con-
fl ict between the data and interpretations of this paper along 
with the data of Cheney et al. (2004b, this volume, Chapter 8) 
and that of Roberts et al. (2002) is that some of the Roberts et al. 
(2002) biotite samples may contain excess 40Ar. Another pos-
sibility is that there may be systematic differences in the dates 
obtained from two or more 40Ar/39Ar labs.

ACKNOWLEDGMENTS

The authors thank the W.M. Keck Foundation and the col-
leges of the Keck Geology Consortium for their fi nancial support 
of this work. Kovaric thanks Smith College for a Schultz Founda-
tion summer fellowship. Dan Lux, Bill Hames, Mark Harrison, 
and Marty Grove all graciously shared their facilities and exper-
tise to help us complete this project, but bear no responsibility for 
the errors in interpretation that remain. We thank Hazel Roberts 
and Pete Dahl for providing drafts of their work in progress. The 
manuscript was signifi cantly improved due to excellent and help-
ful reviews by Steve Harlan and Pete Dahl.

REFERENCES CITED

Berg, R.B., 1979, Talc and chlorite deposits in Montana: Butte, Montana, Mon-
tana Bureau of Mines and Geology Memoir 45, 66 p.

Brady, J.B., Cheney, J.T., Duvall, M.L., Green, C., Kaufman, L., Kogut, A.I., 
Larson, A.C., and Vasquez, A., 1991, Metasomatic talc deposits in south-
western Montana: Geochemical evidence for deep circulation of water-
rich fl uids: Geological Society of America Abstracts with Programs, 
v. 23, no. 5, p. 263.

Brady, J.B., Burger, H., Cheney, J.T., King, J.T., Tierney, K.A., Peck, W.H., 
Poulsen, C.J., Cady, P., Lowell, J., Sincock, M.J., Archuleta, L.L., 
Fisher, R., and Jacob, L., 1994, Geochemical and 40Ar/ 39Ar evidence for 
terrane assembly in the Archean of southwestern Montana: Geological 
Society of America Abstracts with Programs, v. 26, no. 7, p. 232–233.

Brady, J.B., Cheney, J.T., Rhodes, A.L., Vasquez, A., Green, C., Duvall, M., 
Kogut, A., Kaufman, L., and Kovaric, D., 1998, Isotope geochemistry of 
Proterozoic talc occurrences in Archean marbles of the Ruby Mountains, 
southwest Montana, USA: Geological Materials Research, v. 2, p. 41.

Burger, H.R., 2004, General geology and tectonic setting of the Tobacco Root 
Mountains, Montana, in Brady, J.B., et al., eds., Precambrian geology of 
the Tobacco Root Mountains, Montana: Boulder, Colorado, Geological 
Society of America Special Paper 377, p. 89–104 (this volume).

Burger, H.R., Brady, J.B., Cheney, J.T., Harms, T.A., Mueller, P., Heatherington, 
A., and Wooden, J., 1999, Evidence for a major, Early Proterozoic orogenic 
event in the Tobacco Root Mountains of southwestern Montana: Geological 
Society of America Abstracts with Programs, v. 31, no. 7, p. 177–178.

Cheney, J.T., Harms, T.A., Brady, J.B., and Burger, H.R., 1999, Early Protero-
zoic 208Pb/ 232Th in situ ion probe dating of monazite from Archean meta-
morphic suites, Tobacco Root Mountains, Montana: Geological Society 
of America Abstracts with Programs, v. 31, no. 7, p. 178.

Cheney, J.T., Brady, J.B., Tierney, K.A., DeGraff, K.A., Mohlman, H.K., 
Frisch, J.D., Hatch, C.E., Steiner, M.L., Carmichael, S.K., Fisher, R.G.M., 
Tuit, C.B., Steffen, K.J., Cady, P., Lowell, J., Archuleta, L., Hirst, J., Weg-
mann, K.W., and Monteleone, B., 2004a, Proterozoic metamorphism of 
the Tobacco Root Mountains, Montana, in Brady, J.B., et al., eds., Pre-
cambrian geology of the Tobacco Root Mountains, Montana: Boulder, 
Colorado, Geological Society of America Special Paper 377, p. 105–129 
(this volume).

Cheney, J.T., Webb, A.A.G., Coath, C.D., and McKeegan, K.D., 2004b, In situ 
ion microprobe 207Pb/206Pb dating of monazite from Precambrian meta-
morphic suites, Tobacco Root Mountains, Montana, in Brady, J.B., et al., 
eds., Precambrian geology of the Tobacco Root Mountains, Montana: 
Boulder, Colorado, Geological Society of America Special Paper 377, 
p. 151–179 (this volume).

Dahl, P.S., 1979, Comparative geothermometry based on major-element and oxy-
gen isotope distributions in Precambrian metamorphic rocks from south-
western Montana: American Mineralogist, v. 64, no. 11-12, p. 1280–1293.

Dahl, P.S., Dorais, M.J., Roberts, H.J., Kelley, S.P., and Frei, R., 1999, Electron 
microprobe geochronometry of age-zoned monazite crystals in Archean 
metapelites from the Wyoming province: The nature of Pb rejuvenation 
and implications for regional tectonism: Geological Society of America 
Abstracts with Programs, v. 31, no. 7, p. 39.

Dahl, P.S., Hamilton, M.A., Terry, M.P., Roberts, H.J., Kelly, S.P., Frei, R., 
Jercinovic, M.J., and Williams, M.L., 2002, Comparative ion and electron 



140 J.B. Brady et al.

microprobe dating of Wyoming province monazite, with tectonic and 
analytical implications: Geological Society of America Abstracts with 
Programs, v. 34, no. 1, p. A9.

Erslev, E.E., and Sutter, J.F., 1990, Evidence for Proterozoic mylonitization in 
the northwestern Wyoming province: Geological Society of America Bul-
letin, v. 102, p. 1681–1694.

Giletti, B.J., 1966, Isotopic ages from southwestern Montana: Journal of Geo-
physical Research, v. 71, no. 16, p. 4029–4036.

Giletti, B.J., 1968, Isotopic geochronology of Montana and Wyoming, in Ham-
ilton, E.I., and Farquhar, R.M., eds., Radiometric dating for geologists: 
London, Interscience Publishers, p. 111–146.

Giletti, B.J., and Gast, P.W., 1961, Absolute age of Pre-Cambrian rocks in 
Wyoming and Montana: Annals of the New York Academy of Sciences, 
v. 91, p. 454–458.

Green, C.T., 1991, The infl uence of major faults on fl uid movement and talc 
genesis in the Ruby Range, Montana [B.A. thesis]: Amherst, Massachu-
setts, Amherst College, 83 p.

Hames, W.E., and Cheney, J.T., 1997, On the loss of 40Ar from muscovite 
during polymetamorphism: Innovative applications of 40Ar/39Ar micro-
analytical research: Geochimica et Cosmochimica Acta, v. 61, no. 18, 
p. 3863–3872.

Harlan, S.S., Heaman, L., LeCheminant, A.N., Premo, W.R., 2003, Gunbar-
rel mafi c magmatic event: A key 780 Ma time marker for Rodinia plate 
reconstructions: Geology, v. 31, p. 1053–1056.

Harlan, S.S., Geissman, J.W., Snee, L.W., and Reynolds, R.L., 1996, Late Cre-
taceous remagnetization of Proterozoic mafi c dikes, southern Highland 
Mountains, southwestern Montana: A paleomagnetic and 40Ar/39Ar study: 
Geological Society of America Bulletin, v. 108, p. 653–668.

Hayden, R.J., and Wehrenberg, J.P., 1959, Potassium-argon dating in western 
Montana: Geological Society of America Bulletin, v. 70, no. 12, Part 2, 
p. 1778–1779.

Hayden, R.J., and Wehrenberg, J.P., 1960, A40-K40 dating of igneous and metamor-
phic rocks in western Montana: Journal of Geology, v. 68, no. 1, p. 94–97.

Jacob, L.J., 1994, A Geochemical and geochronological characterization of 
the Indian Creek Metamorphic Suite in the Noble Lake area, south-
central Tobacco Root Mountains, southwestern Montana [B.A. thesis]: 
Northampton, Massachusetts, Smith College, 73 p.

Jaeger, J.C., 1964, Thermal effects of intrusions: Reviews of Geophysics, v. 2, 
p. 443–466.

James, H.L., 1990, Precambrian geology and bedded iron deposits of the south-
western Ruby Range, Montana: U.S. Geological Survey Professional 
Paper 1495, p. 39.

James, H.L., and Hedge, C.E., 1980, Age of the basement rocks of southwest 
Montana: Geological Society of America Bulletin, v. 91, p. 11–15.

King, J.T., 1994, A structural analysis of Archean gneisses in the Tobacco Root 
Mountains, southwestern Montana [B.A. thesis]: Amherst, Massachu-
setts, Amherst College, 44 p.

Kovaric, D.N., 1996, 40Ar/39Ar dating and Archean to Cretaceous thermal his-
tory of the Tobacco Root Mountains, southwestern Montana [B.A. thesis]: 
Northampton, Massachusetts, Smith College, 67 p.

Kovaric, D.N., Brady, J.B., Cheney, J.T., Grove, M., Jacob, L.J., and King, J.T., 
1996, 40Ar/ 39Ar evidence for reheating events affecting basement rocks in 
the Tobacco Root, Ruby, and Highland Mountains, SW Montana: Geo-
logical Society of America Abstracts with Programs, v. 28, no. 7, p. 493.

Krogh, T.E., Kamo, S., and Hess, D.F., 1997, Wyoming province 3300+ Ma 
gneiss with 2400 Ma metamorphism, northwestern Tobacco Root 
Mountains, Madison County, Montana: Geological Society of America 
Abstracts with Programs, v. 29, no. 6, p. 408.

Larson, A.C., 1991, Talc Formation in the Regal-Keystone Mine of the Ruby 
Range, Dillon, MT [B.A. thesis]: Northampton, Massachusetts, Smith 
College, 57 p.

Lux, D.R., Gibson, D., and Hamilton, P.J., 1989, Geochronology of the Songo 
Pluton, western Maine, in Tucker, R.D., and Marvinney, R.G., eds., 

Igneous and metamorphic geology: Studies in Maine geology: Augusta, 
Maine Geological Survey, p. 101–114.

Marvin, R.F., and Dobson, S.W., 1979, Radiometric ages; compilation B, U.S. 
Geological Survey: Isochron/West, v. 26, p. 3–30.

McDougall, I., and Harrison, T.M., 1988, Geochronology and thermochronol-
ogy by the 40Ar/39Ar method: Oxford Monographs on Geology and Geo-
physics, v. 9, p. 212.

Mogk, D.W., Burger, H.R., Mueller, P.A., D’Arcy, K., Heatherington, A.L., 
Wooden, J.L., Abeyta, R.L., Martin, J., and Jacob, L.J., 2004, Geochem-
istry of quartzofeldspathic gneisses and metamorphic mafi c rocks of the 
Indian Creek and Pony–Middle Mountain Metamorphic Suites, Tobacco 
Root Mountains, Montana, in Brady, J.B., et al., eds., Precambrian geol-
ogy of the Tobacco Root Mountains, Montana: Boulder, Colorado, Geo-
logical Society of America Special Paper 377, p. 15–46 (this volume).

Mueller, P.A., and Cordua, W.S., 1976, Rb-Sr whole rock age of gneisses from 
the Horse Creek area, Tobacco Root Mountains, Montana: Isochron/West, 
v. 16, p. 33–36.

Mueller, P.A., Wooden, J.L., Nutman, A.P., and Mogk, D.W., 1998, Early 
Archean crust in the northern Wyoming province: Evidence from U-Pb 
ages of  detrital zircons: Precambrian Research, v. 91, no. 3–4, p. 295–307.

Mueller, P.A., Burger, H.R., Wooden, J.L., Heatherington, A.L., Mogk, D.W., 
and D’Arcy, K., 2004, Age and evolution of the Precambrian crust of 
the Tobacco Root Mountains, Montana, in Brady, J.B., et al., eds., Pre-
cambrian geology of the Tobacco Root Mountains, Montana: Boulder, 
Colorado, Geological Society of America Special Paper 377, p. 179–200 
(this volume).

O’Neill, J.M., Duncan, M.S., and Zartman, R.E., 1988a, An early Protero-
zoic gneiss dome in the Highland Mountains, southwestern Montana, 
in Lewis, S.E., and Berg, R.B., eds., Precambrian and Mesozoic plate 
margins; Montana, Idaho, and Wyoming: Montana Bureau of Mines and 
Geology Special Publication 96, p. 81–88.

O’Neill, J.M., Duncan, M.S., and Zartman, R.E., 1988b, An Early Proterozoic 
gneiss dome, Highland Mountains, Montana: Geological Society of 
America Abstracts with Programs, v. 20, no. 6, p. 460–461.

Quidelleur, X., Grove, M., Lovera, O.M., Harrison, T.M., Yin, A., and Ryer-
son, F.J., 1997, Thermal evolution and slip history of the Renbu Zedong 
Thrust, southeastern Tibet: Journal of Geophysical Research, B, Solid 
Earth and Planets, v. 102, no. 2, p. 2659–2679.

Roberts, H., Dahl, P., Kelley, S., and Frei, R., 2002, New 207Pb-206Pb and 
40Ar-39Ar ages from SW Montana, USA: Constraints on the Proterozoic 
and Archaean tectonic and depositional history of the Wyoming province: 
Precambrian Research, v. 117, no. 1–2, p. 119–143.

Tierney, K.A., 1994, The origin and evolution of the Spuhler Peak Formation 
along the western ridge of Thompson Peak, Tobacco Root Mountains, 
Montana [B.A. thesis]: Amherst, Massachusetts, Amherst College, 87 p.

Vitaliano, C.J., Burger, H.R., Cordua, W.S., Hanley, T.B., Hess, D.F., and 
Root, F.K., 1979a, Geologic map of southern Tobacco Root Mountains, 
Madison County, Montana: Geological Society of America Map and 
Chart Series MC31, scale 1:62,500, 1 sheet, 8 p. text.

Vitaliano, C.J., Cordua, W.S., Burger, H.R., Hanley, T.B., Hess, D.F., and 
Root, F.K., 1979b, Geology and structure of the southern part of the 
Tobacco Root Mountains, southwestern Montana; map summary: Geo-
logical Society of America Bulletin, v. 90, p. I712–I715.

Vitaliano, C.J., Kish, S., and Towell, D.G., 1980, Potassium-argon dates and 
strontium isotopic values for rocks of the Tobacco Root batholith, south-
western Montana: Isochron/West, v. 28, p. 13–15.

Wooden, J.L., Vitaliano, C.J., Koehler, S.W., and Ragland, P.C., 1978, The Late 
Precambrian mafi c dikes of the southern Tobacco Root Mountains, Mon-
tana: Geochemistry, Rb-Sr geochronology and relationship to Belt tecton-
ics: Canadian Journal of Earth Sciences, v. 15, no. 4, p. 467–479.

MANUSCRIPT ACCEPTED BY THE SOCIETY SEPTEMBER 12, 2003



 40Ar/39Ar ages of metamorphic rocks 141

0

400

800

1200

1600

2000

0 20 40 60 80 100

Cumulative 39Ar Percent

A
g

e 
(M

a)

KAT-51B (Hornblende)

Cumulative 39Ar Percent

Plateau Age = 1698 ± 27  Ma

Total Gas Age = 1680 ± 26 Ma

0 20 40 60 80 100

A
g

e 
(M

a)

20

40

60

80

100

120

140

160
KAT-41 (Biotite)

Plateau Age = no plateau

Total Gas Age = 105.7 ± 0.2 Ma

0

400

800

1200

1600

2000

0 20 40 60 80 100

A
g

e 
(M

a)

KAT-21 (Hornblende)

Cumulative 39Ar Percent

Plateau Age = no plateau

Total Gas Age = 1639 ± 26 Ma

20

40

60

80

100

120

140

160

0 20 40 60 80 100

A
g

e 
(M

a)
KAT-21 (Biotite)

Cumulative 39Ar Percent

Plateau Age = no plateau

Total Gas Age = 128.6 ± 0.3 Ma

0

400

800

1200

1600

2000

0 20 40 60 80 100

A
g

e 
(M

a)

KAT-23 (Hornblende)

Cumulative 39Ar Percent

Plateau Age = 1735 ± 13 Ma

Total Gas Age = 1697 ± 20 Ma

0

400

800

1200

1600

2000

0 20 40 60 80 100

A
g

e 
(M

a)

KAT-24 (Hornblende)

Cumulative 39Ar Percent

Plateau Age = 1665 ± 37 Ma

Total Gas Age = 1539 ± 74 Ma

Figure A1. 40Ar/39Ar step-heating age spectra determined at University of California at Los Angeles.
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Figure A3. Single-grain UV laser microprobe 40Ar/39Ar total gas ages determined at Massachusetts Institute of Technology.



144 J.B. Brady et al.



 40Ar/39Ar ages of metamorphic rocks 145



146 J.B. Brady et al.



 40Ar/39Ar ages of metamorphic rocks 147



148 J.B. Brady et al.



 40Ar/39Ar ages of metamorphic rocks 149

Printed in the USA




