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ABSTRACT

The study of deeply exhumed ancient collisional belts offers important constraints on geologic processes and properties complementary to 
inaccessible portions of the crustal column in active orogens. The ca. 1.8–1.7 Ga Big Sky orogeny in southwest Montana is a major conver-
gent belt associated with the Proterozoic amalgamation of Laurentia. New structural, petrologic, and geochronologic data from the North-
ern Madison Range, crossing the NE-SW trend of the belt, record key information about the internal dynamics of the orogen. At least two 
phases of Big Sky–related deformation are preserved, both nearly coeval with peak metamorphic conditions of ~0.9–0.8 GPa and >700 °C. 
Metamorphic zircon grains from a deformed mafic dike yield a weighted mean ion probe U-Pb date of 1737 ± 28 Ma (2s). Monazite grains 
from a metapelite yield electron microprobe U-Th total-Pb dates of ca. 1750–1705 Ma, spanning prograde, peak, and retrograde intervals. 
Exposed Proterozoic paleodepths range from deeper levels (~45–40 km; 1.2 GPa) in the northwestern end of the range to shallower levels 
(~30–25 km) in the central-southeast area. The age of high-grade tectonism appears to become younger southeastward away from the core 
of the orogen, from ca. 1810–1780 Ma in the Highland Mountains, to ca. 1780–1750 Ma in the Ruby Range, Tobacco Root Mountains, and 
northwesternmost Northern Madison Range, and 1750–1720 Ma in the central Northern Madison Range. These spatial and temporal patterns 
of lateral growth and propagation of the orogen are similar to those observed in other collisional orogenic systems, and they may reflect 
multiple collision phases, protracted collision, and/or postcollisional collapse.

INTRODUCTION

Deeply eroded convergent belts offer excep-
tional natural laboratories in which to expand 
our understanding of crustal processes during 
continent formation. One such example is the 
recently recognized late Paleoproterozoic Big 
Sky orogen (e.g., O’Neill, 1998; Harms et al., 
2004a), expressed as high-grade deep crust 
exposed within the Laramide basement-cored 
uplifts in southwest Montana, United States. 
Although a significant late Paleoproterozoic 
thermal disturbance was recognized along the 
northern margin of the Wyoming Province half 
a century ago (Giletti, 1966), it is only within 
the past 15 yr that substantial evidence emerged 
indicating that a significant collisional oro-
gen transects central and southwest Montana 
(O’Neill, 1998; Mueller et al., 2002; Roberts 
et al., 2002; Berger et al., 2004; Harms et al., 
2004a). However, major issues remain unre-
solved, including details of the scale and tempo 
of convergence, and how the internal dynamics 
of the Big Sky orogen evolved. Specific ques-
tions include the following. What is the along- 

and across-strike extent of the orogenic belt as 
defined by thermal and kinematic patterns, and 
what are the extents of the metamorphic core 
and foreland components? Can the timing of 
precollision convergence, initiation of collision, 
and duration of collision and postcollision re-
laxation processes be distinguished? These spe-
cific questions bear directly on larger questions 
regarding the assembly of Laurentia, including 
whether the rocks in southwest Montana rep-
resent one collision event or two (e.g., Mueller 
et al., 2005), or if there was any collision at all 
(Boerner et al., 1998).

New data are presented here from field 
and structural analysis, petrology, and geo-
chronology in the Northern Madison Range, 
a key locality for clarifying the nature of the 
hinterland-foreland transition of the Big Sky 
orogen. Coupling high-spatial-resolution in situ 
geochronologic analysis of zircon and mona-
zite with structural and petrologic observations 
allows recognition of links between accessory 
mineral growth, major phase reactions, and de-
formation textures. Results from this work show 
that Paleoproterozoic crustal depths of ≥25–
30 km are exposed in the central portion of the 
Northern Madison Range, which considerably 

expands the across-strike extent of the orogen’s 
metamorphic core. Moreover, the age of ther-
motectonism in the study area appears younger 
than in other parts of the region affected by the 
Big Sky orogeny, suggesting propagation of 
peak metamorphism and deformation from NW 
to SE over 40–80 m.y. These results are similar 
to lateral growth and propagation patterns ob-
served in other major collisional orogens (e.g., 
Jamieson et al., 2011; Staples et al., 2014).

GEOLOGIC SETTING

Wyoming Province

The Wyoming Province is the southern-
most component of the Archean core of North 
America and is bounded to the south, east, and 
northwest by Paleoproterozoic (ca. 1.8–1.7 Ga) 
orogenic belts (Cheyenne belt, Trans-Hudson 
orogen, and Paleoproterozoic component of the 
Great Falls tectonic zone, respectively; Gorman 
and Clowes, 2002; Mueller and Frost, 2006; 
O’Neill and Lopez, 1985). The northwestern 
part of the Wyoming Province is commonly 
referred to as the Montana metasedimentary 
province, one of several domains that are dis-
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tinguished based on lithology and general age 
(Mogk et al., 1992; Mueller et al., 2005; Fos-
ter et al., 2006). The Montana metasedimentary 
province includes most Precambrian crystal-
line exposures in southwest Montana and is 
approximately bounded to the southeast by 
Late Archean shear zones in the northwestern 
Beartooth Mountains (Fig.  1A). The province 
is characterized by a relative abundance of su-
pracrustal metamorphic rocks, including pelitic 
schist, quartzite, and carbonate rocks along with 
ca.  3.3–3.0  Ga quartzofeldspathic gneiss and 
other granitoids (Mogk et al., 1992; Mueller 
et al., 1996). To the southeast, the Beartooth-
Bighorn magmatic zone includes a larger pro-
portion of 2.8  Ga orthogneiss and associated 
trondhjemite-tonalite-granodiorite suites (Muel-
ler and Frost, 2006). The Precambrian rocks in 
southwest Montana have been tectonically re-
worked multiple times and metamorphosed to 
granulite and upper-amphibolite facies (e.g., 
Giletti, 1966; Spencer and Kozak, 1975; James 
and Hedge, 1980; Mogk, 1992; Harms et al., 
2004a, 2004b). The dominant structural grain 
across the region strikes NE-SW, defined by 
major foliation and fold axial surfaces (e.g., 
Spencer and Kozak, 1975; Harms et al., 2004b), 
shear zones (e.g., Erslev and Sutter, 1990; Kel-
logg and Mogk, 2009; Johnson et al., 2014), and 
the overall trend of a thermochronologic feature 
called Giletti’s line (defined in next paragraph; 
Giletti, 1966) and the Great Falls tectonic zone.

Early isotopic studies in the Montana meta
sedimentary province identified largely Archean 
protolith ages, but they also recognized a regional 
late Paleoproterozoic thermal overprint (Giletti, 
1966, 1971; Mueller and Cordua, 1976; James 
and Hedge, 1980; Weyand, 1989; O’Neill et al., 
1988; Mueller et al., 1993). Biotite and musco-
vite K-Ar and Rb-Sr dates are ca.  1.8–1.6  Ga 
northwest of a NE-trending transitional boundary 
that was originally drawn through the Southern 
and Northern Madison Ranges (Fig. 1B; Giletti, 
1966, 1971; Reid et al., 1975; Mueller and Cor-
dua, 1976). This feature, commonly referred to 
as “Giletti’s line,” was interpreted to represent 
the transition from warmer temperatures to the 
northwest, which induced complete resetting or 
new mica growth at 1.8–1.6 Ga, to cooler tem-
peratures to the southeast, which were not high 
enough in Proterozoic time to significantly dis-
turb the Ar system (Giletti, 1966). Subsequent 
work by Giletti (1971) revealed excess Ar in 
several biotite samples from the Gallatin Canyon 
localities, which called into question the exact 
position and nature of the thermal transition in 
the Northern Madison Range.

The spatial extent and magnitude of this late 
Paleoproterozoic thermotectonism remain un-
clear. Previous workers linked the Proterozoic 

thermal signature to relatively static low- to 
moderate-temperature overprinting, with asso-
ciated localized greenschist-facies deformation, 
and assigned an Archean age to the regional 
upper-amphibolite- to granulite-facies tecto-
nism (Mueller and Cordua, 1976; James and 
Hedge, 1980; Salt, 1987; Weyand, 1989; Erslev 
and Sutter, 1990; Mogk et al., 1992). More re-
cent thermochronological (Harlan et al., 1996; 
Roberts et al., 2002; Brady et al., 2004a; Hames 
and Harms, 2013) and geochronological stud-
ies (Roberts et al., 2002; Mueller et al., 2004, 
2005; Cheney et al., 2004; Ault et al., 2012; Al-
cock et al., 2013) documented high-grade meta-
morphism (up to granulite facies and 1.2 GPa) 
and deformation between ca.  1.8 and 1.7  Ga 
throughout the western ranges in the Montana 
metasedimentary province (Fig. 1). Harms et al. 
(2004a) called these tectonic events the Big Sky 
orogeny and suggested that they were caused by 
closure of an ocean basin and subsequent colli-
sion of the Archean Medicine Hat block with the 
Wyoming Province.

The extent of this overprint in the eastern 
part of the Montana metasedimentary province 
(Gravelly, Northern, and Southern Madison 
Ranges; Fig.  1B) is less certain. Much of the 
Northern Madison Range is located between 
the known Big Sky high-grade tectonism de-
scribed here and a likely similarly aged, but 
localized Paleoproterozoic greenschist-facies 
shear zone, the Madison mylonite zone of Er-
slev and Sutter (1990), in the southern half of 
the Southern Madison Range (Fig. 1B). The low 
metamorphic grade of this shear zone and the 
apparent lack of warm Big Sky–aged tempera-
tures (<300–400 °C) in much of the surrounding 
Southern Madison Range and Gravelly Range 
suggest that these ranges represent the Big Sky 
foreland. Consequently, the Northern Madison 
Range is an important area in which to further 
clarify the nature and location of the hinterland-
foreland transition of the Big Sky orogen.

Northern Madison Range

The Northern Madison Range (Fig.  2) is 
an ~50-km-long, NW-SE–trending, Laramide-
age, basement-cored uplift bounded to the 
south by the steeply dipping Spanish Peaks 
thrust fault (Garihan et al., 1983), which was 
last active during the Late Cretaceous (Kellogg 
and Harlan, 2007). The core of the range is pre-
dominantly Archean crystalline rock that has 
been multiply deformed and metamorphosed 
(Spencer and Kozak, 1975; Kellogg and Mogk, 
2009). Recent work indicates that at least the 
northwest portion of the range shows evidence 
for Paleoproterozoic Big Sky tectonometamor-
phism (Ault et al., 2012).

Lithologies and Tectonic Interpretations
The range consists of quartzofeldspathic 

orthogneiss, foliated granitoids, mafic amphibo-
lite, supracrustal schist, and quartzite. Previous 
workers distinguished two separate terranes 
based on variations in lithologies and metamor-
phic assemblages (Salt, 1987; Weyand, 1989; 
Mogk et al., 1992). The Jerome Rocks Lake 
terrane contains predominantly trondhjemitic 
gneiss, sillimanite-bearing metapelite and mig-
matite, and it is separated by the Mirror Lake 
shear zone from orthogneiss with intercalated 
kyanite- and sillimanite-bearing metapelitic 
schist, quartzite, ultramafic schist, and amphib-
olite of the Gallatin Peak terrane to the south 
(Salt, 1987;Fig.  2). Salt (1987) and Mogk et 
al. (1992) interpreted the Gallatin Peak terrane 
as representing a ca. 3.2 Ga subduction-related 
calc-alkaline continental magmatic arc. U-Pb 
zircon dates from orthogneiss units in both ter-
ranes yielded a range of ca. 3.3–2.7 Ga crystal-
lization ages (Weyand, 1989).

Structural Grain and High-Strain Zones
The dominant structural trend is a NE-SW–

striking foliation that varies considerably in dip 
magnitude and direction, and that ranges in in-
tensity, with several high-strain zones that are 
locally mylonitic. Spencer and Kozak (1975) in-
terpreted two main stages of deformation in the 
range: (1)  early gneissic foliation development 
and isoclinal folding of the foliation, and (2) sub-
sequent ductile deformation and the develop-
ment of broad folds. Discrete high-strain zones 
include the Mirror Lake and Big Brother shear 
zones (Salt, 1987; Mogk and Henry, 1988; Mogk 
et al., 1992), Crooked Creek mylonite (Kellogg 
and Mogk, 2009), the Hellroaring Creek shear 
zone, and the Spanish Creek mylonite (Johnson 
et al., 2014; Fig. 2). These ductile shear zones 
generally strike NE-SW and dip moderately to 
steeply to the SE or NW (Fig. 2). The timing of 
this deformation is not well constrained. Previ-
ous studies suggested a Late Archean age for the 
Mirror Lake shear zone and Crooked Creek my-
lonite (Weyand, 1989; Mogk et al., 1992; Kel-
logg and Mogk, 2009). However, the prevalence 
and proximity of Proterozoic high-grade meta-
morphism and deformation in nearby ranges to 
the south and west (e.g., Erslev and Sutter, 1990; 
Harms et al., 2004b) coupled with new data from 
this study suggest that some of the deformation 
is likely Paleoproterozoic.

Patterns and Timing of Metamorphism
The metamorphic grade observed within the 

Northern Madison Range varies from granulite 
to amphibolite facies (Spencer and Kozak, 1975; 
Salt, 1987; Mogk and Henry, 1988; Ault et al., 
2012), with some greenschist-facies overprint-

 on November 18, 2015lithosphere.gsapubs.orgDownloaded from 

http://lithosphere.gsapubs.org/


LITHOSPHERE  |  Volume 7  |  Number 6  |  www.gsapubs.org� 627

Foreland-directed propagation of high-grade tectonism in a collisional orogen  |  RESEARCH

Fig. 2

Gile
tti’

s L
ine

°W°111111°W111°W

112°W

WWW112°W112°W

5°N55455545444 °N45°N

ondisoaMaddd sonM i
ylonyMylo ioM it

ZoZZZZ neo

Madison 
   Mylonite
         Zone

Jim CanyonJim Canyon
Yankee
Jim Canyon

nMadisoS. . M. S. MadisoadS aS d onsonadS MadisonM i
geRangRaR eRRangeRangR nR

S. Madison
Range

yyyyyyyyyyyGrravellylyyeaGrravelar yyG
genRangnRangeanRangeanaaa ga gRanRRan

Gravelly
Range

Ruby 
 Range

Ruby 
 Range

N. MadisonNNN Madison
Range

N. Madison
RangeTobacco

Root
Mtns

Tobacco
Root
Mtns BeartoothBBeartooth

Mtns
Beartooth

Mtns

o oTobacTTTTT ooobacccccbaccobobb
ttooooRoooooootRRRoot

hhholiohhBa   BB oBaB tt tBatholhh lBatholithhththh i

Tobacco 
Root

 Batholith

ghlandHiHighland
sntainooMoo taouountouMountainstai

Highland
Mountains

SSpp i h PP kkF
t

Spanish PeaksFault Gallatin 

       Canyon

0.92 GPa, 700°C
1737 ± 28 Ma

~0.9 GPa, 715°C
1750-1720 Ma

1.2 GPa, 800°C
1753 ± 18 Ma

 1.0 GPa, 800°C
~1755 Ma

1766±130 Ma

1807±3 Ma 

1785±4 Ma ~1770 Ma

1782 ± 9 Ma

~1770  Ma

T  Volcanics

PЄ rocks undif.

K Intrusive rocks

Phanerozoic undif.

Geologic Units:
40Ar/39Ar  Data

Bt/Musc - 1.6-1.8Ga

Hbl - 1.6-1.8Ga

Bt/Musc - > 2.5Ga

Hbl - > 2.5Ga

Bt/Musc - 1.8-2.5Ga

Hbl - 1.8-2.5Ga

K-Ar  Data

Bt/Musc - 1.6-1.8Ga

Hbl - 1.6-1.8Ga

Bt/Musc - > 2.5Ga

Hbl - > 2.5Ga

Bt/Musc - 1.8-2.5Ga

Hbl - 1.8-2.5Ga

U-Pb Zircon U-Pb Monazite U-Th-Pb Monazite Pb-Pb Garnet
Geochronology: 

Thermochronology:

25kmNorth

B

MT

WY

ID
M

T

MonMMMontannnntana a ya

       M
etasedimenta

  Mettasedimeimenimimenenttarytataryy

         
   PProvinceMontana

       M
etasedimentary

         
  Province Beartooth-Bighorn

          
   Magmatic Zone

Beartooth-Bighorn

          
   Magmatic Zone

Great Falls Tectonic zone

Little Belt
Mtns

hotototthtthoo hootoartooth
Beartoeartoo
Bea oort
BeartoaBBBBe

tsttststtsttMtMtMtMtMtMtssMMMMMMts
     M M MMMMMMMMtt

Beartooth     Mts

Bighorn
Mtns

 River dnnnnWWWW d Rivernd RiveWWWWW Rii ii
Range Rangng RRa geRaangeaRan eRRR

Wind River 
 Range

n tonTetoe
geng      RannnngeRangegea gegRaa eR

Teton 
      Range

t

Wyoming
rCCCCraton

Wyoming 
Province

Medicine
  Hat 
   Block

Y

Y’

PM

BA

Known extent 
of Big Sky (1.8-1.71 Ga) 
      High grade tectonism

108°W110°W112°W114°W 48°N

46°N

44°N

A

1B

100 km

Figure 1. (A) Regional map showing northwest margin of Wyoming Province, location of Great Falls tectonic zone, the Medicine Hat block, and the known 
extent of the Big Sky orogen (light-gray shading). Basement-cored uplifts exposing Precambrian rocks are shown in dark gray. PM—Pioneer Moun-
tains; BA—Biltmore anticline; thin dashed line—boundary between the Montana metasedimentary province and the Beartooth-Bighorn magmatic zone; 
MT—Montana; ID—Idaho; WY—Wyoming. (B) Simplified geologic map of southwest Montana showing the location of major basement-cored uplifts, 
Cretaceous intrusive rocks, and Tertiary volcanics. Also shown are published K-Ar thermochronology data (Giletti, 1966, 1971; Reid et al., 1975), 40Ar/39Ar 
thermochronology data (Erslev and Sutter, 1990; Harlan et al., 1996; Roberts et al., 2002; Brady et al., 2004a; Hames and Harms, 2013), U-Pb zircon geochro-
nology (Mueller et al., 2004; Ault et al., 2012; this study), U-Th-Pb monazite geochronology (Cheney et al., 2004a), U-Th-Pb monazite electron microprobe 
geochronology (Alcock et al., 2013; this study), Pb-Pb garnet geochronology (Roberts et al., 2002), and thermobarometry (Cheney et al., 2004b; Ault et al., 
2012; this study). K—Cretaceous; T—Tertiary; PЄ—Precambrian. All mineral abbreviations are after Whitney and Evans (2010).
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ing in the southeastern portion of the range in 
Gallatin Canyon (Condit et al., 2012). Previous 
thermobarometric estimates indicate relatively 
high pressure and temperature conditions of up 
to 1.0–0.7 GPa and up to 700  °C (Salt, 1987; 
Mogk and Henry, 1988; Kellogg and Mogk, 
2009). The age of high-grade metamorphism 
was interpreted as Mesoarchean to Neoarchean 
(Mogk et al., 1992; Kellogg and Mogk, 2009; 
James and Hedge, 1980; Salt, 1987; Mueller 
and Frost, 2006). This interpretation is based 
on zircon crystallization ages for granitoids in 
the central part the Spanish Peaks area, inter-
preted to have been emplaced synchronously 
with metamorphism and deformation (Weyand, 

1989). However, Ault et al. (2012) reported 
a 1753 ± 18 Ma metamorphic zircon age (ion 
probe, 2s error) from a mafic dike that was 
metamorphosed and internally deformed at 
1.2 GPa and 800 °C in the northwestern portion 
of the range (Fig. 2).

NORTHWEST GALLATIN PEAK TERRANE

This study is focused in Bear Basin and its 
surrounding areas, which occupy the northwest 
portion of the Gallatin Peak terrane (Figs.  2 
and 3). Previous detailed work in this region 
is limited to theses by Salt (1987) and Weyand 
(1989) and a recently published map at 1:24,000 

scale by Vuke (2013). Salt (1987) mapped the 
major lithologies in the Bear Basin region, and 
Weyand acquired multigrain U-Pb thermal ion-
ization mass spectrometry (TIMS) zircon data 
from these units. For this study, the Bear Basin 
region was remapped at 1:15,000 with a focus 
on structural geology and key units for relative 
and absolute timing of deformation and meta-
morphism (Fig. 3).

Lithologies, Contact Relationships, and 
Previous Geochronology

The oldest known rocks in the Bear Basin 
region are a series of ca. 3.2–3.0 Ga granitoid 
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Figure 2. Simplified geologic map of the Northern Madison Range. U-Pb data and thermobarometry are from Ault et al. 
(2012) and this study, U-Th–total-Pb electron microprobe (EMP) data are from this study, K-Ar data are from Giletti (1966, 
1971), and known high-strain zones are from Kellogg and Mogk, (2009), Johnson et al., (2014), Salt (1987), and this study. 
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gneisses. The first major unit is a heterogeneous 
tonalitic gneiss with a zircon U-Pb crystalliza-
tion age of 3244 ± 19 Ma (Weyand, 1989) that 
occurs in the vicinity of Gallatin Peak and south 
of the Mirror Lake shear zone. The unit consists 
of centimeter-scale layers of tonalite, diorite, 
and amphibolite, with variable proportions of Pl 
+ Qz + Bt + Hbl (all mineral abbreviations after 
Whitney and Evans, 2010), and minor granitoid. 
South of the tonalitic gneiss exposures, a horn-
blende monzodiorite crops out (Fig.  3) that is 
similar to the tonalite in major mineralogy but is 
texturally more isotropic (non-layered), contains 
abundant millimeter-scale epidote, and yields a 
zircon U-Pb crystallization age of 3195 ± 43 Ma 
(Weyand, 1989). The third major unit is a por-
phyritic granodiorite exposed in the southern 
Bear Basin area (Fig. 3). It contains centimeter-
scale relict K-feldspar phenocrysts and has a zir-
con U-Pb crystallization age of 3177 ± 36 Ma 
(Weyand, 1989). Salt (1987) documented inclu-
sions of the previously described igneous units 
in this granodiorite and thus interpreted that the 
granodiorite is the youngest in the suite. Collec-
tively, these units are the basis of Mogk et al.’s 
(1992) interpretation that the Gallatin Peak ter-
rane represents part of a ca. 3.2 Ga calc-alkaline 
continental magmatic arc.

The fourth major unit is composed of in-
timately mixed and undifferentiated migma-
titic biotite schist, granite, and granitic gneiss 
(Fig. 3, biotite gneiss unit). In the map area, this 
unit lacks sedimentary structures, and no alu-
minous metamorphic index minerals were ob-
served other than local garnet. Weyand (1989) 
interpreted the protolith as igneous and reported 
a zircon U-Pb date of 2868 ± 24 Ma.

The youngest reported granitoid units within 
the Gallatin Peak terrane are small-volume foli-
ated to unfoliated granites. Those we observed 
were 1–30-m-thick tabular sheets of Ms + Bt 
± Grt leucogranite that are concordant with the 
foliated host rock. These leucogranites appear to 
be more abundant on the northern margin of the 
Hellroaring Creek shear zone (Fig. 2). Weyand 
(1989) reported a 2680 ± 130 Ma U-Pb zircon 
date for a weakly foliated granitic dike (Bt + Hbl 
+ Ep + Pl) on the northern margin of the Gallatin 
Peak terrane.

Supracrustal rocks within the Gallatin Peak 
terrane include an intercalated package of alu-
minous schist, amphibolite, and minor quartz-
ite. This unit crops out in central Bear Basin and 
in the adjacent upper drainage of Hellroaring 
Creek (Fig. 3). It is collectively referred to here 
as the Bear Basin schist. The schist contains a 
wide range of compositions, from aluminum-
rich layers with varying amounts of kyanite 
(Fig. 4A), cordierite, sillimanite, staurolite, and 
garnet to less aluminous orthoamphibole-rich 
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Figure  3. Simplified geologic map of the northwest Gallatin Peak terrane and Bear Basin area. 
Some map units are adapted from Kellogg and Williams (2000). U-Pb zircon geochronology is from 
Weyand (1989). Bt—biotite; Grt—garnet; Hbl—hornblende.
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layers. Concordant garnet-hornblende amphibo-
lite layers are interpreted as metavolcanics.

Salt (1987) interpreted a coarse Ged + Ky 
layer close to a contact with the Hbl-monzodio-
rite described in Bear Basin as a contact aureole, 
thus placing a minimum depositional age on the 
Bear Basin schist at ca. 3.2–3.1 Ga. However, 
the northwest contact between these two units 
is locally conglomeratic, with quartzite lenses 
and pebble-sized quartz and granitoid clasts 
(Fig. 4B) observed in at least two separate lo-
calities (Fig.  3). These observations suggest a 
depositional contact rather than an intrusive 
one, implying a maximum depositional age of 
ca. 3.1 Ga. Weyand (1989) also interpreted this 
unit as sedimentary in origin, based on whole-
rock compositions, and implied that analyzed 
zircon, with 207Pb/206Pb dates ranging from 3025 
to 3160 Ma, are detrital. This package is similar 
in lithology and appearance to the Spuhler Peak 
metamorphic suite found within the Tobacco 
Root Mountains, which has been interpreted 
to be a shallow-marine sequence of volcanics 
and intercalated sediments metamorphosed in a 
single event during the Big Sky orogeny (Burger 
et al., 2004).

Amphibolite dikes (Hbl + Pl ± Grt ± Cpx) 
appear to be some of the youngest intrusive units 

in the region (Fig.  5A), and they have similar 
deformational and crosscutting field relation-
ships to the mafic dikes and sills observed in the 
Tobacco Root Mountains (Brady et al., 2004b) 
and in Bear Trap Canyon (Ault et al., 2012). 
The contacts of internally deformed dikes lo-
cally truncate early gneissic layering in tonalite 
units (Figs. 5B–5C). Although concordant am-
phibolite layers occur, no dikes with crosscut-
ting contacts were observed in the Bear Basin 
schist, an observation similar to the Spuhler 
Peak metamorphic suite. Several undeformed 
postkinematic dikes thought to be late Protero-
zoic in age (Harlan et al., 1996) occur in the 
range, although none has been observed in the 
study area (Fig. 3).

Structural Geology

At least three phases of deformation affected 
the rocks of the Gallatin Peak terrane (Table 1). 
The earliest structures likely represent more than 
one phase of deformation. These include early 
gneissic layering in the tonalite, early penetra-
tive foliation in the Bear Basin schist, magmatic 
layering defined by variable concentrations 
of K-feldspar phenocrysts in the porphyritic 
granodiorite, and locally preserved inclusion 
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Figure 5. Deformed mafic dike from northwest 
Gallatin Peak terrane. (A) Field photograph of 
the dike intruding into tonalite gneiss, showing 
location of sample AA09-61. (B) Field photo-
graph of discordant dike contact with tonalitic 
orthogneiss. (C) Corresponding sketch of the 
dike’s discordant contact. (D) Hand sample pho-
tograph of garnet porphyroblasts surrounded 
by plagioclase haloes and pervasive S2 fabric; 
Grt—garnet.

Figure 4. Field photographs and annotations of lithologies and structures in the northwest Gallatin 
Peak terrane. (A) Aluminous layer of Bear Basin schist containing large visible kyanite (Ky) crystals. 
(B) Quartzite cobble outcrop within the Bear Basin schist along NE contact with hornblende mon-
zodiorite. (C) Relationship of transposed S1 compositional layering to form limbs of F2 folds that are 
parallel to S2 axial planar surfaces within the Bear Basin schist. (D) Southeast-vergent Z-fold (F3) of 
quartzofeldspathic layering within Bear Basin schist.
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trails within porphyroblastic garnet in deformed 
mafic dikes. Our observations indicate that these 
earliest fabrics cannot all be the same age. For 
instance, the gneissic layering in the tonalite 
is locally truncated by intrusive contacts of 
the deformed and metamorphosed mafic dikes 
(Figs.  5B–5C). However, for the purposes of 
this paper, all of these structures are collectively 
referred to as D

1
, and all are variably transposed 

by D
2
 structures (e.g., Fig. 4C). The early struc-

tures are locally preserved in low-strain regions 
such as the hinge of a map-scale F

2
 fold in Bear 

Basin or in other low-strain zones in the upper 
drainage of Hellroaring Creek (Fig.  3). There, 
S

1
 and F

2
 enveloping surfaces tend to strike N 

or NW with moderate to steep dips, and they are 

distributed in a manner that is consistent with 
variable reorientation by later F

2
 and probably 

F
3
 folding (Fig. 6A).

D
2
 deformation is the most pervasive in the 

range, and D
2
 structures are ubiquitous within 

the rocks of the northern portion of the Galla-
tin Peak terrane. The penetrative S

2
 foliation is 

NE striking and moderately SE dipping, with a 
mean orientation of 044°, 57° (Fig. 6B). S

2
 sur-

faces contain a mineral lineation (L
2
) defined by 

biotite, hornblende, or kyanite and/or a stretch-
ing lineation defined primarily by elongate 
feldspar grains or locally by stretched pebbles 
in conglomeratic horizons of the Bear Basin 
schist. L

2
 has a mean orientation that is approxi-

mately downdip (60°→129°; Fig. 6B). F
2
 folds 

are common and recognizable from outcrop to 
kilometer scales. These folds are tight to isocli-
nal (Fig. 4C), with axial surfaces subparallel to 
S

2
 and with hinge lines that are subparallel to L

2
 

(Fig. 6C). The one exception is in a relatively 
low D

2
 strain zone in the upper drainage of Hell-

roaring Creek, where F
2
 hinge lines consistently 

plunge N to NE, possibly reflecting regional 
variability in the pre-D

2
 orientation of the folded 

S
1
 surfaces or that D

2
 strain was not sufficiently 

high enough in this area to rotate the F
2
 hinge 

lines to the direction of maximum stretching. 
The most prominent map-scale D

2
 structure is a 

kilometer-scale, moderately inclined, and mod-
erately southeast-plunging synformal isoclinal 
fold of the Bear Basin schist (Fig. 3). The hinge 
region of this fold is exposed in central Bear Ba-
sin (Fig. 4C).

The youngest deformation phase observed in 
the region (D

3
) is limited to steeply inclined and 

moderately plunging, open to tight folds of the 
S

2
 fabric (Fig. 4D). The mean axial surface of 

F
3
 folds (001°, 68°) strikes more northerly than 

that of F
2
 folds, but hinge line orientations are 

similar (mean trend and plunge 54°®152°). F
3
 

structures commonly have NE-vergent Z-asym-
metry (Fig. 6C).

The Gallatin Peak terrane is bounded to the 
northwest by the Mirror Lake shear zone, de-
scribed by Salt (1987) as an ~500-m-wide, NE-
striking, and moderately SE-dipping shear zone. 
We have not observed this structure, and it is 
not exposed in the study area. A second high-
strain zone, here named the Hellroaring Creek 
shear zone, forms the approximate southeast-
ern boundary of the study area (Fig.  2). This 
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Figure 6. Lower-hemisphere stereographic projection of major structures within the northwest Gallatin Peak terrane. (A) Poles and π-axis to both S1 
layering and enveloping surfaces of F2 folds. (B) Poles to S2 foliation fabric, lines of L2 mineral lineations, and mean S2 and L2 orientations. Smy is the 
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TABLE 1. DEFORMATION PHASES AND ASSOCIATED STRUCTURES

Associated 
structures

Description Mean orientations

D1

S1 gneiss Transposed compositional layer within tonalitic 
gneiss and truncated by deformed mafic dikes.

Transposed S1 + S2

S1 schist Transposed compositional layering within Bear 
Basin schist.

S1 inclusion Inclusion trail pattern within garnet porphyroblasts 
in deformed mafic dikes that truncate S1 gneiss.

D2

S2 NE-SW–striking foliation surfaces that moderately 
dip to the SE.

044°, 57°

F2 Open to tight folds of local S1 foliation fabrics. 
Hinge line subparallel to L2 lineations.

Axial plane: 041°, 68°; hinge line: 70° à 105°

L2 Mineral lineations on S2 surfaces. 60° à  129°

D3

F3 Steeply inclined, moderately plunging SE-vergent 
Z-folds of S2 fabrics.

Axial plane:  001°, 68°
Hinge line: 54°à 152°
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structure is a 1.5–2-km-wide zone of strongly 
foliated to mylonitic rocks that strikes southwest 
and dips steeply to the northwest (mean orienta-
tion 228°, 79°; Fig. 6B). Shear sense indicators 
record components of SE-vergent thrust dis-
placement and right-lateral shearing, suggesting 
a transpressional environment. The dextral and 
reverse asymmetry of F

3
 folds described here 

suggests that these folds may be a coeval and 
lower-strain expression of the Hellroaring Creek 
shear zone.

D
1
 and D

2
 structures described here both be-

long to the “first orogeny” of the more regional 
study by Spencer and Kozak (1975). Their “sec-
ond orogeny” was based on the observation that 
the dominant foliation across the range varies in 
dip direction from SE to NW, and thus large-
scale folds without an associated axial planar fo-
liation were inferred. In the present study area, 
similar variation in the orientation of dominant 
penetrative fabrics is explained by overprint-
ing of the S

2
 foliation by the Hellroaring Creek 

shear zone in the eastern portion of the study 
area, which is tentatively related to D

3
. Salt 

(1987) recognized two sets of fold styles in this 
region that appear to correlate with F

2
 and F

3
 as 

described here. It was concluded from that study 
that both fold sets formed at relatively high tem-
perature, and thus probably developed close in 
time during one orogenic cycle.

PETROLOGY AND GEOCHRONOLOGY

Sample Targets, Descriptions, and Textures

Two samples of Bear Basin schist (GP7c and 
GP7f) and one mafic dike sample (AA09-61) 
were targeted to help constrain conditions and 
timing of metamorphism and deformation in 
the Gallatin Peak terrane. The Bear Basin schist 
was sampled in a pelitic horizon because the 
mineral assemblages are amenable to quantita-
tive thermobarometry and monazite geochro-
nology. The mafic dikes were targeted because 
they represent the youngest metamorphosed and 
deformed intrusive units in the study area. Pres-
sure and temperature (P-T) equilibrium condi-
tions calculated from all three samples constrain 
representative metamorphic conditions in the 
northwest portion of the Gallatin Peak terrane. 
Geochronology included electron microprobe 
(EMP) U-Th–total Pb analysis of monazite from 
the two Bear Basin schist samples and in situ 
secondary ion mass spectrometry (SIMS) U-Pb 
zircon dating of the mafic dike sample.

The two Bear Basin schist samples were 
collected near the hinge region of the kilome-
ter-scale F

2
 fold in Bear Basin (Fig. 3). Sample 

GP7c is from an ~1–2-m-thick layer and con-
tains Grt + Ky + Sil + St + Bt + Pl + Qz, with 

accessory zircon, monazite, and xenotime. The 
sample contains a dominant S

2
 fabric, which is 

defined by (1) shape-preferred orientations of 
biotite, staurolite, kyanite, and sillimanite, and 
(2) alternating millimeter- to centimeter-scale 
layers of Pl + Bt + Qz and more aluminous lay-
ers. Sample GP7f, located several meters away, 
exhibits an S

1
 fabric only partially transposed 

by F
2
 folds. The sample is from a less-alumi-

nous component of the schist, containing Grt + 
Bt + Pl + Qz and accessory monazite, zircon, 
and rutile. The GP7f thin section was cut per-
pendicular to the F

2
 hinge line, so that traces 

of S
1
 and S

2
, both defined primarily by aligned 

biotite, are visible.
Garnet porphyroblasts in both Bear Basin 

schist samples are 0.5–3  mm in diameter, are 
subhedral to anhedral, and contain abundant in-
clusions of biotite, quartz, monazite, zircon, and 
fracture-filling late chlorite (Figs. 7A–7B). Kya-
nite is also locally included in garnet in sample 
GP7c (Fig. 7A), suggesting that it was the first 
aluminosilicate to stabilize. Both kyanite and 
sillimanite occur in the matrix as fabric-defin-
ing phases, with sillimanite texturally appear-
ing to form after kyanite, (Fig.  7C). Although 
staurolite occurs in the matrix of sample GP7c 
(Fig. 7D), it is locally restricted as inclusions in 
garnet in other samples from the same outcrop 
(Fig. 7E), implying growth as an early prograde 
phase. As described in detail here, monazite oc-
curs throughout the matrix in both schist sam-
ples and commonly as inclusions in several of 
the major mineral phases (Figs. 7A–7E). Xeno-
time was observed as an inclusion in staurolite 
(Fig. 7E), but not in the matrix in GP7c, and the 
phase was not observed in GP7f.

Sample AA09-61 was collected from an 
amphibolite dike that crops out on the flank 
of Gallatin Peak, ~1  km north of Bear Basin 
(Fig. 3). Dike contacts are locally discordant to 
an early gneissic layering in the tonalite host (S

1
 

gneiss, Figs. 5B–5C). The dike contains a domi-
nant penetrative S

2
 fabric, defined by aligned 

hornblende and plagioclase, that appears axial 
planar to a meter-scale F

2
 fold of the dike and 

host gneiss (Fig. 5A). The sample contains Hbl 
+ Pl + Qz + Ilm ± Bt with ~15–10-mm-diameter 
anhedral to subhedral garnet porphyroblasts 
(Figs. 5D and 7F). Garnet porphyroblasts con-
tain abundant inclusions of hornblende, plagio-
clase, quartz, biotite, and ilmenite that define an 
earlier fabric oblique to the penetrative foliation 
within the dike. Garnet porphyroblasts are man-
tled by inner plagioclase and outer hornblende 
haloes. Plagioclase in the inner halo is evenly 
distributed around the garnet, whereas the outer 
hornblende haloes are commonly elongate in 
the S

2
 fabric. Euhedral hornblende locally oc-

curs within the plagioclase halo.

Mineral Compositions

Elemental X-ray maps for Ca, Al, Mg, and 
Mn and mineral compositions were analyzed 
using a JEOL 8600 electron microprobe at the 
University of Colorado–Boulder. Beam condi-
tions of 15 kV voltage, 50 nA current, 100 ms 
dwell time, and step size of ~10–25 mm were 
used for X-ray maps. Quantitative mineral com-
positions were acquired with 15 kV voltage, 
20 nA current, and a focused beam (~1 mm di-
ameter) for garnet and staurolite, and defocused 
beam (5–10 mm diameter) for micas, amphi-
boles, and feldspars, and count times ranging 
from 20 to 40 s. Select mineral compositions are 
reported in Table 2, and those used in thermo-
barometry calculations are noted.

GP7c and GP7f
Garnet compositions in both samples are 

dominantly almandine (X
Alm

 = 0.62–0.66 in 
GP7c; 0.72–0.76 in GP7f). Magnesium num-
ber (Mg#) is broadly homogeneous in the cores 
(0.30 in GP7c; 0.24 in GP7f) and sharply drops 
near the rims (0.24 in GP7c; 0.20 in GP7f). Spes-
sartine content is also homogeneous in grain in-
teriors, with a slight increase at the rim (from 
0.09 to 0.11 in GP7c; 0.01 to 0.04 in GP7f), 
especially in smaller, isolated garnet islands 
(Figs. 8A–8B). Grossular garnet composition in 
sample GP7c is very low (X

Grs
 = 0.01), and the 

garnet is unzoned with respect to Ca. Calcium 
in garnet in sample GP7f is slightly zoned, with 
the core recording X

Grs
 = 0.04, a drop to 0.03 in 

a distinct moat, and an increase to 0.04 along 
the rims (Fig. 8B). These garnet compositional 
patterns suggest homogenization at high tem-
perature with late modifications associated with 
limited resorption (X

Sps
 increase at margins) and 

diffusional Mg-Fe exchange (Tracy et al., 1976; 
Kohn and Spear, 2000).

Biotite is unzoned in both samples (Mg# = 
0.60–0.62 in GP7c; 0.53–0.55 in GP7f). Stau-
rolite in GP7c has Mg# = 0.24–0.25 and lacks 
zoning. Plagioclase in GP7f has minor zoning, 
with a higher-Ca core (An

22
) that is surrounded 

by a volumetrically dominant low-Ca (An
19

) 
moat, which in turn is surrounded by thin high-
Ca rims with An

20
 (Fig. 8B). Plagioclase varia-

tions in GP7c show a similar trend to GP7f, 
with slightly higher-Ca cores (An

09
) and slightly 

lower-Ca rims (An
08

).

AA09-61
Garnet in the mafic dike preserves little 

chemical variation (Fig. 8C). Grossular content 
varies from 0.27 to 0.29, with the highest X

Grs
 

in the core. The Mg# is 0.11–0.12, with the ex-
ception of the rim, where it drops to 0.08. Spes-
sartine content also increases at the rim of the 
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garnet, with an average X
Sps

 of 0.07, rising to 
0.11 within 10 mm of the grain edge.

Matrix hornblende and plagioclase have little 
zoning and are chemically homogeneous across 
much of the sample. The Mg# values of horn-
blende inclusions in garnet and in the matrix are 
0.33–0.34 and 0.34–0.36, respectively. Horn-
blende grains in the haloes around garnet have 
similar compositions. Plagioclase composi-
tions show minimal variation from An

32
 to An

34
, 

with plagioclase inclusions in garnet having the 
higher Ca content. The outer hornblende halo is 
interpreted to be a prograde feature developed 
by consumption of plagioclase during synkine-
matic garnet growth with respect to S

2
 develop-

ment. The inner plagioclase halo is interpreted 
to have formed during retrogression and partial 
garnet resorption, which is also supported by the 
distinct increases in Mn content at the extreme 
margins of the garnet porphyroblasts.

Thermobarometry and Petrologic 
Modeling

Thermobarometric calculations and phase 
assemblage modeling (pseudosection) were 
used to evaluate equilibrium peak P-T condi-
tions and the relative timing of growth of the ma-
jor metamorphic phases. X-ray maps of targeted 
garnet and matrix areas were made to evaluate 
mineral zoning and to ensure that mineral com-
positions most closely representing peak equi-
librium conditions were chosen for P-T calcula-
tions (e.g., Fig. 8). First, calculations were made 
using the program TWQ 2.34 (Berman, 1991, 
http://gsc.nrcan.gc.ca/sw/twq_e.php) and the 
internally consistent database of Berman and 
Aranovich (1996; updated in 2007; Berman et 
al., 2007). Only well-calibrated reactions were 
used involving garnet, biotite, sillimanite, pla-
gioclase, and quartz for the schist and garnet, 
and plagioclase, quartz, and hornblende for the 
mafic dike. Estimated uncertainties associated 
with these calculations are ±0.1 GPa and ±50 °C 
(Berman, 1991). All Fe was assumed to be Fe2+. 
This assumption likely has the greatest effect on 
the garnet-biotite temperatures, where the re-
sults may be overestimated by a few tens of de-
grees Celsius (Schumacher, 1991). Equilibrium 
P-T conditions for the three samples analyzed 
were 0.90  GPa, 730  °C for GP7c (Fig.  9A); 
0.87  GPa, 700  °C for GP7f (Fig.  9A); and 
0.92 GPa, 700 °C for AA09-61 (Fig. 9B). For 
the Bear Basin schist samples (GP7c and GP7f), 
duplicate TWQ 2.34 calculations where Fe3+ 
was considered via charge balance for biotite 
and garnet yielded temperatures ~30 °C lower. 
Temperature estimates from AA09-61 showed 
no difference when considering Fe3+. Results 
from all three samples (~0.9 GPa, 700–730 °C) 
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Figure 7. Plane-polarized photomicrographs of key phase relationships in geochronology samples. 
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time grain locations. (A) Garnet porphyroblast with kyanite inclusion from Bear Basin schist sam-
ple GP7c. (B) Garnet porphyroblast containing inclusions of monazite (7c-m4 and 7c-m1 dated) and 
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containing both monazite and xenotime inclusions in Bear Basin schist sample GP7c. (E) Staurolite 
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TABLE 2. SILICATE COMPOSITIONS

Sample: GP7c* GP7f* AA09-61†

Mineral: Grt§ Bt§ Pl§ St§ Grt§ Bt§ Pl§ Grt rim Grt core Grt§ Pl rim Pl
(incl. in Grt)

Pl
(matrix)§

Hbl
(rim)

Hbl
(incl. in Grt)

Hbl
(matrix)§

SiO2 38.18 37.42 65.91 27.68 37.91 36.19 62.57 37.40 36.87 36.97 59.46 59.35 60.37 40.47 40.07 40.81
TiO2 b.d.l. 1.86 – 0.51 b.d.l. 1.50 – 0.01 0.17 0.13 b.d.l. – – 1.16 1.13 1.24
Al2O3 21.48 17.97 21.85 53.11 20.70 18.70 23.56 21.11 20.66 20.49 25.49 25.71 25.40 13.33 13.11 12.87
FeO 29.39 15.81 0.04 14.18 33.11 17.75 0.03 26.86 25.71 26.12 0.12 0.20 0.14 21.88 22.45 22.34
MnO 4.05 0.10 – 0.41 0.72 0.03 b.d.l. 3.23 3.67 3.57 0.01 0.03 0.02 0.27 0.29 0.29
MgO 7.15 13.69 – 2.65 5.67 11.53 b.d.l. 2.08 1.89 1.94 b.d.l. b.d.l. b.d.l. 6.14 6.29 6.65
CaO 0.49 0.01 1.79 b.d.l. 1.34 0.03 3.85 10.00 10.25 9.97 6088 7.02 6.47 11.17 11.05 11.18
Na2O – 0.31 10.68 b.d.l. 0.01 0.25 9.25 b.d.l. 0.06 b.d.l. 7.69 7.67 8.01 1.64 1.79 1.84
K2O – 9.84 0.09 b.d.l. – 9.24 0.07 – – – 0.10 0.05 0.09 0.94 0.91 0.86
ZnO – 0.01 – 0.57 – – – – – – – – – –
Total 100.74 97.02 100.36 99.15 99.40 95.04 99.24 100.71 99.27 99.19 99.76 100.03 100.50 97.00 97.09 98.08

End 
members:

XSps 0.09 Mg# 0.61 Ab 0.92 Mg# 0.25 XSps 0.02 Mg# 0.54 Ab 0.77 XSps 0.07 XSps 0.08 XSps 0.08 Ab 0.66 Ab 0.66 Ab 0.69 Mg# 
0.33

Mg# 0.33 Mg# 
0.36

XAlm 0.63 An 0.08 XAlm 0.71 An 0.19 XAlm 0.57 XAlm 0.56 XAlm 0.56 An 0.33 An 0.33 An 0.31
XPrp 0.27 Or 0.00 XPrp 0.23 Or  0.00 XPrp 0.08 XPrp 0.07 XPrp 0.08 Or 0.01 Or 0.00 Or 0.01
XGrs 0.01 XGrs 0.05 XGrs 0.27 XGrs 0.29 XGrs 0.28

  Mg# 0.30     Mg# 0.24   Mg# 0.12 Mg# 0.12 Mg# 0.12       

Note: Mg#—O-normalized Mg/(Fe + Mg); b.d.l.—below detection limit. Dash indicates element was not measured. Mineral abbreviations from Whitney and Evans, 2010.
*UTM Z12 0470753E, 5021131N.
†UTM Z12 0470816E, 5022885N.
§Composition used in TWQ2.34.
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are indistinguishable from one another within 
the estimated range of uncertainty, but the lower 
end of this temperature range is probably more 
accurate due to the possible presence of ferric 
iron in biotite.

Phase assemblage modeling of Bear Ba-
sin schist was performed to better understand 
the relative timing of growth of major mineral 
phases, the peak equilibrium metamorphic con-
ditions, and to specifically evaluate the likeli-
hood of metastable phases (e.g., staurolite) at 
higher P-T conditions. Modeling of sample 
GP7c (bulk composition: SiO

2
 71.32%, Al

2
O

3
 

14.48%, CaO 0.70%, FeO 4.44%, MgO 2.71%, 
K

2
O 1.69%) in the CaKFMASH system was 

conducted using PerpleX 6.6.6 (Connolly and 
Petrini, 2002) with the updated thermodynamic 
database of Holland and Powell (2011). The re-
sults of this modeling indicate maximum ther-
mal stability of staurolite in the range of 670–
660 °C over pressures between 0.9 and 0.7 GPa, 
and stability for the interpreted peak assemblage 
at conditions consistent with those found using 
thermobarometric calculations (Fig. 9A).

Geochronology

High-spatial-resolution geochronological 
techniques are required to analyze accessory min-
erals because the zircon and monazite grains are 
small and/or compositionally zoned, with short 

dimensions of grains or compositional domains 
commonly ≤20 µm. Monazite and zircon were 
identified in thin section by automated scanning 
electron microscope analysis (QEMSCAN) at 
the Advanced Mineralogy Research Center at the 
Colorado School of Mines, Golden, Colorado. 
QEMSCAN instrument parameters are detailed 
in Ault et al. (2012).

Monazite Analytical Method
Backscatter electron (BSE) images, acquired 

using a JEOL 8600 electron microprobe at the 
University of Colorado–Boulder, provided con-
text and textures of select grains. All subsequent 
mapping and analyses were conducted at the 
University of Massachusetts–Amherst. X-ray 
maps for U Mb, Th Ma, Y La, and Ca Ka, and 
in some cases for Nd La, were generated for 
each monazite grain of interest using a Cameca 
SX-50 electron microprobe. These maps docu-
mented compositional domains and identified 
areas of interest for quantitative analysis.

U-Th–total Pb monazite dates were acquired 
using the modified Cameca SX-100 (Ultrach-
ron). Detailed analytical procedures and stan-
dard compositions used, including count times, 
standards, and a list of spectrometers, followed 
those presented in Appendix A of Dumond et 
al. (2008), Williams et al. (2006), and Jerci-
novic et al. (2008). Background collection and 
subtraction followed the multipoint background 

method of Allaz et al. (2011). For each chemi-
cally homogeneous domain, a weighted average 
of 3–8 analyses was calculated and reported 
with a 2s uncertainty. The reported uncertainty 
represents the larger of either that calculated 
by propagating both analytical uncertainty on 
trace-element compositions through the age 
equation plus an estimated 1% uncertainty on 
background intensities (Williams et al., 2006), 
or two times the standard error of the mean 
(Table  3). By comparison with X-ray maps 
and evaluation of the analytical compositions, 
points that inadvertently sampled a composi-
tional boundary or fell outside of the targeted 
domain were not included in the weighted mean 
calculation. The monazite consistency stan-
dard used is the Moacyr Brazilian pegmatite 
monazite with weighted mean isotope dilution 
(ID) TIMS dates of 506.4 ± 1.0 Ma (2s, mean 
square of weighted deviates [MSWD] = 0.6) for 
208Pb/232Th, 506.7 ± 0.8 Ma (MSWD = 0.83) for 
207Pb/235U, and 515.2 ± 0.6 Ma (MSWD = 0.36) 
for 206Pb/238U (W.J. Davis [Geological Survey of 
Canada], 2007, personal commun.).

Monazite Size, Compositional Zoning, and 
Textural Context

Monazite grains within the two Bear Basin 
schist samples, GP7c and GP7f, range in long-
axis dimension from ~20 to 140 mm and have 
shapes ranging from elongate to equant. Grains 
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occur throughout the quartzofeldspathic matrix 
and are commonly included in, or in close prox-
imity to, all major metamorphic phases (Grt, 
Ky, St, Sil, and Bt; Figs. 7A–7E). Three distinct 
monazite domain populations occur in the two 
samples, based primarily on composition, as 
well as supporting evidence from grain textures 
and zoning patterns. Therefore, some grains 
may contain more than one population. Popu-
lation 1 consists of low-U core domains (≤0.5 
wt% U; Table 3; Figs. 10A–10C). Population 2 
consists of domains defining whole grains, in-
ner rims (Fig. 10C), or outer rims with >1 wt% 
U (Fig. 10B). Both of these populations occur 
in grains located in the matrix, as inclusions in 
garnet in both samples, and as inclusions in kya-
nite and staurolite in sample GP7c. Grains with 
rim domains of population 2 are also locally in-
tergrown and included within foliation-defining 
sillimanite in GP7c (Fig.  7C). Monazite with 
population 3 domains only occurs in the less-
aluminous schist sample GP7f, where grains 
locally exhibit thin (~5–10 mm), relatively 
high-Y rims (Figs.  10C–10D). These popula-
tion 3 rim domains all contain 4–10 times the 
Y content of the core domains within the same 
grain. Grain GP7f-m3 contains all three popula-

tions (Fig. 10C). Both samples contain elongate 
monazite grains with long axes subparallel to a 
local S

1
 or S

2
 fabric (Figs. 10C and 10D). For 

example, grain GP7f-m3 contains a population 
3 domain that forms an asymmetric tip aligned 
with the S

2
 fabric (Fig. 10C).

Monazite Geochronology Results
Thirty-four grains were investigated through 

BSE and X-ray maps, and quantitative data 
were collected from 19 domains in 14 grains 
from the two schist samples (seven grains from 
each sample; Table 3; Fig. 11). This selection of 
grains represents the full range of textural set-
tings and morphologies described earlier. Two 
population 1 domains from monazite GP7c-
m12, a matrix grain occurring at the contact 
between biotite and quartz, yield Mesoarchean 
dates of 2995 ± 145 Ma and 3255 ± 14 Ma (all 
errors 2s; Fig.  10A). All other population 1 
domains, which represent the cores of several 
matrix grains, as well as the cores of two grains 
included in garnet (one from each sample), yield 
dates between 1752 ± 10 Ma and 1721 ± 15 Ma. 
Thus, population 1 was subsequently split into 
Archean population 1a and Paleoproterozoic 
population 1b, but no distinguishing character-

istics other than age are apparent. Population 2 
dates range from 1748 ± 8 Ma to 1720 ± 5 Ma, 
and they are mostly from rim domains of matrix 
grains, including two intergrown with silliman-
ite, but also include one whole grain and one rim 
domain included in garnet (Table  3). There is 
no apparent statistical distinction of dates from 
grains of different orientation (Figs. 10C–10D). 
The youngest dates are from population 3 rim 
domains in GP7f, ranging from 1706 ± 11 Ma 
to 1704 ± 10 Ma.

Zircon Analytical Method
BSE and cathodoluminescence (CL) images 

of selected zircon targets were used to assess 
zoning and reveal internal grain structure. BSE 
images were acquired at the University of Colo-
rado–Boulder, and CL images were taken at the 
University of Wyoming, Laramie, Wyoming. The 
thin section was trimmed into ≤7-mm-diameter 
chips containing the target zircon. The chips were 
mounted in epoxy, polished, cleaned, and coated 
with a nanometer-thick conductive coating of Au 
as detailed in Schmitt et al. (2010). Mounts also 
contained zircon standard AS3 (1099 ±  1  Ma; 
Paces and Miller, 1993). The U standard was 
NIST 91500 (Wiedenbeck et al., 1995).

TABLE 3. MONAZITE TRACE-ELEMENT COMPOSITIONS AND CALCULATED DATES

Grain
 

Date 
analyzed*

Setting Domain Pop. Trace-element concentrations (ppm) N(n)† Date
(Ma)

2σ
(Ma)

Y 1σ Th 1σ Pb 1σ U 1σ

GP7c

M12 4/7/09 g.b. Bt/Qz Core2 1a 11,626 1250 31,662 1192 8933 851 5574 1196 8(8) 3256 14
M12 4/7/09 g.b. Bt/Qz Core1 1a 6312 294 21,278 673 3109 216 84 13 6(6) 2995 145
M4 4/7/09 incl. in Grt Core 1b 10,560 266 38,580 2002 3881 201 2528 74 4(7) 1750 15
M13 4/7/09 incl. in Bt Rim 2 23,068 602 35,070 512 7156 193 14,523 512 8(8) 1748 8
M1 4/7/09 incl. in Grt Whole 2 19,490 164 52,773 1187 8320 73 13,791 304 6(8) 1740 10
M4 4/7/09 incl. in Grt Rim 2 19,410 1245 49,593 2794 7955 212 13,424 619 8(8) 1740 8
M12 4/7/09 g.b. Bt/Qz Rim 2 21,099 744 32,393 771 6549 114 13,275 291 8(8) 1746 8
M16 4/7/09 incl. in Sil Rim 2 18,442 873 49,559 1331 8936 244 17,122 434 8(8) 1723 8
M17 4/7/09 assoc. Sil Rim 2 20,466 1081 50,574 1776 8782 262 16,263 439 8(8) 1726 8

GP7f

M3 2/16/12 incl. in Bt Core 1b 1589 1619 55,258 3311 6153 383 5604 311 3(3) 1752 10
M9 2/6/12 g.b. Bt/Ilm Core 1b 3158 190 46,087 934 5184 72 5186 83 5(7) 1722 12
M28 2/6/12 incl. in Pl Core 1b 2991 182 44,978 2091 4940 200 4669 202 5(5) 1721 15
M36 2/6/12 incl. in Grt Core 1b 4489 108 53,709 1177 5960 18 5595 242 4(6) 1735 18
M6 2/6/12 incl. in Qz Inner rim 2 670 42 53,974 275 9009 80 15,884 95 5(6) 1736 9
M3 2/6/12 incl. in Bt Inner rim 2 1265 153 56,617 839 7771 149 10,919 357 4(5) 1738 9
M23 2/6/12 incl. in Pl Inner rim 2 1206 55 56,383 335 8294 27 13,098 58 5(6) 1720 5
M3 2/6/12 incl. in Bt High-Y rim 3 12,124 744 45,680 430 4446 35 2910 108 4(4) 1706 10
M6 2/6/12 incl. in Qz High-Y rim 3 3993 48 55,781 197 7291 36 10,074 123 8(8) 1704 10
M8 2/6/12 incl. in Pl High-Y rim 3 4439 172 55,075 360 6976 90 9133 160 8(8) 1706 11

Consistency standard

2/6/12 11,326 86 62,111 72 1468 17 850 22 5 504 5
2/6/12 11,235 68 61,607 96 1496 20 885 12 5 507 6
4/6/09 11,389 60 62,901 272 1478 18 701 24 6 504 5

 4/7/09    11,290 169 63,190 890 1464 10 680 25 3 498 9

Note: g.b.—grain boundary; incl—inclusion. Mineral abbreviations from Whitney and Evans, 2010.
*Dates are month/day/year.
†N—number of points used for domain date; n—total number acquired.
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Quantitative isotopic analyses were done on 
the high-sensitivity Cameca ims 1270 ion mi-
croprobe at the University of California–Los 
Angeles. The field aperture of the ims 1270 was 
adjusted to subsample secondary ions emitted 
from the interior of the primary beam pit in or-
der to analyze grains with minimum dimensions 
as small as 4 mm at radiogenic yields typically 
>95% for radiogenic 206Pb (206Pb*). The reduc-
tion in the field aperture suppressed common 
Pb, and the surface was flooded with oxygen gas 
to increase the Pb* yield. The instrument operat-
ing conditions and procedures performed to op-
timize secondary ion yields for the present study 
were described in detail by Grove et al. (2003) 
and Schmitt et al. (2010). Zircon standard AS3 
was measured at the beginning and end of each 
analytical session, during which a two-point lin-
ear drift correct was applied to the data. Th was 
not measured.

Zircon Morphology and Textural 
Occurrence

Of the 43 zircon grains evaluated in detail 
(optically and through BSE imaging), two zir-
con populations were identified in this sample 
based on morphology and texture. Although CL 
images were acquired, the internal structure of 
the grains is more clearly visible in BSE im-
ages. Zircon grains from AA09-61 range from 
17 to 60 mm along their long axis. Similar to 
the monazite, zircon population distinctions are 
specific to domains, of which more than one 
commonly occur in a single zircon grain. Popu-
lation 1 domains are distinctly inclusion rich 
and commonly contain small patchy variations 
in brightness in BSE images. Some zircons con-
sist entirely of population 1 domains (Fig. 12A), 
but most contain population 1 domains as cores 
(Figs. 12B–12D). Population 2 domains are in-
clusion free and exhibit little to no zoning. They 
occur as rims of variable thickness around inclu-
sion-rich population 1 domains (e.g., Figs. 12C 
and 12D) and as whole grains (Figs. 12E–12F). 
Texturally, zircons with population 1 domains 
occur as inclusions in garnet, in the hornblende 
and plagioclase haloes around garnet, and in the 
matrix. Zircon containing population 2 domains 
occurs in all of the same settings, but is more 
common in the matrix.

Zircon Geochronology Results
Twenty-four grains were selected for U-Pb 

analysis representing the full range of textural 
settings and grain sizes (Table 4). Of the 24 grains 
dated, eight grains were associated with garnet 
porphyroblasts, either as inclusions in garnet, 
inclusions within phases included in the garnet, 
or within the plagioclase and hornblende haloes 
around the porphyroblastic garnet. Sixteen zircon 
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Figure 12. Backscattered-electron (BSE) images from select dated zircon in AA09-61. P1 is population 1 zircon, and P2 is 
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1, and varying amounts of inclusion-free rims of zircon population 2. (E–F) Grains lacking inclusion-rich cores, being com-
pletely composed of zircon population 2. All mineral abbreviations are after Whitney and Evans (2010).

Figure  11. Monazite (this study), 
zircon (solid black circles are 
from Weyand, 1989; open circles 
are this study), and K-Ar (Giletti, 
1966) geochronology data from 
the SE part of the Northern Madi-
son Range. MSWD—mean square 
of weighted deviates.
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grains were analyzed from the matrix. Two of 
these 16 grains were within matrix hornblende, 
one was within matrix quartz, and the remaining 
one was are located along grain boundaries.

The U contents from the analyses provide 
additional distinction between populations 1 
and 2. Zircon composed of dominantly popula-
tion 1 had >500 ppm U, whereas analyses of 
whole grains of population 2 were <100 ppm 
U (Table  4). Analyses with U concentrations 
between 100 and 500 ppm U were those from 
grains with significant fractions of cores and 
rims where the beam likely sampled both do-
mains (e.g., Figs. 12C–12D).

Two zircon analyses that sampled pre-
dominantly population 1 domains (z77, z79; 
Figs.  12A–12B) yielded concordant analyses 
(at 1s) at ca. 2.45 Ga (207Pb/206Pb dates of 2458 
± 3 Ma and 2442 ± 7 Ma; Fig. 13A), with U 
concentrations in excess of 500 ppm (Table 3; 
Fig.  13B). Grain z79 is in garnet (Fig.  12B), 
and z77 is completely included in plagioclase, 
which is itself an inclusion in garnet (Figs. 12A 
and 13C). Analyses that sampled both cores 
and rims in multidomain grains were discor-
dant (Figs.  12C–12D), with 207Pb/206Pb dates 
ranging between 1940 Ma ± 15 Ma (z41) and 
2447 ± 4 Ma (z91). These analyses also had U 

concentrations >100 ppm. The array of discor-
dant analyses likely reflects mixing as a result 
of sampling two age domains coupled with re-
cent Pb loss. The recent Pb loss had a more no-
ticeable effect on analyses sampling mixed do-
mains of predominantly population 1, with the 
higher U concentrations (Table  4; Fig.  13B). 
Analyses of exclusively population 2 zircon 
were either concordant or reversely discor-
dant, and together yielded a 207Pb/206Pb date of 
1732 ± 21 Ma (2s, MSWD = 1.5, n = 12). The 
seven analyses that overlapped concordia at 1σ 
have a weighted mean 207Pb/206Pb date of 1737 
± 28 Ma (2s, MSWD = 1.8; Table 3; z71 and 
z50 are examples; Figs. 12E, 12F, and 13, in-
set). This date is our preferred timing of popu-
lation 2 zircon growth.

DISCUSSION

Nature and Timing of 
Tectonometamorphism in the Northwest 
Gallatin Peak Terrane

At least three phases of deformation af-
fected the northwest Gallatin Peak terrane. 
D

1
 structures are likely composite, and zircon 

U-Pb data from the mafic dike point to an Ar-

chean age for at least some component of this 
deformation. Population 1 zircon is unlikely 
to be inherited because it would require the 
dike magma to have sampled an as-yet-un-
recognized 2.45 Ga source while avoiding the 
widely recognized 3.2–3.0  Ga sources in the 
region. Thus, based on the most concordant 
data from population 1 zircon, the minimum 
age of the mafic dike that obliquely crosscuts 
S

1
 fabric in the host tonalitic gneiss (Figs. 4C–

4D) is ca.  2.45  Ga. Whether this population 
of zircon is magmatic or metamorphic is not 
yet clear. Support for the latter comes from a 
ca. 2.45 Ga metamorphic event recognized in 
the Tobacco Root Mountains and elsewhere 
in southwest Montana (Roberts et al., 2002; 
Cheney et al., 2004; Foster et al., 2006; Loehn, 
2009; Krogh et al., 2011) and Utah (Mueller et 
al., 2011). The 2.45 Ga age may be synchro-
nous with the deformation event that produced 
the foliation locally recorded as inclusion trails 
in garnet from this dike (also listed in the broad 
category of D

1
 structures here). These data also 

imply that at least this dike in the Gallatin Peak 
terrane cannot be part of the suite from which 
a 2.06 Ga mafic dike was dated in the Tobacco 
Root Mountains (Mueller et al., 2004, 2005; 
Brady et al., 2004b).

TABLE 4. SECONDARY ION MASS SPECTROMETRY (SIMS) U-Pb ZIRCON ANALYSES FROM AA09-61

Dates (Ma)

Grain Textural  
setting

Pop. Max. axis*
(mm)

Min. axis†

(mm)

206Pb
238U

± 207Pb
235U

± 207Pb
206Pb

± U
(ppm)

206Pb§

(%)

206Pb
238U

± 207Pb
235U

± 207Pb
206Pb

±

z77 in Pl incl. in Grt 1 21 17 0.4630 0.0207 10.2000 0.4590 0.1600 0.0003 3445 99.98 2453 91.4 2456 41.5 2458 2.75
z79 in Grt 1 30 11 0.4340 0.0182 9.4900 0.4040 0.1590 0.0007 517 99.67 2323 82 2387 39.1 2442 7.06
z51 in Qz Mixed 17 11 0.3563 0.0109 7.4260 0.2290 0.1512 0.0003 3024 99.95 1965 51.7 2164 27.6 2359 3.38
z41 in Grt Mixed 18 14 0.3360 0.0112 6.7300 0.2250 0.1450 0.0003 1784 99.87 1867 54.2 2077 29.6 2291 3.7
z92 matrix g.b. Mixed 61 28 0.3270 0.0153 7.1700 0.3380 0.1590 0.0003 5093 99.91 1823 74.5 2133 42 2447 3.6
z23 in Grt Mixed 18 12 0.2070 0.0108 3.6300 0.2030 0.1270 0.0022 233 97.41 1214 57.9 1557 44.5 2058 30.6
z59 in Hbl halo Mixed 42 19 0.1720 0.0092 3.1000 0.1660 0.1310 0.0005 4503 99.22 1023 50.7 1432 41.2 2107 6.25
z53 in Hbl Mixed 31 17 0.1402 0.0053 2.7270 0.2700 0.1410 0.0114 484 84.93 846 29.9 1336 73.6 2240 139
z78 in Pl-Grt g.b. Mixed 27 17 0.1200 0.0050 1.9700 0.0828 0.1190 0.0010 2409 99.00 731.4 28.6 1105 28.3 1940 14.5
z30 matrix g.b. Mixed 27 18 0.1148 0.0063 1.9160 0.1290 0.1211 0.0042 448 91.99 700.3 36.4 1087 44.8 1972 61.1
z109 matrix g.b. 2 48 15 0.4159 0.0244 5.9250 0.3640 0.1033 0.0016 67 98.31 2242 111 1965 53.4 1685 29.1
z145 in Grt 2 20 16 0.4070 0.0321 6.0900 0.5490 0.1090 0.0036 73 98.01 2202 147 1989 78.6 1774 61.2
z48 matrix g.b. 2 36 12 0.3800 0.0192 5.4760 0.3320 0.1045 0.0035 46 97.02 2076 89.5 1897 52 1706 61.6
z34 matrix g.b. 2 34 18 0.3844 0.0341 5.7940 0.5220 0.1093 0.0025 28 99.75 2097 159 1946 78 1788 41.9
z63 matrix g.b. 2 27 19 0.3451 0.0215 4.8190 0.3730 0.1013 0.0037 32 96.82 1911 103 1788 65.1 1648 68
z144 in Pl rim 2 17 10 0.2770 0.0145 4.4600 0.3200 0.1170 0.0050 46 94.86 1577 73.4 1724 59.5 1906 77
z85 matrix g.b. 2 25 16 0.3607 0.0182 5.2870 0.2720 0.1063 0.0013 58 99.4 1985 86.3 1867 43.9 1737 22.9
z91 matrix g.b. 2 23 21 0.3370 0.0246 4.8600 0.3670 0.1050 0.0020 34 99.43 1872 119 1795 63.6 1706 35.4
z69 matrix g.b. 2 36 16 0.3258 0.0124 4.6580 0.1960 0.1037 0.0015 73 99.00 1818 60.5 1760 35.1 1692 25.8
z71 matrix g.b. 2 28 14 0.3341 0.0176 4.9340 0.2750 0.1071 0.0023 44 99.32 1858 85 1808 47 1750 38.7
z31 matrix g.b. 2 30 24 0.3345 0.0200 4.9500 0.3060 0.1073 0.0017 56 99.17 1860 96.6 1811 52.2 1755 28.5
z50 matrix g.b. 2 17 12 0.3538 0.0194 5.5750 0.3680 0.1143 0.0037 58 96.17 1953 92.2 1912 56.9 1869 59
z52 in Hbl 2 25 13 0.3175 0.0167 4.8230 0.2990 0.1102 0.0033 58 96.43 1778 81.7 1789 52.1 1802 54.8
z112 matrix g.b. 2 32 14 0.2850 0.0177 4.2100 0.3280 0.1070 0.0044 44 96.41 1615 89 1676 64 1753 75.2

Note: Bold 207Pb/206Pb dates used for population 2 weighted mean of 1737 ± 28 Ma (2σ, mean square of weighted deviates [MSWD] = 1.8); g.b.—grain boundary. 
Mineral abbreviations from Whitney and Evans, 2010.

*Maximum axis dimension.
†Minimum axis dimension.
§Uncertainties give at 1σ.

 on November 18, 2015lithosphere.gsapubs.orgDownloaded from 

http://lithosphere.gsapubs.org/


CONDIT ET AL.

640� www.gsapubs.org  |  Volume 7  |  Number 6  |  LITHOSPHERE

D
2
 structures are the most prominent defor-

mation features in the terrane and studied sam-
ples. The prograde and peak mineral phases in 
the Bear Basin schist (e.g., Ky, St, Sil, Bt) and 
in the mafic dike (e.g., Hbl) are aligned with this 
fabric (including Ky locally defining L

2
 mineral 

lineation), suggesting that peak metamorphism 
was synkinematic with respect to D

2
.

Local kyanite and staurolite inclusions in 
garnet contrast with sillimanite occurrence 
solely in the matrix, suggesting that sillimanite 
stability followed that of kyanite and staurolite 
on a portion of a clockwise P-T path recorded 
by the Bear Basin schist. Thermobarometry 
from peak synkinematic assemblages in all 
samples yielded P-T conditions of ~0.9 GPa and 
~700 °C. These conditions are near the Ky-Sil 
reaction line (Fig. 9), which is consistent with 
the presence of both aluminosilicates in the 
schist. Peak temperatures exceeded those pre-
dicted for staurolite stability from phase assem-
blage modeling. This is consistent with stauro-
lite solely occurring as inclusions in garnet in 
some samples (Fig. 7C). These results are simi-
lar to undated conditions reported by Salt (1987) 
and Mogk et al. (1992) for the Gallatin Peak ter-
rane. Clockwise P-T paths are inferred for other 
exhumed crystalline rocks in the Tobacco Root 
Mountains (Cheney et al., 2004) and the Ruby 
Range (Alcock et al., 2013).

The new data presented here indicate that D
2
 

deformation and prograde and peak metamor-
phism occurred in the northwest Gallatin Peak 
terrane ca.  1750–1720  Ma. This is supported 
both by zircon U-Pb data from the deformed 
mafic dike and by monazite U-Th–total Pb data 
from the Bear Basin schist. The morphology 
and lack of zoning in population 2 zircon do-
mains are typical of metamorphic zircon (Corfu 
et al., 2003). These grains, with a weighted 
mean 207Pb/206Pb date of 1737 ± 28 Ma, occur as 
inclusions in garnet as well as in the matrix as-
sociated with S

2
-aligned hornblende or plagio-

clase. Thus, garnet in the mafic dikes grew near 
or after ca.  1740  Ma. These observations also 
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Figure  13. U-Pb concordia diagrams for AA09-
61 zircon analyses. (A) Ellipse classified by 
domain. Population 1 domains yield two con-
cordant grains at ca.  2.45  Ga. Mixed analyses 
of both population 1 and 2 domains are mostly 
discordant due to mixing and Pb loss. Popula-
tion 2 domains are all concordant or slightly 
reversely discordant. All analyses of popula-
tion 2 domains that overlap concordia yield a 
Paleoproterozoic 207Pb/206Pb weighted mean 
date (inset). (B) Ellipses classified by U content 
(ppm). (C) Ellipses classified by zircon textural 
setting. MSWD—mean square of weighted 
deviates. All mineral abbreviations are after 
Whitney and Evans (2010).
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indicate that the S
2
 fabric, which wraps around 

the garnet porphyroblasts, developed during or 
after garnet growth.

U-Pb analyses of zircon with population 1 and 
2 domains are in some cases discordant, in part 
because the ion probe primary beam likely sam-
pled both domains (Figs. 12C–12D). Results thus 
reflect both mixing between ca.  2.45  Ga cores 
and ca. 1.74 Ga rims and recent Pb loss. Grains 
with higher U are more susceptible to radiation 
damage-enhanced Pb loss, impacting the degree 
of discordance of these analyses (Fig. 13B).

Monazite populations 1b and 2 (1750–
1720 Ma) are interpreted to have grown during 
prograde and peak metamorphism because they 
occur as inclusions in all major metamorphic 
phases (garnet, kyanite, staurolite) and in the 
matrix of the Bear Basin schist. In general, mon-
azite in low-Ca pelitic bulk compositions, such 
as the Bear Basin schist, is commonly thought 
to become stable around the staurolite-in iso-
grad (Kohn and Malloy, 2004) and to continue 
growing throughout the duration of a metamor-
phic event (Spear and Pyle, 2010).

An interpretation of episodic synmetamor-
phic monazite growth is further supported by 
distinct compositional variations between the 
populations. For example, Y content increases 
by a factor of two between populations 1b and 
2 in sample GP7c, whereas the opposite trend is 
recorded in sample GP7f. However, both trends 
can be explained by prograde metamorphic 
growth, considering that monazite Y composi-
tions are commonly dependent on the behavior 
of other Y-bearing phases such as xenotime and 
garnet (e.g., Spear and Pyle, 2010). In xenotime-
bearing lithologies, monazite Y concentrations 
generally increase with increasing metamorphic 
grade (Pyle et al., 2001), tracking the progres-
sive destabilization of xenotime. Observed 
xenotime inclusions in staurolite and total Y 
contents in monazite that are approximately an 
order of magnitude higher in GP7c than GP7f 
indicate that xenotime was a stable phase for a 
portion of the prograde sequence in GP7c. In 
contrast, xenotime was probably never stable in 
GP7f, and the decreasing trend in Y content in 
monazite between GP7f populations 1b and 2 
probably reflects progressive depletion in avail-
able bulk Y as both garnet and monazite contin-
ued to grow. Thus, the range in population 1b 
and 2 monazite dates is interpreted to represent 
episodic growth through the main duration of 
late Paleoproterozoic metamorphism. Cheney 
et al. (2004) came to a similar conclusion for 
monazite data from an ion probe study of rocks 
in the Tobacco Root range.

Monazite population 3 has the highest Y con-
tent and dates that cluster around ca. 1705 Ma. 
The increase in Y is interpreted to reflect ret-

rograde breakdown of garnet, which liberates 
Y into the system (Pyle et al., 2001; Gibson et 
al., 2004; Mahan et al., 2006). This is supported 
by evidence of late garnet resorption (Figs. 8A–
8B), which may be due to fluid flow and/or ex-
humation after peak thermotectonism. Finally, 
the one Archean monazite grain identified in 
the Bear Basin schist (population 1a) could be 
either metamorphic or detrital. Weyand (1989) 
dated 3.1 Ga detrital zircon in schist from this 
unit, and a detrital origin for this similarly aged 
monazite is consistent with its textural loca-
tion in a quartzofeldspathic layer (Bt + Pl + Qz 
only). Possible detrital sources are nearby, since 
the unit appears to sit in depositional contact 
with 3.2–3.1 Ga orthogneiss.

Patterns of Exhumation and Timing of the 
Big Sky Orogeny in Southwest Montana

Paleodepths across the Northern 
Madison Range

Our new results, combined with previously 
published data, suggest that exhumed tracts 
of rocks characterized by broadly decreasing 
Proterozoic paleodepth are exposed across the 
Northern Madison Range, and may extend far-
ther to the southeast (Figs. 1 and 2). Of reported 
thermobarometric conditions across the range, 
two have timing constraints and are known to 
represent ca.  1.7  Ga paleodepths. These are 
~45–40  km near the Madison River (1.2  GPa 
metamorphic pressure in Bear Trap Canyon; 
Ault et al., 2012), which may be the deepest in 
southwest Montana, and ~30  km in Bear Ba-
sin (~0.9 GPa; this study). Thus, as much as a 
15 km difference in paleodepth is recorded over 
a map distance of 30  km across strike of the 
dominant structural grain (Fig. 2).

K-Ar mica data were used to demarcate the 
transition in southwest Montana from complete 
to negligible Paleoproterozoic thermal resetting 
toward the interior of the Wyoming craton (Gi-
letti, 1966). The original location of this bound-
ary (Giletti’s line) passes through Gallatin Can-
yon, ~15  km across strike and southeast from 
Bear Basin (Figs. 1 and 2). This would appear 
to require a rapid shallowing to the southeast of 
Proterozoic paleodepths to upper-crustal lev-
els (i.e., ~10 km) over 15 km from our farthest 
east paleodepth constraint of ~30 km. However, 
problems with excess Ar brought into question 
the validity of the key Gallatin Canyon data (Gi-
letti, 1971), and the true location of this thermal 
boundary in the Northern Madison range is still 
uncertain.

A tilted partial crustal section, stacked thrust 
sheets, or stacked fold nappes are among several 
viable options that could currently explain the 
constrained differences in paleodepth. Several 

previously identified but as yet poorly under-
stood high-strain zones within the range, includ-
ing the Hellroaring Creek shear zone (Fig. 2), 
may represent bounding structures of thrust 
sheets or nappes. More detailed work in the re-
gion is clearly justified given the general utility 
of partial crustal sections for better understand-
ing the growth and evolution of orogenic crust 
(Percival et al., 1992; Miller and Snoke, 2009). 
Farther to the south, faulting at greenschist fa-
cies in the Southern Madison Range (Fig.  1; 
Madison Mylonite zone of Erslev and Sutter, 
1990) and along-strike localities to the northeast 
(Mogk and Henry, 1988; Erslev, 1989) may rep-
resent upper-crustal deformation in the foreland 
region of the Big Sky orogeny (O’Neill, 1998; 
Harms et al., 2004a).

Propagation of Proterozoic 
Tectonometamorphism across 
Southwest Montana

The spatial extent of the Big Sky orogen 
is poorly constrained, partly because it is only 
exposed in younger, isolated basement-cored 
uplifts (Fig.  1A). Previous studies invoke a 
ca. 1.80–1.71 Ga time interval for the Big Sky 
orogeny (e.g., Harms et al., 2004a). Some have 
suggested that it may represent the closure of 
a late Paleoproterozoic ocean basin (O’Neill, 
1998; Roberts et al., 2002; Harms et al., 2004a; 
Vogl et al., 2004; Mueller et al., 2005; Foster 
et al., 2006; Alcock et al., 2013), recorded by 
ca. 1.86 -1.81 Ga arc-related granitoid rocks in 
the Little Belt Mountains (Fig. 1A; Mueller et 
al., 2002; Vogl et al., 2004).

New data presented here, along with previ-
ously published monazite and zircon geochro-
nology, suggest a southeastward younging of 
high-grade metamorphism in SW Montana. 
The details of this observation provide impor-
tant constraints on the pace, duration, and spa-
tial patterns of hinterland growth in the Big Sky 
orogen. Figure 14A shows a compilation of all 
published zircon, monazite, and garnet geo-
chronological data younger than 1900 Ma that 
we are aware of, plotted along a 150  km SE-
trending profile centered among the basement 
exposures of SW Montana. The orientation of 
this profile was chosen to cross the structural 
grain of the dominant strike of major structures 
(e.g., foliation planes, fold axes, shear zones), 
the overall trend of Giletti’s line, and the Great 
Falls tectonic zone. This figure focuses on data 
that are linked to timing of peak metamorphic 
conditions equal to or exceeding 700  °C, al-
though igneous zircon U-Pb data and 40Ar-39Ar 
data for mica and amphibole are also plotted for 
additional context. The southeastward younging 
trend of high-grade metamorphism is separately 
apparent from both monazite and zircon data 
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Figure 14. (A) Time-space plot of U-Pb zircon, monazite, and garnet geochronology data interpreted to represent mineral 
growth during peak metamorphism (≥700 °C) across southwest Montana projected onto cross-section line Y–Y′ found on 
Figure 1A. Also plotted are 40Ar/39Ar thermochronology data and igneous zircon crystallization data. Range of data for mon-
azite is shown with dotted black lines, with interpreted timing of peak metamorphism designated by colored boxes. Data 
sources are: 1—Foster et al. (2006), 2—Mueller et al. (2002), 3—Vogl et al. (2004), 4—Holm and Schneider (2002), 5—O’Neill 
et al. (1988), 6—Harlan et al. (1996), 7—Mueller et al. (2005), 8—Roberts et al. (2002), 9—Krogh et al. (2011), 10—Brady et al. 
(2004a), 11—Alcock et al. (2013), 12—Mueller et al. (2004), 13—Cheney et al. (2004a), 14—Ault et al. (2012), 15—this study, 
16—Erslev and Sutter (1990), 17—Loehn (2009). ID-TIMS—isotope dilution–thermal ionization mass spectrometry; EMP—
electron microprobe. All mineral abbreviations are after Whitney and Evans (2010). (B) Time-space plot of metamorphic 
monazite geochronology data. PMMMS—Pony–Middle Mountain metamorphic suite, ICMS—Indian Creek metamorphic 
suite, SPMS—Spuhler Peak metamorphic suite from Tobacco Root Mountains (Cheney et al., 2004b). Sources same as in A. 
(C) Time-space plot of metamorphic or leucosomal zircon geochronology data. Sources same as in A.
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sets and from isotopic (ion probe) and noniso-
topic (U-Th–total Pb) techniques (Figs. 14B and 
14C), suggesting no systematic bias from differ-
ent mineral systems or analytical approaches. 
Additional description of the plotted data is 
given in the following paragraphs.

Within the Great Falls tectonic zone, there 
is evidence of late Paleoproterozoic arc mag-
matism in the Little Belt Mountains (Fig. 1A), 
Pioneer Mountains, and Biltmore anticline 
(Fig.  14A; Mueller et al., 2002; Vogl et al., 
2004; Foster et al., 2006). Igneous zircon crys-
tallization ages range from ca. 1890 to 1810 Ma 
(Vogl et al., 2004; Foster et al., 2006), while 
subsequent metamorphism and anatexis may 
have occurred in the Little Belt Mountains at 
ca. 1820-1790 Ma (Vogl et al., 2004).

In the most northwestern exposures of non-
arc-related Precambrian rocks in the Highland 
Mountains (Fig. 1B), previous U-Pb zircon and 
monazite and Pb-Pb garnet studies concluded 
that peak metamorphism occurred ca.  1800–
1770  Ma (O’Neill et al., 1988; Roberts et al., 
2002; Mueller et al., 2005). Farther southeast 
across strike (~40 km) in the Ruby Range, Pb-
Pb garnet dates were similarly interpreted to 
record garnet growth and metamorphism from 
ca.  1800 to 1780  Ma (Roberts et al., 2002). 
This history is also supported by a more re-
cent monazite U-Th–total Pb study of migma-
titic metapelites (Alcock et al., 2013). These 
authors interpreted prograde metamorphism 
as early as ca.  1830  Ma, but culminating at 
ca. 1780 Ma. In the Tobacco Root Mountains, 
U-Pb dates from leucosomal zircon in migma-
titic paragneiss and zircon in a metamorphosed 
mafic amphibolite dike are interpreted to record 
peak lower-granulite-facies metamorphism at 
ca. 1770 Ma (Mueller et al., 2004). A monazite 
U-Pb study from a variety of aluminous litholo-
gies was alternatively interpreted to constrain 
prograde mineral growth from ca. 1780 Ma to 
peak conditions closer to ca. 1755 Ma (Cheney 
et al., 2004a). Continuing to the southeast in the 
Bear Trap Canyon area of the Northern Madison 
Range (Figs. 1 and 2), a deformed mafic dike 
records high-pressure granulite-facies metamor-
phism at ca. 1750 Ma (U-Pb zircon; Ault et al., 
2012). Our new data from the central portion of 
the range are interpreted to record prograde to 
peak metamorphism from ca. 1750 to 1720 Ma. 
In summary, the younging of high-grade tec-
tonometamorphism by at least 40  m.y., and 
perhaps as much as 80 m.y., extends across at 
least 80 km from the Highland Range to at least 
the central Northern Madison Range (Fig. 14). 
This suggests growth or migration of the hin-
terland of the orogen toward its foreland, where 
the latter is considered to be represented by sub-
stantially cooler Proterozoic temperatures (e.g., 

Giletti’s line or modern equivalent) and discrete 
greenschist-grade structures like the Madison 
mylonite zone (Fig. 1B).

Several explanations for this spatio-temporal 
pattern of Paleoproterozoic metamorphism ap-
pear plausible. First, the simplest interpretation 
is that the observed southeastward younging of 
tectonism may represent synconvergent lateral 
growth of the metamorphic core of the orogen 
by in-sequence thrusting and thickening (e.g., 
Willett et al., 1993), caused by either protracted 
or episodically accelerated collision. Similar 
propagation patterns representing >50  m.y. of 
continued convergence and growth of deforma-
tion and metamorphism into the foreland are 
observed in other well-known major collisional 
belts, such as the ca.  1090–995  Ma Grenville 
(e.g., Jamieson et al., 1995; Hynes and Riv-
ers, 2010), the 55  Ma to present Himalayan 
(e.g., Hodges, 2000) orogens, and Jurassic to 
Early Cretaceous foreland-directed growth of 
the northern Canadian Cordilleran hinterland 
(Staples et al., 2014). Alternatively, syncon-
vergent thickening of the core of the Big Sky 
orogen may have been followed by postconver-
gent shortening and associated metamorphism 
from thickening on the flanks of the mountain 
belt driven by gravitational spreading. This 
phenomenon is observed in numerical models 
and was invoked by Jamieson and Beaumont 
(2011) to explain the synconvergent Ottowan 
phase (1090–1020  Ma) of high-grade meta-
morphism in the core of the Grenville orogen 
versus the later Rigolet phase (1005–995  Ma) 
of thrusting and medium-grade metamorphism 
in the Grenville front tectonic zone. Other pos-
sibilities include one or a combination of ad-
ditional tectonic processes that could have re-
sulted in juxtaposition of domains with older 
and younger tectonometamorphic signatures, 
such as gneiss dome formation, channel flow, 
or later strike-slip displacements. Given our cur-
rent understanding of the Big Sky orogeny, we 
lack clear constraints on which of these models 
is most plausible. Each of these scenarios could 
be tested through further structural and geochro-
nological studies. For instance, expanding our 
current understanding of the poorly constrained 
high-strain zones within the Northern Madison 
Range may yield potential constraints on one or 
more of these models.

Our results suggest a systematic pattern in 
the age of peak metamorphism from northwest 
to southeast, but subsequent cooling histories 
and exhumation patterns are less well con-
strained. Several studies have reported ca. 1.8–
1.7 Ga 40Ar/39Ar hornblende and biotite cooling 
dates, generally corroborating earlier work by 
Giletti (1966), although no 40Ar/39Ar data exist 
yet from the Northern Madison Range. Har-

lan et al. (1996) reported ca. 1.80 Ga 40Ar/39Ar 
dates from the Highland Mountains. A large 
40Ar/39Ar data set from the Highland, Ruby, and 
Tobacco Roots Mountains yielded a mean of 
ca. 1.76 Ga (Roberts et al., 2002). Both of these 
results are older than the interpreted timing of 
peak metamorphism in the central Northern 
Madison Range (Figs.  1, 2, and 14), suggest-
ing that these rocks had cooled through 300 °C 
and been exhumed prior to the time when other 
portions of the orogen experienced their peak 
conditions. However, a second and equally large 
thermochronology data set from the Ruby and 
Tobacco Root Mountains suggests significantly 
younger and rapid ca. 1.71 Ga cooling through 
the 500–300 °C temperature interval (Brady et 
al., 2004a). This is also supported by the young-
est monazite (ca. 1730–1713 Ma) from the To-
bacco Root Mountains, which is interpreted to 
have grown during retrograde decompression 
(Cheney et al., 2004). The youngest dates in 
that study (1713 Ma) are similar to those in this 
study (ca.  1705 Ma) in the Northern Madison 
Range, which is also interpreted to be related to 
garnet breakdown during exhumation. In sum-
mary, both differential and simultaneous exhu-
mation may have occurred across different parts 
of the region, but more work is needed to clarify 
this history.

Significant uncertainty remains regard-
ing how the kinematics of deformation varied 
spatially and temporally across the region. For 
example, Mueller et al. (2005) and Foster et al. 
(2006) pointed out that magmatism and associ-
ated metamorphism occurred almost 100  m.y. 
earlier in the Little Belt Mountains (ca.  1.86–
1.81 Ga) than in southwest Montana, and they 
used this to suggest that the Big Sky orogeny 
may be a distinctly younger and separate colli-
sional event. They envisioned an early orthogo-
nal 1.9–1.8 Ga collision event, associated with 
suturing of the Archean Medicine Hat and Wyo-
ming cratons (Great Falls tectonic zone), evolv-
ing to convergence with a stronger transpres-
sional component associated with accretion of 
a separate Paleoproterozoic terrane during the 
Big Sky orogeny (e.g., Selway terrane of Foster 
et al., 2006). If so, a kinematic record of these 
transitions is likely preserved in the basement 
rocks of southwest Montana.

CONCLUSIONS

Spatial and temporal patterns of deforma-
tion and metamorphism yield insight into the 
kinematics, rheology, and overall tectonic sig-
nificance of exhumed paleo-orogens, and they 
allow better understanding of the processes at 
work in active orogens of similar scales. Ther-
motectonism associated with the Big Sky orog-
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eny modified much of southwest Montana from 
ca. 1.8 to 1.7 Ga. This contribution expands the 
known width of the high-grade metamorphic 
core of the orogen by ~40  km farther south-
east across strike from the northwest end of the 
Northern Madison Range. Structural relation-
ships, metamorphic petrology, and U-Pb geo-
chronology indicate that at least two episodes 
of late Paleoproterozoic deformation (D

2
 and 

D
3
), including the dominantly NE-striking and 

moderately SE-dipping foliation and associated 
isoclinal folds and lineation, affected rocks in 
the central Northern Madison Range. Synkine-
matic metamorphism, recorded in both mafic 
dikes and pelitic schist, reached peak conditions 
of 0.9–0.8 GPa and ~700 °C at 1750–1720 Ma. 
Combined with other regional data, a pattern of 
southeastward younging of high-grade meta-
morphism by 80–40 m.y. is apparent across an 
~100 km transect from the Highland Mountains 
through the study area. Although additional 
work is needed to fully fingerprint the particular 
tectonic mechanism(s) at play here, this pattern 
suggests that lateral growth of the orogenic core 
toward the foreland during protracted collision 
is likely to be an important characteristic of one 
of North America’s most recently recognized 
major convergent belts.
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