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ABSTRACT

The Montana metasedimentary terrane 
in the northern Wyoming Province pro-
vides valuable insight into crustal formation 
and reworking processes along the cratonic 
margin and offers a unique opportunity to 
decipher the complex Neoarchean–Paleo-
proterozoic terrane assembly in southwest-
ern Laurentia. We report new zircon U-Pb 
dates and Hf isotopes from seven metaigne-
ous samples in the northwestern Montana 
metasedimentary terrane. The internal tex-
tures of zircon in this study are complex; 
some lack inherited cores and metamorphic 
overgrowths, while others exhibit core-rim 
relationships. Based on the cathodolumi-
nescence (CL) features, we interpret these 
grains to be magmatic populations. These 
data demonstrate discrete igneous pulses at 
2.7 Ga, 2.4 Ga, and 1.7 Ga, which indicate 
significant crustal formation intervals in the 
Montana metasedimentary terrane. Zircons 
at 2.7 Ga have positive εHf values (+2.4 to
+0.9) that indicate a depleted mantle source.
Most 2.4 Ga and 1.7 Ga samples have nega-
tive εHf values (−1.6 to −15.5), which indi-
cate significant contributions from preex-
isting crust. Two 1.7 Ga samples, however, 
have near-chondritic εHf values (+0.4 to
+0.3) that indicate larger juvenile contribu-
tions. The time-integrated Hf isotope trend
suggests that the Paleoproterozoic zircons
were produced from a mixture of older crust
and juvenile mantle inputs. Additionally,
the isotopic age fingerprint of the Montana
metasedimentary terrane suggests that it
differs from northern-bounding terranes.
Viewed more broadly, the 2.7 Ga and 1.7 Ga

age peaks that the Montana metasedimen-
tary terrane shares with the global zircon 
age spectrum suggest that the drivers of 
these events in the Montana metasedimen-
tary terrane were common throughout the 
Earth and may be associated with the assem-
bly of supercontinents Kenorland and Nuna.

INTRODUCTION

Fundamental to unraveling the process of 
crustal formation and evolution is knowledge 
of the nature of ancient continental crust. 
Although only scarce remnants of Archean–
Proterozoic crust remain from a long history 
of magmatism and metamorphism, the chemi-
cal and isotopic record of refractory minerals 
that have survived over the course of Earth’s 
history could contribute to our understanding 
of the earlier crust (e.g., Amelin et al., 1999; 
Wilde et al., 2001). Among various minerals 
that can be used to address these issues, zir-
con has gained increased focus in recent years. 
Because zircon has high U concentration and 
low Pb diffusivity over a wide range of crustal 
conditions, it has become a frequently used 
U-Pb chronometer for complex metamorphic
terranes (e.g., Corfu, 1993; Whitehouse et al.,
1999). Additionally, the low Lu/Hf ratios and
high closure temperature of the Lu-Hf system
in zircon make it an ideal time capsule for
preserving primary magmatic characteristics
(e.g., Patchett, 1983; Amelin et al., 2000). This 
powerful isotopic couplet provides information 
on both the timing of mineral (re)crystalliza-
tion and the crustal-versus-mantle sources of
those magmas. Rocks from key Archean and
Proterozoic crustal fragments—and the zir-
con from those rocks—can provide essential
information on the processes involved in the
origin and evolution of continental crust and,
in this way, can help decipher the evolution of
the early Earth.

An example of an ancient preserved terrestrial 
block in North America is the Wyoming Prov-
ince in parts of Wyoming, Montana, and adja-
cent states (Fig. 1). The Wyoming Province is 
well-exposed but little studied relative to other 
Archean cratons, and it contains important infor-
mation on the continental formation of Lauren-
tia. Since the boundaries between ancient cra-
tonic cores and young orogens often document 
crustal assembly processes that include the addi-
tion of juvenile materials and reworking of the 
cratonic lithosphere, of particular interest here is 
the Montana metasedimentary terrane, which is 
located at the northwestern margin of the Wyo-
ming Province (Fig. 1).

The Montana metasedimentary terrane can 
provide important insight into the early crustal 
dynamics of cratons by addressing some first-
order questions: (1) What is the significance of 
events at 2.7 Ga, 2.4 Ga, and 1.7 Ga that took 
place in the Montana metasedimentary ter-
rane, and (2) what are the roles of these events 
in the amalgamation of Laurentia? These three 
Neoarchean and Paleoproterozoic events have 
been recognized by multiple radiometric dating 
methods (e.g., Mueller et al., 2004; Jones, 2008). 
These events are also significant because they 
are synchronous with active tectonic periods 
recorded along other margins of the Wyoming 
Province (e.g., Mueller and Frost, 2006) and 
in Precambrian terranes worldwide (e.g., Voice 
et al., 2011).

These questions should be considered in the 
broader context of understanding (1) the nature 
of Neoarchean and Paleoproterozoic events 
in the Wyoming Province, and (2) the tectonic 
relationship between the Wyoming Province and 
surrounding terranes. Two major orogenic events 
have been identified in the Montana metasedi-
mentary terrane: the 2.52–2.45 Ga Tendoy orog-
eny (Mueller et al., 2012) and the 1.78–1.72 Ga 
Big Sky orogeny (Harms et al., 2004). The for-
mer has also been referred to as the Beaverhead 
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(e.g., Jones, 2008) and Beaverhead–Tobacco 
Root orogeny (e.g., Krogh et al., 2011), which is 
principally recorded in monazite (Cheney et al., 
2004; Jones, 2008; Alcock et al., 2013; Cramer, 
2015) and zircon (Dahl et al., 2002; Jones, 2008; 
Krogh et al., 2011; Alcock and Muller, 2012). 
The later orogenic event was also identified by 
various chronological methods, including zir-
con U-Pb (O’Neill et al., 1988; Mueller et al., 
2004, 2005; Krogh et al., 2011), monazite U-Pb 
(Cheney et al., 2004; Gerwin, 2006; Matthews, 
2006; Jones, 2008; Alcock et al., 2013; Cramer, 
2015), and biotite and amphibole Ar-Ar dat-
ing (Harlan et al., 1996; Roberts et al., 2002). 
Although these events have been known for 
decades, their tectonic environment, spatial and 
temporal patterns of deformation—and broad 
impact on the amalgamation of the superconti-

nent—are still obscured by pervasive overprint-
ing and metamorphic processes.

In this study, we report whole-rock Lu-Hf iso-
topic data in conjunction with zircon U-Pb dates 
and Lu-Hf isotopic data. These zircon U-Pb 
dates provide a chronologic framework to help 
unravel the complex magmatic and metamorphic 
history. Furthermore, the combination of whole-
rock and zircon Lu-Hf isotopic data could help 
shed some light on the nature of the Neoarchean 
and Paleoproterozoic events and the roles they 
played in the tectonic assembly of Laurentia. 
This set of age-related isotopic data allows us to 
constrain the geological history of the Montana 
metasedimentary terrane, evaluate the possible 
plate reconstructions of western Laurentia, as 
well as provide insight into the global tectonic 
development of ancient cratons.

GEOLOGICAL BACKGROUND

The Wyoming Province is an Archean cra-
ton that is surrounded by several Precambrian 
crystalline basement blocks, including the Medi-
cine Hat, Clearwater, and Grouse Creek blocks 
(Fig. 1). The Medicine Hat Block lies north of 
the Wyoming Province and is poorly spatially 
constrained due to pervasive younger sedimen-
tary cover. The few zircon U-Pb dates that have 
been reported reveal protolith crystallization 
ages of 3.28–2.50 Ga and later magmatic/meta-
morphic ages of 1.81–1.76 Ga (Ross et al., 1991; 
Villeneuve et al., 1993; Davis et al., 1995; Gif-
ford et al., 2020). Some workers have argued that 
the Medicine Hat Block shares a similar history 
with the Wyoming Province based on seismic 
and isotopic data (Henstock et al., 1998; Gifford 

Figure 1. Overview map of 
basement terranes of south-
western Laurentia (modified 
after Foster et al., 2006); the in-
set map shows the general loca-
tion of southwestern Laurentia 
in North America. Margin of 
juvenile Phanerozoic accreted 
terranes and Archean base-
ments is approximated by the 
initial 87Sr/86Sr = 0.706 line of 
Armstrong et al. (1977). Light 
gray shaded areas outline the 
approximate extension of Ar-
chean basements. Exposures of 
the Clearwater Block are out-
lined based on Vervoort et  al. 
(2016). Interpreted boundaries 
of the Wyoming Province are 
adopted from Bedrosian and 
Frost (2022). Thick dashed line 
indicates the eastern bound-
ary of the Wyoming Province 
proposed by Worthington et al. 
(2016). The Archean Wyo-
ming Province was exposed 
principally during Laramide 
orogeny and can be divided 
into three subprovinces: Mon-
tana metasedimentary terrane 
(MMT), Beartooth-Bighorn 
magmatic zone (BBMZ), and 
Southern accreted terrane 
(SAT). The Montana metasedi-
mentary terrane was restitched 
to the Beartooth-Bighorn mag-

matic zone along the North Snowy Block (NSB) deformation zone, whereas the Southern accreted terrane was sutured to the rest of the 
province along the Sacawee block (SB). BH—Black Hills; BhM—Bighorn Mountains; BM—Bear Mountain; CB—Cheyenne belt; GM—
Granite Mountains; HU—Hartville Uplift; LBM—Little Belt Mountains; LM—Laramie Mountains; LRM—Little Rocky Mountains; 
MBM—Medicine Bow Mountains; PM—Pioneer Mountains; SM—Sierra Madre; UM—Uinta Mountains; WRR—Wind River Range.
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et  al., 2020), while others have proposed that 
the two blocks are distinct (Clowes et al., 2002; 
LaDouceur et al., 2017). To the south and west 
of the Medicine Hat Block, the Clearwater Block 
occurs as scattered Archean and Proterozoic 
basement exposures (i.e., the Clearwater com-
plex and Priest River complex; Doughty et al., 
1998; Vervoort et al., 2016; Wang et al., 2022). 
Sims et al. (2004) defined it as a unique basement 
based on magnetic anomalies but, because of the 
sparse information on this block, its relationship 
to the other Precambrian terranes is very poorly 
constrained. In the Clearwater Block, two crustal 
formation ages have been identified by zircon 
U-Pb geochronology to have occurred in nar-
row windows at 2.66 Ga and 1.86 Ga (Vervoort 
et al., 2016; Wang et al., 2022). To the south, 
the Grouse Creek Block is situated at the west-
ern limit of Laurentia and is separated from the 
Wyoming Province by the 2.45 Ga Farmington 
zone (Foster et al., 2006; Mueller et al., 2011). 
Zircon U-Pb dating of the basement rocks in the 
Grouse Creek Block yields ages of 2.7–2.5 Ga 
(Egger et al., 2003; Strickland et al., 2011; Isak-
son, 2012; A. Stacey, 2023, personal commun.), 
which confirms the presence of Archean base-
ment in this area.

The Wyoming Province is delineated by three 
well-constrained margins: the 1.86–1.77 Ga 
Great Falls tectonic zone in the north; the 1.77–
1.72 Ga Trans-Hudson orogenic belt in the east; 
and the 1.78–1.74 Ga Cheyenne belt in the south 
(Chamberlain, 1998; Dahl et al., 1999; Mueller 
et al., 2005; Mueller and Frost, 2006; Fig. 1). 
The entire province appears to have undergone 
significant crustal growth at 3.4–3.2 Ga and 
2.8–2.6 Ga (e.g., Mogk et al., 1992, 2023; Muel-
ler et al., 1992, 1998; Frost et al., 2006; Grace 
et  al., 2006; Chamberlain and Mueller, 2007, 
2019). After a relatively quiescent period from 
3.2 Ga to 3.0 Ga, deformation was accompanied 
by voluminous magmatism and modified the 
crystalline basement at 3.0–2.8 Ga in the north-
western Wyoming Province and at 2.7–2.5 Ga 
in the southern province (Mueller and Frost, 
2006; Mogk et al., 2023). It is thought that these 
processes led to an unusually viscous and stiff 
lithospheric mantle of the Wyoming Province 
(e.g., Mueller and Frost, 2006), which formed a 
stable and long-lived subcontinental mantle root, 
making this lithosphere resistant to destruction 
by later tectonic processes. Following cratoni-
zation and subsequent stability, the Wyoming 
Province rifted and was modified during a period 
of Proterozoic extension at 2.2–2.0 Ga (Premo 
and Van Schmus, 1989; Cox et al., 2000; Mueller 
et al., 2004; Harms and Baldwin, 2023). At 1.9–
1.7 Ga, the Wyoming Province amalgamated 
with the Superior Province and the Medicine Hat 
Block along the Trans-Hudson orogenic belt and 

the Great Falls tectonic zone (Dahl et al., 1999; 
Mueller et al., 2005; Mueller and Frost, 2006), 
respectively. The incorporation of these terranes 
into Laurentia eventually assembled the geologi-
cal nucleus of North America (e.g., Whitmeyer 
and Karlstrom, 2007).

Based on differences in ages and isotopic 
compositions in the late Archean, the Wyoming 
Province can be divided into three subprovinces. 
From north to south, these are the Montana 
metasedimentary terrane, the Beartooth-Bighorn 
magmatic zone, and the Southern accreted ter-
rane (Fig. 1). The Southern accreted terrane is 
composed of late Archean supracrustal sequences 
and is characterized by Neoarchean magmatic 
and tectonic activity. Zircon and titanite U-Pb 
dating suggest that major magmatic events in 
the Southern accreted terrane occurred in pulses 
during 2.7–2.5 Ga (Ludwig and Stuckless, 1978; 
Verts et al., 1996; Chamberlain et al., 2003; Frost 
et al., 2006; Grace et al., 2006). These magmatic 
activities have been interpreted as the addition 
of juvenile material to the older cratonic block 
based on their geochemical characteristics (Frost 
et al., 1998).

North of the Southern accreted terrane, the 
Beartooth-Bighorn magmatic zone in the central 
Wyoming Province is predominantly made up 
of the 3.5–2.9 Ga trondhjemite-tonalite-grano-
diorite (TTG) association and a 2.8 Ga granitic 
gneiss suite that underwent variable degrees 
of deformation and metamorphism (Mueller 
et  al., 1988, 2010, 2014; Frost and Fanning, 
2006; Mueller et al., 2014; Frost et al., 2017). 
Evidence of Eoarchean crust in the Beartooth-
Bighorn magmatic zone is supported by 
3.8–3.6 Ga zircon xenocrysts in layered gneiss 
(Frost et al., 2017), ca. 3.8 Ga Nd model ages 
in trondhjemitic gneiss (Mueller et al., 1996), 
and detrital zircon U-Pb ages of up to 3.96 Ga in 
quartzite (Mueller et al., 1992). In the southern 
Beartooth-Bighorn magmatic zone, the Oregon 
Trail structural belt, extending east to west, 
represents the southernmost exposures of the 
Beartooth-Bighorn magmatic zone. The Oregon 
Trail structural belt marks the southern limit of 
the 2.8 Ga magmatic record in the central prov-
ince (Chamberlain et al., 2003). The boundary 
of the Beartooth-Bighorn magmatic zone and 
the Southern accreted terrane is obscured in 
the field due to a lack of structural data in the 
southern Beartooth-Bighorn magmatic zone. 
Bedrosian and Frost (2022) used “εNd = −4” to 
estimate the location of the boundary because 
the initial Nd composition of the Beartooth-
Bighorn magmatic zone is less radiogenic than 
the juvenile Southern accreted terrane. Much of 
the Beartooth-Bighorn magmatic zone has been 
undeformed since 2.8 Ga, although its southern 
margin was reactivated at 2.6 Ga due to its jux-

taposition against the Southern accreted terrane 
(Naylor et al., 1970; Aleinikoff et al., 1989; Frost 
et  al., 1998, 2006, 2016; Chamberlain et  al., 
2003; Grace et al., 2006). Based on differences 
in structural styles, geochemical characteristics, 
and isotopic ages of the Beartooth-Bighorn mag-
matic zone and Montana metasedimentary ter-
rane, Mogk et al. (1988, 1992) suggested that 
these two terranes have different origins and 
distinct geological histories. These authors pro-
posed that the Montana metasedimentary terrane 
was restitched to the Beartooth-Bighorn mag-
matic zone along the North Snowy Block defor-
mation zone—a ductile shear zone consisting of 
several northeast-striking thrust faults—during 
2.75–2.55 Ga (Mogk et al., 1988, 1992).

The Great Falls tectonic zone, lying north of 
the Montana metasedimentary terrane, marks 
the boundary separating the Wyoming Prov-
ince from the Medicine Hat Block. This broad 
zone of faults and lineaments has been argued to 
record collision between the Wyoming Province 
and the Medicine Hat Block (O’Neill and Lopez, 
1985). Based on the seismic velocity structure, 
a fossil remnant of a north-dipping slab (Little 
Belt slab) has been interpreted to exist beneath 
the Great Falls tectonic zone (e.g., Gorman et al., 
2002). Zircon U-Pb dates of 1.86 Ga from the 
Little Belt Mountains of the Great Falls tectonic 
zone (Fig. 1), as well as the calc-alkaline affin-
ity of these rocks, may indicate that the collision 
between terranes occurred in the Paleoprotero-
zoic, which has been called the Great Falls orog-
eny (Mueller et al., 2002). The peak timing of the 
collisional event in the eastern part of the Great 
Falls tectonic zone is estimated to be ∼100 m.y. 
younger than that of the western part of the Great 
Falls tectonic zone; thus, a two-phase diachro-
nous orogen was suggested following previous 
studies (e.g., Mueller et al., 2005; Gifford et al., 
2018). Bedrosian and Frost (2022) proposed an 
evolutionary model of the Great Falls orogeny 
based on geophysical and geochemical data. 
They argued that the Great Falls orogeny was 
formed in two phases: The earlier Medicine Hat 
phase occurred at 1.86–1.80 Ga and involved 
the incorporation of the Little Belt arc into the 
Medicine Hat Block and closure of the Medicine 
Hat Ocean. The later Big Sky phase occurred at 
1.80–1.72 Ga and involved the accretion of the 
Wyoming Province to the Little Belt arc and 
Medicine Hat Block.

Rocks of the Montana metasedimentary ter-
rane are lithologically and geochemically dis-
tinct from other parts of the Wyoming Province. 
They are characterized by Archean quartzofeld-
spathic gneisses intercalated with pelite-quartz-
ite-carbonate supracrustal associations and have 
been metamorphosed to intermediate- to high-
metamorphic grade (Mogk et al., 1992, 2004; 
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Mueller et  al., 1993, 1998, 2004). Although 
much of the Montana metasedimentary terrane is 
obscured by the sedimentary cover, ∼5%–10% 
of the Precambrian basement was uplifted and 
exposed during the Laramide orogeny (Late Cre-
taceous to early Tertiary; Burger, 2004). These 
exposures encompass the Tobacco Root and 
Highland mountains, as well as the Northern and 
Southern Madison, Gallatin, Ruby, Greenhorn, 
and Gravelly ranges (Fig. 2). In the southern part 
of the Gravelly and Northern Madison ranges, a 
northeast–southwest-trending geochronological 
line named the Giletti’s line (Giletti, 1966) was 
suggested to define a boundary of reset Paleo-
proterozoic K-Ar and Rb-Sr ages to the north-
west and a zone where the ages are not reset to 
the southeast. The northwestern region of Gile-
tti’s line was suggested to document high-grade 
metamorphism resulting from the collision of 
the Medicine Hat Block and Wyoming Province, 
and thus is considered to record crustal thicken-

ing and thrusting at the edge of the Wyoming 
Province (Mueller et al., 2005).

The oldest ages found in the northern Mon-
tana metasedimentary terrane are recorded in 
inherited zircon cores and detrital zircon from 
the Tobacco Root Mountains (Mueller et  al., 
1998, 2004; Krogh et al., 2011). The dominant 
age population of detrital zircon is between 
3.4 Ga and 3.2 Ga, which may reflect a major 
crustal formation event in the northern Wyoming 
Province. During the Neoarchean, a 2.7 Ga mag-
matic event formed Archean quartzofeldspathic 
gneiss precursors in the Ruby and Southern 
Madison ranges (Mueller et  al., 1993; Jones, 
2008). These basement rocks record at least two 
episodes of magmatism and metamorphism. The 
older event, taking place at 2.52–2.45 Ga and 
termed the Tendoy orogeny, was identified by 
the 207Pb-206Pb step-leaching method for mona-
zite-dominated garnet (Roberts et al., 2002) and 
further confirmed by U-Pb dates of zircon and 

monazite separated from gneisses (Dahl et al., 
2002; Cheney et al., 2004; Jones, 2008; Krogh 
et al., 2011; Alcock and Muller, 2012; Alcock 
et al., 2013; Cramer, 2015). The nature of the 
Tendoy orogeny is unclear, and has been inter-
preted as either rift-related magmatism (Roberts 
et al., 2002; Jones, 2008) or contractional tecton-
ics (Kellogg et al., 2003; Mueller et al., 2012; 
Harms and Baldwin, 2023). At 2.06 Ga, a swarm 
of mafic dikes cut across Archean gneisses in 
the Tobacco Root Mountains, which indicates 
a rifting event (Mueller et al., 2004). Finally, a 
major tectonothermal event at 1.78–1.72 Ga, the 
Big Sky orogeny, is thought to have overprinted 
the record of the Tendoy orogeny. This wide-
spread orogenic event is recorded by the zircon 
and monazite U-Pb systems of various litholo-
gies (O’Neill et al., 1988; Roberts et al., 2002; 
Cheney et al., 2004; Mueller et al., 2004, 2005; 
Gerwin, 2006; Matthews, 2006; Jones, 2008; 
Alcock et al., 2013; Cramer, 2015). Additionally, 

Figure 2. Map of southwestern Montana showing basement exposures (modified after Mogk et  al., 1992) and sample locations. Inset 
map shows the terrane configuration and interpreted boundaries of the Wyoming Province (solid and thin dashed lines—Bedrosian and 
Frost, 2022; thick dashed line—Worthington et al., 2016). BBMZ—Beartooth-Bighorn magmatic zone; GFTZ—Great Falls tectonic zone; 
MMT—Montana metasedimentary terrane; SAT—Southern accreted terrane.
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the Big Sky orogeny is considered to have exten-
sively modified the northwestern margin of the 
Wyoming Province (i.e., Montana metasedimen-
tary terrane) and resulted in upper amphibolite- 
to lower granulite-facies metamorphism (Harms 
et al., 2004).

SAMPLES AND ANALYTICAL 
METHODS

Seven orthogneiss and amphibolite samples 
were collected in this study from five basement 
uplift areas northwest of Giletti’s line (Fig. 2). 
All uplifted basement exposures were metamor-
phosed to upper amphibolite facies, and most 
are strongly foliated. Our strategy was to select 
representative samples based on their rock types, 
mineral assemblages, and geological contexts 
to obtain robust zircon U-Pb dates and Hf iso-
topic compositions. A summary of rock types, 
dates, and Hf isotopes is given in Table 1. See 
Supplemental File S11 for detailed localities and 
sample descriptions, and Supplemental File S2 

for descriptions of whole-rock major- and trace-
element compositions.

Sample Preparation

Rock samples were crushed and chipped in a 
jaw crusher, then split and ground into powders 
using an agate ball mill in the GeoAnalytical 
Laboratory (GAL) at Washington State Univer-
sity (WSU), Pullman, Washington, USA. We 
used agate instead of a tungsten-carbide ball mill 
to avoid 180W contamination of the Hf isotopic 
ratio. Samples were also crushed, disaggregated 
by electric-pulse disaggregation, and processed 
by heavy-liquid and magnetic separation tech-
niques at Zirchron LLC in Tucson, Arizona, 
USA, to separate mineral grains.

Whole-Rock Lu-Hf Isotope Geochemistry

Whole-rock powders were weighed and 
poured into high-pressure, steel-jacketed Teflon 
dissolution vessels (200 mg for each sample) 
and digested in a 1:10 mixture of concentrated 
HNO3-HF. The samples were placed in an oven 
at 160 °C for five to seven days for complete 
dissolution. Following digestion and subsequent 
dry down, a 1:2 mixture of H3BO3 and 6 M HCl 
was added to samples so that the solid fluoride 
residues could be converted to soluble chlorides. 
After conversion into HCl-based solutions, each 
sample solution was spiked with an enriched 
176Lu-180Hf tracer. After sample-spike equilibra-
tion, Lu and Hf were isolated by using two stages 
of chromatography. Chromatographic separa-

tion generally followed the detailed procedure 
of Johnson et al. (2018). The isotope analyses 
were performed on a Thermo Scientific Neptune 
Plus high-resolution multicollector–inductively 
coupled plasma–mass spectrometer (MC-ICP-
MS) in the Radiogenic Isotope and Geochro-
nology Laboratory (RIGL) at WSU. Over the 
course of measurements, unknowns were brack-
eted by analyses of standards, and all solutions 
analyzed in a session were reduced together. 
Isotopes 175Lu and 173Yb were measured to cor-
rect interference from 176Lu and 176Yb on 176Hf; 
the detailed correction protocol is described in 
Vervoort et al. (2004). In addition, 176Hf/177Hf 
was also corrected for mass bias exponential law 
with 179Hf/177Hf of 0.7325 (Patchett and Tatsu-
moto, 1980). Following interference and mass 
bias corrections, Hf isotopic ratios were normal-
ized to the JMC475 Hf standard with 176Hf/177Hf 
of 0.282160 (Vervoort and Blichert-Toft, 1999). 
Initial εHf values (parts per 104 deviation of the 
initial 176Hf/177Hf ratios between samples and 
chondritic uniform reservoir, CHUR), were 
calculated at the assigned U-Pb age of each 
sample using a 176Lu/177Hf value of 0.0336 and 
a 176Hf/177Hf value of 0.282785 for present-day 
CHUR (Bouvier et al., 2008), with a 176Lu-176Hf 
decay constant of 1.867 × 10−11 yr−1 (Söderlund 
et al., 2004).

Zircon Imaging

Zircon grains with no visible cracks and 
inclusions were handpicked under a binocular 
microscope and mounted in epoxy disks, then 

1Supplemental Material. The supplemental 
material includes two text files of sample description 
(Supplemental File S1) and whole-rock geochemistry 
(Supplemental File S2), one figure of whole-rock 
trace-element diagrams (Fig. S1), five tables of 
metadata for laser data (Table S1), U-Pb and Lu-Hf 
isotopic data for zircon reference materials (Tables 
S2 and S3), and zircon samples (Tables S4 and S5), 
as well as one table of whole-rock compositions 
(Table S6). Please visit https://doi​.org​/10​.1130​/
GSAB​.S.24128538 to access the supplemental 
material, and contact editing@geosociety​.org with 
any questions.

TABLE 1. SAMPLE LOCATIONS, ROCK TYPES, DATES, AND Hf ISOTOPES

Sample Coordinates Rock type Date
(Ma)*

Date 
interpretation

Whole-rock 
εHf(i)

†
Zircon εHf(i)

†

Latitude
(N)

Longitude
(W)

Tobacco Root Mountains
20-TWC-17 45°31.737′ 112°01.066′ Amphibolite 1762 ± 10 Magmatic +1.1 ± 0.1 +0.3 ± 2.2
20-TWC-27 45°26.424′ 111°51.196′ Quartzofeldspathic gneiss ∼2400 Magmatic –8.5 ± 0.1 –6.0 ± 1.8

1733 ± 9 Magmatic –18.3 ± 0.1 –15.5 ± 2.5

Highland Mountains
HM11-9 45°40.502′ 112°35.101′ Granitic gneiss 1802 ± 10 Magmatic –1.5 ± 0.1 +0.4 ± 1.9

Northern Madison Range
20-TWC-26 45°27.173′ 111°39.212′ Gedrite gneiss 2433 ± 13 Magmatic –17.6 ± 0.1 –9.2 ± 0.8

∼1800 Magmatic –16.0 ± 0.1 –14.7 ± 0.9§

Ruby Range
20-TWC-12 45°11.033′ 112°13.830′ Amphibolite 2745 ± 18 Magmatic –15.5 ± 0.1 +0.9 ± 2.0

2422 ± 13 Magmatic –14.7 ± 0.1 –1.7 ± 1.8
1771 ± 10 Magmatic –13.1 ± 0.1 –10.2 ± 1.9

20-TWC-15 45°13.494′ 112°17.119′ Leucogneiss 2764 ± 15 Magmatic –38.8 ± 0.1 +2.4 ± 2.4
2465 ± 13 Magmatic –15.4 ± 0.1 –1.6 ± 2.5

Greenhorn Range
20-TWC-10 45°13.019′ 112°01.699′ Amphibolite 1765 ± 9 Magmatic –13.3 ± 0.1 –13.7 ± 0.7

*Reported results are zircon weighted mean 207Pb/206Pb dates with errors at the 95% confidence level. Note that the reproducibility of the FC-1 standard was propagated 
into errors.

†The initial Hf isotopic compositions were calculated using the present-day chondritic uniform reservoir values of 176Hf/177Hf = 0.282785 and 176Lu/177Hf = 0.0336 
(Bouvier et al., 2008) and 176Lu decay constant of 1.867 × 10–11 yr–1 (Söderlund et al., 2004). Whole-rock data are within-run values with uncertainty given as two 
standard errors (2SE). Zircon data are mean values with uncertainty given as two standard deviations (2SD) of the population.

§Result is reported as single-grain, within-run value with two standard errors (2SE).
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ground and polished to expose the interiors of 
grains for in situ analyses. Prior to laser analysis, 
cathodoluminescence (CL) and backscattered 
electron (BSE) images were acquired using a 
JEOL JXA-8500F field-emission microprobe at 
the WSU GAL to examine the internal structures 
and compositional heterogeneity of grains.

Zircon U-Pb Geochronology

Zircons were analyzed by laser ablation–
inductively coupled plasma–mass spectrometry 
(LA-ICP-MS). The U-Pb data were collected at 
the WSU RIGL using the Analyte Excite 193-
nm ArF excimer laser ablation system along 
with a Thermo Scientific Element 2 high-reso-
lution ICP-MS. Samples were analyzed using 
the single-stream technique in the first round 
to examine the complexity of the zircon. The 
single-stream U-Pb analyses were conducted 
using a 25-μm-diameter spot with a repetition 
rate of 8 Hz and a fluence of 5–6 J/cm2. For all 
other analyses, the laser ablation split-stream 
(LASS) technique was applied to simultane-
ously acquire U-Pb dates and Hf isotopic com-
positions. This approach was performed using 
a 40-μm-diameter spot with a repetition rate of 
10 Hz and a fluence of 6–7 J/cm2. The machine 
setup was based on Fisher et al. (2014), and the 
detailed analytical parameters are described in 
Table S1. In each analytical round, each of 10 
unknown analyses was bracketed by four mea-
surements of primary standard and normalized 
to isotopic ratios of standards. The Plešovice 
(206Pb/238U = 0.05368, Sláma et al., 2008) and 
FC-1 (207Pb/206Pb = 0.076149, Paces and Miller, 
1993) zircon standards were used as the primary 
reference material and 207Pb/206Pb correction 
reference material, respectively, whereas the 
GJ-1 (206Pb/238U age = 600 Ma, Jackson et al., 
2004) and 91500 (207Pb/206Pb age = 1065.4 Ma, 
Wiedenbeck et al., 1995) zircon standards were 
analyzed as secondary reference materials for 
quality assessment of the data. Data reduction 
was performed using the Iolite 4.7.1 program 
with integration selection, background sub-
traction, isotopic ratio and error calculation, 
downhole correction (detailed description in 
Paton et al., 2010), and standard normalization. 
The U-Pb data were reduced with the Vizual-
Age_UcomPbine data reduction scheme (Chew 
et al., 2014) of Iolite, which uses a smooth cubic 
spline to model downhole fractionation. The 
U-Pb dates of single grains and upper intercept 
and weighted mean 207Pb/206Pb dates of each 
age population were reduced by the IsoplotR 
program (Vermeesch, 2018) using a 238U/235U 
value of 137.818 (Hiess et al., 2012) and decay 
constants of 1.551 × 10−10 yr−1 (238U-206Pb) and 
9.849 × 10−10 yr−1 (235U-207Pb) (Jaffey et  al., 

1971). All U-Pb data were plotted with their 
internal 2σ precisions. The reproducibility of the 
Plešovice standard was propagated into errors 
for reported upper intercept dates and Concordia 
Age (Ludwig, 1998), while the reproducibility 
of the FC-1 standard was propagated into errors 
for weighted mean 207Pb/206Pb dates.

Zircon Hf Geochemistry

Zircon Hf analyses were performed using the 
LASS technique with the analytical parameters 
of laser setup described above. Data were col-
lected at the WSU RIGL using an Analyte Excite 
193-nm ArF excimer laser ablation system cou-
pled to a Thermo Scientific Neptune Plus MC-
ICP-MS. For zircon Hf analysis, the Plešovice 
zircon standard (176Hf/177Hf = 0.282482; 
Sláma et  al., 2008) was used as a pri-
mary reference material, whereas the FC-1 
(176Hf/177Hf = 0.282482; Woodhead and Hergt, 
2005), GJ-1 (176Hf/177Hf = 0.282200; Morel 
et al., 2008), and 91500 (176Hf/177Hf = 0.282305; 
Blichert-Toft, 2008) zircon standards served as 
secondary reference materials for quality con-
trol of the data. Data reduction was performed 
using the in-house customized Hf isotope data 
reduction scheme of the Iolite 4.7.1 program, 
and generally followed the approach described 
in Fisher et al. (2011).

RESULTS

Zircon U-Pb Geochronology

Table  1 summarizes the U-Pb results, and 
Table S4 provides the detailed U/Pb and Th/U 
ratios. CL images of representative zircon grains 
are shown in Figure 3. In some cases for Archean 
and Proterozoic samples, determining whether 
zircons are magmatic or metamorphic is diffi-
cult due to the complex growth history. Gener-
ally, magmatic zircons tend to preserve euhedral 
crystal forms and well-developed growth zon-
ing, while metamorphic zircons commonly grow 
on preexisting magmatic zircon cores and dis-
play chaotic and weak zoning (e.g., Corfu et al., 
2003; Rubatto, 2017). Wetherill U-Pb concordia 
plots are presented with weighted mean dates 
in Figures 4–6. All dates are shown with errors 
at a confidence level of 95%. Weighted mean 
dates reported here are based on 207Pb/206Pb 
ratios because of this method’s better precision 
and accuracy for dates older than 1000 Ma and 
higher probabilities of Pb loss for Archean and 
Proterozoic zircons. Samples examined in this 
study exhibit various degrees of Pb loss and dis-
cordance. Regressions provide well-constrained 
Archean and Paleoproterozoic upper intercept 
dates of 2.7 Ga, 2.4 Ga, and 1.7 Ga, which agree 

with weighted mean 207Pb/206Pb dates. Here, we 
describe the zircon geochronology of the sam-
ples based on the U-Pb systematics.

Samples with a Simple Age Population
The internal textures of samples 20-TWC-17 

and 20-TWC-10 show no evidence of inherited 
cores or metamorphic overgrowths. Some grains 
display patchy (e.g., Fig. 3, grain 2) and sector 
(e.g., Fig. 3, grain 43) zoning. These grains are 
considered to represent the magmatic popula-
tion. Both samples exhibit comparatively mod-
est patterns of Pb loss (discordance: 20-TWC-
17, −10% to 14%; 20-TWC-10, −3% to 6%). 
Regressions of U-Pb results for the two samples 
yield upper intercept dates of 1765 ± 8 Ma 
(MSWD = 1.5, 20-TWC-17) and 1765 ± 7 Ma 
(MSWD = 1.7, 20-TWC-10). These dates are 
consistent with the corresponding weighted 
mean 207Pb/206Pb dates of 1762 ± 10 Ma 
(MSWD = 1.5, 20-TWC-17) and 1765 ± 9 Ma 
(MSWD = 1.7, 20-TWC-10) (Fig. 4).

Samples with a Major Age Population and 
Other Secondary Ages

The internal structures of sample HM11-9 
show oscillatory zoning (e.g., Fig.  3, grain 
16), and sample 20-TWC-26 shows two dis-
tinct domains: a brighter rim domain (dated 
at ca. 1.8 Ga) displaying concentric zon-
ing (e.g., Fig. 3, grain 22), and a darker core 
domain (dated at ca. 2.4 Ga) displaying weak 
sector zoning (e.g., Fig.  3, grain 23). Both 
oscillatory and concentric zoning patterns are 
typical features of magmatic zircon. In high-
grade rocks, metamorphic zircons commonly 
grow on inherited cores (e.g., Rubatto, 2017), 
and sample 20-TWC-26 lacks inherited core 
that is older than 2.4 Ga. Consequently, all of 
these grains are considered to represent the 
magmatic population. Both samples identify 
a major age population and pervasive Pb loss 
signatures (discordance: HM11-9, −1% to 
82%; 20-TWC-26, −4% to 52%). For sample 
HM11-9, a regression excluding the older zir-
con grains yields an upper intercept date of 
1803 ± 4 Ma (MSWD = 1.6), which is con-
sistent with the weighted mean 207Pb/206Pb date 
of 1802 ± 10 Ma (MSWD = 1.7; Fig. 5). For 
sample 20-TWC-26, a regression of the older 
age population yields an upper intercept date 
of 2434 ± 6 Ma (MSWD = 1.8), which is also 
consistent with the weighted mean 207Pb/206Pb 
date of 2433 ± 13 Ma (MSWD = 1.6; Fig. 5). 
In addition to the major age populations, both 
samples have a few grains with U-Pb dates out-
side of the major peaks. Sample HM11-9 shows 
older inheritance: two discordant grains with 
207Pb/206Pb dates of ca. 2.8 Ga, another discor-
dant grain with a 207Pb/206Pb date of ca. 2.4 Ga, 
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Figure 3. Representative cath-
odoluminescence (CL) im-
ages of zircon grains from 
seven metaigneous samples. 
Smaller yellow circles (25 μm) 
denote laser ablation spots of 
single-stream (SS) analyses 
with 207Pb/206Pb dates (±2SE); 
larger blue circles (40 μm) de-
note spots of laser ablation 
split-stream (LASS) analyses 
with 207Pb/206Pb dates (±2SE) 
and initial εHf values (±2SE). 
Initial Hf isotopic compositions 
were calculated at the weighted 
mean 207Pb/206Pb dates re-
ported in Table 1.

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B37160.1/5984911/b37160.pdf
by Washington State Univ Internet Resources user
on 25 October 2023



Tsai-Wei Chen et al.

8	 Geological Society of America Bulletin, v. 130, no. XX/XX

and a group of grains with 207Pb/206Pb dates of 
between 2.0 Ga and 1.9 Ga, which may repre-
sent the mixing of dates between 2.4 Ga and 
1.8 Ga components (Fig. 5). In contrast, sample 
20-TWC-26 shows younger secondary U-Pb 
dates: two discordant grains with 207Pb/206Pb 
dates of ca. 1.8 Ga, and several other discordant 
grains that likely record mixed U-Pb dates of 
between 2.4 Ga and 1.8 Ga (Fig. 5). It is worth 
noting that the secondary U-Pb dates in both 
samples agree with the major age populations 
in this study (i.e., 2.7 Ga, 2.4 Ga, and 1.7 Ga).

Samples with Multiple Age Populations
The U-Pb data of samples 20-TWC-27, 

20-TWC-12, and 20-TWC-15 yield three 
populations at 2.7 Ga, 2.4 Ga, and 1.7 Ga. 
The internal structures of these zircon grains 
are complicated, with some grains displaying 
core-overgrowth relationships (e.g., Fig. 3, 
grains 11 and 28). Most 20-TWC-27 grains 
preserve oscillatory zoning (e.g., Fig. 3, grains 
8–14), and a few 20-TWC-12 grains display 
weak concentric zoning (e.g., Fig. 3, grain 29). 
These both represent features of magmatic zir-
con. We carefully selected analysis spots on 

domains with regular growth zoning. Given 
that several grains in each population have tex-
tures resembling a magmatic growth pattern 
(e.g., Fig. 3, grains 8, 9, 27, 30, and 34), we 
consider zircons from both samples to represent 
the magmatic population. On the other hand, 
all grains of sample 20-TWC-15 are metamict, 
and it is difficult to observe their crystalline 
structures in CL images (Fig. 3, grains 35–40). 
Based on the prevalence of these ages through-
out Ruby Range (e.g., 20-TWC-12), we con-
sider results from this sample to also represent 
magmatic zircon growth. All three samples 
demonstrate extreme Pb loss (discordance: 
20-TWC-27, −0.1% to 84%; 20-TWC-12, 
−1% to 82%; 20-TWC-15, −5% to 66%). For 
sample 20-TWC-27, regressions of the older 
and younger end members yield upper inter-
cept dates of ca. 2400 Ma and 1733 ± 6 Ma 
(MSWD = 1.6), respectively. The intercept date 
of the younger end member is equivalent to its 
weighted mean 207Pb/206Pb date of 1733 ± 9 Ma 
(MSWD = 1.6; Fig. 6). For sample 20-TWC-
12, the oldest population gives a Concor-
dia Age of 2749 ± 10 Ma (MSWD = 2.0), 
which is consistent with the weighted 

mean 207Pb/206Pb date of 2745 ± 18 Ma 
(MSWD = 0.4). Additionally, regressions of 
two younger populations yield upper intercept 
dates of 2422 ± 6 Ma (MSWD = 1.5) and 
1772 ± 10 Ma (MSWD = 1.0), and both are 
consistent with the weighted mean 207Pb/206Pb 
dates of 2422 ± 13 Ma (MSWD = 1.4) and 
1771 ± 10 Ma (MSWD = 1.0; Fig.  6). Sev-
eral grains from samples 20-TWC-27 and 
20-TWC-12 likely record mixed U-Pb dates 
of between 1.7 Ga and 2.4 Ga, as well as 
2.4 Ga and 2.7 Ga end members, and two other 
grains of sample 20-TWC-27 yield 207Pb/206Pb 
dates of 2.6–2.5 Ga, showing older inheri-
tance (Fig.  6). The U-Pb results of sample 
20-TWC-15 show a fan-shaped data field that 
is bounded by two discordia lines with upper 
intercept dates of 2764 ± 7 (MSWD = 1.6) 
and 2465 ± 6 Ma (MSWD = 2.0). These two 
upper intercept dates are equivalent to their 
corresponding weighted mean 207Pb/206Pb 
dates of 2764 ± 15 Ma (MSWD = 1.5) and 
2465 ± 13 Ma (MSWD = 1.9). The data 
within the fan-shaped field represent mixed 
dates or two superimposed patterns of Pb loss 
(Fig. 6).

Figure 4. Wetherill concor-
dia plots and weighted mean 
207Pb/206Pb dates of zircon 
U-Pb data for two samples 
with a simple age population. 
All uncertainties are presented 
with errors at the 95% confi-
dence level. Red ellipses (bars) 
denote laser ablation single-
stream (SS) zircon U-Pb analy-
ses; green ellipses (bars) denote 
laser ablation split-stream 
(LASS) zircon U-Pb analy-
ses. MSWD—mean squared 
weighted deviation.
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Zircon and Whole-Rock Hf Isotope 
Geochemistry

The Lu-Hf ratios for individual zircon 
grains are presented in Table S5 and shown in 
Figures 7–9. A summary of the Lu-Hf isotopic 
data for bulk rock and zircon is also provided 
in Tables 1 and 2. The initial Hf isotopic com-
positions were calculated at the weighted mean 
207Pb/206Pb date rather than the date of the indi-
vidual grain to avoid erroneously miscalculating 
the age of the mixed Hf isotopic compositions 
(Vervoort and Kemp, 2016). The individual zir-
con initial 176Hf/177Hf and εHf values for each 
age population broadly overlap and exhibit 
restricted ranges of Hf isotopic composition. In 
general, the 2.7 Ga samples are characterized 
by superchondritic initial 176Hf/177Hf ratios, 
whereas the 2.4 Ga and 1.7 Ga groups are char-
acterized by subchondritic initial 176Hf/177Hf 
ratios. Here, we describe zircon and bulk-rock 
Lu-Hf isotopes for samples based on the zir-
con U-Pb systematics. Zircon 176Hf/177Hf and 
εHf values for each sample are reported as the 
mean, with uncertainty given as two standard 
deviations (2SD) of the population. Bulk-rock 
176Hf/177Hf and εHf values are within-run val-

ues with uncertainty given as two standard 
errors (2SE).

Samples with a Simple Age Population
Zircons of sample 20-TWC-17 are character-

ized by chondritic (176Hf/177Hf)1.76Ga ratios that 
give a mean εHf 1.76Ga value of +0.3 ± 2.2. In con-
trast, zircons of sample 20-TWC-10 are charac-
terized by subchondritic (176Hf/177Hf)1.77Ga ratios 
and give a mean εHf 1.77Ga value of −13.7 ± 0.7. 
Bulk-rock compositions of the two samples 
have initial Hf compositions of +1.1 ± 0.1 
(20-TWC-17) and −13.3 ± 0.1 (20-TWC-10), 
respectively. These values are consistent with 
their associated mean zircon values.

Samples with a Major Age Population and 
Other Secondary Ages

The 1.8 Ga zircon population in sample 
HM11-9 has chondritic (176Hf/177Hf)1.80Ga ratios 
and a mean εHf 1.80Ga value of +0.4 ± 1.9. The 
bulk-rock composition of this sample has an ini-
tial Hf composition of −1.5 ± 0.1, which agrees 
with the mean zircon value. The older popula-
tion of sample 20-TWC-26 has subchondritic 
(176Hf/177Hf)2.43Ga ratios with a mean εHf 2.43Ga 
value of −9.2 ± 0.8. Its bulk rock gives an ini-

tial Hf composition of −17.6 ± 0.1 at 2433 Ma, 
which is much lower than the mean zircon 
value. However, one single zircon grain from 
sample 20-TWC-26 has a 207Pb/206Pb date of ca. 
1800 Ma and a subchondritic (176Hf/177Hf)1.80Ga 
ratio. This initial Hf ratio gives a εHf 1.80Ga value 
of −14.7 ± 0.9, which is consistent with the 
bulk-rock εHf 1.80Ga value of −16.0 ± 0.1.

Samples with Multiple Age Populations
Sample 20-TWC-27 contains two popula-

tions at 2.4 Ga and 1.7 Ga. The older group has 
a slightly subchondritic (176Hf/177Hf)2.40Ga ratio, 
which is equivalent to a mean εHf 2.40Ga value of 
−6.0 ± 1.8. The younger group has a less radio-
genic (176Hf/177Hf)1.73Ga ratio, equivalent to a 
mean εHf 1.73Ga value of −15.5 ± 2.5. The bulk-
rock initial Hf compositions are −8.5 ± 0.1 at 
2400 Ma and −18.3 ± 0.1 at 1733 Ma, both of 
which are slightly lower than their associated 
mean zircon values. Samples 20-TWC-12 and 
20-TWC-15 exhibit three populations at 2.7 Ga, 
2.4 Ga, and 1.7 Ga. The 2.7 Ga groups are char-
acterized by superchondritic (176Hf/177Hf)2.7Ga 
ratios, with mean εHf 2.7Ga values of +0.9 ± 2.0 
(20-TWC-12) and +2.4 ± 2.4 (20-TWC-15). 
The 2.4 Ga groups are characterized by slightly 

Figure 5. Wetherill concor-
dia plots and weighted mean 
207Pb/206Pb dates of zircon U-Pb 
data for two samples with a ma-
jor age population and other 
secondary ages. All uncertain-
ties are presented with errors 
at the 95% confidence level. 
Red ellipses (bars) denote la-
ser ablation single-stream (SS) 
zircon U-Pb analyses; green el-
lipses (bars) denote laser abla-
tion split-stream (LASS) zircon 
U-Pb analyses. MSWD—mean 
squared weighted deviation.
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subchondritic (176Hf/177Hf)2.4Ga ratios, with mean 
εHf 2.4Ga values of −1.7 ± 1.8 (20-TWC-12) and 
−1.6 ± 2.5 (20-TWC-15). The bulk-rock initial 
Hf compositions of these two samples, at 2.7 Ga 
and 2.4 Ga, disagree with the corresponding mean 
zircon values; the bulk-rock values (20-TWC-12: 
εHf 2.75Ga = −15.5 ± 0.1, εHf 2.42Ga = −14.7 ± 0.1; 
20-TWC-15: εHf 2.76Ga = −38.8 ± 0.1,  
εHf 2.46Ga = −15.4 ± 0.1) are all significantly less 
radiogenic than the zircon values. In contrast, the 
1.7 Ga zircon population in sample 20-TWC-

12 has a subchondritic mean εHf 1.77Ga value of 
−10.2 ± 1.9, which is comparable to the bulk-
rock εHf 1.77Ga value of −13.1 ± 0.1.

DISCUSSION

Episodic Growth of Continental Crust in 
the Montana Metasedimentary Terrane

Previous geochronologic studies have sug-
gested that the oldest portions of the Wyoming 

Province lie in the Montana metasedimentary 
terrane and Beartooth-Bighorn magmatic zone 
(e.g., Mogk et al., 1992; Mueller et al., 1996; 
Fig. 1). The occurrence of Paleoarchean rocks in 
the northern Montana metasedimentary terrane 
is supported by U-Pb dates of 3.4–3.2 Ga detrital 
zircon in quartzite (Mueller et al., 1998, 2004) 
and 3.3 Ga inherited zircon in tonalites (Krogh 
et al., 2011), both in the Tobacco Root Moun-
tains. We were unable, however, to find any 
zircon population with dates older than 2.8 Ga 

Figure 6. Wetherill concor-
dia plots and weighted mean 
207Pb/206Pb dates of zircon 
U-Pb data for three samples 
with multiple age populations. 
All uncertainties are presented 
with errors at the 95% confi-
dence level. Red ellipses (bars) 
denote laser ablation single-
stream (SS) zircon U-Pb analy-
ses; green ellipses (bars) denote 
laser ablation split-stream 
(LASS) zircon U-Pb analy-
ses. MSWD—mean squared 
weighted deviation.
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in samples analyzed as part of this study. The 
zircon U-Pb data of seven metaigneous samples 
exposed throughout the Montana metasedimen-
tary terrane provide chronological constraints 
on the Neoarchean and Paleoproterozoic crustal 
formation periods and reveal three magmatic 
pulses with peaks at 2.7 Ga, 2.4 Ga, and 1.7 Ga. 
This implies episodic growth of continental crust 
in the Montana metasedimentary terrane during 
the Neoarchean and Paleoproterozoic.

Constraints on the 2.7 Ga Event
An age of 2.7 Ga was first suggested as the 

time of metamorphism in the Montana metasedi-
mentary terrane region based on a Rb-Sr isochron 
date (2750 Ma) from a suite of quartzofeld-
spathic gneisses from the Tobacco Root Moun-
tains, Northern Madison Range, Gallatin Range, 
and Ruby Range (James and Hedge, 1980). Rob-
erts et al. (2002), however, argued that the Rb-Sr 
isochron date is problematic because: (1) the 
Rb-Sr isochron (James and Hedge, 1980) was 
based on a suite of rocks collected across four 
uplifts, in which materials likely have different 
ages and initial 87Sr/86Sr ratios; (2) both Rb and 
Sr are mobile elements and have open-system 
behavior during high-grade metamorphism; and 
(3) sediments are typically rich in water, which 
promotes elemental mobility. In a later study, 
Jones (2008) analyzed zircons in migmatitic and 
granitic gneisses from the Ruby Range, which 
gave upper intercept dates of 2762 ± 37 Ma, 
2772 ± 11 Ma, and 2772 ± 7 Ma. The higher 
Th/U ratios of zircon cores than those of meta-
morphic rims indicate a magmatic origin. Thus, 
he argued that these dates represent the intrusive 
age of the Ruby Range protolith.

In our study, we documented two samples 
from the Ruby Range from the oldest (2.7 Ga) 
population: an amphibolite (20-TWC-12) with 
a 207Pb/206Pb date of 2745 ± 18 Ma and a leu-
cogneiss (20-TWC-15) with a 207Pb/206Pb date 
of 2764 ± 15 Ma (Fig. 6). Although the zircon 
grains of sample 20-TWC-15 are metamict and 
do not display clear crystalline structure in their 
CL images (Fig.  3), the U-Pb data in sample 
20-TWC-12 are of magmatic (versus metamor-
phic) origin based on the interpretation of CL 
images, which is consistent with the conclusion 
of Jones (2008). Despite the fact that the origi-
nal lithology of the protolith of either igneous or 
sedimentary derivation is hard to constrain in the 
high-grade metamorphic terrane, the presence 
of simple age peaks (Fig. 6) rather than wide 
spectra for these two samples favors an igneous 
protolith.

In addition to the 2.7 Ga population, we iden-
tified two older inherited zircons in a Highland 
Mountains granitic gneiss (HM11-9, Fig. 5) with 
207Pb/206Pb dates of ca. 2.8 Ga. These dates may 

Figure 7. Initial 176Hf/177Hf 
ratios and εHf values for two 
samples with a simple age pop-
ulation. Initial Hf isotopic com-
positions were calculated at 
the weighted mean 207Pb/206Pb 
dates reported in Table 1. Cir-
cles represent zircon; diamonds 
represent whole rock. Data for 
individual grains are within-
run values with uncertainty 
given as two standard errors 
(2SE). Mean values are pre-
sented with uncertainty given 
as two standard deviations 
(2SD) of the population.

Figure 8. Initial 176Hf/177Hf 
ratios and εHf values for two 
samples with a major age pop-
ulation and other secondary 
ages. Initial Hf isotopic com-
positions were calculated at 
the weighted mean 207Pb/206Pb 
dates reported in Table 1. Cir-
cles represent zircon; diamonds 
represent whole rock. Orange 
symbols denote sample cal-
culated at 1.7 Ga; green sym-
bols denote sample calculated 
at 2.4 Ga. Data for individual 
grains are within-run values 
with uncertainty given as two 
standard errors (2SE). Mean 
values are presented with un-
certainty given as two stan-
dard deviations (2SD) of the 
population.
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indicate an event that occurred before 2.7 Ga in 
the northern Montana metasedimentary terrane 
or that the Paleoarchean (3.4–3.2 Ga) grains 
underwent Pb loss during the Neoarchean 
(2.7 Ga) crustal formation event.

Constraints on the 2.4 Ga Event
Thermochronological analyses of horn-

blende, biotite, and muscovite from the Madison 
mylonite zone in the Southern Madison Range 
provide 40Ar/39Ar dates of 2.5–2.4 Ga (Erslev 
and Sutter, 1990). Erslev and Sutter (1990) 
interpreted these data to represent the primary 
cooling history of this area at 2.5 Ga for horn-
blende and muscovite and 2.4 Ga for biotite. 
However, it can be challenging to investigate the 

2.5–2.4 Ga event through 40Ar/39Ar dating north 
of Giletti’s line because the rock suites in this 
region were thoroughly reset by a later Paleopro-
terozoic orogenic event at 1.8–1.7 Ga.

Recent U-Pb dating of monazite (Cheney 
et al., 2004; Jones, 2008; Alcock et al., 2013; 
Cramer, 2015) and zircon (Dahl et  al., 2002; 
Jones, 2008; Krogh et  al., 2011; Alcock and 
Muller, 2012), however, have confirmed this 
early Paleoproterozoic event at 2.5–2.4 Ga in 
the Tobacco Root Mountains and Ruby Range. 
Dates in the range of 2.52–2.45 Ga were attrib-
uted to a tectonothermal event named the Ten-
doy orogeny (Mueller et al., 2012). Cheney et al. 
(2004) argued that at 2.4 Ga, monazite from the 
Tobacco Root Mountains grew during peak 

metamorphism. Jones (2008) also interpreted 
these monazite dates to record a high-grade met-
amorphic event, as evidenced by metamorphic 
overgrowths on monazite from the Ruby Range. 
Krogh et al. (2011) inferred that zircons in their 
samples from the Tobacco Root Mountains 
represent metamorphic growth, because these 
grains have equant, multi-faceted, or lath-like 
morphology, which is typical of metamorphic 
zircon growth in mafic rocks.

In this study, zircon U-Pb dates recovered 
from the Northern Madison Range (20-TWC-26, 
gedrite gneiss), Tobacco Root Mountains (20-
TWC-27, quartzofeldspathic gneiss), and Ruby 
Range (20-TWC-12, amphibolite; 20-TWC-
15, leucogneiss) yield Paleoproterozoic dates 
from 2.47 Ga to 2.40 Ga (Figs. 5 and 6). This 
range of dates is slightly younger but overlaps 
with the proposed timing of the Tendoy orog-
eny. Based on the internal textures, we interpret 
these grains to represent a magmatic population. 
Clear evidence, shown in samples 20-TWC-26 
and 20-TWC-27, indicates that the 2.4 Ga zir-
cons could not be metamorphic overgrowths 
because they occur as magmatic cores (e.g., 
Fig. 3, grains 23 and 25), and some grains even 
display well-developed magmatic zoning (e.g., 
Fig. 3, grains 11 and 14). Additionally, simple 
peaks in the U-Pb age spectrum for samples with 
a 2.4 Ga population (Figs. 5 and 6) suggest that 
these zircon grains originated from an igneous 
protolith. It appears that the Tendoy orogeny was 
a tectonic process that involved not only regional 
metamorphism but also magmatism. The com-
mon presence of the 2.4 Ga magmatic record 
in the study area may indicate that the Montana 
metasedimentary terrane consists of continen-
tal fragments that were consolidated during the 
early Paleoproterozoic.

Constraints on the 1.7 Ga Event
Monazite dates of supracrustal rocks from 

the Tobacco Root Mountains reveal a prolonged 
tectonic event that lasted from ca. 1780 Ma to 
1720 Ma (Cheney et  al., 2004). Harms et  al. 
(2004) attributed this orogenic event to the 
metamorphism and deformation across the Little 
Belt, Tobacco Root, and Highland mountains, as 
well as the Ruby, Northern Madison, and Galla-
tin ranges in the northern Wyoming Province, 
which they named the Big Sky orogeny. Pre-
vious studies have focused on the deformation 
and metamorphic records of this orogeny (e.g., 
Brady et al., 2004; Harms et al., 2004), which 
suggest that this orogenic event resulted from 
the collision between the Wyoming Province 
and Medicine Hat Block along the Great Falls 
tectonic zone. Zircon and monazite U-Pb dates 
from the Tobacco Root and Highland mountains 
southwest of the Great Falls tectonic zone indi-

Figure 9. Initial 176Hf/177Hf ra-
tios (R) and εHf values (ε) for 
three samples with multiple 
age populations. Initial Hf iso-
topic compositions were cal-
culated at the weighted mean 
207Pb/206Pb dates reported in 
Table  1. Circles represent zir-
con; diamonds represent whole 
rock. Orange, green, and gray 
symbols denote sample calcu-
lated at 1.7 Ga, 2.4 Ga, and 
2.7 Ga, respectively. Data for 
individual grains are within-
run values with uncertainty 
given as two standard errors 
(2SE). Mean values are pre-
sented with uncertainty given 
as two standard deviations 
(2SD) of the population.
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cate that the basement here experienced granulite 
facies metamorphism at 1.77 Ga (Mueller et al., 
2004, 2005), whereas magmatism in the Little 
Belt Mountains of the Great Falls tectonic zone 
(Fig. 1) records a zircon U-Pb date of 1.86 Ga. 
Collectively, Mueller et  al. (2005) suggested 
that peak metamorphic conditions occurred at 
1.86 Ga in the eastern Great Falls tectonic zone 
and at 1.77 Ga in the western Great Falls tectonic 
zone. The difference in peak metamorphic ages 
along the Great Falls tectonic zone has led to a 
model of a two-phase orogen, including an ear-
lier phase at 1.86–1.80 Ga and a later phase at 
1.80–1.72 Ga (Bedrosian and Frost, 2022).

In this study, zircon U-Pb dates of five 
samples from the Tobacco Root Mountains 
(20-TWC-17, amphibolite; 20-TWC-27, 
quartzofeldspathic gneiss), Highland Moun-
tains (HM11-9, granitic gneiss), Ruby Range 
(20-TWC-12, amphibolite), and Greenhorn 
Range (20-TWC-10, amphibolite) indicate 
that the Big Sky orogeny in the northwestern 
Montana metasedimentary terrane began at ca. 
1.80 Ga and culminated at ca. 1.76 Ga, which 
is consistent with the initial and peak timing 
of the Big Sky phase proposed by Bedrosian 
and Frost (2022). Zircons dated at 1.7 Ga in 
all of these samples are interpreted to be of a 
magmatic population. Based on this evidence 
and their characteristically simple zircon U-Pb 
peaks (Figs. 4–6), we argue that these zircons 
have magmatic origins and were derived from 
an igneous protolith. The magmatic zircon U-Pb 
record suggests that significant melt production 
accompanied the tectonothermal processes 

during the widespread Big Sky orogeny in the 
Montana metasedimentary terrane. The zircon 
U-Pb dates of 1.80–1.76 Ga also confirm the 
presence of Paleoproterozoic crust of this age 
in the northwestern Wyoming Province.

Age Comparison with Other Subprovinces of 
the Wyoming Province

The zircon U-Pb dates define four major 
magmatic pulses at 3.4–3.2 Ga, 2.8–2.7 Ga, 
2.5–2.4 Ga, and 1.8–1.7 Ga in the Montana 
metasedimentary terrane (Fig. 10), which are 
interpreted to be associated with crustal forma-
tion periods in the northern Wyoming Province. 
The age peaks in the Montana metasedimentary 
terrane are different from the patterns in the 
Beartooth-Bighorn magmatic zone and South-
ern accreted terrane. The Beartooth-Bighorn 
magmatic zone is mainly distinguished by ages 
of ca. 2.1–1.9 Ga and >2.5 Ga (Fig. 10). The 
Archean dates suggest that a major magmatic 
pulse produced much of the Archean crust in 
the central Wyoming Province (e.g., Mueller 
et al., 1992), whereas the 2.1–1.9 Ga ages may 
represent the timing of mafic magmatism in 
the Beartooth-Bighorn magmatic zone associ-
ated with supercontinent breakup (Kilian et al., 
2016a, 2016b). In the southern Wyoming Prov-
ince, the Southern accreted terrane shows ages 
at 2.7–2.5 Ga, 2.4 Ga, and 2.2–2.0 Ga (Fig. 10). 
The Nd isotopic compositions suggest that the 
late Archean crust was derived from a juvenile 
source (Frost et al., 2006), which was followed 
by mafic magmatism at 2.4 Ga and 2.2–2.0 Ga 
that was related to mantle plume and rifting 

activities, respectively (Mammone et al., 2022). 
The magmatic periods indicated by the three 
subprovinces of the Wyoming Province show 
unique features. Compared to the Beartooth-
Bighorn magmatic zone and Southern accreted 
terrane in the southeast, the ca. 2.4 Ga and ca. 
1.7 Ga crustal formation periods are distinctive 
features of the Montana metasedimentary ter-
rane (Fig. 10).

Nature of the Constituent Neoarchean and 
Paleoproterozoic Components

The combination of zircon U-Pb age and Hf 
isotopic data can provide insights into tectonic 
events and the relationship between igneous 
activity and crustal evolution. Application of 
the Hf isotopic system to planetary evolution 
relies on certain assumptions and observations. 
These include: (1) the CHUR is representative of 
bulk Earth composition before planetary differ-
entiation (DePaolo and Wasserburg, 1976); (2) 
incompatible elements, such as Hf and Nd, are 
enriched in the crust relative to Lu and Sm, and 
thus, the depleted mantle (DM) developed higher 
Lu/Hf and Sm/Nd ratios than the crustal reser-
voir and undifferentiated body (i.e., CHUR); and 
(3) large-scale differentiation of Earth’s crust 
and mantle into lasting reservoirs likely occurred 
no earlier than 3.8 Ga (e.g., Fisher and Vervoort, 
2018). Based on these assumptions and observa-
tions, as well as the present-day Lu/Hf ratios of 
the CHUR and DM, we can illustrate the evolu-
tion of Hf in this broader context, as shown in 
Figure 11. Also shown in this figure—to help 

TABLE 2. SUMMARY OF Lu-Hf ISOTOPIC COMPOSITIONS FOR WHOLE ROCKS

Sample Rock type Lu
(ppm)

Hf
(ppm)

176Lu/177Hf 176Hf/177Hf 2SE* Assigned age
(Ma)†

Whole-rock εHf(i)
§ Zircon εHf(i)

§

Tobacco Root Mountains
20-TWC-17 Amphibolite 0.444 3.60 0.0175 0.282276 ±2 1762 +1.1 ± 0.1 +0.3 ± 2.2
20-TWC-27 Quartzofeldspathic gneiss 0.991 11.4 0.0123 0.281569 ±2 2400 –8.5 ± 0.1 –6.0 ± 1.8

1733 –18.3 ± 0.1 –15.5 ± 2.5

Highland Mountains
HM11-9 Granitic gneiss 0.409 6.67 0.0087 0.281892 ±3 1802 –1.5 ± 0.1 +0.4 ± 1.9

Northern Madison Range
20-TWC-26 Gedrite gneiss 1.18 4.49 0.0372 0.282459 ±3 2433 –17.6 ± 0.1 –9.2 ± 0.8

1800 –16.0 ± 0.1 –14.7 ± 0.9‡

Ruby Range
20-TWC-12 Amphibolite 1.94 7.41 0.0372 0.282538 ±3 2745 –15.5 ± 0.1 +0.9 ± 2.0

2422 –14.7 ± 0.1 –1.7 ± 1.8
1771 –13.1 ± 0.1 –10.2 ± 1.9

20-TWC-15 Leucogneiss 12.5 12.1 0.1460 0.287645 ±2 2764 –38.8 ± 0.1 +2.4 ± 2.4
2465 –15.4 ± 0.1 –1.6 ± 2.5

Greenhorn Range
20-TWC-10 Amphibolite 0.162 2.34 0.0098 0.281613 ±3 1765 –13.3 ± 0.1 –13.7 ± 0.7

*Reported uncertainties of measured ratios are two standard errors (2SE), which are given in the sixth decimal place.
†Reported data were used for initial Hf isotopic composition calculation.
§The initial Hf isotopic compositions were calculated using the present-day chondritic uniform reservoir values of 176Hf/177Hf = 0.282785 and 176Lu/177Hf = 0.0336 

(Bouvier et al., 2008) and a 176Lu decay constant of 1.867 × 10–11 yr–1 (Söderlund et al., 2004). Whole-rock data are within-run values with uncertainty given as two 
standard errors (2SE). Zircon data are mean values with uncertainty given as two standard deviations (2SD) of the population.

‡Result is reported as single-grain, within-run value with two standard errors (2SE).
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illustrate typical crustal evolution—we show 
reference lines with Hf isotope evolution of crust 
separated from the depleted mantle at different 
times in the past, assuming a 176Lu/177Hf ratio of 
average continental crust (176Lu/177Hf = 0.015, 
Goodge and Vervoort, 2006).

Zircon Hf isotopic compositions in this study 
have a restricted range of εHf(i) within each sam-
ple’s age population (i.e., 2.7 Ga, 2.4 Ga, and 
1.7 Ga). This homogenous characteristic indi-
cates the absence of open Lu-Hf system behav-
ior in our zircon when viewed at this scale. The 
2.7 Ga zircons from the Ruby Range have super-
chondritic εHf 2.7Ga values of +0.9 ± 2.0 (20-
TWC-12) and +2.4 ± 2.4 (20-TWC-15), which 
represent derivation from a less depleted mantle 

reservoir or possibly some mixture of DM with 
a small older crustal component.

The age of ca. 2.7 Ga represents one of 
the main periods of crustal formation in the 
northwestern Wyoming Province and broadly 
throughout the basement terranes of the west-
ern U.S. There is evidence of old crust in the 
area from a 3.4–3.2 Ga detrital zircon popula-
tion (Mueller et  al., 1998, 2004) and 3.3 Ga 
inherited zircon (Krogh et al., 2011) from the 
Tobacco Root Mountains, and 2.8 Ga inherited 
zircon from the Highland Mountains (HM11-9) 
from this study. The presence of any older crust 
that might have existed at 2.7 Ga, however, is not 
indicated by the isotopic composition of these 
rocks, all of which are superchondritic. The iso-

topic signatures of the ca. 2.7 Ga crust indicate 
that these rocks originated from a more juvenile 
precursor, rather than being a product of older 
crust reworking.

The 2.4 Ga zircons from the two Ruby Range 
samples have similar, slightly subchondritic 
Hf isotopic signatures, with εHf 2.4Ga values of 
−1.7 ± 1.8 (20-TWC-12) and −1.6 ± 2.5 (20-
TWC-15). On the other hand, the 2.4 Ga zircons 
from the Tobacco Root Mountains (20-TWC-
27) and Northern Madison Range (20-TWC-26) 
have moderately subchondritic compositions, 
with εHf 2.4Ga values of −6.0 ± 1.8 (20-TWC-
27) and −9.2 ± 0.8 (20-TWC-26). Our pre-
ferred interpretation of the difference in initial 
Hf compositions is that their parental magmas 

Figure 10. Zircon U-Pb date compilation for Archean and Proterozoic terranes in southwestern Laurentia. Note that dates from the Black 
Hills (BH) and Hartville Uplift (HU) were not included here because the basement rocks exposed in these locations may not be parts of the 
Wyoming Province in some interpretations (e.g., Worthington et al., 2016). BBMZ—Beartooth-Bighorn magmatic zone; MMT—Montana 
metasedimentary terrane; NSB—North Snowy Block deformation zone; SAT—Southern accreted terrane; SB—Sacawee block. Date ref-
erences: [1] this study; [2] Ross et al. (1991); [3] Villeneuve et al. (1993); [4] Davis et al. (1995); [5] Gifford et al. (2020); [6] Doughty et al. 
(1998); [7] Vervoort et al. (2016); [8] Wang et al. (2022); [9] Foster et al. (2006); [10] Mueller et al. (2002); [11] Gifford et al. (2014); [12] 
Gifford et al. (2018); [13] Egger et al. (2003); [14] Strickland et al. (2011); [15] Isakson (2012); [16] A. Stacey, 2023, personal commun.; 
[17] Mueller et al. (2011); [18] Mogk et al. (1988); [19] Mogk et al. (1992); [20] Mueller et al. (1993); [21] Mueller et al. (1996); [22] Mueller 
et al. (1998); [23] Roberts et al. (2002); [24] Dahl et al. (2002); [25] Mueller et al. (2004); [26] Mueller et al. (2005); [27] Jones (2008); [28] 
Krogh et al. (2011); [29] Alcock and Muller (2012); [30] Mueller et al. (2014); [31] Naylor et al. (1970); [32] Ludwig and Stuckless (1978); 
[33] Fisher and Stacey (1986); [34] Mueller et al. (1988); [35] Mueller et al. (2010); [36] Aleinikoff et al. (1989); [37] Premo et al. (1990); [38] 
Zartman and Reed (1998); [39] Frost et al. (1998); [40] Frost and Fanning (2006); [41] Grace et al. (2006); [42] Bagdonas et al. (2016); [43] 
Frost et al. (2016); [44] Kilian et al. (2016a) (baddeleyite U-Pb); [45] Kilian et al. (2016b) (baddeleyite U-Pb); [46] Frost et al. (2017); [47] 
Premo and Van Schmus (1989); [48] Verts et al. (1996); [49] Cox et al. (2000); [50] Harlan et al. (2003) (baddeleyite and zircon U-Pb); [51] 
Bowers and Chamberlain (2006); [52] Frost et al. (2006); [53] Mammone et al. (2022).

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B37160.1/5984911/b37160.pdf
by Washington State Univ Internet Resources user
on 25 October 2023



Growth and evolution of Precambrian crust in the NW Wyoming Province

	 Geological Society of America Bulletin, v. 130, no. XX/XX	 15

assimilated various proportions of preexisting 
evolved crust (likely ca. 2.7 Ga). An alternative 
interpretation is that the 2.4 Ga zircons of the 
Ruby Range were formed by the reworking of 
ca. 2.7 Ga crust, while those of the Tobacco Root 
Mountains and Northern Madison Range were 
formed by the reworking of slightly older crust 
(possibly ca. 2.8 Ga in age). In either case, the 
2.4 Ga zircon grains have incorporated a Neoar-
chean crustal component.

Evidence for 2.5–2.4 Ga magmatism has been 
documented in the eastern (e.g., 2.48 Ga mafic 
magmatism in the northern Black Hills of South 
Dakota, USA, Dahl et al., 2006), western (e.g., 
2.45 Ga magmatism in the Farmington Canyon 
Complex, Mueller et  al., 2011), and southern 
(e.g., 2.45 Ga magmatism in the Medicine Bow 
Mountains and Sierra Madre of southern Wyo-
ming, Mammone et  al., 2022) margins of the 
Wyoming Province (Fig.  1). Heaman (1997) 
dated the Hearst-Matachewan diabase dike 
swarms (Huronian Supergroup) in the southern 
Superior Province at 2.48–2.45 Ga. Because of 
the stratigraphic similarity between the Huronian 
Supergroup and the Snowy Pass Supergroup in 
the southern Wyoming Province, and the tem-
poral correlation of ca. 2.45 Ga flood basalt vol-
canism between the Huronian Supergroup and 
the Sumi-Sariola Group in Karelia, Finland, he 

interpreted that this extensive Paleoproterozoic 
mafic magmatism may represent an ancient 
large igneous province that was likely related 
to the breakup (possibly failed) of a pre-2.5 Ga 
supercontinent, Kenorland. Later, Roberts et al. 
(2002) proposed a potential temporal connection 
between the cryptic ca. 2.47 Ga tectonothermal 
event in the Montana metasedimentary terrane 
region and this mafic magmatism. They argued 
that the tectonothermal event in the Montana 
metasedimentary terrane could correspond to 
the incipient breakup of the supercontinent 
Kenorland, as it coincided with the ca. 2.45 Ga 
mafic magmatism described by Heaman (1997). 
Kellogg et al. (2003), however, came to a differ-
ent conclusion based on zircon U-Pb analyses 
of gneisses from the Beaverhead and Tendoy 
mountains that lie near the southwestern mar-
gin of the Montana metasedimentary terrane. 
They argued that the Great Falls tectonic zone, 
perhaps a result of subduction-related accretion 
between the Wyoming Province and Medicine 
Hat Block, can be projected through the Beaver-
head-Tendoy area and postulated that the date 
of 2.45 Ga represents a period of contractional 
tectonics. Harms et al. (2004) suggest that the 
petrologic and structural observations of Indian 
Creek and the Pony–Middle Mountain meta-
morphic suites in the Tobacco Root Mountains 

indicate that the clastic sediments and igneous 
rocks were consolidated into a crystalline base-
ment by burial metamorphism during the Tendoy 
orogeny, which would also imply the develop-
ment of plate convergence and terrane collision 
during this period. Based on petrologic and 
geochronologic evidence, Harms and Baldwin 
(2023) further reiterate that the 2.45 Ga oro-
genic event, which they called the Beaverhead 
orogeny, reflects the presence of a convergent 
continental margin along the northern margin of 
the Montana metasedimentary terrane. Recent 
comprehensive paleomagnetic, geochronologic, 
and stratigraphic correlation studies suggest 
that a large igneous province was emplaced on 
the supercontinent Kenorland during the early 
Paleoproterozoic (e.g., Ernst and Bleeker, 2010; 
Gumsley et al., 2017). Based on this reconstruc-
tion model, the mafic dikes of the Snowy Pass 
Supergroup in the southern Wyoming Province 
have been regarded as resulting from a mantle 
plume. Therefore, at 2.45 Ga, the geological set-
ting in the northern margin would seem to be 
different from that of the eastern and southern 
margins. The 2.45 Ga magmatism along the 
eastern and southern margins may document 
mafic magmatism that is associated with a man-
tle plume center (i.e., Matachewan plume; e.g., 
Ernst and Bleeker, 2010), whereas in the north-
ern margin of the Montana metasedimentary 
terrane, the Wyoming Province is interpreted to 
have collided with one of the Rae terranes based 
on concurrent 2.55–2.45 Ga dates and petrologic 
analysis (Harms and Baldwin, 2023).

The youngest population in all of our sam-
ples is dated at 1.7 Ga, which we attribute to the 
Big Sky orogeny. Zircon of this age shows two 
distinct initial Hf isotopic components. Three 
samples from the Tobacco Root Mountains 
(20-TWC-27), Ruby Range (20-TWC-12), and 
Greenhorn Range (20-TWC-10) yield zircon εHf 

1.7Ga values of −15.5 ± 2.5, −10.2 ± 1.9, and 
−13.7 ± 0.7, respectively. Collectively, these 
are on the same broad crustal evolutionary trend 
as the 2.7 Ga and 2.4 Ga populations (Fig. 11). 
In addition, two samples from the Tobacco 
Root (20-TWC-17) and Highland Mountains 
(HM11-9) have more radiogenic zircon Hf 
isotopic signatures (20-TWC-17: + 0.3 ± 2.2; 
HM11-9: + 0.4 ± 1.9) that are approximately 
chondritic (Fig. 11).

The ca. 1.7 Ga time period is associated with 
the collision between the Wyoming Province 
and Medicine Hat Block (e.g., Brady et  al., 
2004; Harms et  al., 2004). The subchondritic 
values of three unradiogenic samples—and 
the evolutionary trend from 2.7 Ga to 1.7 Ga 
(Fig. 11)—indicate that these rocks were pre-
dominantly reworked from preexisting crust. 
In contrast, the chondritic values of two other 

Figure 11. Initial εHf value versus assigned U-Pb age diagram showing Hf isotopic com-
positions of bulk rock and zircon for seven metaigneous samples. See Table 1 for the as-
signed U-Pb age of each sample. Circles with solid outlines represent the mean values with 
uncertainty given as two standard deviations (2SD) of the population. Filled diamonds 
designate the bulk-rock composition that agrees with the corresponding zircon Hf composi-
tion, whereas unfilled diamonds designate the bulk-rock compositions that are decoupled 
from zircon. Dashed lines illustrate hypothesized Hf isotope evolutionary paths of crust 
with 176Lu/177Hf ratio of 0.015 (Goodge and Vervoort, 2006) that separates from the de-
pleted mantle at different times. Arrow in the background depicts the crustal evolution from 
2.7 Ga to 1.7 Ga. CHUR—chondritic uniform reservoir; DM—depleted mantle.
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samples infer more of a mantle-derived, juve-
nile input to these rocks, perhaps sourced from 
a less depleted mantle or a mixture of depleted 
mantle and older, evolved continental crust. This 
bimodal Hf composition further indicates that 
the Montana metasedimentary terrane experi-
enced crustal reworking, accompanying the pro-
found addition of a juvenile crustal component 
mixed with an older crustal component during 
the Wyoming–Medicine Hat incorporation.

Our time-integrated zircon Hf trajectory gen-
erally follows a crustal 176Lu/177Hf ratio of 0.015 
(Goodge and Vervoort, 2006; Fig. 11) and implies 
that the initial formation of significant volumes of 
new crust occurred at ca. 2.7 Ga, and crust was 
subsequently reworked during the collisional 
processes of the Tendoy and Big Sky orogenic 
events. The ubiquitous 2.4 Ga and 1.7 Ga zircons 
with typical magmatic features in the Montana 
metasedimentary terrane also support the prem-
ise that the formation of new—and reworking of 
older—crust was an important factor leading to 
crustal formation and stabilization in this region.

Zircon and Whole-Rock Hf Isotope 
Decoupling

In three of the samples in this study, there 
is significant disagreement between the zircon 
and bulk-rock Hf isotope values. For example, 
the two Ruby Range samples (20-TWC-12 
and 20-TWC-15) have extremely unradiogenic 
bulk-rock Hf isotopic compositions when cal-
culated at either 2.7 Ga or 2.4 Ga (20-TWC-12, 
εHf 2.75Ga = −15.5 ± 0.1, εHf 2.42Ga = −14.7 ± 0.1; 
20-TWC-15, εHf 2.76Ga = −38.8 ± 0.1, εHf 2.46Ga 
= −15.4 ± 0.1) compared to the slightly super 
or subchondritic Hf isotopic compositions of the 
zircon (Table 1 and Fig. 11). The reason for this 
discrepancy is that for complex samples such as 
these, no single “assigned age” can be applied to 
the bulk-rock composition through time because 
these rocks are mixtures of components with dif-
ferent ages and isotopic compositions. In addi-
tion—and more significantly in some cases—the 
growth of garnet in these samples has resulted 
in the rock having a radically increased Lu/Hf 

ratio. The Hf evolution of the bulk rock then 
corresponds only up until the time when garnet 
altered the Lu/Hf ratio of the bulk rock; prior to 
that time, the calculated evolution diverges from 
the true path of Hf isotopic evolution of the pre-
cursor material.

Figure  12 illustrates some of the relation-
ships between zircon and bulk-rock Hf isotopic 
compositions of a few samples. Panel A shows 
a simple case of a rock (HM11-9) with a single 
1.7 Ga zircon population. The zircon and bulk-
rock compositions have slightly different growth 
trajectories, but when calculated back to the time 
of zircon crystallization, both trajectories con-
verge at the initial Hf isotopic composition of 
the sample at 1.7 Ga.

Panel B shows a sample (20-TWC-12) with 
zircon populations at 2.7 Ga, 2.4 Ga, and 1.7 Ga, 
each of which has a homogenous Hf isotopic 
composition within each population. The bulk-
rock composition has a slightly superchondritic 
176Lu/177Hf ratio, and when its evolutionary path 
is projected back in time it crosses the zircon 

A B

C D

Figure 12. Zircon and whole-rock Hf evolutionary paths from present-day to assigned zircon U-Pb ages showing coupling (e.g., HM11-9 
in panel A) and decoupling (e.g., 20-TWC-12 in panel B, 20-TWC-26 in panel C, and 20-TWC-15 in panel D) zircon and whole-rock Hf 
isotopic compositions. Note that panel D shows two different scales in εHf axis, and the whole-rock Hf composition calculated at the garnet 
Lu-Hf date is also shown on the whole-rock trajectory. CHUR—chondritic uniform reservoir; DM—depleted mantle.
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growth curve at different times. At 2.7 Ga and 
2.4 Ga, these apparent compositions are too 
unradiogenic and don’t match with the compo-
sition of the zircons. The bulk rock is in better 
agreement with the 1.7 Ga zircon population, 
which indicates that this date better reflects 
the “age” of the bulk-rock system. In addition, 
1.7 Ga represents the time of garnet growth, 
which results in an elevation of the Lu/Hf ratio. 
This higher Lu/Hf ratio does not correspond to 
the whole-rock evolution prior to 1.7 Ga; thus, 
that trajectory diverges from the zircon Hf val-
ues. A similar situation is illustrated in panel C, 
which shows a sample (20-TWC-26) with two 
zircon populations at 2.4 Ga and 1.7 Ga. The Hf 
isotopic composition of the bulk rock, when cal-
culated at 2.4 Ga, is anomalously unradiogenic. 
It agrees reasonably well with the late Paleopro-
terozoic zircon, but also diverges from the zircon 
Hf growth trajectories prior to 1.7 Ga.

An extreme example of the different trajec-
tories of the zircon and bulk-rock Hf isotopes is 
shown in panel D in relation to sample 20-TWC-
15, where the bulk-rock composition has an 
extremely high 176Lu/177Hf ratio and a corre-
spondingly radiogenic present-day Hf isotopic 
composition (εHf(0) = ∼+170) due to garnet in 
the bulk-rock fraction. Its trajectory back in time 
is very steep, and the composition, calculated at 
both 2.7 Ga and 2.4 Ga, is far more unradiogenic 
than the zircon Hf composition. In this case, the 
steep evolutionary path of bulk rock clearly 
was influenced by the growth of garnet in this 
sample, and the Lu-Hf composition of the bulk-
rock system was reset during metamorphism at 
ca. 2.2 Ga (T.-W. Chen, unpublished data, 2022).

In total, these data illustrate that, in complex 
cases like this, it is difficult to obtain meaning-
ful initial Hf isotopic compositions from bulk-
rock compositions alone, not only because these 
rocks may represent mixtures of different ages, 
but also because the Lu-Hf system was altered 
by the growth of new minerals (e.g., garnet) dur-
ing metamorphism. These data thus illustrate, 
on one hand, the perils of using bulk-rock data 
from complex, multi-component rocks, but on 
the other hand the utility of integrated U-Pb age 
and Hf isotopes in zircon for helping to unravel 
these complexities.

Comparison with Terranes in the North

For decades, numerous studies have exam-
ined the nature of basement terranes exposed 
in western Laurentia (see references in Fig. 10 
caption), but despite this work there is still great 
uncertainty regarding the extent of the Wyoming 
Province and surrounding terranes and their spa-
tial relationships through time. Figure 10 sum-
marizes the zircon U-Pb dates reported from the 

Medicine Hat, Clearwater, and Grouse Creek 
blocks, as well as the Great Falls tectonic zone 
and Farmington zone. Even though the Montana 
metasedimentary terrane shares similar dates 
with the Medicine Hat and Clearwater blocks, 
as well as the Great Falls tectonic zone, the lack 
of isotopic data has made it difficult to correlate 
these separate Archean and Proterozoic terranes. 
To help address the question of the nature of, and 
relationships between, these terranes, we pro-
vide a more complete isotopic inventory of ter-
ranes in this region by using our new zircon Hf 
results in conjunction with previously reported 
Hf isotopes from the Clearwater Block (Wang 
et al., 2022) and with a recalculation of zircon 
Hf isotopic compositions from the Medicine Hat 
Block (Gifford et al., 2020) and Great Falls tec-
tonic zone (Gifford et al., 2014, 2018), based on 
their assigned U-Pb ages. The compiled zircon 
Hf isotope results are given in Figure 13.

The Medicine Hat Block is an Archean terrane 
located between the Hearne Province and Great 
Falls tectonic zone (Fig. 1). Zircon U-Pb dates 
recovered from drill cores and xenoliths indi-
cate that three discrete tectonomagmatic events 
occurred at 3.3 Ga, 2.8–2.5 Ga, and 1.8–1.7 Ga 
(Ross et al., 1991; Villeneuve et al., 1993; Davis 
et al., 1995; Gifford et al., 2020). The Paleoar-
chean zircons, showing an older protolith age, 
have negative εHf 3.3Ga values, which indicates 
the existence of Archean crust with compo-
nents >3.5 Ga in the Medicine Hat Block (Gif-

ford et al., 2020; Fig. 13). Gifford et al. (2020) 
proposed that the 2.8–2.5 Ga zircons record 
another episode of crustal formation. Unlike 
the Paleoarchean zircons, the 2.8–2.5 Ga zir-
cons exhibit positive εHf 2.8–2.5Ga values, which 
indicate a much greater proportion of mantle-
derived melts. In contrast, the Paleoproterozoic 
(1.8–1.7 Ga) zircons yield a larger range of εHf 

1.8–1.7Ga values that are mostly highly unradio-
genic, which suggests the reworking of heterog-
enous Archean crustal components (LaDouceur 
et al., 2017). Gifford et al. (2020) argued that 
the Medicine Hat Block and Montana metasedi-
mentary terrane have a connection as far back 
as the Mesoarchean, based on the similarity of 
dates and isotopic compositions between these 
two terranes (Figs. 10 and 13). However, even 
though the Medicine Hat Block shares the same 
2.7 Ga and 1.7 Ga age records with the Montana 
metasedimentary terrane, there is no evidence 
of 2.4 Ga magmatism from the Medicine Hat 
Block in the existing data. Another important 
orogenic event in the Montana metasedimentary 
terrane, the Big Sky orogeny at ca. 1.7 Ga, also 
has an apparently different Hf isotopic signa-
ture from that of Medicine Hat Block, based 
on existing data, with the Montana metasedi-
mentary terrane showing significant involve-
ment of juvenile mantle contributions. These 
differences in the 2.4 Ga and 1.7 Ga age and 
isotopic records do not support the model that 
these two terranes shared a similar history since 

Figure 13. Initial εHf value versus assigned U-Pb age diagram for samples from Montana 
metasedimentary terrane (MMT; this study), Medicine Hat Block (Gifford et  al., 2020), 
Clearwater Block (Wang et al., 2022), and Great Falls tectonic zone (Gifford et al., 2014, 
2018). εHf(i) values were calculated based on the assigned U-Pb age of each sample. Dashed 
lines illustrate hypothesized Hf isotope evolutionary paths of crust with 176Lu/177Hf ratio of 
0.015 (Goodge and Vervoort, 2006) that separated from the depleted mantle at 2.5 Ga and 
3.5 Ga. CHUR—chondritic uniform reservoir; DM—depleted mantle.
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the Mesoarchean. In addition, the Great Falls 
tectonic zone between the Montana metasedi-
mentary terrane and Medicine Hat Block has 
been interpreted as a suture zone (O’Neill and 
Lopez, 1985) in response to the formation of the 
Little Belt arc at 1.86 Ga (Mueller et al., 2002) 
and closure of an oceanic basin and subduction 
of oceanic crust at 1.85–1.80 Ga (Bedrosian 
and Frost, 2022). This tectonic model, if valid, 
indicates that the two blocks did not incorporate 
until the late Paleoproterozoic.

The Clearwater Block, which is located at the 
western limit of Laurentia, consists of the Priest 
River and Clearwater complexes (Fig. 1). A zir-
con U-Pb date of 2651 ± 20 Ma for a gneiss indi-
cated the presence of Archean rocks in the Priest 
River complex (Doughty et al., 1998). Subse-
quent U-Pb dating of magmatic and detrital zir-
con revealed several inherited and detrital dates 
at ca. 2.6 Ga and ca. 1.8 Ga in the Priest River 
complex (Doughty and Chamberlain, 2008) 
as well as a zircon U-Pb date of 1787 ± 2 Ma 
recovered from an anorthosite of the Clearwa-
ter complex (Doughty and Chamberlain, 2007). 
More recent zircon U-Pb studies of the Clear-
water Block further confirmed two periods of 
crustal formation at 2.66 Ga and 1.86 Ga (Ver-
voort et al., 2016; Wang et al., 2022). The positive 
εHf 2.66Ga values of the Neoarchean zircons sug-
gest that their host lavas were extracted from a 
juvenile, depleted mantle source. In contrast, the 
large range of Hf isotopes in the Paleoprotero-
zoic zircons indicates a depleted mantle-derived 
magma that assimilated Neoarchean crust (Wang 
et  al., 2022). Although both the 2.66 Ga and 
1.86 Ga zircon dates of the Clearwater Block 
and Montana metasedimentary terrane overlap 
broadly (Fig. 10), their Paleoproterozoic records 
have different isotopic compositions, based on 
existing data (Fig. 13). The 1.7 Ga zircons in 
the Montana metasedimentary terrane exhibit 
bimodal Hf composition, which indicates vari-
ous proportions and mixing between juvenile 
input and evolved crust. The Paleoproterozoic 
zircon population of the Montana metasedimen-
tary terrane also extends to much less radiogenic 
Hf isotopic compositions. In addition, according 
to the distribution of basement terranes (Fig. 1), 
the Montana metasedimentary terrane and north-
ern terranes, such as the Clearwater Block, have 
been interpreted to be separated by the Great 
Falls tectonic zone, a 1.8–1.7 Ga collision zone. 
Although it is unclear whether the Great Falls 
tectonic zone can be projected as far west as the 
Clearwater Block (e.g., Kellogg et  al., 2003), 
the hypothesized closure of an oceanic basin 
and subduction of oceanic crust at 1.86–1.80 Ga 
(e.g., Bedrosian and Frost, 2022) would imply 
that the Clearwater Block and Montana metased-
imentary terrane were separated terranes before 

late Paleoproterozoic incorporation. The 1.7 Ga, 
2.4 Ga, and >2.66 Ga age peaks have not been 
found in the zircon U-Pb dating of magmatic 
bodies within the Clearwater Block (Fig.  10) 
despite the comprehensive sampling of previous 
studies (Doughty et  al., 1998; Vervoort et  al., 
2016; Wang et al., 2022). The absence of these 
critical ages further suggests that the crusts of the 
Montana metasedimentary terrane and Clearwa-
ter Block experienced distinct Archean and Pro-
terozoic evolutionary histories.

Within the Great Falls tectonic zone, a 
1.86 Ga event was recorded in metaigneous 
rocks from the Little Belt and Pioneer Moun-
tains (Fig. 1; Mueller et al., 2002; Foster et al., 
2006), which has been interpreted to represent 
the initial timing of Wyoming Province–Medi-
cine Hat Block collision. Mueller et al. (2002) 
suggested that Nd isotopic compositions from 
the Little Belt Mountains indicate that the 
1.86 Ga gneisses were generated in a magmatic 
arc in response to the subduction of oceanic crust 
that separated the Wyoming Province from the 
Medicine Hat Block. The magnetotelluric data 
in the Wyoming Province–Great Falls tectonic 
zone–Medicine Hat Block region suggest that 
two distinct high-conductivity belts occurred 
along the northern and southern Great Falls tec-
tonic zone (Bedrosian and Frost, 2022), which 
possibly indicates two orogenesis phases. Bedro-
sian and Frost (2022) proposed an evolutionary 
model of the Great Falls orogeny that includes an 
early Medicine Hat phase (Medicine Hat–Little 
Belt arc accretion) and a later Big Sky phase 
(Wyoming Province–Little Belt arc accretion). 
These multiple lines of evidence imply that the 
Wyoming Province, Great Falls tectonic zone, 
and Medicine Hat Block are distinct terranes. 
Zircon from the Little Rocky Mountains of the 
Great Falls tectonic zone (Fig. 1) is interpreted 
to show discrete pulses of crustal formation 
during 3.2–2.4 Ga, with a major metamorphic 
event at 1.8–1.7 Ga (Gifford et al., 2018). Both 
Archean and Paleoproterozoic zircons from the 
Great Falls tectonic zone have unradiogenic Hf 
isotopic signatures (Gifford et al., 2014, 2018; 
Fig. 13), which are interpreted to indicate con-
tributions from preexisting Archean crust into 
the source melt. Based on the age-Hf trajectory 
shown in Figure 13, it appears that the Great 
Falls tectonic zone and Montana metasedimen-
tary terrane have significantly different Hf evolu-
tionary paths. The Neoarchean population of the 
Great Falls tectonic zone appears to be derived 
from the reworking of 3.2 Ga crust, in contrast 
to the 2.7 Ga zircon of the Montana metasedi-
mentary terrane, which indicates derivation from 
juvenile mantle sources. As is true for the Medi-
cine Hat and Clearwater blocks, the Great Falls 
tectonic zone lacks evidence of a strong juvenile 

signature at 1.7 Ga. Gifford et al. (2014, 2018) 
argued that the geological history of the Little 
Rocky Mountains in the Great Falls tectonic 
zone is different from that of the northern Wyo-
ming Province and indicates more of a Medi-
cine Hat Block affinity based on Hf-Nd isotopes. 
However, based on existing geochronologic and 
isotopic data, the Great Falls tectonic zone and 
the Montana metasedimentary terrane appear to 
represent distinct blocks with separate evolu-
tionary histories until the late Paleoproterozoic 
incorporation.

The Montana metasedimentary terrane dis-
plays distinctive geochronologic and isotopic 
signatures that distinguish it from both the 
Medicine Hat and Clearwater Blocks, as well as 
the Great Falls tectonic zone. These signatures 
include a significant 2.4 Ga record and a wide-
spread 1.7 Ga record that documents the mixing 
of mantle-derived magma and evolved Archean 
crust. We argue that the Medicine Hat Block, 
Clearwater Block, Great Falls tectonic zone, and 
Montana metasedimentary terrane have indepen-
dent Archean and early Paleoproterozoic histo-
ries based on their differences in age and iso-
topes. Although they all exhibit varying degrees 
of mixing between juvenile input and evolved 
crust, as well as signatures of preexisting crustal 
reworking, the block configuration and different 
time-integrated Hf evolutionary paths (Fig. 13) 
suggest that they may not belong to a continuous 
basement until the late Paleoproterozoic amalga-
mation of western Laurentia.

Implications for Assembly of the 
Supercontinent

Global zircon U-Pb date compilations have 
identified major age peaks during the Neoar-
chean (2.7–2.5 Ga) and Paleoproterozoic (2.0–
1.7 Ga; e.g., Voice et al., 2011). These observa-
tions have led to speculation that the two intervals 
represent major periods of global crustal growth 
(e.g., Condie, 1998). Previous studies suggested 
that the episodic peaks in zircon age spectra 
are in response to different phases of the super-
continent cycle (e.g., Condie and Aster, 2010; 
Cawood et al., 2012; Hawkesworth et al., 2013). 
Cawood et al. (2013) proposed that these peaks 
reflect an interplay between increased magmatic 
production and the preservation potential within 
certain tectonic settings. Hawkesworth et  al. 
(2009) argued that the highest potential for the 
preservation of continental crust is in collisional 
environments, and, therefore, the zircon age 
peaks may mark the timing of supercontinent 
assembly.

The Neoarchean age peak of 2.7–2.5 Ga has 
been identified in various cratons across the 
world, including the Superior Craton in North 
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America (e.g., Percival et al., 2001), Greenland 
(e.g., Thrane, 2002), the Baltic Shield in North-
ern Europe (e.g., Heilimo et  al., 2011), the 
Aldan Shield in Siberia (e.g., Jahn et al., 1998), 
the Kaapvaal (e.g., Taylor et al., 2010) and Zim-
babwe cratons (e.g., Hofmann et al., 2004) in 
Africa, the North China Craton in Asia (e.g., 
Wan et al., 2011), the Dharwar Craton in India 
(e.g., Lancaster et al., 2015), and the Yilgarn 
Craton in Australia (e.g., Griffin et al., 2004). 
This age is thought to have resulted from volu-
minous magmatic activity and corresponds to 
the amalgamation of supercontinent Kenorland, 
which is composed of the Superia, Sclavia, and 
Vaalbara supercratons (Bleeker, 2003). In addi-
tion, many of these Precambrian terranes also 
have a Paleoproterozoic tectonothermal record 
of 2.0–1.7 Ga, which is characterized by col-
lisional orogenic belts such as the Taltson-
Thelon belt in North America (e.g., Chacko 
et al., 2000),  Trans-North China belt in Asia 
(e.g., Faure et  al., 2007), and Capricorn belt 
in Australia (e.g., Cawood and Tyler, 2004). 
This age is considered to indicate the forma-
tion of another supercontinent, Nuna, which is 
also called the supercontinent Columbia (Zhao 
et al., 2002).

Zircon U-Pb dates of the Montana metasedi-
mentary terrane also reveal populations at 2.7 Ga 
and 1.7 Ga. Both age records are not limited to 
the Montana metasedimentary terrane in western 
Laurentia (Fig. 10). The 2.7 Ga age coincides 
with the assembly of supercontinent Kenorland 
and has been recognized in the Beartooth-Big-
horn magmatic zone and Southern accreted ter-
rane of the Wyoming Province, as well as the 
Medicine Hat Block, Clearwater Block, and 
Great Falls tectonic zone in the north (Fig. 10). 
The 1.7 Ga age has been reported in the Medi-
cine Hat Block, Clearwater Block, Great Falls 
tectonic zone, and Farmington zone (Fig. 10). 
Although this late Paleoproterozoic age has not 
been documented in the Beartooth-Bighorn mag-
matic zone and Southern accreted terrane in the 
Wyoming Province, it coincides with tectonism 
in the Trans-Hudson orogenic belt and Cheyenne 
belt in the eastern and southern margins of the 
Wyoming Province (Fig. 1), both of which are 
thought to represent broad suture zones (e.g., 
Karlstrom and Houston, 1984; Chamberlain, 
1998; Corrigan et al., 2009; Kilian et al., 2016b). 
The contemporaneous collisional events in these 
areas not only mark the synchronous juxtaposi-
tion of several landmasses into western Lauren-
tia (Mueller et al., 2005) but also fall within the 
time range of supercontinent Nuna assembly. 
Because of the age consistency, we argue that the 
crystalline basement complexes in western Lau-
rentia were developed under the circumstances 
of global terrane amalgamation.

If this hypothesis is correct, the crustal blocks 
in western Laurentia amalgamated at 2.7 Ga and 
then again a billion years later, at 1.7 Ga. There-
fore, a breakup scenario must have occurred 
between these two discrete episodes of block 
aggregation. Some previous studies argued that 
the event at 2.4 Ga could correspond to the ini-
tial breakup of supercontinent Kenorland (e.g., 
Roberts et  al., 2002). However, the age and 
stratigraphic consistency of 2.4 Ga magmatic 
events among the southern Superior, Hearn, 
and Wyoming provinces suggest that crustal 
blocks located in this part of the supercontinent 
remained together at 2.4 Ga, and the 2.4 Ga mafic 
magmatism is therefore unrelated to superconti-
nent breakup, but rather linked to mantle plume 
centers (Ernst and Bleeker, 2010). The paleo-
magnetic and geochronologic studies of Kilian 
et al. (2016a, 2016b) indicate that the Wyoming 
Province did not separate from the southern 
Superior Province until at least 2.15 Ga. A recent 
study of volcanic and detrital zircon geochro-
nology (Mammone et  al., 2022) suggests that 
multiple failed rifting events occurred along the 
southern margins of the Superior and Wyoming 
provinces during the early Paleoproterozoic and 
eventually resulted in the ultimate separation of 
the Superior and Wyoming provinces at 2.07 Ga. 
The presence of mafic dikes in the Tobacco Root 
Mountains at 2.06 Ga (Mueller et al., 2004) pos-
sibly represents rifting of the northern margin of 
the Wyoming Province. After ∼200 m.y., amal-
gamation of the Wyoming Province with other 
terranes initiated with the subduction and for-
mation of the Little Belt arc at 1.86 Ga (Mueller 
et al., 2002). Incorporation of this terrane may 
have lasted for ∼150 m.y. until 1.72 Ga (Harms 
et al., 2004). Subsequently, the final suturing of 
the Wyoming and Superior Provinces along the 
Trans-Hudson orogen (also the incorporation of 
Medicine Hat Block and Hearne Province along 
the Vulcan zone) occurred at 1.715 Ga (Kilian 
et  al., 2016b), which eventually formed the 
Archean core of western Laurentia.

CONCLUSIONS

The Montana metasedimentary terrane pro-
vides a window into crustal evolution in the 
northern Wyoming Province. Zircon U-Pb dates 
of seven amphibolite and orthogneiss samples 
that cover the region northwest of the Giletti’s 
line reveal three discrete periods of crustal for-
mation at 2.7 Ga, 2.4 Ga, and 1.7 Ga, which 
imply episodic growth of continental crust in the 
Montana metasedimentary terrane. The internal 
textures of zircons in this study are complex; 
some samples show no evidence of inherited 
cores and metamorphic overgrowths, while other 
samples show core-rim relationships. Based 

on the structures observed in cathodolumines-
cence (CL) images, we interpret these grains 
to be magmatic populations. The Neoarchean 
(2.7 Ga) zircon population has positive initial εHf 
values of +2.4 to +0.9, which represent deri-
vation from juvenile mantle sources. The early 
Paleoproterozoic (2.4 Ga) zircon population has 
initial zircon εHf values ranging from −1.7 to 
−9.2, which indicates that the parental magma 
incorporated greater proportions of older crust. 
The late Paleoproterozoic (1.7 Ga) zircon popu-
lation has bimodal initial Hf compositions, with 
a radiogenic end member (εHf(i) = +0.4 to +0.3) 
and an unradiogenic end member (εHf(i) = −10.2 
to −15.5), which indicates a depleted mantle 
source with variable contributions from older 
crustal sources. In general, the isotopic signa-
tures suggest that these samples were not pro-
duced by simple crustal reworking but were 
generated through the mixing of reworked crust 
and juvenile inputs.

The time-integrated zircon Hf trajectory gen-
erally follows the mean crustal 176Lu/177Hf ratio 
of 0.015, which indicates that the crust initially 
formed during the Neoarchean was largely 
reworked during the Tendoy (2.52–2.45 Ga) 
and Big Sky (1.78–1.72 Ga) orogenic events. 
The early Paleoproterozoic tectonic setting of 
the northern Wyoming Province appears to be 
different from that of its eastern and southern 
margins. The Montana metasedimentary terrane 
preserves evidence of collisional orogeny at 
2.4 Ga; in contrast, the environment of the east-
ern and southern margins has remained tectoni-
cally stable through the emplacement of mantle 
plume-related dike swarms. The breakup of 
2.7 Ga supercontinent Kenorland at 2.1–2.0 Ga 
resulted in rifting-related dike swarms in the 
northern and southern Wyoming Province. 
After ∼200 m.y., the collision between the 
Wyoming Province and other northern terranes 
(e.g., Medicine Hat Block and Great Falls tec-
tonic zone) began at ca. 1.80 Ga and culminated 
at ca. 1.76 Ga, resulting in the Archean core of 
western Laurentia.

Based on our new isotopic constraints, we 
propose that the Montana metasedimentary ter-
rane in the northern Wyoming Province is iso-
topically distinct from the surrounding terranes 
in the north, such as the Medicine Hat Block, 
Clearwater Block, and Great Falls tectonic zone, 
and none of these terranes are extensions of the 
Montana metasedimentary terrane. In addition, 
the major periods of crustal formation in the 
Montana metasedimentary terrane are consis-
tent with 2.7 Ga and 1.7 Ga peaks in global zir-
con U-Pb dates, particularly with the timing of 
supercontinent assembly. Therefore, we suggest 
that the driver of Neoarchean and late Paleopro-
terozoic events in the Montana metasedimentary 
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terrane is associated with the amalgamation of 
supercontinents Kenorland and Nuna.
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