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ABSTRACT

U-Pb ages measured on zircons from the Tobacco Root Mountains and monazite from the Highland Mountains indicate
that the northwestern Wyoming province experienced an episode of high-grade metamorphism at ~1.77 Ga. Leucosome
emplaced in Archean gneisses from the Tobacco Root Mountains contains a distinctive population of zircons with
an age of 1.77 Ga but also contains zircons to ~3.5 Ga; it is interpreted to have been derived primarily by anatexis
of nearby Archean schist. A granulite facies mafic dike that cuts across Archean gneissic banding in the Tobacco
Root Mountains contains two distinct populations of zircons. A group of small (<50 um) nonprismatic grains is
interpreted to be metamorphic and yields an age of 1.76 Ga; a group of slightly larger prismatic grains yields an age
of 2.06 Ga, which is interpreted to be the time of crystallization of the dike. Monazite from a leucogranite from the
Highland Mountains yields a well-defined age of 1.77 Ga, which is interpreted as the time of partial melting and
emplacement of the leucogranite. These results suggest that the northwestern Wyoming province, which largely lies
within the western part of the Great Falls tectonic zone, experienced a metamorphic maximum at 1.77 Ga. This age
is ~100 m.yr. younger than the proposed time of Wyoming-Hearne collision in the central Great Falls tectonic zone
(1.86 Ga) and suggests that the northwestern Wyoming province may have been involved in a separate, younger
collisional event at ~1.77 Ga. An event at this time is essentially coeval with collisions proposed for the eastern and
southeastern margins of the province and suggests a multiepisodic model for the incorporation of the Wyoming craton
into Laurentia.

Online enhancement: appendix.

Introduction

The Great Falls tectonic zone (GFTZ) is a zone of
high-angle faults and lineaments lying between the
Wyoming and Hearne cratons. It was originally pro-
posed as a Paleoproterozoic feature that marks the
northern boundary of the Wyoming province
(O’'Neill and Lopez 1985; fig. 1). It contains both
juvenile Paleoproterozoic rocks and overprinted Ar-
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chean basement of the Montana metasedimentary
terrane of the northern Wyoming province (e.g.,
Mogk et al. 1992; Mueller et al. 2002, 2004). At
present, however, there is no consensus concerning
the nature of the tectonic environment in which it
formed (collisional, transpressional, or transform)
or the time at which it formed (Archean or Prote-
rozoic; O'Neill and Lopez 1985; Hoffman 1988;
Boerner et al. 1998; O’Neill 1998; Dahl et al. 1999;
Lemieux et al. 2000; Gorman et al. 2002; Mueller
et al. 2002). This uncertainty derives in part from
the fact that Paleoproterozoic rocks have been doc-
umented in only one location within the zone
(1.86-Ga rocks of the Little Belt Mountains;
Mueller et al. 2002) and in part from thermochron-
ometric data that reveal significant dispersion of
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Figure 1.

Proterozoic mineral ages from Archean rocks of the
Montana metasedimentary terrane. These Archean
rocks (2.8-3.5 Ga) are relatively widespread in the
western part of the GFTZ (e.g., O’'Neill and Lopez
1985; Mogk et al. 1992, fig. 1) and commonly yield
mineral ages between 1.6 and 1.9 Ga (e.g., K-Ar and
Ar-Ar in biotite and hornblende; Hayden and Wehr-
enberg 1959; Giletti 1971; O'Neill et al. 1988;
Erslev and Sutter 1990; Harlan et al. 1996; Brady
et al. 1998, 2004b; Roberts et al. 2002).

In contrast, geochronologic and thermochrono-
logic data from Archean and Proterozoic rocks
along the southeastern and eastern margins of the
Wyoming province have been interpreted in terms
of temporally well-constrained Paleoproterozoic
collisional orogenesis. For example, the Cheyenne

Generalized geologic map of the northern Wyoming province showing sample locations

belt has been proposed to result from the juxta-
position of the Proterozoic Colorado province and
the Wyoming craton at about 1.74-1.78 Ga (e.g.,
Karlstrom and Houston 1984; Chamberlain 1998),
and Dahl et al. (1999) interpreted evidence from the
Black Hills (South Dakota) to indicate the collision
of the Archean Wyoming and Superior cratons at
about 1.76-1.71 Ga. Hill and Bickford (2001), how-
ever, argue that the Cheyenne belt originally
formed as a boundary between Trans-Hudson and
Archean crust and marks the northern limit of post-
1.80-Ga rifting and bimodal volcanism.

In this article, we present Paleoproterozoic ages
derived from U-Pb isotopic analyses of zircons (via
sensitive high-resolution ion microprobe reverse
geometry [SHRIMP RG]|) and monazite (via ID-
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Figure 2.
Tobacco Root Mountains.

TIMS [isotope dilution-thermal ionization mass
spectrometry]|) that formed at 1.77 Ga in Archean
rocks of the Montana metasedimentary terrane.
These new ages, together with detailed analyses of
the geologic context of these rocks (e.g., Burger
2004; Cheney et al. 2004b; Harms et al. 2004b),
provide new constraints on the thermotectonic
evolution of the GFTZ and the role of the Wyoming
province in the assembly of Laurentia. In particular,
these data suggest that if the Cheyenne belt does
mark a 1.74-1.78-Ga collision with the Colorado
province, it would be simultaneous with collision
along the northwestern margin of the Wyoming
craton. Coeval collision in these areas can be ac-
commodated by a continuous episode of SW-NE-
directed plate convergence that first juxtaposed the
Wyoming, Superior, and Hearne provinces before
the accretion of Proterozoic and perhaps other Ar-
chean arcs and microcontinents.

Samples and Methods

The three samples analyzed for this study are as
follows:

1. Zircons were separated from sample JBB-97-
14E, which is from an unfoliated quartz-feldspar-
rich leucosome that appears to have been derived

Photograph of metamorphosed mafic dike cutting across leucosome-bearing Archean gneisses in the

from immediately adjacent schist (quartz-biotite-
sillimanite-garnet) and accumulated in the hinge of
an isoclinal fold in Archean gneisses and meta-
sedimentary rocks in the Tobacco Root Mountains
(Burger 2004; Mueller et al. 2004).

2. Zircons were separated from sample JBB-97-
9A, which is from an approximately 5-m-thick, de-
formed, metabasaltic dike that exhibits a weak fo-
liation generally parallel to its margins. This dike
is one of many similar dikes that cut across the
banding of the Archean gneisses (e.g., Reid 1963;
Vitaliano 1979a, 1979b; Brady et al. 20044; fig. 2).
The dike is in the granulite facies (garnet + pla-
gioclase + clinopyroxene + hornblende + quartz +
ilmenite + orthopyroxene), and thermobarometric
calculations yield pressures of 7-11 kb and tem-
peratures of 600°-730°C (Brady et al. 20044; Cheney
et al. 2004b).

3. Monazite was separated from sample HD-95-
2, which is from a leucogranite that intrudes Ar-
chean quartzofeldspathic gneisses in the Highland
Mountains (O’Neill et al. 1988).

Samples were crushed and zircons and mona-
zite separated by hydraulic, density, and mag-
netic methods. U-Pb measurements of zircons
(BB-97-14F and JBB-97-9A) were made at the USGS-
Stanford Microanalytical Center using the SHRIMP
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Figure 3. SEM/CL image of zircons from sample JBB-
97-9A showing distinct morphologies of 2.06 Ga (acic-
ular) and 1.77 Ga (rounded) grains. Rounded grain is ~50
pm in its longest dimension.

RG ion microprobe (e.g.,, Compston et al. 1984;
Compston and Williams 1992). All grains were im-
aged prior to analysis (CL [cathodoluminescence]
in addition to reflected and transmitted light), and
data are reported for “whole” grains only (no data
are reported for overgrowths). The multigrain mon-
azite sample from HD-95-2 was analyzed by con-
ventional ID-TIMS methods at the University of
Florida (e.g., Krogh 1973; Parrish et al. 1987; Ludwig
2003). All ages are reported with 20 errors. All
chemical and isotopic data discussed in this article
are available in the online edition of the Journal of
Geology and from the Journal of Geology office’s
Data Depository, free of charge upon request.

Results

JBB-97-14E (Leucosome). Twenty zircons were an-
alyzed; they yielded 11 ages between 1.7 and 1.8
Ga and exhibited distinctively low (<0.1) Th/U ra-
tios, which often characterize hydrothermal
growth. Ten of the analyses are within 10% of con-
cordia and yield an error-weighted mean *’Pb/?*Pb
age of 1.769 + 0.006 Ga. The remaining grains ex-
hibited much higher Th/U ratios on average (~6 x
those of the 1.77-Ga grains; online appendix) and
yielded generally discordant ages between 1.9 and
3.5 Ga. These grains are interpreted to originate
from the parent schist. The 1.77-Ga date is inter-
preted to be the time at which the melt crystallized,;
it provides a likely time for the development of

peak metamorphic temperatures in this area and to
mark an episode of Pb loss in the discordant grains.

JBB-97-9A (Metamorphosed Mafic Dike). Two dis-
tinct populations of small zircons were recovered
and analyzed (fig. 3). Data from 16 of 18 prismatic
grains analyzed were <10% discordant and ~2.0 Ga.
They yielded a weighted mean *"Pb/**Pb age of
2.060 + 0.006 Ga. Twelve of 13 analyses of the
smaller (<50 um) round grains yielded ages <10%
discordant and an error-weighted mean **’Pb/**°Pb
age of 1.763 + 0.008 Ga. The younger grains exhibit
distinctly lower Th/U ratios than those of the pris-
matic grains (~3 x less; online appendix) and are
interpreted to have formed during metamorphism.

HD-95-2 (Leucogranite). =~ A homogeneous popu-
lation of light yellow, irregularly shaped grains of
monazite yielded data via ID-TIMS that are ~7%
discordant with a >*’Pb/**Pb age of 1.77 Ga. O’Neill
et al. (1988) reported that zircons from this rock
yield a mixture of Archean and Proterozoic ages,
but they did not provide precise ages for either com-
ponent. The monazite age reported here is com-
patible with those conclusions and suggests that
the leucogranite formed at ~1.77 Ga, probably via
partial melting of Archean gneisses.

Discussion

Tectonic Evolution of the Northern Wyoming Prov-
ince. Data from the many studies noted above
show that Archean rocks of the Montana metased-
imentary terrane/GFTZ in southwestern Montana
record evidence for reheating and subsequent cool-
ing during the interval 1.6-1.9 Ga. The most ac-
curate estimate for the time of peak metamorphic
conditions during this interval is 1.77 Ga, based on
the U-Pb zircon and monazite ages presented here.
This estimate is supported by U-Th-Pb isotopic
data from monazites in the Tobacco Root Moun-
tains (1.72-1.78 Ga; Cheney et al. 2004a). For the
Tobacco Root Mountains, Cheney et al. (20044,
2004b) report that garnets that host some of the
monazites exhibit cordierite coronas, which are in-
terpreted as decompression textures. The general
coincidence of hornblende “°Ar-*Ar ages with the
monazite ages is indicative of rapid uplift and cool-
ing, as would be expected in a collisional orogen
(Brady et al. 2004b; Cheney et al. 2004b).

Although the data reported here and in Cheney
et al. (20044) place new, well-constrained limits on
Paleoproterozoic thermotectonism in the western
GFTZ, their implications for understanding the or-
igin of the GFTZ as a whole are less certain. For



Journal of Geology

SOUTHWESTERN PROTEROZOIC PROVINCES
120° N 110°N 100° N

|

]
Hearne { \;
Province ,! o‘b

4

4

| |
(@) [
< |/ Superior  —so
3 .
T | Province
%
=
5 |
=
— O -
| Black |
Wyoming | Hills ‘\-
Province -

d

W e Central Plains

%y Orogen 4

500 km

-

Figure 4. Schematic depiction of major cratonic blocks
of southwestern Laurentia with arrows depicting margin-
normal convergence directions.

example, both the Little Belt and Tobacco Root
Mountains contain Archean rocks and lie within
the GFTZ (fig. 1). Their geologic histories, however,
are quite distinct. In particular, the time of the lat-
est Paleoproterozoic thermal maximum in the
western part of the GFTZ (1.77 Ga) is almost 100
m.yr. younger than the time of magmatism and
peak metamorphism preserved farther to the east
in the Little Belt Mountains (1.86 Ga; Dahl et al.
2000; Mueller et al. 2002; Vogl et al. 2002). It is
also important to note that ~1.77-Ga magmatism
in the western part of the GFTZ is limited to the
leucogranite reported here. No other magmatism
of this age has been reported.

Without accompanying magmatism, the exact
nature of the tectonic event associated with the
1.77-Ga metamorphism and its relation to the or-
igin of the GFTZ are difficult to specify (e.g., Foster
et al. 2002; Harms et al. 2004a; Mueller et al. 2004).
One model that should be considered, however, is
collision with a separate terrane (i.e., distinct from
the Hearne/Medicine Hat block) that approached
the Wyoming margin from a generally southwest-
erly direction (present coordinates) roughly 100
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m.yr. after initiation of the Wyoming-Hearne col-
lision farther to the north (e.g., fig. 5). The paucity
of 1.7-1.8-Ga magmatic rocks in southwestern
Montana suggests that any significant subduction
associated with this collision occurred beneath the
approaching plate, or that the event had a signifi-
cant transpressional component with minimal
overall magmatism (e.g., Foster et al. 2002). In ei-
ther case, convergence along a vector with a gen-
erally SW-NE trend is compatible with the orien-
tation of regional-scale fabrics measured in
Archean rocks of the Tobacco Root Mountains
(Harms et al. 2004b).

The identity of the >1.77-Ga terrane or micro-
continent that may have collided with the northern
Wyoming province along a generally SW-NE vector
is difficult to specify. Evidence of >1.77-Ga crust
in the western GFTZ and areas farther west, how-
ever, is quite abundant. For example, Leeman et al.
(1985) reported Archean xenoliths from the margin
of the Snake River Plain (Idaho), Lush et al. (1988)
reported Archean rocks from the East Humboldt
Range (Nevada), Kellogg et al. (2003) reported 2.4-
Ga gneisses from the Beaverhead Mountains, and
Mueller et al. (1996) reported 2.2-2.4-Ga xenocrys-
tic zircons from the Tobacco Root batholith. In ad-
dition, the presence of 1.75-Ga crust beneath the
Idaho batholith (Toth and Stacey 1992; Foster and
Fanning 1997) that is at least in part juvenile
(Mueller et al. 1995) is compatible with a scenario
involving the subduction of at least some oceanic
lithosphere in this time frame. Collectively, these
observations suggest that the western part of the
GFTZ may have experienced a distinct Paleopro-
terozoic episode of metamorphism and tectonism
at 1.77 Ga that may not be directly related to the
Wyoming-Hearne collision. If so, this younger
event has important implications for the assembly
of southern Laurentia.

Assembly of Southern Laurentia. Based on the
number of terranes assembled to form Laurentia,
the time required to assemble these terranes (~150
m.yr.; Hoffman 1988), and the fact that Phanerozoic
episodes of plate convergence commonly last for
tens of millions of years, it seems likely that the
assembly of Laurentia involved many collisions
that overlapped considerably in time. Although
temporal overlap of collisions between terranes
does not in and of itself present a geodynamic prob-
lem, geodynamic problems can ensue if proposed
collisional belts are contemporaneous and intersect
at high angles (e.g., the Trans-Hudson orogen and
the GFTZ or the Trans-Hudson orogen and the
Cheyenne belt; Mueller et al. 2004; fig. 4).

In the case of the Trans-Hudson/Great Falls ter-
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ranes, it has been proposed that geophysical trends
of the GFTZ are truncated by trends of the Trans-
Hudson orogen and that the GFTZ developed ear-
lier than the Trans-Hudson orogen, perhaps in the
Archean (e.g., Boerner et al. 1998; Gorman et al.
2002). The timing of magmatism and metamor-
phism recorded in the Little Belt Mountains of the
GFTZ (~1.86 Ga; Dahl et al. 2000; Mueller et al.
2002), however, completely overlaps with the
timing of magmatism and metamorphism in the
Hearne-Superior part of the Trans-Hudson oro-
gen (e.g., Hoffman 1988; Lucas et al. 1996; Chi-
arenzelli et al. 1998; Machado et al. 1999; Mueller
et al. 2002). It seems more likely, therefore, that
the GFTZ is, at least in part, the temporal equiv-
alent of the Trans-Hudson orogen. If so, this means
that simultaneous (~1.8-1.9 Ga) collisions were on-
going between (1) Wyoming-Hearne/Medicine Hat,
(2) Superior-Hearne, and (3) Wyoming-Superior
(Mueller et al. 2002, 2004).

Collectively, these juxtapositions present certain
geodynamic and reconstruction conflicts that are
difficult to accommodate with simple orthogonal
convergence along recognized boundaries of the
Wyoming province (e.g., Mueller et al. 2002, 2004a
and fig. 4 therein). Our preferred model involves
generally SW-NE convergence of all three cratons
at ~1.8-1.9 Ga. In this model subduction-related
1.86-Ga magmatism in the Little Belt Mountains
and the seismic evidence in support of a relic,
north-dipping slab beneath the southern Medicine
Hat block and Hearne province (Gorman et al.
2002) are accounted for by interblock convergence
between the Hearne, Medicine Hat, and Wyoming
blocks as they approached the Superior province.
One possible configuration that would allow si-
multaneous, interblock convergence is depicted in
figure 5, which shows en echelon arrangement of
the Hearne, Medicine Hat, and Wyoming terranes
approaching the Superior province from the south-
west. In this configuration, initial collision of the
Hearne and Superior in conjunction with continu-
ing northeasterly motion of the Wyoming-bearing
plate would lead to interplate convergence of the
Wyoming and Medicine Hat blocks along what
would become the GFTZ and of the Medicine Hat
and Hearne blocks along what would become the
Vulcan structure. The ultimate configuration of
these blocks involved a component of lateral or
strike-slip motion as these blocks arrived at their
final positions (e.g., Dahl et al. 1999). This trans-
form motion may have affected large regions of
crust and at least partly explains the extensive
regions of ~1.7-Ga K-Ar and Ar-Ar data from the
northern GFTZ and the Vulcan structure (e.g., Bur-

wash et al. 1962; Sims 1995; Dahl et al. 1999;
Mueller et al. 2002). Similar proposals for initial
convergence followed by transformation into a
strike-slip boundary have been made for other por-
tions of the Trans-Hudson orogen as well (e.g.,
Reindeer zone; White et al. 1999)

Subsequent accretion primarily involved Paleo-
proterozoic terranes and appears to have begun at
about 1.78 Ga and to have lasted until at least 1.71
Ga (fig. 5B). The best documented of these collisions
is that proposed between the Wyoming and Colorado
provinces along the Cheyenne belt. This belt ex-
tends along the southern margin of the Wyoming
craton and has been proposed to be a consequence
of juxtaposition of various Paleoproterozoic arcs
against the Archean Wyoming craton (e.g., Karl-
strom and Houston 1984; Chamberlain 1998; Karl-
strom et al. 2001). Convergence vectors along this
margin are difficult to define but appear to involve
a significant N-S component (e.g., Dubendorfer and
Houston 1987; Tyson et al. 2002). Simultaneously,
the northwestern Wyoming province was experi-
encing high-grade metamorphism and tectonism
that was probably related to convergence along a
generally SW-NE trend (e.g., Harms et al. 2004b).
Geodynamically, accretion of material along both
the southern and western margins at about 1.7-1.8
Ga could be accommodated by generally NE-SW
convergence of two plates (one oceanic with arcs and
the other an amalgamated continental plate con-
taining the Wyoming craton). Orthogonal collision
along these margins (i.e., southeast-directed on the
northwest and northwest-directed on the southeast)
is difficult to accommodate in light of the lack of
evidence for subduction beneath the Wyoming cra-
ton (e.g., Mueller et al. 2004).

The inferred SW-NE convergence implies that
the Wyoming-Superior part of the Trans-Hudson
orogen extends south beneath the U.S. midconti-
nent region to its boundary with the generally
younger Central Plains orogen near the present
southern margin of the Wyoming craton (e.g., Hoff-
man 1988; Klasner and King 1990; Nelson et al.
1993; Sims 1995). This model does not preclude
extension of Trans-Hudson-age rocks to the south-
west beneath Colorado (Hill and Bickford 2001}, but
it would be most compatible with a back-arc set-
ting for the bimodal volcanic rocks of central Col-
orado and northern New Mexico (e.g., Barker et al.
1976; Hill and Bickford 2001). The model also is
compatible with proposals that the 1.97-1.85-Ga
tectonothermal activity recorded in the Archean
and Proterozoic rocks of the Black Hills could be
attributed to the juxtaposition of the Wyoming and
Superior cratons (Gosselin et al. 1988; Redden et
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Figure 5.

Possible configuration of major Archean and Paleoproterozoic crustal blocks now residing in southern

Laurentia showing zones of Paleoproterozoic convergence in the frame of a fixed Superior province. A, Possible location
and direction of motion for Archean crustal blocks at ~1.8-1.9 Ga with en echelon orientation resulting in initial
docking of the Hearne, which prompts roughly simultaneous convergence with and between trailing Medicine Hat
and Wyoming blocks. B, Possible configuration of Archean crust relative to accreting Paleoproterozoic crust in the
interval ~1.7-1.8 Ga with continuing generally NE-directed motion. Convergence directions shown are schematic;

real convergence directions are unlikely to be as consistent as those depicted.

al. 1990; Terry and Friberg 1990). This interpreta-
tion differs from that of Dahl et al. (1999), which
proposes that the 1.76-1.71-Ga thermotectonism in
the Black Hills resulted directly from Wyoming-
Superior collision and was simultaneous with the
Wyoming-Colorado collision (fig. 5). This model
(Dahl et al. 1999) may present geodynamic diffi-
culties, however, because it proposes that two ac-
tive subduction zones intersect at essentially right
angles (fig. 4).

We suggest, therefore, that the accretion of the
Wyoming craton to Laurentia is best explained as
a sequence of events that began with juxtaposition

of Archean cratons and intervening Proterozoic
magmatic terranes followed by accretion of pre-
dominantly Proterozoic arc terranes along the
western and southern margins of the Wyoming
province. The beginning stages of this assembly in-
volved the largely simultaneous amalgamation of
the Wyoming craton to other Archean cratons
(Hearne and Superior) along the traditional trend of
the Trans-Hudson orogen (e.g., Hoffman 1988) and
other interplate convergent zones such as the
GFTZ (e.g., O’Neill and Lopez 1985; Mueller et al.
2002; fig. 5). This period of accretion is distin-
guished by juxtaposition of Archean cratons only,
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with magmatism primarily confined to intervening
Paleoproterozoic arcs (e.g., Hoffman 1988; Dahl et
al. 1999), as recognized in the Little Belt Mountains
(Mueller et al. 2002) and throughout the Trans-
Hudson orogen (e.g., Hoffman 1988). The second
stage (~1.71-1.78 Ga) involved the accretion of Pro-
terozoic arc terranes along the southeastern margin
of the Wyoming craton (e.g., Cheyenne belt; Cham-
berlain 1998; Tyson et al. 2002), with concomitant
collisional activity and reactivation of Archean
rocks along the craton’s margin (fig. 5). In the To-
bacco Root Mountains, for example, convergent
tectonism is characterized by granulite/amphibo-
lite facies metamorphism, crustal melting, and
overall reorientation of the structural fabric (Harms
et al. 2004b). Provincewide, this stage is distin-
guished by multiple accretionary events that did
not lead to the development of contemporaneous
magmatism within the Wyoming province. The
1.71-1.76-Ga thermotectonism in the Black Hills
(e.g., Dahl et al. 1999) and other parts of the older
Trans-Hudson and Great Falls zones (e.g., Burwash
et al. 1962) may reflect this later Proterozoic ac-
cretionary activity.

Summary

An extended period of ~SW to ~NE convergence
with most, if not all, subduction directed away
from the Wyoming craton may be all that is re-
quired to produce the continuum of Paleoprotero-

zoic tectonism recorded along the margins of the
Wyoming province between ~1.86 and ~1.71 Ga
(fig. 5). The paucity of 1.71-1.86-Ga magmatic
rocks within the Wyoming province suggests that
the Wyoming craton’s tectosphere resisted pene-
tration by approaching oceanic lithosphere and that
any mantle down-welling associated with these
closely spaced convergent zones was limited to the
margins of the Wyoming tectosphere. Conse-
quently, the preservation of Archean subcontinen-
tal lithosphere beneath the Wyoming craton today
(e.g., Vollmer et al. 1984) can be directly attributed
to the strength and buoyancy of the tectosphere
that developed during the Archean (e.g., Blum and
Shen 2004; Mueller et al. 2004).

ACKNOWLEDGMENTS

This study is an integral part of a larger project
investigating the geology of the Precambrian core
of the Tobacco Root Mountains, conducted under
the auspices of the Keck Geology Consortium,
which received contributions from 30 undergrad-
uate students and their faculty (H. R. Burger, J. B.
Brady, J. T. Cheney, and T. A. Harms). We thank
Ambherst College, Smith College, and the National
Science Foundation (EAR-0106592 to P. A. Mueller)
for financial support. D. Foster, R. Bauer, and B.
Douglas commented on an earlier version of the
manuscript, and B. Hill and R. Frost provided help-
ful reviews.

REFERENCES CITED

Barker, F,; Arth, J.; Peterman, Z.; and Friedman, I. 1976.
The 1.7- to 1.8-b.y.-0ld trondhjemites of southwestern
Colorado and northern New Mexico: geochemistry
and depths of genesis. Geol. Soc. Am. Bull. 87:189-
198.

Blum, J., and Shen, Y. 2004. Thermal, hydrous and
mechanical states of the mantle transition zone be-
neath southern Africa. Earth Planet. Sci. Lett. 217:
367-378.

Boerner, D.; Craven, J.; Kurtz, R.; Ross, G.; and Jones,
F. 1998. The Great Falls tectonic zone: suture or in-
tracontinental shear zone? Can. J. Earth Sci. 35:175-
183.

Brady, J.; Cheney, J.; Rhodes, A.; Vasquez, A.; Green, C,;
Duvall, M.; Kogut, A.; Kaufman, L.; and Kovaric, D.
1998. Isotope geochemistry of Proterozoic talc occur-
rences in Archean marbles of the Ruby Mountains,
southwest Montana, U.S.A. Geol. Mater. Res. 2.:41.

Brady, J. B.; Jacob, L. J.; Harris, C.; and Chaparro, W. R.
2004a. General geology and geochemistry of meta-
morphosed Proterozic mafic dikes and sills, Tobacco
Root Mountains, Montana. In Brady, J. B.; Burger, H.
R.; Cheney, J. T,; and Harms, T. A., eds. Precambrian
geology of the Tobacco Root Mountains, Montana.
Geol. Soc. Am. Spec. Pap. 377:89-104.

Brady, J. B.; Kovaric, D. N.; Cheney, J. T.; Jacob, L. J.; and
King, J. T. 2004b. *°Ar/*’ Ar ages of metamorphic rocks
from the Tobacco Root Mountains of Montana. In
Brady, J. B.; Burger, H. R,; Cheney, J. T.; and Harms,
T. A., eds. Precambrian geology of the Tobacco Root
Mountains, Montana. Geol. Soc. Am. Spec. Pap. 377:
131-149.

Burger, H. R. 2004. General geology and tectonic set-
ting of the Tobacco Root Mountains, Montana. In
Brady, J. B.; Burger, H. R,; Cheney, J. T.; and Harms,
T. A., eds. Precambrian geology of the Tobacco Root



Journal of Geology

Mountains, Montana. Geol. Soc. Am. Spec. Pap. 377:
1-14.

Burwash, R.; Baadsgaard, H.; and Peterman, Z. 1962. Pre-
cambrian K-Ar dates from the western Canada sedi-
mentary basin. J. Geophys. Res. 67:1617-1625.

Chamberlain, K. 1998. Medicine Bow orogeny: timing of
deformation and model of crustal structure produced
during continent-arc collision, ca. 1.78 Ga, south-
eastern Wyoming. Rocky Mt. Geol. 33:259-277.

Cheney, J.; Webb, A.; Coath, C.; and McKeegan, K. 2004a.
In situ ion microprobe *’Pb***Pb dating of monazite
from Precambrian metamorphic suites, Tobacco Root
Mountains, Montana. In Brady, J. B.; Burger, H. R.;
Cheney, J. T.; and Harms, T. A., eds. Precambrian ge-
ology of the Tobacco Root Mountains, Montana. Geol.
Soc. Am. Spec. Pap. 377:151-179.

Cheney, J. T.; Brady, J. B.; Tierney, K. A.; DeGraff, K. A,;
Mohlman, H. K,; Frisch, J. D.; Hatch, C. E., et al.
2004b. Proterozoic metamorphism of the Tobacco
Root Mountains, Montana. In Brady, J. B.; Burger, H.
R.; Cheney, J. T,; and Harms, T. A., eds. Precambrian
geology of the Tobacco Root Mountains, Montana.
Geol. Soc. Am. Spec. Pap. 377:105-130.

Chiarenzelli, J.; Aspler, L.; Villenueve, M.; and Lewry, J.
1998. Early Proterozoic evolution of the Saskatche-
wan craton and its allocthonous cover, Trans-Hudson
orogen. J. Geol. 106:247-267.

Compston, W., and Williams, 1. 1992. Ion probe ages for
the British Ordovician and Silurian stratotypes. In
Webby, B., and Laurie, J., eds. Global perspectives on
Ordovician geology. Rotterdam, Balkema, p. 59-67.

Compston, W.; Williams, I.; and Meyer, C. 1984. U-Pb
geochronology of zircons from lunar breccia 73217 us-
ing a sensitive high mass-resolution ion microprobe.
In Proceedings, 14th Lunar and Planetary Science
Conference. J. Geophys. Res. 89:B525-B534.

Dahl, P. S.; Hamilton, M.; Stern, R.; Frei, R.; and Berg,
R. 2000. In situ SHRIMP investigation of an Early
Proterozoic metapelite, with implications for Pb-Pb
step leach dating of garnet and staurolite. Geol. Soc.
Am. Abstr. Program 32(7):A297.

Dahl, P. S.; Holm, D. K.; Gardner, E. T.; Hubacher, E A,
and Foland, K. A. 1999. New constraints on the timing
of Early Proterozoic tectonism in the Black Hills
(South Dakota), with implications for docking of the
Wyoming province with Laurentia. Geol. Soc. Am.
Bull. 111:1335-1349.

Dubendorfer, E., and Houston, R. 1987. Proterozoic ac-
cretionary tectonics at the southern margin of the Ar-
chean Wyoming province. Geol. Soc. Am. Bull. 98:
554-568.

Erslev, E. A., and Sutter, J. F. 1990. Evidence for Prote-
rozoic mylonitization in the northwestern Wyoming
province. Geol. Soc. Am. Bull. 102:1681-1694.

Foster, D., and Fanning, C. 1997. Geochronology of the
Idaho-Bitterroot batholith and Bitterroot metamor-
phic core complex: magmatism preceding and con-
temporaneous with extension. Geol. Soc. Am. Bull.
109:379-394.

Foster, D.; Mueller, P.; Heatherington, A.; Vogl, J.; Meert,

PALEOPROTEROZOIC METAMORPHISM 177

J.; Lewis, R.; and Wooden, J. 2002. Configuration of
the 2.0-1.6 Ga accretionary margin of the NW Wyo-
ming province: implications for the Proterozoic con-
tinental reconstructions. Geol. Soc. Am. Abstr. Pro-
gram 34(6):559.

Giletti, B. 1971. Discordant isotopic ages and excess
argon in biotites. Earth Planet. Sci. Lett. 110:157-164.

Gorman, A.; Clowes, R.; Ellis, R.; Henstock, T.; Spence,
G.; Keller, G.; Levander, A., et al. 2002. Deep Probe:
imaging roots of western North America. Can. J. Earth
Sci. 39:378-398.

Gosselin, D.; Papike, J.; Zartman, R.; Peterman, Z.; and
Laul, J. 1988. Archean rocks of the Black Hills, South
Dakota: reworked basement from the southern exten-
sion of the Trans-Hudson orogen. Geol. Soc. Am. Bull.
100:1244-1259.

Harlan, S.; Geissman, J.; Snee, L.; and Reynolds, R. 1996.
Late Cretaceous remagnetization of Proterozoic mafic
dikes, southern Highland Mountains, southwestern
Montana: a paleomagnetic and “°Ar/*Ar study. Geol.
Soc. Am. Bull. 108:653-668.

Harms, T. A.; Brady, J. B.; Burger, H. R.; and Cheney, J.
T. 2004a. Advances in the geology of the Tobacco Root
Mountains, Montana, and their implications for the
history of the northern Wyoming province. In Brady,
J. B.; Burger, H. R.; Cheney, J. T,; and Harms, T. A.,
eds. Precambrian geology of the Tobacco Root Moun-
tains, Montana. Geol. Soc. Am. Spec. Pap. 377:203-
226.

Harms, T. A.; Burger, H. R,; Blednick, D. G.; Cooper, J.
M.; King, J. T.; Owen, D. R.; Lowell, J., et al. 2004b.
Character and origin of Precambrian fabrics and struc-
tures in the Tobacco Root Mountains, Montana. In
Brady, J. B.; Burger, H. R.; Cheney, J. T.; and Harms,
T. A., eds. Precambrian geology of the Tobacco Root
Mountains, Montana. Geol. Soc. Am. Spec. Pap. 377:
227-243.

Hayden, R., and Wehrenberg, J. 1959. Potassium-argon
dating in western Montana. Geol. Soc. Am. Bull. 70:
1778-1779.

Hill, B., and Bickford, M. 2001. Paleoproterozoic rocks
of central Colorado: accreted arcs or extended older
crust. Geology 29:1015-1018.

Hoffman, P. 1988. United plates of America, the birth of
a craton. Annu. Rev. Earth Planet. Sci. 16:543-603.
Karlstrom, K.; Ahall, K.-I; Harlan, S.; Williams, M,;
McLelland, J.; and Geissman, J. 2001. Long-lived
(1.8-1.0 Ga) convergent orogen in southern Laurentia,
its extensions to Australia and Baltica, and impli-
cations for refining Rodinia. Precambrian Res. 111:5—

30.

Karlstrom, K., and Houston, R. 1984. The Cheyenne belt:
analysis of a Proterozoic suture in southern Wyoming.
Precambrian Res. 25:415-446.

Kellogg, K. S.; Snee, L. W,; and Unruh, D. M. 2003. The
Mesoproterozoic Beaverhead impact structure and its
tectonic setting, Montana-Idaho: “°Ar and *Ar and U-
Pb isotopic constraints. J. Geol. 111:639-652.

Klasner, J., and King, E. 1990. A model for tectonic evo-
lution of the Trans-Hudson orogen in North and South



178 P. A. MUELLER ET AL.

Dakota. In Lewry, J., and Stauffer, M., eds. The Trans-
Hudson orogen. Geol. Assoc. Can. Spec. Pap. 37:271-
285.

Krogh, T. 1973. A low contamination method for hydro-
thermal decomposition of zircon and extraction of U
and Pb for isotopic age determinations. Geochim. Cos-
mochim. Acta 37:485-494.

Leeman, W.; Menzies, M.; Matty, D.; and Embree, G.
1985. Strontium, neodymium, and lead isotopic com-
position of deep crustal xenoliths from the Snake
River plain: evidence for Archean basement. Earth
Planet. Sci. Lett. 75:354-368.

Lemieux, S.; Ross, G.; and Cook, F. 2000. Crustal ge-
ometry and tectonic evolution of the Archean crys-
talline basement beneath the southern Alberta plains,
from new seismic reflection and potential-field stud-
ies. Can. J. Earth Sci. 37:1473-1491.

Lucas, S.; Stern, R.; Syme, E.; Reilly, B.; and Thomas,
D. 1996. Intraoceanic tectonics and the development
of continental crust: 1.92-1.84 Ga evolution of the
Flin Flon belt, Canada. Geol. Soc. Am. Bull. 108:602-
629.

Ludwig, K. R. 2003. User’s manual for Isoplot 3.00.
(Berkeley Geochronology Center Special Publication
4). Berkeley, Berkeley Geochronology Center.

Lush, A.; McGrew, A.; Snoke, A.; and Wright, J. 1988.
Allocthonous Archean basement in the northern
Humboldt Range, Nevada. Geology 16:349-353.

Machado, N.; Zwanzig, H.; and Parent, M. 1999. U-Pb
ages of plutonism, sedimentation, and metamorphism
of the Paleoproterozoic Kisseynew metasedimentary
belt, Trans-Hudson orogen (Manitoba, Canada). Can.
J. Earth Sci. 36:1829-1842.

Mogk, D.; Mueller, P.; and Wooden, J. 1992. The signif-
icance of Archean terrane boundaries: evidence from
the northern Wyoming province. Precambrian Res. 55:
155-168.

Mueller, P.; Heatherington, A.; Kelley, D.; Wooden, J.; and
Mogk, D. 2002. Paleoproterozoic crust within the
Great Falls tectonic zone: implications for the assem-
bly of southern Laurentia. Geology 30:127-130.

Mueller, P.; Shuster, R.; D’Arcy, K.; Heatherington, A.;
Nutman, A.; and Williams, 1. 1995. Source of the
northeastern Idaho batholith: evidence for a Paleopro-
terozoic terrane in the northwestern U.S. J. Geol. 103:
63-72.

Mueller, P. A.; Burger, H. R.; Heatherington, A.; Wooden,
J.; Mogk, D. W.; and D’Arcy, K. 2004. Age and evo-
lution of the Precambrian crust, Tobacco Root Moun-
tains, Montana. In Brady, J. B.; Burger, H. R.; Cheney,
J. T.; and Harms, T. A., eds. Precambrian geology of
the Tobacco Root Mountains, Montana. Geol. Soc.
Am. Spec. Pap. 377:181-202.

Mueller, P. A.; Heatherington, A. L.; D’Arcy, K. A,
Wooden, J. L.; and Nutman, A. P. 1996. Contrasts be-
tween Sm-Nd whole-rock and U-Pb zircon system-
atics in the Tobacco Root batholith, Montana: impli-
cations for the determination of crustal age provinces.
Tectonophysics 265:169-179.

Nelson, K.; Baird, D.; Walters, J.; Hauck, M.; Brown, L.;

Oliver, J.; Ahern, J., et al. 1993. Trans-Hudson orogen
and Williston basin in Montana and North Dakota:
new COCORP deep-profiling results. Geology 21:447—
450.

O’Neill, J. 1998. The Great Falls tectonic zone, Montana-
Idaho: an early Proterozoic collisional orogen beneath
and south of the Belt Basin. In Berg, R. B., ed. Belt
Symposium III, 1993. Mont. Bur. Mines Geol. Spec.
Publ. 112:222-228.

O’Neill, J., and Lopez, D. 1985. Character and regional
significance of Great Falls tectonic zone, east-central
Idaho and west-central Montana. Am. Assoc. Pet.
Geol. Bull. 69:437-447.

O’Neill, J. M.; Duncan, M. S.; and Zartman, R. E. 1988.
An Early Proterozoic gneiss dome in the Highland
Mountains, southwestern Montana. In Lewis, S. E.,
and Berg, R. B., eds. Precambrian and Mesozoic plate
margins: Montana, Idaho, and Wyoming, with field
guides for the 8th International Conference on Base-
ment Tectonics. Mont. Bur. Mines Geol. Spec. Publ.
96:81-88.

Parrish, R. R,; Roddick, J. C.; Loveridge, W. D.; and Sul-
livan, R. W. 1987. Uranium-lead analytical techniques
at the geochronology laboratory, Geological Survey of
Canada. In Radiogenic age and isotopic studies, report
1. Geol. Surv. Can. Pap. 87(2):3-7.

Redden, J.; Peterman, Z.; Zartman, R.; and DeWitt, E.
1990. U-Th-Pb geochronology and preliminary inter-
pretation of Precambrian tectonic events in the Black
Hills, South Dakota. In Lewry, J., and Stauffer, M.,
eds. The Early Proterozoic Trans-Hudson Orogen of
North America. Geol. Assoc. Can. Spec. Pap. 37:229-
251.

Reid, R. R. 1963. Metamorphic rocks of the northern
Tobacco Root Mountains, Madison County, Montana.
Geol. Soc. Am. Bull. 74:293-305.

Roberts, H.; Dahl, P,; Kelley, S.; and Frei, R. 2002. New
207Pb-2Pb and *°Ar-*Ar ages from SW Montana, USA:
constraints on the Proterozoic and Archean tectonic
and depositional history of the Wyoming province.
Precambrian Res. 117:119-143.

Sims, P. 1995. Archean and Early Proterozoic tectonic
framework of north-central United States and adja-
cent Canada. U.S. Geol. Surv. Bull. 1904-T, 12 p.

Terry, M., and Friberg, L. 1990. Pressure-temperature
time path related to the tectonothermic evolution of
an Early Proterozoic metamorphic terrane, Black
Hills, South Dakota. Geology 18:786-789.

Toth, M., and Stacey, J. 1992. Constraints on the for-
mation of the Bitterroot lobe of the Idaho batholith,
Idaho and Montana, from U-Pb zircon geochronology
and feldspar Pb isotopic data. U.S. Geol. Surv. Bull.
2008, 14 p.

Tyson, A.; Morozova, E.; Karlstrom, K.; Chamberlain, K.;
Smithson, S.; Dueker, K.; and Foster, C. 2002. Prote-
rozoic Farwell Mountain-Lester Mountain suture
zone, northern Colorado: subduction flip and pro-
gressive assembly of arcs. Geology 30:943-946.

Vitaliano, C. J.; Burger, H. R.; Cordua, W. S.; Hanley, T.
B.; Hess, D. F,; and Root, F. K. 1979a. Explanatory text



Journal of Geology

to accompany geologic map of the southern Tobacco

Root Mountains, Madison County, Montana. Geol.

Soc. Am. Map Chart Ser. MC-31, MC-31, 8 p.

. 1979b. Geologic map of southern Tobacco Root
Mountains, Madison County, Montana. Geol. Soc.
Am. Map Chart Ser. MC-31, scale 1 : 62,500.

Vogl, J.; Mueller, P.; Foster, D.; Mogk, D.; and Wooden,
J. 2002. Character and age of Precambrian basement
in the Little Belt Mountains, Montana: implications
for the role of the Great Falls Tectonic Zone in the

PALEOPROTEROZOIC METAMORPHISM 179

Paleoproterozoic assembly of North America. Geol.
Soc. Am. Abstr. Program 34:273.

Vollmer, R.; Ogden, P,; Schilling, J.-G.; Kingsley, R. H,;
and Waggoner, D. G. 1984. Nd and Sr isotopes in
ultrapotassic rocks from the Leucite Hills, Wyoming.
Contrib. Mineral. Petrol. 87:359-368.

White, D.; Jones, A.; Lucas, S.; and Hajnal, Z. 1999. Tec-
tonic evolution of the Superior Boundary Zone from
coincident seismic reflection and magnetotelluric pro-
files. Tectonics 18:430-451.



