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ABSTRACT
The Precambrian rocks of the southern Highland Mountains in Montana record
the geologic history of the northwestern Wyoming craton. Multiple generations of mafic
and felsic dikes cut the Archean gneissic fabric and are useful for constraining the
Proterozoic tectonic evolution. This study provides mapping of the Nez Perce Hollow
and Twin Bridges SW 7.5’ quadrangles with a focus on dike characterization. Also
presented here is U-Pb geochronology on two suites of granitic dikes and geochemical
data on two suites of mafic dikes. Trace element data shows that amphibolite dikes in
the mapping area intruded during a back-arc setting which is constrained in time
between 2450 Ma and 1880 Ma. Analyses done here shows that no significant
mobilization of elements occurred due to metamorphism, hydrothermal alteration, or
chemical weathering and the geochemical signatures can be inferred to be the same for
the protolith rock. Samples of diabase dikes have geochemistry similar to the Ramshorn
Creek dikes recognized in the Tobacco Root Mountains nearby. This constrains this
generation to the Moyie-Purcell large igneous province event ~1460 Ma.
Geochronology of the granitic dikes show there are two separate tectonic events
separated by ~100 million years. The youngest granite has a best age of 1791±8.1 Ma
which corresponds to the timing of the Big Sky Orogeny. The oldest granite has an age
of ~1880 Ma which is interpreted to be a previously unrecognized event prior to the Big
Sky Orogeny. This result suggests that a new model is needed for the amalgamation of
the Wyoming Province and the Medicine Hat block.
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1. INTRODUCTION

The Wyoming Province is a craton made up of Precambrian crust found
throughout most of Wyoming and surrounding states (Fig. 1). It, along with at least
seven other Archean cratonic blocks, make up the core of the North American continent
(Whitmeyer and Karlstrom, 2007). Precambrian basement rocks of the Wyoming
Province are sparsely exposed in the cores of Laramide uplifts (Mueller and Frost,
2006). One such uplift, which forms the focus of this study, is the Highland Mountains
in SW Montana, located at the northwestern margin of the Wyoming province.
The cratonic core of North America was assembled through a series of Early
Proterozoic collisional orogenies (Whitmeyer and Karlstrom, 2007). In the northern
Wyoming province, the ca. 1780 to 1720 Ma Big Sky orogeny was the culminating
cratonic collisional event (Harms et al., 2004). However, a paucity of structural,
petrologic, geochemical and geochronologic studies on these rocks has prevented a
detailed understanding of this major phase of continental accretion. The Highland
Mountains are uniquely situated to further our understanding of this important tectonic
era because these mountains are the northwestern-most major exposure of Precambrian
basement (Fig. 1) and thus preserve a tectonic and thermal record from deep within the
core of the Big Sky orogen.
The Highland Mountains contain multiply deformed and metamorphosed
amphibolite and granulite-grade gneissic suites that were intruded and cross-cut by at
1

least two generations of felsic and mafic magmas, mostly in the form of dikes. The dikes
are important structural and temporal marker units, without which it would be very
difficult to distinguish Big Sky structural and metamorphic features from those resulting
from earlier events. A detailed examination of field relations, geochemistry, and age data
will allow for a more complete understanding of the tectonic events that led to the
formation of the cratonic core of North America.
The main objective of this project is to define the temporal and tectonic
relationship between mafic and felsic dikes and the metamorphic rocks they intrude.
This will be conducted in three phases. First, it is necessary to produce a new, highly
detailed map of the southern Highland Mountains to illustrate the field relations of felsic
and mafic dikes more accurately than was available in previously published maps.
Second, geochemical data will characterize and discriminate the mafic dikes in the
Highland Mountains. Two distinct mafic units can be mapped in the field, an older
slightly deformed amphibolite unit and a younger undeformed diabase unit. This study
uses whole-rock and trace element geochemistry on the older mafic dikes to determine
whether their geochemical characteristics are consistent with amphibolites from nearby
mountain ranges (e.g. Brady et al., 2004b). This study seeks to define the geochemical
characteristics of the diabase for the purpose of attempting to correlate them with the
geochemical signatures of other dikes found throughout North American cratons (e.g.
Brady et al., 2004b; Rogers et al., 2016). Third, as a result of the detailed mapping
conducted here, two petrographically distinct generations of felsic dikes are now
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recognized in the Highland Mountains. This study will define and distinguish these two
sets of felsic dikes using petrography and U-Pb zircon geochronology.

3

2. GEOLOGIC BACKGROUND
2.1. The Wyoming Province
The Wyoming Province (Fig. 1), first named by Prucha et al. (1965), is exposed in
basement-cored fault blocks uplifted during Laramide deformation. With an area of
~500,000 km2, the province covers most of Wyoming, southwest Montana, and parts of
Idaho, Utah, and the Dakotas (Mueller and Frost, 2006). The precise margins of the
Wyoming Province are not well constrained, with the only well-exposed boundary
located in the Medicine Bow Mountains and Sierra Madre Range in southeastern
Wyoming. There, the Cheyenne Belt marks a suture of Archean rocks in the north and
Proterozoic accreted island-arc terrain to the south (Duebendorfer and Houston, 1987;
Karlstrom and Houston, 1984). To the west-southwest, the Farmington zone (Fig. 1) is
interpreted as the Paleoproterozoic orogenic intersection of the Wyoming province and
the Grouse Creek block (Mueller et al., 2011; Nelson et al., 2002). The northwestern
margin of the Wyoming Province consists of the Selway terrane, a Paleoproterozoic arclike terrane that is predominately covered by the Mesoproterozoic Belt supergroup
(Foster et al., 2006). The Trans-Hudson orogeny represents the collision between the
Wyoming province’s eastern margin and the Superior craton (Whitmeyer and Karlstrom,
2007). The province’s northern boundary is marked by the Great Falls Tectonic Zone
(O'Neill and Lopez, 1985) where it was sutured to the Medicine Hat Block during the
Big Sky Orogeny (Burger, 2004).
The Wyoming province is divided into three subprovinces, the Montana
Metasedimentary province (MMP) in the northwest, the Beartooth-Bighorn magmatic
4

zone in the north-northeast, and the Southern accreted terranes to the south (Mueller and
Frost, 2006). The oldest portion of the craton lies in the Montana Metasedimentary
province and Beartooth-Bighorn magmatic zone. The oldest detrital zircon, Nd-Sm
depleted mantle model ages and igneous crystallization ages ranging from 3300-3700
Ma (Mogk et al., 1992) and some cores of detrital zircons as old as 4000 Ma (Mueller et
al., 1992). The Montana Metasedimentary province Precambrian rocks are
metasupracrustal suites of pelitic schists, quartzites, and carbonate rocks intercalated
with ca. 3300-3000 Ma quartzofeldspathic gneisses (Mogk et al., 1992; Mueller and
Frost, 2006; Mueller et al., 1993; Mueller et al., 1996). Basement-cored uplifts there
include the Highland, Tobacco Root, Greenhorn Mountains as well as the Ruby,
Gravelly, and Madison ranges. The Beartooth-Bighorn magmatic zone is dominated by
tonalite-trondhjemite-granodiorite metaplutonic rocks (Frost et al., 2006a; Mueller and
Frost, 2006; Wooden and Mueller, 1988). The Beartooth Mountains, Bighorn
Mountains, Wind River Range, Teton Range, and the Stillwater complex are major
geologic features in this area. Recent studies of negative bulk rock initial εNd with
inherited zircons suggest this province might consist of older recycled Hadean crust
(Frost et al., 2017). The youngest part of the Wyoming province is the Southern
Accreted Terrains. Here, Neoarchean supracrustal sequences were accreted to the
southern margin in pulses spanning ca. 2720-2630 Ma (Frost et al., 2006b).

5

2.2. Big Sky Orogeny
The Big Sky orogeny records a thermotectonic event that overprints Archean and
Paleoproterozoic rocks in much of the northern Wyoming province (Harms et al., 2004).
Prograde metamorphism through a clockwise PTt path reached peak pressures exceeded
1.0 GPa and temperatures >800 oC (Brady et al., 2004a; Cheney et al., 2004b; Harms et
al., 2004). The core of the Big Sky orogen is the southern boundary of the Great Falls
tectonic zone and the timing of peak metamorphism appears to become progressively
younger to the southeast (Condit et al., 2015). High-grade tectonism is ca. 1810-1780
Ma in the Highland Mountains, ca. 1780-1750 Ma in the Ruby Range, Tobacco Root
Mountains, and northwesternmost Northern Madison Range, and ca. 1750-1720 Ma in
the central Northern Madison (Condit et al., 2015).
Although protolith ages in the Montana Metasedimentary province have been
largely identified to be Archean, an Early Proterozoic age of metamorphism was first
described by Giletti (1966), who found that K-Ar systems in rocks in the northwestern
Wyoming province were reset ca. 1.6 Ga, and rocks to the southeast retained Archean KAr ages. The line that separates Archean and Proterozoic metamorphic domains is now
referred to as “Giletti’s line” and is generally considered to mark the southeastern extent
of rocks deformed and metamorphosed during the Big Sky orogeny (Erslev and Sutter,
1990; Harms et al., 2004; O’Neill and Berg, 1998).
The Big Sky orogeny marks the closure of an ocean basin north of the Wyoming
province as it amalgamated with the Medicine Hat block and Hearne province (e.g.
O'Neill and Lopez, 1985). Additionally, geophysical studies have suggested north6

dipping seismic refraction lines show a relict subducted slab below the Medicine Hat
block which is projected to the surface along trend of the Big Sky orogeny (Gorman et
al., 2002). The truncation of the Big Sky orogeny by the Trans-Hudson orogeny, and
comparison of isotopic and paleomagnetic data in these zones, has led to complication in
the models of tectonic buildup of Laurentia (e.g. Hrncir et al., 2017; Kilian et al., 2016).
In one such model, Mueller et al. (2002) interpreted the possibility of the collision of the
Hearne, Medicine Hat block, and the Wyoming province to be synchronous with the
Trans-Hudson orogeny. Kilian et al. (2016) suggest that the Medicine Hat block and
Wyoming province joined at the Great Falls tectonic zone while still separated from the
Hearne and Superior cratons by a large ocean basin. Hrncir et al. (2017) argue that,
while the interpretation of Medicine Hat and Wyoming coming together first is likely,
their model does not agree with a large ocean basin separating them from the Superior
and Hearn cratons. This dispute highlights the need for further investigation in the
margins of the Wyoming province.

2.3. Paleoproterozoic Paleogeography
The timing of the Big Sky Orogeny and the amalgamation of the Wyoming
Province with Laurentia is synchronous with the global buildup of the PaleoMesoproterozoic supercontinent Columbia (Zhao et al., 2002). The Northern margin of
Laurentia began connecting with Siberia at 2000-1800 Ma (Zhao et al., 2002). At ~1800
Ma Australia and East Antarctica moved closer to the western margin of Laurentia as the
ocean basin between them subducted under Australia (Gibson et al., 2018). Though an
7

ocean continued to separate Laurentia and the Australian cratons, accretion of smaller
terranes impacted the southern margins of both between 1780 Ma and 1650 Ma (Betts et
al., 2008). In the present-day northeast of Laurentia, Baltica and Greenland were
amalgamated to Columbia through ~2100-1800 Ma orogenies (Zhao et al., 2002).
Within a few hundred million years in the Paleoproterozoic, events similar to the Big
Sky Orogeny brought together most of the world’s land masses.

2.4. Highland Mountains
The Highland Mountains, located in Madison county Montana, are the
northwestern-most exposure of Precambrian bedrock in the Montana Metasedimentary
province segment of the Wyoming province. The Highland Mountains preserve a long
and complex geologic history that extends to the Archean. The mountains lie at the
intersection the thin-skinned folds and thrusts of the Montana thrust belt and the
basement-cored uplifts of the Laramide foreland (Schmidt et al., 1988). Most of the
~400 km2 is covered by Phanerozoic sediments, however, Cretaceous fault-bounded
blocks have been uplifted to expose basement outcrops that provide an excellent
laboratory for studying ancient crustal processes.
O’Neill et al. (1988) interpreted the Highland Mountains gneiss complex as a
structural dome that exhumed Archean and Proterozoic rock along low-dip normal
faults. A core of high-grade, migmatitic, metamorphosed quartzofeldspathic gneiss is
structurally overlain by metamorphosed and migmatitic supracrustal rocks. Major
faulting in the north and east of the Highland Mountains is younger than the gneiss dome
8

structure and brings the Precambrian rocks into juxtaposition with Mesoproterozoic and
Phanerozoic rocks (O'Neill and Schmidt, 1989).
The core of the dome consists of quartzofeldspathic (granitic and tonalitic)
leucocratic gneiss and a well-foliated quartz-feldspar-biotite±garnet±sillimanite gneiss
cross cut by both granitoid dikes and metamorphosed mafic dikes (Miller and Geddie,
2018). The leucocratic gneiss is highly variable in composition but is most commonly
massive with strongly lineated quartz and feldspar and contains little biotite in most
areas. The gneiss commonly contains feldspar augen up to 3 centimeters in diameter and
foliation is commonly folded and strongly lineated. Other localities are more biotite rich
and are associated with leucogranite intruded in the gneiss which has well developed
mylonitic texture. The quartz-feldspar-biotite±garnet±sillimanite gneiss is fine- to
medium-grained with distinct platy foliation. This lithology grades into mylonite, which
is cut by granitic dikes. The latter tends to weather easily while the former is more
resistant and is often a cliff-former.
Biotite-rich, quartz-feldspar±garnet±sillimanite gneiss is the structurally highest
Precambrian metamorphic rocks of the Highland Mountains (O’Neill et al., 1988). The
western half of the field area is dominated by this metatexite migmatite that is
lithologically highly variable but characterized by coarse-grained, biotite-rich gneiss
(Miller and Geddie, 2018). Commonly highly foliated, this unit has numerous granitic
melt segregations present at all scales from small disseminated patches, to vein
networks, to meter-scale dikes. Centimeter-scale granitic dikes locally show progression
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from brittle fracture and formation of polymineralic clasts to rotation of clasts into the
gneissic foliation, to strongly foliated porphyroclastic mylonite textures.
Separating the biotite gneiss and the quartzofeldspathic gneisses at the core of the
dome is a distinctive band of garnet-rich migmatitic biotite gneiss. Compositions of this
rock can be 25%-60% garnet and also include amphibolite, quartzofeldspathic, and
biotite-rich variations. Also present are small bands of garnet-sillimanite schist, marble,
and calc-silicate. Accurate mapping of this unit plays a significant role in the
interpretation of the Highland Mountains gneiss dome of O’Neill et al. (1988) because it
structurally separates Archean gneisses with inferred largely igneous protoliths from
metasedimentary gneisses.

2.5. Felsic Magmatism
Granitic aplite to pegmatite dikes are located in all the gneiss units, with high
concentrations found within the biotite gneiss. Dikes have variable thickness from
centimeters to a few meters and commonly cut across the country rock for tens of meters
or more. A presumed earlier generation of medium-grained, internally deformed and
recrystallized, biotite-rich, garnet-bearing granitoid dikes that cut across the gneissic
fabric, are locally folded into the gneiss, pinch and swell, and show similar fabrics as the
adjacent gneisses. Where less-deformed, these dikes form conduits that focus melt
migration from surrounding migmatitic gneiss. Many silver and gold exploration pits
are found within or near these dikes, but none were developed into full mining
operations. In contrast, a presumed later generation of well preserved, course-grained,
10

graphic igneous texture, granitoid dikes that show no penetrative deformational fabrics
and cut more sharply across the gneissic fabric of the country rocks. This generation,
while sampled by numerous assay pits, has no associated mining activity. In the
Tobacco Root Mountains, similar granitic dikes have been dated at 1772±8 Ma and
attributed to a tectonothermal event affecting the Montana Metasedimentary province
during that time (Mueller et al., 2004). This matches the timing and PTt model of the
Big Sky orogeny of Harms et al. (2004).

2.6. Mafic Magmatism
Relatively rare mafic rocks form distinctive structural and metamorphic markers.
Mapping has documented two associations of Proterozoic mafic dikes in the Highland
Mountains (Figs. 2-3). The older generation of mafic dikes are medium- to coarsegrained, salt-and-pepper texture amphibolites that often contain garnet. Foliation and
lineation are developed to varying degrees and the outcrops can occur as pods, lenses, or
boudinaged bands transposed into the gneissic foliation (Fig.4). In areas that have been
commercially quarried, the gneiss seems to fold around the dikes, though they cut the
foliation at low angles. The center of the dikes tend to have coarser grains and the edges
become finer at the margin, likely representing pre-metamorphic chilled margins as the
dikes intruded into colder country rock.
Similar dikes are found in the nearby Tobacco Root Mountains, referred to as
“metamorphic mafic dikes and sills (MMDS)”, where they intrude both the Pony-Middle
Mountain and Indian Creek Metamorphic Suites (Brady et al., 2004b). Recognizing the
11

importance of these units as tectonic markers, a number of researchers have sought to
understand their geologic history. Mueller et al. (2004) found two zircon populations
were contained in them, prismatic grains with an age of 2060±6 Ma, and smaller,
rounded grains with an age of 1763±8 Ma. The older age was interpreted to be the age
of intrusion and the younger related to the timing of metamorphism during the Big Sky
orogeny. This matches 40Ar/39Ar isotopic ages of ca. 1800 Ma found in hornblende from
dikes in the Highland Mountains which was interpreted to record a cooling from highgrade metamorphism throughout the area (Harlan et al., 1996).
Based on geochemical analysis, the MMDs of the Tobacco Root Mountains have
subalkaline, tholeiitic basalt protoliths that possibly intruded during rifting that produced
a passive continental margin on the western side of the Wyoming province (Brady et al.,
2004b). Cheney et al. (2004b) suggested that MMDs in the Tobacco Root Mountains
are correlative with the amphibolites in the Highland Mountains. Brady et al. (2004b)
modeled fractional crystallization using TiO2 as a normalizing component and found that
orthopyroxene, clinopyroxene and plagioclase likely account for the majority of
crystallization and fractional crystallization of olivine is likely minimal compared to the
other three. If geochemical analysis in the Highland Mountain amphibolites has
comparable results, it would provide further evidence for these units to be from a similar
magma source and/or tectonic setting.
A younger east-west trending generation of mafic dikes is not deformed or
metamorphosed and cuts all Precambrian rock units and fabrics (Figs. 2-3). Rogers et al.
(2016) identified 17 geochemical signatures (GS) from Mesoproterozoic mafic dikes and
12

sills of the Belt-Purcell Basin and Wyoming province, 6 of which had sample locations
within the southern Highland Mountains (GS 6, GS 7, GS 8, GS 9, GS 12, and GS 14)
and showed similar lithology and trend to this younger generation. GS 6 was defined by
whole-rock and REE chemistry of the Goat Flat dike of the Wind River Range of
Wyoming (Chamberlain et al., 2000). It was correlated to the ca. 1460 Moyie-Purcell
large igneous province magmatism and yielded a zircon U-Pb age of 1471±3 Ma
(Chamberlain et al., 2000; Rogers et al., 2016). GS 7 and GS 8 were first recognized as
group A and C in Wooden et al. (1978), who studied the dikes of the Tobacco Root
mountains and split them using major oxides, Ni, and Zr versus Mg# or MgO. In that
study, GS 7 had a Rb-SrWR age of 1455±125 Ma, and GS 8 was found to have a younger
age of 1130±130 Ma from Rb-SrWR. GS 7 was later examined by Harlan et al. (2005)
and showed a Sm-NdWR age of 1448±49 Ma. Rogers et al. (2016) interprets GS 7 and
GS 8 as being geochemically distinct and not related to previously named events. GS 9
is localized to the Highland Mountains and the Beartooth Mountains of Wyoming
(Rogers et al., 2016). Its geochemical signature is characterized by a much steeper
heavy REE slope (Gd-Yb)PM and an anomalously large range of magnetic susceptibly
compared to the other groupings (Rogers et al., 2016). GS 12 was attributed to the
Moyie-Purcell large igneous province and was dated at 1469±2.5 Ma by Sears et al.
(1998). The geochemical characteristics from the named sill used in that study is what
defines the group (Rogers et al., 2016). The last geochemical grouping found in the
Highland Mountains, GS 14, only includes two samples. They have a flat (Gd/Yb)PM
slope and a slight enrichment in the REE slope (La/Sm)PM (Rogers et al., 2016).
13

3. METHODS

3.1. Field Mapping
Large-scale mapping was conducted during the summers of 2011-2018 as part of
Texas A&M field camp. Under the USGS EDMAP grant # G17AS00005, mapping of
the Nez Perce Hollow and Twin Bridges SW 7.5’ quadrangles were conducted covering
most of the Precambrian exposures in the area (Fig. 5). Detailed mapping occurred
during both the 2017 and 2018 summers to finalize areas that had not been visited
previously.
The location and character of the mafic and felsic dikes were a focus of mapping
for this study. One goal was to map out each dike instead of presenting a schematic
representation as in prior maps (e.g. McDonald et al., 2012; O'Neill et al., 1996). This
method provided a way to examine location, concentration, and trend of each generation
of dike at a higher resolution. Mapping individual felsic dikes enabled the removal of
unit Xs (dense swarm of leucocratic quartz-feldspar sills intruded into crystalline
metamorphic rocks) seen in O'Neill et al. (1996) and more clearly demonstrated the
location and nature of the boundary between the two gneiss units. GPS tracks were used
to map the edges of larger mafic and felsic dikes to show deformational trends.
Five-hundred-eighty-seven hand samples were collected of the mafic and felsic
dikes, as well as the metamorphic rocks they intruded. Samples were cut into 27 x
46mm slabs on a table saw and sent to Spectrum Petrographics (www.petrography.com)
for thin section mounting. These petrographic thin sections aided in defining igneous
14

and metamorphic units that were ambiguous in the field. Optical petrography and
imaging were done using standard polarized-light optical microscopy.

3.2. Geochronology

Zircon grains were obtained from rock samples and analyzed by both isotope-dilution
thermal ionization mass spectrometry (ID-TIMS) and laser-ablation inductively coupled
plasma (LA-ICPMS) methods at the R. Ken Williams ’45 Radiogenic Isotope
Geosciences Laboratory at Texas A&M University. Samples for ID-TIMS analysis were
annealed and abraded chemically following Mattinson (2005). Details of ID-TIMS
methodology are given in Park et al. (2013) and the data are presented in Table 1. Zircon
grains were analyzed for U-Pb isotopes and trace element concentrations by LA-ICPMS
using a NWR/ESI 193nm ArF excimer laser-ablation system and a ThermoScientific
iCAP RQ quadrupole mass spectrometer. Zircon 91500 (Wiedenbeck et al., 2004) was
used as the primary standard for U-Pb down-hole and Pb isotope fractionation
corrections and as a check on analytical reproducibility. Secondary zircon standards
were Plešovice (Sláma et al., 2008) and FC-1 (Paces and Miller, 1993); both were
analyzed and data reduced as unknowns as a check on age accuracy. Trace element
concentrations were calculated relative to NIST612 using 29Si as the internal standard.
Data were reduced with Iolite v.3.6 (Paton et al., 2011; Paton et al., 2010) and data
reduction scheme “U-Pb Geochron4” for U-Pb dates and “Trace Elements IS” for trace
element concentrations.
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3.3. Geochemistry
Thirty-three mafic dike samples were collected throughout the southern Highland
Mountains mapping area from 2016-2018. Samples were collected from the center of
the dikes in an attempt to avoid weathering and contamination. Each rock was reduced
using a jaw-crusher and then pulverized using a Spex Certiprep shatterbox. A
precontaminate aliquot of each sample was run prior to each sample being processed and
the machines were scrubbed with ethyl alcohol after to reduce contamination.
Geochemical analysis was conducted at Activation Laboratories (www.actlabs.com) for
major- and trace-element concentrations using their “WRA+Trace – 4 Lithoresearch”
package. Samples were prepared with a lithium metaborate/tetraborate fusion before
being analyzed with inductively coupled plasma-optical emission spectroscopy (ICPOES) and inductively coupled plasma-mass spectrometry (ICP-MS). The data was
manipulated using the program GeoChemical Data toolkit (www.gcdkit.org). These new
whole-rock data along with published data (Brady et al., 2004b; Rogers et al., 2016) will
provide the framework necessary to define better geochemical discrimination and
characterization diagrams.
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4. RESULTS

4.1. Mapping
Detailed mapping of the felsic and mafic dikes in the field provided new insight
into the relationship of the intrusions to each other and the host rocks. The oldest set of
dikes intrude all of the gneissic units. Petrographically the major constituents are
amphibole and plagioclase (>75%) with common garnet and minor quartz, opaque
minerals, and clinopyroxene (Fig. 6). Reaction textures include clinopyroxene going to
amphibole, amphibole pseudomorphs after garnet, or partly resorbed garnet with
plagioclase retrograde rims.
Previously referred to as “mafic dikes and sills (Xm)”, these rocks are here
renamed “amphibolite (Xam)” to better reflect their petrography. In addition, none can
be demonstrated to have intruded parallel to sedimentary bedding and, therefore, the
term “sills” is dropped and their presumed protoliths referred to only as “dikes”.
Foliation of the gneisses are folded and deviate from regional orientations around these
units within ten meters of their contact. Though previous mapping (e.g. McDonald et
al., 2012; O'Neill et al., 1996) showed these dikes schematically as lines, mapping in this
study provides accurate shape, size, and location to each outcrop (Figs. 2-3). More
accurate mapping has demonstrated a spatial relationship between the quartzofeldspathic
leucogneiss (Aql) and the trend of the amphibolites. To the south-southeast of the Aql
boundary, the Xam forms moderately continuous bands that trend NE (Fig. 2). To the
west of the Aql the Xam becomes more pod-like and generally trends N-S (Fig. 3). This
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change in orientation follows the same pattern as the boundaries of the Aql and the
quartzofeldspathic gneiss (Aqf), and is consistent with foliation and lithological contacts
orientations controlled by an overall domal structure (O’Neill et al., 1988).
The younger mafic dikes (Yd) cut all metamorphic rocks in the mapping area.
This suite of dikes is fine- to medium-grained diabase rocks. In thin section, the major
constituents are plagioclase, clinopyroxene, and amphibole. Although through-going
replacement of igneous minerals by metamorphic amphibole and epidote is common,
clear relict ophitic texture is retained and relict pyroxene is preserved in the centers of
amphibole and plagioclase (Fig. 7).
Unit Yd is less common than other mafic and metamafic rock types throughout
the Highland Mountains. Often found as rubble on the ground, mapping of this unit
proved to be more challenging than the other dikes. Many of the dikes were mapped
from satellite images where they could be followed for up to seven kilometers. They
intruded all other Precambrian units and cut across the boundaries of the gneissic units.
The general trend is northwest-southeast, though a few are oriented east-west to
southeast-northwest. Average width of these dikes is 1-3 m wide and continuous for
tens to hundreds of meters. One anomalous example is 40 m wide and 7 km long in the
northeastern section of the map area.
Two petrographically distinct granitoid dikes were mapped throughout the
Highland Mountains. The more abundant Xgr1 dikes are fine- to medium-grained
equigranular granite or monzogranite. This suite contains biotite (~10%) and in some
locations a distinct deformational fabric. They range in size from a few mm to tens of
18

meters in width and appear to be melt generated from the Xbg metatexite. The rare Xgr2
dikes are leucocratic coarse-grained to pegmatitic granite with a graphic texture. These
dikes show no deformation and cut through the gneissic foliation showing no obvious
relationship to migmatitic melts in the biotite gneiss (Xbg). Both sets of felsic dikes are
more abundant in the Xbg and the western margin of the Aqf. This is likely the reason
that O'Neill et al. (1996) mapped parts of the boundary between the Aqf and Xbg as
“undivided igneous and metamorphic rocks (Xs)”. Mapping of the individual dikes in
this location allows for the removal of Xs and more accurately reflects the distribution of
the host gneissic units.

4.2. Geochronology
Two samples of Xgr were dated as part of this work. FC15-005 is a fine- to
medium-grained granite and is petrographically part of the Xgr1 suite (Fig. 8). In thin
section quartz commonly shows undulose extinction, suggesting some amount of
deformation occurred after crystallization. Some of the larger K-feldspar grains show
quartz exsolution textures and contain numerous muscovite inclusions (Fig. 8). FC15005 is located south of the Cenozoic South Rochester Creek fault within the eastern
boundary of the Xbg and its contact with the Xbg gneiss has been the focus of a small
precious metal mining operation. FC13-014 is a medium- to coarse-grained granite that
is part of the Xgr2 suite. Major constituents consist of quartz, K-feldspar, and
plagioclase (Fig. 9). Quartz shows recrystallization textures and K-feldspar shows
seritization with replacement mica and graphic texture.
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A total of 150 U-Pb analyses were conducted on both monazite and zircons from
sample FC15-005 and eighty zircon and monazite from sample FC13-014, including
both thermal ionization mass spectrometry (TIMS) and laser ablation inductively
coupled plasma mass spectrometry (LA-ICP-MS) analyses (Table 1). Nearly all
analyses by both ID-TIMS and LA-ICPMS methods show the effects of at least one, and
in many cases, multiple Pb-loss events. As a result, data points fall into a triangular array
on Concordia diagrams (Figs. 10 and 11). Despite the extreme discordance of many data
points, reliable age information can still be discerned. Figure 12 represents schematically
the effects of multiple Pb-loss events on a rock with a combination of igneous and older
xenocrystic zircons. Point A represents the Concordia position of the oldest xenocrystic
zircon analyses without Pb-loss. One or more Paleoproterozoic metamorphic events
would then pull concordant points variable amounts toward the Paleoproterozoic age and
they would form an array between the two ages, as represented by point B. Another Pbloss event in, for example the Cretaceous, would pull these already discordant down a
line toward the Cretaceous age, as represented by point C. The result is an area
containing all data with each of the apeces being geologically significant ages.
When plotted on a concordia diagram, monazite analyses from sample FC15-005
show a comparatively small degree of discordance (<10%) with an apparent single-stage
Pb-loss array and have an upper-intercept regression age of 1766.5±5.9 Ma (Fig. 9). The
ID-TIMS analysis of zircons were done with a step-leaching procedure similar to that of
Mattinson (2005), but in this case, and each step solution was analyzed (Fig. 9). The
initial leaching solution plotted away from the general trend of the final dissolution and
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was not considered in the calculated age. The regression age of the ID-TIMS analyses is
1762.5±6.1 Ma. A significantly larger number of grains were analyzed by LA-ICP-MS.
This allowed for discordant trends on concordia diagrams to be better represent. Data
points form highly discordant arrays with lower intercept of approximately ~75 Ma – the
known age of nearby Cretaceous plutonism (Tilling et al., 1968). The upper intercept
regression age of these zircons is 1791.0±8.1 Ma. A number of spot analyses showed
older discordant arrays, likely caused by xenocrystic zircon grains that experienced lead
loss at ~1760-1780 Ma and again at ~75 Ma.
Monazite grains from sample FC13-014 show a linear trend with little
discordance (<10%) and a reference line pinned at 75 Ma gives an upper intercept of
1777 Ma on a Concordia diagram (Fig. 11). Combined TIMS and LA-ICP-MS zircon
analyses show a trend of varying discordance from 75 Ma to ~1880 Ma (Fig. 11). Spot
analyses range from much older to slightly younger. These are interpreted to be
xenocrystic, if older, or partially reset at both ~1760-1780 Ma and ~75 Ma. Initial
crystallization of this suite of granites is interpreted to be ~1880 Ma. Concordant data
points at ~1880 Ma in figure 11 likely represent new zircon crystallization and is
represented as point D in figure 12. If these zircons experienced some degree of age
resetting during the Big Sky Orogeny 100 m.y. later, their datum would fall on a tie line
between ~1880 Ma and ~1780 Ma, shown by point E. Zircons that completely reset,
new zircon growth, and monazite growth (representing the time of cooling) during the
Big Sky Orogeny would plot at point F. Each of these scenarios (D, E, and F) would
have been pulled on a tie line that intercepts the Cretaceous thermal event (represented
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by D’, E’, and F’ respectively). Because of this process, the data from FC13-014 that
represents Paleoproterozoic zircons fall within a triangular zone between the Cretaceous
and the two interpreted metamorphic events at ~1780 Ma and ~1880 Ma.

4.3. Geochemistry
Twenty-nine samples of amphibolite (Xam) and 4 samples of diabase (Yd) were
analyzed for major- and trace-element geochemistry; no felsic dike samples were
analyzed. The results of the geochemical analysis are reported in table 2 (appendix B).
The present-day major-element chemistry of the metamorphic dikes can be altered from
their protoliths due to hydrothermal alteration, weathering, and metamorphism.
However, an MFW plot from Ohta and Arai (2007) indicates the degree of weathering
seen in igneous rocks. The Xam were plotted in figure 13 and all samples plot near the
mafic end-member of the ternary diagram where the unweathered basalt marker is.
Therefore, major-element igneous geochemical discrimination diagrams can be used,
with some caution, on these metamorphosed rocks as guides to the petrogenetic
evolution, protoliths, and tectonic settings. Trace-elements are less susceptible to lowto-moderate grade alteration and metamorphism (Ross and Bédard, 2009) and are also
used here to determine igneous characteristics. For example, light REE can be mobile
during hydrothermal alteration or metamorphism (MacLean and Barrett, 1993), thus, it is
essential to demonstrate immobility of the REE. To do this La, Ce, Nd, and Sm are
plotted against a common immobile element like Zr (Fig. 14). The light REE from each
geochemical group of Xam plot linearly against Zr and fit on a line through the standard
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BCR-2. This suggests that all REE have been immobile through any hydrothermal
alteration and metamorphism that affects these rocks.
The protoliths of the metamorphosed samples were sub-alkaline, tholeiitic basalts
based on the alkali iron magnesium (AFM) diagram (Fig. 15). On a total alkali silica
(TAS) diagram, samples plot within the sub-alkaline basalt field with SiO2 ranging from
48-52 weight-percent (Fig. 16). Amphibolites (Xam) are plotted on a Zr vs. Y plot after
Ross and Bédard (2009) and show that most samples are tholeiitic with some plotting in
the transitional field (Fig. 17).
Four groups of mafic rocks are defined based on their geochemical
characteristics. Following the discriminants used in Rogers et al. (2016), the MORBOIB array of Pearce (2008) separates three clusters of Xam samples (Fig. 18). Two
smaller groups plot above the E-MORB, and a larger group is shifted toward N-MORB.
The larger group has been designated as group A, the group above the E-MORB with the
highest Th/Yb ratio is group B, and the group just above the E-MORB is group C. The
four analyzed Yd samples have been designated as group D for this study.
Rare earth element (REE) plots show that all samples, with the exception of one
from group C, plot at ten times chondritic values (Fig. 19). Group A REE patterns are
flatter than the other groups. Group B shows a steep slope in light REE and a flat slope
for the heavies. Most samples in group B have a negative Eu anomaly. Group C REE
patterns have little change in slope between the light and heavy elements. The REE
slopes normalized to chondritic values are 0.97-1.72 for group A, 2.71-3.60 for group B,
and 1.45-3.09 for group C.
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Geochemical patterns of the Xam closely match those of back-arc basin basalts
described in Pearce and Stern (2006) (Fig. 20). Using YbN = 1 (Fig. 20), the Nb/Yb ratio
gives a proxy for mantle enrichment or depletion in this plot. Geochemical group A
shows some depletion, particularly those with the lowest Nb. Groups B and C show
enrichment of the mantle in all samples. This result parallel the use of figure 18 to
discriminate groups due to the Nb/Yb ratio being one of the distinguishing factors.
The geochemistry of the Yd (group D) is defined by four samples. When plotted
with Rogers et al. (2016) Highland Mountain samples on a MORB-OIB array, the Yd
samples split into two of the groupings defined by Rogers et al. (2016) (Fig. 21). One
sample that show more enrichment of REE on the spider plot than the other three. Only
one sample in this group has a slight Eu anomaly.
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5. DISCUSSION
5.1. Field Relationships
Dikes of the southern Highland Mountains provide important tectonic constraints
on the Precambrian history of the Wyoming Province. Detailed mapping of exposed
Precambrian rocks in the Highland Mountains provided a basis for understanding the
field relationships of these units with the host gneisses. This area is located at the
northwestern-most margin of the Wyoming Province and gives a natural laboratory to
study tectonic during the Paleoproterozoic building of Laurentia. With a majority of
studies focusing on the Tobacco Root Mountains and Ruby Range, the additional data
presented here focusing on the Highlands Mountains pushes detailed tectonothermal
understanding of this region farther north into the Great Falls tectonic zone.
I was able to refine map patterns and cross-cutting relationships of the two
generations of mafic dikes and identify U-Pb dating targets for laboratory study. The
Xam now show boudinage and folding within the gneissic foliation, commonly defining
fold hinges in gneisses that did not show obvious folding patterns. The generally tabular
nature of the amphibolites and the low-angle cutting of the gneissic foliation suggest
their protolith intruded as dikes and not as basaltic flows. One particular question that
arises from mapping this unit is its relationship with the Aql that makes up the core of
the proposed gneiss dome of O’Neill et al. (1988). If the relationship between the
gneisses are indeed a product of a gneiss dome, the trend of the Xam on the south-east
and south-west of the Aql-Aqf boundary would suggest that the dikes were smeared into
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the plane of the rising dome margins as seen in figures 2 and 3. However, the Xam
continues its northeast-southwest trend through the Aqf and into the Aql as seen in
figure 2. This would only be the case if the boundary between the two gneisses was in
place during the time of dike intrusion. Because of this, the southeastern Aql-Aqf
boundary was likely not a sheared zone during the time of dome formation. The western
boundary, however, has dense granitic dikes that have been associated with a top-downto-the-west shear zone and allowed for the development of the dome (Boyer, 2013).
This could explain the change in trend of the Xam nearby (Fig. 3).
Detailed mapping of the felsic dikes allowed for the boundary between the Aqf
and Xbg to be realized where previously mapped as Xs. Though, as previously
mentioned, the areas of dense Xgr shows possible locations for shearing to accommodate
the gneiss dome of O’Neill et al. (1988). The parallels of lithology between the Aql and
the Xgr2 dikes led us to attempt to map the two granitic suites separately. I found this
task too challenging to be accomplished within this study. Both suites of Xgr were
found cutting all the gneissic units, though mostly occurring within the Xbg. Because of
this, I cannot definitively say which unit each suite is derived from. Hopefully future
geochemical studies of minerals within the dikes and gneisses will provide further
insight into this question.
Another question sought in this study was if the younger diabase dikes showed
any mappable trends between the six geochemical groupings of Rogers et al. (2016). I
found no obvious correlation in the field or in petrographic associations. This could
suggest that low-grade metamorphism or metasomatism play a role in the observed
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geochemical signatures. One finding of interest is that many of the sample locations
reported in Rogers et al. (2016) did not match up with what I found in the field. Many of
the provided coordinates did not have mafic outcrops within 10-20 meters of them with
some in particular being in the Cretaceous granite shown in figure 3.

5.2. Pre-Big Sky Orogeny Mafic Dikes
Geochemical analysis of amphibolites shows that three geochemical groupings
are recognized in the Highland Mountains. There is one published date of 2060 Ma for
similar metamorphic mafic dikes and sills of Tobacco Root Mountains (Mueller et al.,
2004). Brady et al. (2004b) interpreted the intrusion of metamorphosed mafic dikes and
sills to occur during a continental rift setting, similar to the East African Rift, based on
the REE. Considering figure 14, there has likely been mobility of the light REE,
possibly caused by the emplacement of the Tobacco Root batholith. Because of this, I
cannot verify the relationship between the geochemistry of the Tobacco Root
metamorphosed mafic dikes and sills and the Xam of the Highland Mountains.
The Th-Nb-Yb diagram in figure 18 was determined to be the best distinguisher
of geochemical groupings. All three Xam groups plot above the MORB-OIB array
which is consistent with selective enrichment of Th relative to Nb in a subduction
component (Pearce, 2008). The Th-Nb proxy is effective in highlighting crustal input,
particularly in the Precambrian where magma temperatures and crustal geotherms were
likely higher and the crust had higher Th/Nb ratios (Pearce, 2008). Th is strongly
mobilized by melts and weakly mobilized by high temperature fluids and Nb is
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mobilized weakly by melting and not significantly by fluids. Because of this, it should
be noted that amphibolite facies metamorphism and metasomatic fluids rich in Th could
cause the fractionation seen in figure 18 (Pearce, 2008). Even with this consideration,
all three groups likely underwent a similar degree of metamorphism and metasomatic
processes, suggesting that the distinct groupings are not from a secondary process.
The geochemical pattern presented in figure 20 provides evidence that the Xam
protolith intruded in a back-arc setting on the western edge of the Wyoming Province
and not as an intra-plate extensional setting as suggested by Brady et al. (2004b). The
Nb/Yb ratio is particularly important in tracing mantle flow in a number of back-arc
regions around the world, assuming flow is accompanied by melt extraction or mixing
(Pearce and Stern, 2006). The chemical gradient in trace elements could be the result of
loss of melt fractions from the flowing mantle over time and the change seen between
groups A, B and C could represent a temporal or spatial change throughout the basin.

5.3. Post-Big Sky Dikes
As shown in figure 21, the four samples of diabase dikes (Yd) analyzed in this
study fall close to geochemical groups 6 and 7 of Rogers et al. (2016). The REE of
group 6 are much lower than those of the Yd in this study. All of the Yd values are over
10 times chondritic values which matches group 7. This shows that if there are indeed
multiple geochemical groupings, the Highland Mountains samples fit into the Ramshorn
Creek group of Rogers et al. (2016). This group is related to the ca. 1460 Ma MoyiePurcell large igneous province. This matches other continental tholeiitic dikes that
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intruded the Belt-Purcell Supergroup (Rogers et al., 2016). These samples would differ
from the dikes and sills that intruded into the wet unconsolidated sediments in the
northern part of the Belt Basin and experienced more interaction with their host rocks.
The Yd of the Highland Mountains intruded Archean crystalline basement and minimal
crustal contamination occurred, as seen by the samples from this study plotting near the
MORB-OIB array and having little Th enrichment.
Due to the lack of a robust sample size, this study cannot reliably test if there is
indeed a field correlation to the multiple geochemical signatures reported in Rogers et al.
(2016). As stated above, consideration should be given to where the reported sample
locations are from that study. There are discrepancies in coordinates published and my
mapping in the field. Future work should focus on resolving this as well as building a
more robust collection of diabase samples for geochemical analyses.

5.4. Granitic Dike Analysis
Granitic dike emplacement in the Highland Mountains have previously been
attributed to the Big Sky Orogeny (Mueller et al., 2004). Petrographic analyses of these
dikes suggest that at least two suites of dikes were generated in the area. Geochronology
work on Precambrian rocks prove challenging when thermal events during the
Phanerozoic allow for lead diffusion of the grains and move the analyses away from
concordance. LA-ICP-MS is a powerful tool to examine zircons in this situation
because a large population of grains with varying levels of discordance can be examined
and a regression can be made between the time of crystallization and the youngest lead
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loss event. Discordant zircons of >2000 Ma exist in both suites and are interpreted to be
xenocrystic from the parent rock that generated the melt. These zircons likely
experience lead loss both at the Paleoproterozoic Big Sky Orogeny and the Cretaceous
Laramide Orogeny.
The dominate array of zircons in FC15-005 have an upper intercept ~1760-1790
Ma. The lower intercept for all three regressed ages in this sample is ~75 Ma which I
interpret as lead loss during the Cretaceous when large granitic bodies, like the Hells
Canyon Pluton, were emplaced causing thermal flux throughout the area. Zircons have a
much higher closure temperature than monazites, for this reason zircons are commonly
interpreted as the initial crystallization of igneous bodies and monazites are interpreted
as the cooling of igneous and metamorphic events. The youngest age for monazites is
1760.6 Ma (Fig. 9) which is older than the youngest age for TIMS zircons. The
youngest age on the Monazites likely represents the youngest boundary of metamorphic
and igneous zircon growth, therefore I interpret crystallization of the Xgr1 granites to
occur between 1760.6 Ma and 1799.1 Ma (the oldest possible LA-ICP-MS zircon age).
The age of 1791±8.1 Ma is likely the best representation of the crystallization age of
these granites due to the robustness of the analyses incorporated into that regression.
The error ellipses on each data point from LA-ICP-MS zircon analyses for FC13014 (Fig. 11) are larger than the red triangular area shown in figure 12 and the TIMS
data has error ellipses that are smaller than the symbol that represents them. Because of
this, a reference line was pinned at 75 Ma and drawn through the TIMS and concordant
LA-ICP-MS data points. This resulted in the upper intercept of the reference line to be
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at ~1880 Ma. I interpret this to signify a metamorphic event prior to the Big Sky
Orogeny and after the 2450 Ma event described in Cheney et al. (2004a) and Mueller et
al. (2004). This provides a record of a previously unidentified tectonic event that
impacted the Highland Mountains.
Further evidence for the unidentified tectonic associate with Xgr2 is seen in
figure 22. Two Xgr1 samples and one Xgr2 sample were analyzed prior to this study
and their data was combined with the LA-ICP-MS data in this study and plotted on a
relative probability diagram. Two distinct peaks are shown between the plots, one at the
Big Sky and one at ~1880 Ma. The smaller peak at ~2000 Ma is interpreted to be the
effect of xenocrystic zircons experiencing lead loss as shown in figure 11. This confirms
the findings from this study that the two granitic dike suites are different and distinct and
that two granite-generating tectonothermal events affected the Highland Mountains at ca.
1760 and ca. 1880 Ma.

5.5. Tectonic evolution
The results of this study provide new constraints on the tectonic evolution of the
northern margin of the Wyoming Province. Both the felsic and mafic dikes cut the
gneissic foliation which likely formed at 2450 Ma or earlier based on correlations with
very similar gneissic units in the Tobacco Root Mountains (e.g. Harms et al., 2004).
Metamorphic mineral ages (monazite and titanite) in both the felsic and mafic rocks
were reset during the Big Sky Orogeny. Thus, the intrusion of both mafic and felsic dike
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suites is constrained to between about 1760-2450 Ma. Figure 23 shows a timeline of the
Paleoproterozoic tectonic events as recognized in the Highland Mountains.
In the Tobacco Root Mountains, the metamorphic mafic dikes (MMD) have
yielded zircon U-Pb dates, inferred to be igneous crystallization ages, of ca. 2060 Ma
(Mueller et al., 2004). The Highland Mountains Xam are similar in lithology and field
relations, but cannot be definitively correlated geochemically to those in the Tobacco
Root Mountains because of the mobility of the rare earth elements found there (Fig. 14).
As a result, the age from the Tobacco Root Mountains MMD cannot be confidently
applied to Xam in the Highlands. In rare strain shadows, Xam dikes clearly cut the
foliation in the gneissic units (Fig. 4), and both suites of granite dikes cut Xam, Thus,
both are constrained only between 1760-2450 Ma (Fig. 23).
The zircon U-Pb age of the Xgr2 suite suggest a collisional event occurred ~1880
Ma; 100 million years prior to the Big Sky Orogeny. Vervoort et al. (2016) found zircon
ages of 1860 Ma in orthogneisses located in the Clearwater and Priest River complexes
in northern Idaho and interpreted those ages as collision with an arc along the western
margin of the Wyoming Province distinctly separate from Big Sky events. The ca. 1880
Ma granite dikes in the Highland Mountains may result from a similar collisional event
along the northern margin of the Wyoming Province. This would suggest that either the
Medicine Hat block amalgamated with the Wyoming Province in multiple pulses starting
100 million years prior to the Big Sky Orogeny or an unrecognized crustal block docked
to the northern edge of the craton and the Medicine Hat block collided later. The later
interpretation is represented by two collisional events in figure 23.
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Zircon U-Pb analyses of the Xgr1 suite demonstrate that these granites were
produced during the Big Sky Orogeny. This coincides with the interpreted age of
leucocratic dikes in the Tobacco Root Mountains (Mueller et al., 2004). Evidence
present here from the Highland Mountains similarly suggests that the Big Sky Orogeny
along the northern margin of the Wyoming Province resulted in the closure of a northfacing ocean basin during collision of the Medicine Hat Block. Because the Big Sky
Orogeny followed the ca. 1880 Ma event by about 100 m.y., I interpret the Big Sky
Orogeny as a completely distinct thermotectonic event that has largely overprinted the
older, probably arc-continent, collisional event.
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6. CONCLUSIONS
Detailed mapping, geochemistry, and geochronology of mafic and felsic dikes in
the southern Highland Mountains of Montana have provided new constraints on the
tectonic history of the Wyoming Province. This study provides a detailed examination
of tectonothermal events leading up to the Paleoproterozoic Big Sky Orogeny.
Mapping of the Precambrian rocks in the Highland Mountains provided
increased understanding in the relationship between at least three generations of dikes
and the gneisses they intrude, and provides for clearer identification of unit boundaries
that were previously unmapped or represented schematically. The field relations of the
amphibolite dikes are now better represented and their spatial relationship with the core
of the proposed Highland Mountains gneiss dome has been mapped. A clear change in
the trend of these dikes is seen on the western side of the Aql-Aqf boundary. Future
work should focus on mapping the trend of their foliation to better represent the impact
of the Big Sky Orogeny as well as the rise of the dome itself.
The field relationship between two suites of granitic dikes is still only vaguely
understood and need to be mapped in more detail. With the petrographic foundation
presented here, future work might be able to map these units separately to provide
answers about location and melting source as well as additional relative timing
constraints.
Geochemical analyses of amphibolite dikes within the map area show there are
three chemical associations in the Highland Mountains. The trace element geochemistry
cannot confidently correlate these samples to similar MMD found in the Tobacco Root
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Mountains. In contrast to the geochemical interpretation of the MMD in the Tobacco
Root Mountains, the amphibolites in the Highland Mountains show chemical
characteristics consistent with formation in a back-arc setting. The largest chemical
group resembles NMORB composition while the two smaller groups are more closely
related to EMORB. All samples show component of crustal contamination in their
chemistry. The amphibolites are temporally pinned between the 2450 Ma gneissic
foliation they cut and the 1880 Ma granite dikes that cut them.
Geochronology done in this study shows that the two granitic dikes suites also
have crystallization ages that are separated by ~100 Ma. The Xgr2 granites have an age
of ~1880 Ma which is interpreted to be from a collisional tectonic previously
unrecognized in the northern Wyoming Province. This suggests that a new or refined
tectonic model is needed for how the Wyoming Province and the Medicine Hat block
amalgamated.
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APPENDIX A
FIGURES

Figure 1. Location map of the Wyoming province showing major geologic features
of the area. Interpreted area of the craton is shaded. The eastern boundary is
based on geophysical evidence from Worthington et al. (2016). Western margin
and features from Mueller et al. (2011) and Foster et al. (2006). Northern and
southern boundaries, sub-province locations, and Precambrian outcrop locations
modified from Harms et al. (2004). Batholith locations from Foster et al. (2010) and
Harms et al. (2004).
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Figure 2. Geologic map of part of the southern Highland Mountains. Two
generations of mafic intrusions are shown, (1) deformed, NE-trending group
(green) intruded pre-Big Sky and (2) undeformed, NW-trending group (purple).
Geology modified from (O'Neill et al., 1996).
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Figure 3. Geologic map of part of the southern Highland Mountains where the Xam
unit trends N-S. Units not shown in legend are described in figure 3.
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Figure 4. Images showing the amphibolite (Xam) in the field. Foliation can often be
seen in hand sample (top). In many areas, the dikes can be seen cutting the gneissic
foliation (bottom).
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Figure 5. Compilation of bedrock mapping efforts in the Nez Perce Hollow and
Twin Bridges SW 7.5’ quadrangles.
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Figure 6. Petrographic images of sample BG17-035, an amphibolite (Xam), taken
in crossed-polarized light (top) and plane-polarized light (bottom).
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Figure 7. Petrographic image of sample BG17-010, a diabase (Yd) dike, taken in
crossed-polarized light (top) and plane-polarized light (bottom).
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Figure 8. Petrographic image of sample FC15-005, a granitic dike (Xgr1), taken in
crossed-polarized light (top) and plane-polarized light (bottom).
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Figure 9. Petrographic image of sample FC14-013, a granitic dike (Xgr2), taken in
crossed-polarized light (top) and plane-polarized light (bottom).
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Figure 10. Concordia diagram for zircons and monazites from sample FC15-005.
Black ovals represent error ellipses for LA-ICP-MS analyses. Green squares
represent TIMS zircons and green circles represent TIMS monazites. The error
ellipses from the TIM

52

Figure 11. Concordia diagram for zircons and monazites from sample FC13-014.
Black ovals represent error ellipses for LA-ICP-MS analyses. Green squares
represent TIMS zircons and green circles represent TIMS monazites. The error
ellipses from the TIMS data is smaller than the symbol that represents them. See
text for description of age calculation.
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Figure 12. Schematic concordia diagram showing the effect of lead loss and age
resetting on zircon analyses. See text for explanation.
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Figure 13. MFW plot from Ohta and Arai (2007) showing the chemical weathering
profile of the Xam. All samples plot near the fresh basalt marker (Bas) which
indicates little to no chemical weathering of the sample occurred in the portion of
the rock that was analyzed. M = mafic parent, F = felsic parent, W = weathered
material.
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Figure 14. Light rare earth elements plotted against Zr to test mobility as
described in MacLean and Barrett (1993). Light elements that were
omitted were not available in Brady et al. (2004b). Xam LREE plot
linearly through the standard BCR-2. Elements from Brady et al. (2004b)
show scatter suggesting mobility of LREE in those rocks.
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Figure 15. Amphibolites and diabase dike analyses in weight percent oxides are
shown on the AFM diagram of Irvine and Baragar (1971). F represents FeO(t).
The box (bottom) is a zoomed in view of the yellow inset area of the diagram (top).
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58
Figure 16. Total Alkali Silica after Cox et al. (1979). All amphibolite and diabase
samples are plotted in the tholeiitic basalt field.

Figure 17. Zr vs. Y plot after Ross and Bédard (2009) showing the magmatic
affinity of the amphibolite dikes (Xam). Most of the dikes plot in the tholeiitic field
and some plot in the transitional field.
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60
Figure 18. Amphibolite dikes plotted on a Th-Nb-Yb diagram after Pearce (2008). All samples
plot above the MORB-OIB highlighted in yellow.
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Figure 19. Rare earth elements normalized to chondritic values from McDonough and Sun (1995)
for each geochemical grouping of Xam and Yd.

Figure 20. Geochemical patterns from the Xam geochemical groupings
compared to back-arc basin basalts (BABB) described in Pearce and
Stern (2006). Group A (top left) is depleted in Nb and group B (bottom
left) and C (top right) are slightly enriched compared to the BABB
baseline described in Pearce and Stern (2006) (bottom right).
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Figure 21. Yd dikes from this study and Rogers et al. (2016) plotted on a Th-Nb-Yb diagram after Pearce
(2008). Samples from this study are labeled D and those from Rogers et al. are labeled by their
geochemical group number.

Figure 22. Probability density plots of analyses from three Xgr1
and two Xgr2 samples. Peaks at ~1880 Ma show evidence for a
previously unrecognized tectonic event.
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Figure 23. Timeline of tectonic events constrained in this study. 2450 Ma event
described by authors in GSA special paper 377 (e.g. Harms et al., 2004). Images
modified from the tectonic timeline of Harms et al. (2004).
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APPENDIX B
TABLES
Table 1. LA-ICP-MS geochronology analyses

(Continued)
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Table 1. LA-ICP-MS geochronology analyses (continued)

(Continued)
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Table 1. LA-ICP-MS geochronology analyses (continued)

(Continued)
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Table 1. LA-ICP-MS geochronology analyses (continued)

1

Zircon U-Th-Pb concentrations referenced to either NIST 612 glass or 91500 zircon; concentration uncertainty approximately ±20%
Isotope ratios not corrected for common Pb
3
Dates calculated with decay constants of Jaffey et al. (1971) and 238U/235U=137.818 (Hiess, 2012) using Iolite v. 3.5 (Paton et al., 2011) and U-Pb
Geochron4 DRS (Paton et al., 2010)
2

Paton, C., Hellstrom, J., Paul, B.,Woodhead, J. and Hergt, J. 2011. “Iolite: Freeware for the visualization and processing of mass spectrometric data.”
Journal of Analytical Atomic Spectrometry. doi:10.1039/c1ja10172b.
Paton, C., Woodhead, J., Hellstrom, J., Hergt, J., Greig, A. & Maas, R (2010) Improved laser ablation U-Pb zircon geochronology through robust downhole fractionation correction. G Cubed, 11, doi:10.1029/2009GC002618
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Table 2. TIMS geochronology analyses

(a) Z1, Z2 ect. Are internal laboratory labels for fractions composed of single zircon grains or two-grain aliquots; all fractions annealed and chemically
abraded after Mattinson (2005)
(b) U and total Pb content of zircon remnants after chemical abrasion.
(c) Model Th/U ratio calculated from radiogenic 208Pb/206Pb ratio and 207Pb/235U age.
(d) Pb* and Pbc represent radiogenic and common Pb, respectively; mol% 206Pb* with respect to radiogenic, blank and initial common Pb.
(e) Measured ratio corrected for spike and fractionation only.
Daily Pb analyses corrected for 0.22%/AMU mass bias based on repeat analysis of NBS-981. Faraday U analyses corrected for mass bias based on
measured 233U/235U ratio.
(f) Corrected for fractionation, spike, and common Pb; up to 1 pg of common Pb was assumed to be procedural blank; 206Pb/204Pb = 18.66 ± 0.60%;
207
Pb/204Pb = 15.54 ± 0.25%; 208Pb/204Pb = 37.62 ± 0.55% (all uncertainties 1-sigma). Excess over blank was assigned to initial common Pb.
(g) Errors are 2-sigma, propagated using the algorithms of Schmitz and Schoene (2007) and Crowley et al. (2007).
(h) Calculate ages are based on the decay constants of Jaffey et al. (1971).
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Table 3. Whole-rock major and trace element analyses for mafic dikes

(continued)
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Table 3. Whole-rock major and trace element analyses for mafic dikes (continued)

(continued)
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Table 3. Whole-rock major and trace element analyses for mafic dikes (continued)
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