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ABSTRACT
The Medicine Hat Block (MHB) is one of the core cratonic elements that amalgamated in the
Paleoproterozoic to form Laurentia. However, the role of the MHB in the formation of Laurentia
is poorly constrained due to virtually all of the MHB being concealed by Proterozoic and
younger supracrustal sequences, limiting availability of data. The primary sources of samples
from the MHB are 1) xenoliths of variable metamorphic grade, including gneisses, amphibolites,
and meta-plutonic rocks, collected from Eocene volcanic rock; and 2) similar lithologies
recovered from boreholes that penetrate to the MHB basement. Previous work on samples from
the MHB yielded Paleoproterozoic ages (1.78 – 1.82 Ga), and Archean ages (2.5 – 3.3 Ga). New
zircon single-grain LA-ICP-MS U-Pb analyses on MHB xenoliths expand on previous ages with:
one Neoarchean age (2.79 Ga), nine Paleoarchean ages (3.45 – 3.54 Ga), and one younger
detrital sample with multiple age peaks. Samples with > 3.3 Ga ages indicate an earlier origin for
the MHB than was indicated by previous data. In-situ zircon Lu-Hf isotopic results revealed that
Archean-aged zircon are generally suprachondritic, with εHfT values between 8.3 and -8.7.
However, Paleoproterozoic grains yielded εHfT values ranging from -6.8 to -21.2, suggestive of
juvenile and evolved crustal mixing. U-Pb ages for the MHB overlap with those of the
Wyoming and Hearne; however, the abundance of evolved εHfT values for the 2.8 – 3.54 Ga
aged MHB xenoliths suggests the MHB is unique. These values show that the Great Falls
Tectonic Zone must indeed be a Paleoproterozoic collisional zone, and supports proposed
models of a Paleoproterozoic underplating event observed in other xenoliths and in seismic
sections.
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I. INTRODUCTION
The Medicine Hat Block (MHB; Fig. 1) is an Archean and Paleoproterozoic-aged piece
of continental crust located on the border between northern Montana in the United States, and
southern Alberta, Canada (Fig. 1; Gorman et al. 2002; Leimeuex et al. 2000; Foster et al. 2006;
Whitmeyer and Karlstrom 2007; Eaton et al. 1999; Davis et al. 1995; Gifford et al. 2018).
Characterization of this crustal block in the past has relied primarily on sparse basement drill
core and crustal xenolith samples collected in various localities on and within the craton, as well
as seismic and aeromagnetic field studies (Villeneuve et al. 1993; Davis et al. 1995; Boerner et
al. 1998; Lemieux et al. 2000; Gorman et al. 2002; Ross et al. 1997; Gifford et al. 2014, 2018).
This limited amount of data collection and research on the region is predominantly due to the
extensive Phanerozoic sedimentary cover that overlies the majority of the MHB, burying the
crystalline basement beneath younger supracrustal stratigraphy sequences. Therefore, current
understanding of the tectonic history and nature of the MHB is insufficient to fully piece together
its relationships to surrounding geologic elements, such as the Wyoming Craton and Hearne
Craton (Fig. 1; e.g., Anderson et al. 2010; Card et al. 2018; Foster et al. 2006, 2012; Mueller et
al. 1993, 2002, 2004, 2005; Mueller and Frost 2011; Whitmeyer and Karlstrom 2007; Hoffman
1988, 1989, 2014), or to understand the complex role the craton played in the processes that
helped shape the ancient geologic core of North America during the Proterozoic. The North
American continent (Dickens 1995) offers up one of the most complete geologic, geophysical,
and isotopic data sets of any continent, making the MHB an important case study for continental
evolution on the early Earth.
1

The purpose of this project is to advance the overall characterization of the MHB through a
geochemical and geochronological investigation of zircons from 11 crustal xenolith samples
collected from the Sweetgrass Hills of northern Montana, USA and southern Alberta, Canada
(Fig. 1). Eocene minettes, located in this area, captured and carried these xenoliths to the
surface, allowing investigation of the otherwise inaccessible basement rock. The samples were
collected from Sill 39 and Coulee 29 sites (Fig. 1, 5 & 6) by the Geological Survey of Canada.
New collection of U-Pb and Lu-Hf isotopic data on zircon grains from these samples, combined
with petrographic descriptions and comparisons to previous research, will help illuminate the
MHB’s lithology, age, uniqueness, and tectonic history, which will help better constrain the
geodynamic understanding behind the assembly of Laurentia.

Fig. 1 - Generalized map of Precambrian basement provinces and assumed cratonic boundaries
comprising southwestern Laurentia and the sample collection locations (after Gifford et al. 2018: Ross,
1991: Condie 1992: Doughty et al. 1998: Vogl et al. 2004: Foster et al. 2006, 2012). 1) Calstan Parkland,
garnet metabasite; 2) Imperial Calstan Lake Newell, PCP Medicine Hat; 4) Home Pacific Knappen, 5) &
6) Coulee 29 & Sill 39
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II. GEOLOGICAL BACKGROUND
II. A. LAURENTIA

Expansive areas of coherent and rigid continental lithosphere that have remained
relatively unchanged since the Precambrian are referred to as cratons (Hoffman 1988, 1989).
These cratons form the cores of Earth’s continents. Laurentia, otherwise referred to as the North
American Craton, is such a piece of continental lithosphere. In its present state, Laurentia has
remained largely stable for over 500 million years (Hoffman, 1988, 1989; Whitmeyer and
Karlstrom 2007), which makes it one of the oldest and largest cratons on the planet. This makes
Laurentia a prime candidate for investigations into continental crust formation and evolution.
Due to its longevity, Laurentia has been subjected to multiple events of crustal growth,
orogenesis, and terrane accretion. These events have helped shape the present-day North
American continent. Various plate-scale models and interpretations have helped explain the
growth and evolution of southwestern Laurentia, generally agreeing that the unit formed through
amalgamation processes of several former microcontinents that began ~2.0 Ga and ended ~1.6
Ga (e.g., Hoffman 1988, 1989; Whitmeyer and Karlstrom 2007; Mueller et al. 2002, 2004, 2005;
Gorman et al. 2002; Eaton et al. 1999). These tectonic frameworks for the formation and longterm behavior of Laurentia are primarily based on geochronological data from exposed
Proterozoic outcrops, drill cores, xenolith samples, interpretations of aeromagnetic data, and
seismic investigations on crustal blocks that comprise the continent (e.g., Villeneuve et al. 1993;
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Davis et al. 1995; Boerner et al. 1998; Lemieux et al. 2000; Gorman et al. 2002). Most
models generally agree that the central portion of the Laurentian protocraton formed from
separate plate collisions of various Archean-aged microcontinents, such as the Superior, Hearne,
Wyoming, and Medicine Hat (Fig. 1), and that these plate assemblages were complete by ~1.6
Ga (e.g., Hoffman 1988, 1989, 2014; Whitmeyer and Karlstrom 2007; Mueller et al. 2002, 2004,
2005; Gorman et al. 2002). However, debate remains over the specifics of the interplate
collisional relationships. While the Hearne and Wyoming provinces have been extensively
researched to help resolve these issues, characterization of the MHB has been limited. Because
of this, some models suggest the MHB could represent a southern extension of the Hearne
Craton, while others propose a connection to the northern margin of the Wyoming. According to
Hoffman (1988, 1989); whether the MHB shares a connection to the Hearne, the Wyoming, or
represents an independent history, depends on the researcher’s political affinity north or south of
the Canada-US border. Based on previous geochemical, seismic, convergence models, and
geophysical observations presented here, the complexities surrounding the relationships between
the MHB and its surrounding cratonic and collisional belt neighbors remains uncertain. My aim
is to further unravel the tectonic relationships between the cratons by pairing results from a
geochemical investigations of zircon grains and petrology descriptions of 11 xenolith samples.
These results will help to place the craton within the tectonic framework of Laurentia and help
solidify a sound foundation for the character of the MHB.
II. B ARCHEAN CRATONS
The Medicine Hat Block is located on the southwestern margin of modern day Laurentia,
straddling the border between Montana, USA and Alberta, Canada (Fig. 1). Geographically, the
MHB lies between two Precambrian basement provinces to the north and south, is bounded by a
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Proterozoic orogenic belt to the east, and is constrained to the west by accreted terranes of the
North American Cordillera (Fig. 1) (Ross 1991; Condie 1992; Doughty et al. 1998; Vogl et al.
2004; Foster et al. 2006, 2012). The majority of the MHB and its immediate surroundings are
completely concealed by younger sediments of the Western Canadian Sedimentary Basin
(WCSB), a vast Cordilleran foreland basin that underlies ~ 1,400,000 km2 of western Canada
(Fig. 2; Mossop and Shetsen 1994). Current knowledge of the MHB relies on limited xenolith
and drill core sample geochemical analyses,
and seismic investigations (Villeneuve et al.
1993; Davis et al. 1995; Boerner et al. 1998;
Lemieux et al. 2000; Gorman et al. 2002;
Gifford et al. 2014, in review). Based on
these studies, the MHB is seemingly
comprised of a complex mixture of both
Proterozoic and Archean crust, exhibits
unique seismic and aeromagnetic signatures,
and has been subjected to distinct periods of

Fig. 2 – Generalized Map denoting expanse of the
Western Canadian Sedimentary Basin throughout

crustal growth, deformation, and

Canada and the United States (modified after Mossop

metamorphism (Mueller et al. 2004, 2005;

et al. 1994).

Gifford et al. 2014, 2018, in review; Davis et al. 1995; Lemieux et al. 2000).
Archean and Proterozoic ages for the MHB have been defined from drill core and crustal
xenolith samples collected from 6 areas on and within the block (3.27 Ga – 2.6 Ga and 1.75 Ga)
(Villeneuve et al. 1993; Davis et al. 1995). U-Pb crystallization ages, Sm-Nd crustal residence
ages and whole rock analysis, and Lu-Hf model ages, were calculated for drill core samples by
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Villeneuve et al. (1993) and Gifford et al. (in review). U-Pb, Rb-Sr, Lu-Hf, and Sm-Nd
geochronology and geothermobarometric investigations were also conducted on xenolith
samples (Davis et al. 1995; Gifford et al. in review). U-Pb concordia upper intercept ages from
drill core samples range from ~2.61 Ga – 3.28 Ga, and Sm-Nd crustal residence ages range from
~2.86 Ga – 3.48 Ga. Varying types of xenoliths were collected from Coulee 29 in the Milk
River area of southern Alberta, and Sill 39 in northern Montana by the Geological Survey of
Canada in 1993 (Fig. 1). These xenolith samples occur in minette intrusions of the Montana
Alkaline Province (MAP) dated at ~50.3 ± 0.5 Ma (Davis and Kjarsgaard, 1994). U-Pb, Sm-Nd,
Lu-Hf, and Rb-Sr geochronology, as well as geothermobarometry investigations of these
samples further constrain the age and origin of the MHB (Davis et al. 1995; Gifford et al. in
review). Upper crustal xenolith U-Pb ages range from ~2.6 Ga – 3.0 Ga, and lower crustal rock
type xenoliths yielded Paleoproterozoic ages ranging between ~1.7 Ga – 1.85 Ga (Davis et al.
1995). The younger Paleoproterozic ages have also been noted in the nearby Hearne and
Wyoming provinces to the north and south, which are consistent with Archean separation from
the mantle, and the findings of Frost and Burwash (1986), which confirm the widespread
presence of Late Archean crust in the MHB. Sm-Nd whole-rock data indicated Archean crustal
residence ages for all xenoliths, and correlate with the basement drill core samples (Villeneuve et
al. 1993; Davis et al. 1995). Lu-Hf analyses on drill cores and xenolith samples conducted by
Gifford et al. (in review) reveal a similar story. Depleted mantle model age (TDM) values for the
Archean-aged drill core samples revealed early- to mid-Archean (3.62 Ga – 2.79 Ga) separation
from the mantle. Late-Archean and Paleoproterozoic aged xenoliths yielded TDM that were
slightly younger, ranging from (3.01 Ga – 2.69 Ga). U-Pb and Sm-Nd mineral isochron ages
demonstrated that older aged samples are restricted to upper crustal rock types such as tonalites
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and gneisses, while younger Paleoproterozoic ages lie in a distinct lower crust (Davis et al.
1995). These different age populations from Davis et al. (1995) indicate that older Archean
crustal material of the MHB may have been reworked extensively in the Paleoproterozoic during
some type of high-grade metamorphic event, such as the craton-craton collisions proposed in
several plate-scale amalgamation models (Gorman et al. 2002; Mueller et al. 2005). Collisional
events are therefore the most likely source of the metamorphic activity recorded in these zircon
ages from the MHB (e.g., Gifford et al. 2014, 2018; Hoffman 1988, 1989; Mueller et al. 1995,
2002, 2005).
Seismic profiles of the MHB have revealed unique characteristics that further establish
the craton as an independent crustal block (Gorman et al. 2002). A large-scale, unique seismic
refraction investigation of the western North American lithosphere was conducted under the
Lithoprobe program’s Deep Probe field experiment. This investigation, paired with data from
the Southern Alberta Refraction Experiment (Clowes et al. 2002), shed insight into the
geophysical structure of the underlying lithosphere comprising western Laurentia. Deep Probe
seismic shots up to ~150 km in depth spanning over 3,000 km along the 110th meridian, unveiled
the distinct crustal layers of the Hearne Craton, MHB, and the Wyoming Province. The MHB
has an average crustal thicknesses of ~49 km – 60 km, and exhibits a ~ 6.5 km velocity structure
in the upper crust (similar to the Wyoming), as well as a unique lower, ~10 km thick, highvelocity layer (7.0-7.8 km/s) (Gorman et al. 2002; Lemieux et al. 2000). This high-velocity
layer, underlying the upper crust of the MHB is the Proterozoic-aged layer mentioned by Davis
et al. (1995). The layer is not typical of similar Archean aged cratonic elements worldwide, due
to the lack of an obvious lithospheric root (Wymann and Kerrich 2002; Henstock et al. 1988;
Barnhart et al. 2012; Clowes et al. 2002; Gorman et al. 2002; Mahan et al. 2012; Snelson et al.
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1998); however, its origin has been attributed to a feature related to cratonic margin and
underplating tectonic processes that occurred during the Paleoproterozoic (~1.8 Ga – 1.7 Ga)
(Barnhart et al. 2012; Mueller et al. 2004, 2005). The resulting crustal velocity structure model
compiled for this region, when combined with previous geochemical data results, reveals the
MHB to be an independent Archean crustal block with a thicker-than-average crustal signature
(including the underplated high-velocity LCL) (Ross et al. 2000; Gorman et al. 2002).
The Hearne Craton lies north of the MHB and extends into central and eastern Canada
(Fig. 1). Much of the craton is exposed farther into central Canada, but is extensively covered by
WCSB sedimentary rocks in the south (Fig. 2). Characterized by geochemical investigations,
mapping, and seismic results; the Hearne Craton has been characterized as a heterogeneous piece
of continental crust (Anderson et al. 2010; Davis et al. 2013; Card et al. 2018). Comparisons
between U-Pb and Sm-Nd isotopic data from zircons in the central and southern portions of the
block suggest a discontinuity between the south and central Hearne, where the two portions
express unique geochemical signatures and age data, as well as structural differences. The
central Hearne craton extends into northeastern Saskatchewan and consists of ocean mafic
volcanic rocks intruded by juvenile tonalities in the late Archean, with U-Pb ages ranging from
1.78 Ga – 2.68 Ga, while the southern Hearne is dominated by a felsic orthogneiss complex that
contains a diverse range of evolved gnessic tonalities. Ages for these tonalities are calculated as
ranging between ~2.81 Ga – 2.78 Ga, and ~2.73 Ga. Sm-Nd isotopic investigations of plutons in
the southern Hearne yielded a mean ɛNd value of -3.3 and expressed mean TDM ranging from
~3.60 Ga – ~3.10 Ga, suggesting mantle separation in the early Archean (Orrell et al. 1999). The
Sm-Nd data indicate a Meso-Paleoarchean source for the southern Hearne, and the
geophysical/seismic studies suggest an undefined tectonic boundary separating the northern and
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southern Hearne (Anderson et al. 2010; Card et al. 2018). Archean magmatism (2.74 Ga – 2.70
Ga) was overprinted by Paleoproterozoic metamorphism (1.83 – 1.79 Ga) through
geochronology investigations of exposed southern Hearne outcrops on monazite and titanite by
Annesley et al. (1997), and Bickford et al (1994). Overlapping age patterns have also been
identified by Villeneuve et al. (1993). Seismic data from SAREX and the Lithoprobe experiment
revealed that the Hearne Craton has a varying thickness from south to north, decreasing from ~
50 km to almost 34 km, with an average 40 km depth, and a velocity structure of (6.0-7.4 km/s)
(Gorman et al. 2002; Clowes et al. 2002).
The Wyoming Craton, a distinct Archean crustal
block spanning ~500,000 km2, is located directly
south of the MHB (Figs. 1, 3; Mueller et al.
1993, 2005, 2006, 2011; Foster et al. 2006;
Hoffman 1988, 1989, 2014; Barnhart et al.
2012). Basement rocks of the Wyoming have
been observed in Laramide-aged uplifts and
Fig. 3 – Location Map of Wyoming Province
outcrops and subprovince regions. LBM- Little

crustal xenoliths that have allowed
geochronologists to subdivide the province into

Belt Mountains; MMT- Montana
Metasedimentary Terrane; BBMZ – Beartooth
Bighorn Magmatic Zone; WR – Wind River
Mountains; BH – Bighorn Mountains; SAT –
Southern Accreted Terranes. (after Gifford et al.,

three distinct subprovinces based on
geochemical signatures and age data that differ
between the northern, central, and southern

2018; Ross, 1991; Mueller et al. 2011: Condie,
1992: Doughty et al., 1998; Vogl et al., 2004;

portions of the region. The three subdivisions

Fosteraetunique
al., 2006,
2012).
record
assemblage
history that helped stabilize the Wyoming by the late Archean

(Mueller et al. 2004). These three areas trend NW-SE, and include: the Montana
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Metasedimentary Terrane (MMT), the Beartooth-Bighorn Magmatic Zone (BBMZ), and the
Southern accreted terranes (SAT) (Figs. 1, 3). Based on U-Pb, Lu-Hf, and Sm-Nd geochemical
investigations of the three subdivisions from the Wyoming, the province is interpreted to have
undergone distinct periods of crustal growth (~3.0 Ga – 2.8 Ga; Chamberlin et al. 2003), late
Archean magmatism and accretion (~2.71 Ga – 2.50 Ga; Chamberlin et al. 2003), as well as
Proterozoic accretion, extension, and collisional episodes (~1.90 Ga – 1.7 Ga; Hoffman et al.
1988, 1989, 2014; Mueller et al. 1993, 2004, 2005, 2011; Gifford et al. 2014, 2018).
The MMT is the northernmost subprovince, juxtaposed to the southwestern margin of the
MHB (Fig. 3). This region is primarily comprised of quartzite, pelite, and carbonate rocks
interlaced with quartzofeldspathitic gneiss with ages between 3.30 Ga – 3.50 Ga (e.g., Mueller et
al. 1993, 1996, 2004). Directly southeast of the MMT, is the BBMZ (Fig. 3). The BBMZ
contains mostly 2.80 Ga – 3.00 Ga metaplutonic rocks (Wooden et al. 1988; Frost and Fanning
2006; Frost et al. 2006). The MMT and BBMZ share a distinct enriched 207Pb/204Pb signature
and a ~50 km thick crust with a ~15-20 km high velocity lower layer (Gorman et al. 2002;
Wooden and Mueller 1988; Mueller et al. 1993; Frost et al. 1998, 2006). The enriched Pb
signature is most likely a consequence of early crustal extraction, and suggest a Pb reservoir
source that separated from the mantle around 3.60 Ga – 3.30 Ga; and the lower crustal layer is
the same as that observed below the MHB. The SAT (Fig. 3) is distinctly younger than its
northwestern neighbors and is composed primarily of ultramafic to felsic metavolcanic rocks,
pleitic schist, metagraywacke, and quartzite (Chamberlin et al. 2003; Bowers and Chamberlin
2006). The SAT was accreted to the southeastern margin of the BBMZ region in three distinct
magmatic pulses at 2.71 Ga – 2.67 Ga, 2.65 Ga – 2.62 Ga, and 2.55 Ga – 2.50 Ga (Chamberlin et
al. 2003; Frost et al. 2006). According to these findings, the MMT and BBMZ were cratonized
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first at ~3.0 Ga to 2.8 Ga (indicating crustal growth during these periods), and the SAT formed
through continental-arc magmatism and terrane accretion along the southern portion of the
province at ~ 2.68 Ga – 2.50 Ga (Chamberlin et al. 2003; Mueller and Frost 2011). By the late
Archean, the three subprovinces comprised a fully amalgamated Wyoming Craton. These data
indicate that the Wyoming is a group of crustal blocks that formed close together in the earlymid Archean, and not simply a collage of independent terranes (Mueller and Frost 2006; Mogk et
al. 1992).
II. C. PROTEROZOIC SUTURE BELTS
North of the U.S. and Canada border; an area known as the Vulcan Zone, or Vulcan
Structure separates the MHB from the southern Hearne Craton (Fig. 1). Recognized as a key
tectonic boundary between the MHB and the Hearne Craton for decades, the Vulcan Structure is
an area of over 350 km with prominent east-trending magnetic and gravity anomalies that cut
across the region at a high angle (Eaton et al. 1999). During the formation of Laurentia, the
Hearne Craton served as an accretion point for several other cratonic elements, including the
MHB and Wyoming (Aspler et al. 2002). The Vulcan represents the region where the MHB
joined the Hearne during this amalgamation. Over the course of its recognition, the area has
been interpreted to represent variable geologic settings: this includes interpretations as an
intraplate shear zone (Boerner et al. 1998), a failed Proterozoic rift (Kanasewich 1968;
Kanasewich et al. 1969), an amagmatic suture (Thomas et al. 1987; Hoffman 1988, 89), and even
an internal component of the Hearne itself (Hoffman 1990). Other Lithoprobe seismic-reflection
profiles have determined that the Vulcan structure more closely represents a relatively narrow
(40-70 km) axial zone of a continental collisional belt (Gorman et al. 2002; Hope and Eaton
2002; Eaton et al. 1998, 1999; Thomas et al. 1987; Hoffman 1988, 1990; Ross 1991, 2002).
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Based on potential-field anomalies that arose from these profiles, Ross (1991) proposed that the
Vulcan structure was a north dipping subduction zone between the MHB and Hearne. In
contrast, Eaton et al. (1999) suggested that the fossil subduction zone was most likely south
dipping, based on lower crustal geometries. This interpretation includes overthrusting of the
lower crust of the Hearne Craton by the lower crust from the MHB (Eaton et al. 1999). The
exact age of the Vulcan Structure is also uncertain. Within the Vulcan, U-Pb dating of zircons
on a metabasite reveals an Archean igneous age of 2.63 Ga, but also yields a discordant 2.1 Ga
Proterozoic titanite age (Villeneuve et al. 1993). Hoffman (1989) interpreted the Vulcan to be a
~2.7 Ga – 2.6 Ga aged suture between the northern MHB, and southern Hearne. However,
Burwash et al. (1962) published widespread K-Ar ages ranging from ~1.88 Ga – 1.85 Ga, which
are supported by paleomagnetic data from Ozdemir et al. (1988). These data, paired with the
results from Davis et al. (1995), in which lower crustal xenoliths indicate ~1.69 Ga – 1.81 Ga
mafic rocks were emplaced in the lower crust during a thermal event in the Proterozoic; suggests
a ~1.8 Ga – 1.75 Ga age for the Vulcan Structure. However, this data is presented with a distinct
caveat, as K-Ar ages are easily reset in active tectonic settings, such as continent-continent
collisions. Therefore, a more reliable and stable age for the Vulcan zone could be interpreted as
mid-Archean ~2.63 Ga, based on the metabasite U-Pb age (Eaton et al. 1999; Lemieux et al.
2000).
The Great Falls Tectonic Zone (Fig. 1, 3; GFTZ), occupies the region between the
Wyoming Craton and the MHB in southwestern Laurentia. Much like the Vulcan Structure, the
GFTZ has been the focus of many geological investigations aimed to unravel the origin and
evolution of the region, in an effort to understand its relationships to the MHB and Wyoming.
The GFTZ is a ~200 km wide zone of high-angle, Phanerozoic-aged thrust faults and NE-
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trending aeromagnetic anomalies between the MHB and the Wyoming, and has been associated
with the subduction of oceanic lithosphere during the Paleoproterozoic as the MHB and
Wyoming were amalgamated into the continent (Lemieux et al. 2000; Mueller et al. 2002; Sims
et al. 2004; Gifford et al. 2014, 2018). Sm-Nd whole-rock, zircon U-Pb and Lu-Hf, and
geophysical investigations have determined that regions within the GFTZ such as the Little
Rocky Mountains (LRM) (Fig. 1, 3), can be attributed to the MHB based on U-Pb ages that
range from ~3.3 Ga – 2.4 Ga (Gifford et al. 2018). The GFTZ also seemingly records evidence
of a subduction-generated continental margin arc forming in the Paleoproterozoic ~1.86 Ga
during the closure of an ancient ocean basin (Mueller et al. 2002, 2005; Gifford et al. 2014,
2018).

II. C. PLATE-SCALE AMALGLAMATION MODELS
Several plate-scale amalgamation models for the assembly of North America have been
proposed over the decades in an effort to better constrain our understanding of how the continent
originated and evolved throughout geologic time. In particular, the models presented here
focused on the assembly of the core of the continent, Laurentia, during the Precambrian. These
interpretations are of critical importance in regard to their conclusions for the amalgamation of
southwestern Laurentia during this period.
Models tend to agree on a central point; that the core of the North American continent
came together during the Paleoproterozoic through the amalgamation of several formerly
independent Archean continents; and that the lithosphere of southern North America was
established through progressive accretion of volcanic arcs and oceanic terranes in the periods
that followed (e.g., Whitmeyer and Karlstrom 2007; Gorman et al. 2002; Hoffman 1988, 1989,
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2014; Mueller et al. 1993, 2002, 2005; Eaton et al. 1999). According to these models the
incorporation of crustal blocks such as the Hearne, MHB, and Wyoming, into Laurentia was
accomplished through continent-continent plate collisions and suturing. In the case of the MHBHearne-Wyoming saga, there are a variety of interpretations as to their relationships in the midlate Archean as they approached their final assemblage collisions.
A plate-scale model by Gorman et al. (2002) compiled the results of numerous seismic
refraction, teleseismic studies, geochemical data, and a new Deep Probe seismic experiment, and
concluded that a combined Wyoming-MHB block collision occurred in the Archean (~2.5 Ga),
followed by an amalgamated Wyoming-MHB colliding with the Hearne Craton along the Vulcan
Structure around the same period (e.g., Hoffman 1988; Boerner et al. 1998; Lemieux et al. 2000).
Temporal events in this model begin with the MHB, Hearne and Wyoming Province developing
independently during the early Archean, with core portions of the Wyoming forming first (~3.60
Ga), followed closely by the MHB core (~3.30 Ga), and the Hearne Province forming last (~2.81
Ga). During the late Archean, northward dipping subduction of oceanic crust beneath the MHB
resulted in the accretion of the Wyoming Craton to the block. Either during the same period, or
shortly after, the MHB and Hearne Craton are accreted during wedge-delamination to the north,
with the lower crust of the MHB subducting below the Hearne. Eaton et al. (1999) supports this
north-dipping subduction profile. As the Proterozoic Eon unfolded, the eastern margin of the
MHB-Hearne-Wyoming system underwent rifting. And finally, the 10-30 km thick, high
velocity, lower crustal layer identified below the MHB and Wyoming underplated largely
synchronously with the well-documented Trans-Hudson Orogeny (~1.9 Ga – 1.8 Ga) to the east
(Stauffer 2006; Mueller et al. 2005; Mueller and Frost 2006; Whitmeyer and Karlstrom 2007;
Hoffman 1988: Frost and Burwash 1986). Simply, this model presents independent cratonic
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development in the early-mid Archean, followed by ~2.5 Ga collisions between the MHB,
Wyoming, and Hearne, and final crustal underplating below the MHB and Wyoming in the
Paleoproterozoic.
In contrast to the Archean accretion history proposed by Gorman et al. (2002), the
amalgamation model presented and refined by Mueller et al. (2002, 2004, 2005), suggests a
different story for the MHB-Hearne-Wyoming system. In this model, the assembly of southern
Laurentia is marked by rapid and possibly simultaneous accretion of Archean-aged crustal blocks
during the Paleoproterozoic that lead to the development of intercratonic collisional orogens
(Mueller et al. 2002, 2005). The simultaneous interblock convergence model has largely been
supported by more recent geochemical investigations of the MHB-Hearne-Wyoming region,
including studies on the LBM, LRM, GFTZ, and Vulcan Structure that have yielded similar
geochemical signatures and age data that have been attributed to ocean basin closure
environments related with subduction process between the cratons in the Paleoproterozoic
(Whitmeyer and Karlstrom 2007; Mueller and Frost 2011; Mueller et al. 2002, 2005; Hoffman
2014; Gifford et al. 2014, 2018). The model holds that the MHB, Hearne, and Wyoming blocks
developed independently in the early-mid Archean between ~3.60 Ga – 2.81 Ga. The MMT and
BBMZ of the Wyoming Province formed first, followed by crustal growth of the MHB, the SAT,
and the Hearne. Based on age data collected from the Vulcan Structure and GFTZ, the blocks
are said to have experienced SW-NE convergence at ~1.9 Ga – 1.8 Ga in which the MHB
collided with the southern Hearne along the Vulcan, and the Wyoming collided with the MHB
along the GFTZ, temporally equivalent to the Trans Hudson Orogeny (O’Neill and Lopez 1985;
Mueller et al. 2005). This suggests that the Wyoming-MHB-Hearne collision occurred during
the early Proterozoic. The Wyoming-MHB and Hearne-MHB collisions are proposed to
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represent the closures of ancient ocean basins that separated the blocks, allowing for subduction
related orogenic belts to form during the now well documented Great Falls orogeny (~1.9 Ga –
1.7 Ga). This model offers stark contrast to that proposed by Gorman et al. (2002). Whereas the
Gorman et al. (2002) model defines a 2.5 Ga tectothermal event in the MHB and Wyoming as
recording the collisions between the crustal blocks, Mueller et al. (2005) acknowledges the
possible relationship, but cites overwhelming evidence to support simultaneous interlock
convergent in the Paleoproterozoic, not the mid-Archean.
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III. METHODOLOGY
Zircon, (ZrSiO4), incorporates radioactive elements such as U and Th, while excluding
elements such as Pb. By measuring the existing ratios of these elements present in a zircon
grain, and by referencing the decay scheme associated with U-Th-Pb system (i.e., U235 → Pb207
and U238 → Pb206), an age estimation can be determined for that grain. Zircon also incorporates
trace amounts of Hf, which is a useful tool to analyze the evolution and sourcing of a sample
from mantle and crustal reservoirs. Individual zircons record the Hf composition of the source
magmas from which they crystalized, and contain low Lu/Hf ratios. This allows for
determination of initial Hf compositions with small corrections made to the measured 176Hf/177Hf
(Mueller et al. 2008; Gifford et al. 2018). This type of isotopic information, paired with the UPb analyses allows for conclusions to be drawn about crustal growth processes for the samples.
The U-TH-Pb system is utilized as a geochronometer, while the Lu-Hf system is used as a
geochemical tracer (Bhattacharya and Janwari 2015). The physical and chemical properties of
zircon also make it a prime candidate for paired U-Pb and Lu-Hf isotopic studies. Zircon is
extremely resistant to mechanical and chemical weathering. Therefore, geochronologists qualify
zircon as remaining a relatively ‘closed system’ throughout geologic time. However, the mineral
can exhibit open system properties during high-grade metamorphic events, leading to Pb loss,
and inclusion of common Pb into the mineral grain. These events are typically indicated by
discordant U-Pb ratio values. Estimating the degree to which a zircon system has or hasn’t been
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disturbed (exhibiting open or closed system behavior) within a sample, is possible if Hf
isotopes are measured on the same grains dated for U-Pb. These characteristics exhibited by
zircons allow interpretations of past tectonic conditions, sample crystallization ages, and sample
evolution (Schoene 2014).
III. A. SAMPLE PREPARATION
Samples were prepared for physical and chemical processing by utilizing established
mineral separation processes currently outlined in the Boise State University: Isotope Geology
Laboratory Mineral Separations Guidebook (BSU Dept. of Geosciences 2018). Samples were
crushed using a BICO Chipmunk Jaw-Crusher, model WO64, into centimeter-size rock chips.
Clean, unweathered fragments were collected for future whole rock Sm-Nd, Rb-Sr, and Pb-Pb
chemical analyses. The remainder of the rock chips were then disc-milled into sand-sized grains
using a BICO Pulverizer Type UA. The milled samples were sieved using an Endecotts LTD
850-micron Laboratory Test Sieve retaining the finer particles. Coarse magnetics were separated
with a high-power hand magnet, in order to preemptively remove any magnetite, pyrrhotite, or
steel slivers present in the samples.
Due to small sample sizes, hand-washing was utilized to remove excess fine particles and
to preserve as many heavy minerals as possible. After drying, the samples were processed
through heavy liquid separation. Two heavy liquids were used; Lithium polytungstate (LST; SG
= 2.85g/ml), and methylene iodide (MI; SG = 3.33 g/ml). The heavy mineral “sinks” and the
light mineral “floats” were collected for further processing. Samples were then run through a
Frantz ® Magnetic Barrier Laboratory Separator: Model LB-1, to remove excess magnetic
material. Zircon grains were selected and hand-picked under a binocular microscope from the
non-magnetic fraction. Over 750 individual zircons grains were hand-picked from the 11
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samples. Zircons were placed into 1” epoxy disks. The epoxy plugs were then ground and
polished about half way into the zircon grains in order to uncover any chemical zonation within
the grains in preparation for Scanning Electron Microscope (SEM) imagery.
III. B. SCANNING ELECTRON MICROSCOPE (SEM)
CATHODLUMINESCENCE (CL) IMAGERY

The epoxy plugs were imaged using a Zeiss EVO-50 Variable Pressure (SEM), with a
Gatan® Mini-Cathodeluminescence (CL) attachment. Images were processed in both secondary
electron (SE) backscatter, and in enhanced backscatter electron light with the CL attachment.
The CL images help probe the internal composition of zircon grains and reveal any notable
zonation patterns, indicative of variable growth histories. Much like growth rings in tree
specimens, zonation patterns in zircon grains delineate the boundaries of discrete geochemical
signatures formed at different times. The elemental and isotopic compositions of these
signatures reflect the timing and conditions of growth events, and the morphology of the
zonation indicates, qualitatively the nature of both growth and intervening degradation events
(Hanchar et al. 1993). The resulting images served as guidance maps for U-Pb and Lu-Hf
analyses. Zircons were chosen for analysis based on size and zonation pattern. Some grains
yielded distinct rims and cores that might be indicative of a grain with two different ages.
Chosen grains were labeled with circles (20 μm) indicating locations for U-Pb analysis. Grains
were chosen for Lu-Hf analyses based on U-Pb data, grain size, and zonation pattern. Lu-Hf
spots (40 μm) were in close proximity to the U-Pb ablation in order to obtain the geochemical
signatures of the same age domain within the grain. Some grains ablated for U-Pb were not large
enough to analyze for Lu-Hf.
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III. C. U-PB ISOTOPIC ANALYSIS OF ZIRCON
U-Pb data for zircon grains in this study were analyzed by laser ablation inductively
coupled plasma mass spectrometry (LA-ICP-MS) at three separate facilities: The University of
Florida Geochronology Lab (U.F.); the GeoAnalytical Lab at Washington State University
(W.S.U.); and at the University of Arkansas Department of Geosciences (U.A.). Each location
utilizes different equipment types and operating conditions, data reduction practices, and
analytical techniques. Of the 11 samples, 2 were analyzed at the University of Florida, and 8
were analyzed at the University of Arkansas. One sample was processed at both WSU, and the
University of Arkansas (Table S1). A total of 685 U-Pb analyses were obtained for this project.
The University of Florida uses a Nu Plasma multi-collector inductively coupled plasma
mass spectrometer (MC-ICP-MS) (Nu Instruments®), which is a double focusing plasma mass
spectrometer equipped with 12 faraday detectors and 3 ion counters; in a configuration designed
to optimize U-Pb geochronologic applications. The instrument is integrated with a New Wave
UP-213 solid-state laser ablation system for in-situ isotopic analyses. The ICP-MS
simultaneously acquires 235U and 238U on the Faraday detectors, as well as 204Pb, 206Pb, and 207Pb
on the ion counting detectors. Samples were analyzed following the procedures in Mueller et al.
(2008) and Gifford et al. (2018). The laser diameter for U-Pb applications is 20μm, with a
measurement time of 30 seconds during ablation. Each analysis is subject to a 20-second
background measurement that ensures subtraction of the gas blank, which includes 204Hg
contribution. These features allow for minimal pit depth and elemental fractionation (Mueller et
al. 2008; Gifford et al. 2018). The FC-1 natural zircon standard was used for drift correction and
fractionation calibration (Duluth Gabbro; 1098 Ma; Paces and Miller 1993; Black et al. 2003;
Mattinson 2010). For each 10 unknown zircon analyses, 2 standards were measured. Data
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reduction was carried out using the Florida in-house software (CALAMARI, © P. Mueller),
while concordia diagrams were plotted using Isoplot v. 4.15 (Ludwig 1999).
The 9 samples sent to the University of Arkansas underwent laser ablation U-Pb analyses
similar to the analytical methods, operating conditions, and data reduction practices detailed in
Shaulis et al. (2010). The samples were analyzed using a Varian 810 Quadrupole ICP-MS,
coupled with a PhotonMachines Analyte.193 excimer laser. The Varian 810 ICPMS operated in
high-sensitivity modes allows for lower detection limits for elements like U, Th, and Pb. A
digital scaling pulse detector with extended range is used in the Varian 810 ICPMS. The
detector has 3 distinct sections that provide ‘excellent dynamic range and precision’ (Shaulis et
al. 2010). Data reduction is carried out in two steps that utilize specialized software and
spreadsheet add-ins. Raw data consisting of signal intensities of 202Hg, 204Pb(Hg), 206Pb, 207Pb,
208

Pb, 232Th, and 238U are imported into the Wavemetrics Igor Pro™ (v. 6.12A) software with the

Iolite (v. 2.11) add-in (Hellstrom et al. 2008; Shaulis et al. 2010). The data are then imported
into data reduction spreadsheets to correct for instrumental mass and elemental fractionation,
calculate errors, and perform Pb corrections. The Excel add-in program XlxtrufunTM by
Advanced Systems Design and Development is also used to assess data drift (Shaulis et al.
2010). The reduced data obtained from these procedures at the University of Arkansas was
exported into sample-specific spreadsheets for this project to filter by a set discordance criteria,
and plot traditional concordia diagrams using Isoplot v. 4.15 (Ludwig 1999).
The one xenolith sample sent to GeoSep Services (GSS) to be run at the GeoAnalytical
Lab at Washington State University, was analyzed for U-Pb with a New Wave UP-213 laser
ablation system, along with an Agilent 7700x quadrupole inductively coupled plasma-mass
spectrometer. The methodology followed by the GSS is detailed in Bradley at al. (2009), Hults
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et al. (2013), and Moore et al. (2015). The specific isotopes measured included: 202Hg, 204(Hg +
Pb), 206Pb, 207Pb, 208Pb, 232Th, 235U, and 238U. Ablation beam diameter for the New Wave was
20μm and the frequency was 5 Hz. Each analysis took roughly 30-seconds, with a 6-second
peak integration (laser shutter closed), and 24-second integration (shutter open). Zircon ablation
pits were roughly ~12-15μm deep. He and Ar gas were used to deliver the ablated material into
the plasma source (GeoSep Services LLC, 2019). Common Pb correction was subtracted out of
the compiled isotopic data using the Stacey and Kramer (1975) common Pb model for Earth
(GeoSep Services LLC, 2019). Reduced U-Pb data from this location was used to construct
concordia diagrams and weighted average plots for the sample.
U-Pb analyses were initially filtered based on U-Pb discordance criteria; to eliminate
analyses that were > 5%, and < -3.9% discordant. Once plotted in traditional concordia
diagrams, analyses with significantly older or younger outlying 207Pb/206Pb ages were excluded.
207

Pb/206Pb ages for individual grain, and 207Pb/206Pb crystallization ages using both upper

intercept values and weighted averages (2σ error), were calculated using these filtered analyses.
III. D. LU-HF ISOTOPIC ANALYSIS OF ZIRCON
Lu-Hf isotopic analyses of zircon grains were conducted after the U-Pb analyses and
were performed at the University of Florida Geochronology Lab, using a Nu-Plasma LA-ICPMS and following the techniques and operating conditions outlined in Mueller et al. (2008), and
Gifford et al. (2018). A total of 284 Lu-Hf analyses were obtained from the 11 samples. Zircon
grains that exhibited interesting zonation, and were determined large enough for the 40μm laser
diameter to fit within the same zonation boundaries as the U-Pb ablation spot, were selected for
Hf analysis. Hf ablation locations were placed within the same zone of that containing the U-Pb
ablation spot.
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The Nu-Plasma LA-ICP-MS simultaneously collected 180Hf, 178Hf, 177Hf, 176Hf, 175Lu,
174

Hf, and 172Yb on its Faraday detectors, while in static mode. These analyses were performed

with on-line Lu and Yb isobaric interference corrections. These correction utilized 176Lu/175Lu =
0.02653 and 176Yb/172Yb = 0.5870; which are within range of similar published values (Vervoort
et al. 2004; Fisher et al. 2014). The diameter of each ablation spot size was 40 μm and each
analysis consisted of a 20-second background measurement, up to 60 seconds of measurement
during ablation, and a 30-second purging period between analyses.
All Lu-Hf analysis data was exported to a data reduction spreadsheet: (Isotopia v. 4.5 ©
P. Mueller). Imported values into the spreadsheet include: 176Hf/177Hf (1σ error), % Corrected,
and all relevant U-Pb data including: individual grain 207Pb/206Pb ages, sample crystallization
ages, etc. This data was reduced to obtain εHf(0), (2σ error), εHf(T) (2σ error), and TDM for each
sample. Hf, Lu, and Yb isotopic ratios were corrected for mass bias using 178Hf/177Hf = 1.46718.
Analyses of FC-1, the natural zircon standard, yielded 176Hf/177Hf = 0.28217 ( ± 0.00002, 2 σ, n =
46). These values are within error of analyses of this standard dissolved and aspirated into a dry
plasma on the same instrument (176Hf/177Hf = 0.282174 ± 0.000013, 2σ) (Duluth Gabbro zircon
standard; Black et al. 2003; Woodhead et al. 2004). Values are also within error of data
published by Woodhead and Hergt (2005) (176Hf/177Hf = 0.282172 ± 0.000042, 2σ). FC-1 data
was obtained sequentially during the same sessions as the xenolith sample data. For every 15
unknown analyses, 1 standard was measured. Initial 176Hf/177Hf ratios were calculated using
measured and mass-bias-corrected 176Lu/177Hf ratios, following procedures published by Griffin
et al. (2000, 2002). To calculate εHf(T) for each sample, the chondritic uniform reservoir
(CHUR) parameters used were 176Lu/177Hf = 0.0336 and 176Hf/177Hf = 0.28279 (Bouvier et al.
2008). The 176Lu decay constant used was 1.867 × 10-11 yr-1 (Soderlund et al. 2004). Initial
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176

Hf/177Hf(T) and Hf(T) for all analyzed samples were calculated using the 207Pb/206Pb

crystallization age of the sample, or the individual zircon. The measured Lu/Hf ratio, (e.g. initial
Hf at 3.54 Ga = ɛHf(3.54 Ga)); propagated net errors for initial ratios are ~1.5 ε-units on average.
These values are labeled as “εHf(T) Max.” and “εHf(T) Min.”. Depleted-mantle Hf values (Hf
TDM) were calculated using averaged values for the depleted mantle with 176Hf/177Hf = 0.28324
and 176Lu/177Hf = 0.0387 (Salters 2003; Workman and Hart 2005; Goodge and Vervoort 2007),
corresponding to a linear model (εHf(4.56Ga) = 0 and εHf(today) = +15.9; Nowell et al. 1998;
Mueller et al. 2008). TDM ages were calculated using measured 176Lu/177Hf for each analysis.
Note that the Hf TDM ages reported are single-stage ages and, therefore, represent minimum
mantle separation ages because Lu/Hf in zircon is invariably lower than in whole-rocks (e.g.,
Griffin et al. 2002). All LA-ICPMS Lu-Hf data are available in Supplementary Table S1, and is
summarized in Table 2.
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IV. RESULTS
IV. A. SAMPLE DESCRIPTIONS
The 11 xenolith samples express a well-constrained mineralogy and petrology that is
primarily felsic in composition; indicating felsic to intermediate source magmas. The majority
of these samples were determined to be variations of felsic gneisses, although one late-Archean
aged sample was identified as a granulite; and one detrital sample identified as a Bt-granite.
Mineral abbreviations are from Whitney and Evans (2010). Major mineralogy, rock type,
textural descriptions, and zircon grain morphologies are provided per-sample below based on
optical petrographic investigations on thin sections, and hand sample analysis. This includes
relative grain sizes, zonation patterns, shape, color, and grain counts. Major mineralogy for
these samples is dominated by quartz (Qz), biotite (Bt), and feldspars: orthoclase (Or) and
plagioclase (Pl), while minerals such as hornblende (Hbl) and muscovite (Ms) are also present in
smaller quantities. Zircon (Zrn) is incorporated in trace amounts. Zircon descriptions reference
CL imagery presented in Figure 8. Plane polarized (PPL), and cross polarized (XPL) light
petrographic images of sample thin sections are provided below in Figures 4 to 7.
DRA-93-04 was determined to be a greenish-colored, medium grained, strongly banded
phaneritic gneiss with a major mineralogy that included over 30% Qz, 20% Or, and 25% Pl.
Hornblende was also present (5%) and helped define the metamorphic banding expressed in the
sample, along with minor Bt (10%). This specimen displayed easily visible biotite and quartz
crystals in hand sample analysis, and was dark green in color (Fig. 4A, 4B). This gneiss yielded
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a total of 46 zircons that ranged in color from clear to pink, with the majority of grains
appearing pink. Grains are dominantly subhedral to anhedral, with sizes ranging from ~25µm to
>100µm grains; with the majority of grains >80µm. Zonation of zircons in this sample was
readily distinguishable with most grains yielding dark cores and lighter gray overgrowths.
However, some grains showed metamict patterns and were CL dark (Fig. 8A).
DRA-93-07 is a coarse-grained, weakly-foliated, porphyritic gneiss. Alkali feldspar and
plagioclase crystals dominate the larger grains in this sample, with biotite and hornblende
compromising the smaller populations of grain sizes. Muscovite is also present in the sample,
and was identified with bird’s-eye extinction in XPL, along with high 3rd order interference
colors. Major mineralogy for this sample included: ~20% Qz, 30% Or, 25% Pl, 10% Bt, 10 %
Hbl, and ~5% Ms (Fig. 4C, 4D). The specimen yielded 78 zircons that were consistently ~100
µm or longer. Only a few grains display distinct core and rim patterns. Grain color is primarily
dark pink to purple, with a few orange tinted zircons. Subhedral to anhedral grains are common
(Fig. 8C).
DRA-93-14 was determined to be a porphyritic, weakly-foliated, coarse-grained,
quartzofeldspathitic gneiss. Major mineralogy for this sample included: >40% Or, 30% Pl, 20%
Qz, and minor Bt (~5-10%). A single elongate muscovite crystal, expressing high 3rd order pink
interference colors was observed in thin section. The majority of the feldspar present in the
sample is cross-hatched twinned orthoclase; which, along with the Na-rich plagioclase,
comprises the larger grain sizes in thin section. These larger feldspar crystals surround smaller
quartz and biotite grains, and help contribute to mineral segregation (Fig. 4E, 4F). The specimen
yielded a total of 72 zircon grains that were predominantly pink in color with a minor population
of ~10 grains that were orange. Grains in this sample are particularly large and range from ~80
26

µm to >200 µm, with the majority falling between 100 µm and 200 µm. However, a population
of roughly 10 grains were much smaller, and were sized at ~50 µm (Fig. 8B). Zonation was
evident in most grains, with core and rim structures. Subhedral to anhedral grains dominate.
DRA-93-16 is a porphyritic, medium-coarse grained, biotite-gneiss. Obvious gneissic
banding is evident in this sample, with small biotite grains that are segregated by elongate
plagioclase feldspar and orthoclase grains. Zircon halos are readily observed in this sample as
well. Two grain sizes are evident in this thin section, with the feldspars being larger than the
surrounding quartz and biotite crystals, giving this gneiss a porphyritic texture (Fig. 5A, 5B). A
total of 74 zircon grains were handpicked for this sample and were predominantly colorless to
orange with a few dark pink grains. Large grains dominate this sample, with most zircons
measuring >100 µm. The grains are euhedral to subhedral, with a smaller proportion of anhedral
grains. Zonation is abundant for roughly half of the grains (Fig. 8D).
DRA-93-17 was determined to be a medium-grained quartzofeldspathitic granulite.
Major mineralogy for this granulite is dominated by plagioclase feldspar and quartz, at roughly
60% and 20% respectively. Cross-stitch twinning was rarely observed, denoting the presence of
orthoclase, which occupied ~5% of the sample in thin section. Concentrations of elongated
biotite (10%) and hornblende (5%) grains were observed to form along a linear pattern between
the quartz and feldspars to a minor degree, which could be mistaken for gneissic banding (Fig.
5C & 5D). For this granulite xenolith, 98 zircon grains were collected and ranged from colorless
to a deep orange, with ~65% expressing orange coloration. Grain size was variable, with grain
lengths of ~80 µm and of ~110 µm. CL imagery revealed definitive dark cores and lighter
overgrowth structures for some grains, while others were predominantly dark with no zonation
visible. These darker grains may have become metamict due to radiation damage. A mix of
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both stubby and elongate grains were present in this sample set. Zircons were mostly subhedral
to anhedral, with a few euhedral (Fig. 8J).
DRA-93-19 is a porphyritic granitic gneiss with large quartz phenocrysts surrounding
smaller Pl (55%) grains. Intergrowths of Qz (30%) into alkali feldspar (20%) are evident in this
sample, denoting granophyric texture. Minor concentrations of Hbl (5%) and Bt (10%) are also
apparent, and vaguely give this gneiss its distinctive banding. The grains in this sample are
strongly deformed and fractured. Along with the typical granitic mineral concentrations in this
specimen, opaque minerals were also present in small quantities, and were identified as possible
magnetite (~2%) (Fig. 5E, 5F). A total of 70 zircon grains were handpicked for this sample.
Grain color ranges from colorless to orange, with only a minor number of pink grains. Zonation
for these zircons is clearly defined by dark cores and lighter gray to white overgrowths,
indicating multiple periods of growth. The zircons consistently fall within a size range of ~100
µm to 150 µm. Grains are predominantly euhedral to subhedral (Fig. 8E).
DRA-93-22 is a porphyritic biotite-granite. Alkali feldspar dominates this sample at
~50%, and exhibits quickly identifiable cross-hatched twinning. Plagioclase feldspar is also
present, but much less so than the K-feldspar, although the grains are much larger. Quartz and
biotite are also abundant, at ~25% and 20% respectively. The biotite grains in this sample
display minor chlorite alteration. The smaller crystals include the alkali feldspar, quartz, and
biotite; while plagioclase grains occupy the larger structures. This suggests the relatively large
and conspicuous plagioclase grains formed first, followed by a secondary faster cooling stage for
the remaining minerals (Fig. 6A, 6B). A total of 86 zircons were handpicked for this sample and
were predominately colorless to pale orange in color, and were slightly rounded in shape.
Subhedral to anhedral grains dominate, and little to no zonation is evident except in a minute few
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zircons. CL imagery revealed the grains to have little to no variation in core-rim structure, but
did express some signs of weathering; which is to be expected from a detrital sample. These
grains, therefore, either igneous or metamorphic in origin, have been eroded into the sample
during crystallization. The grains are moderately sized ranging between ~90 and 110µm, but do
occur in larger populations > ~200µm (Fig. 8K).
DRA-93-25 is a medium-grained, porphyritic, quartzofeldspathitic gneiss with over 30%
Qz in thin section. Plagioclase is also highly abundant at ~20%, while orthoclase phenocrysts
are only present at ~15%. Only minor amounts of biotite incorporated into this specimen help
define mineral segregation and gneissic banding. (Fig. 6C, 6D). For this sample, 79 zircons were
collected with the majority being orange in color, with only a few dark pink grains. Most grains
showed evidence of core and overgrowth zonation. Minor grain rim fragments were present in
this sample, but the majority of grains were euhedral to subhedral. Grain size varied between
two populations: those that were between 100µm and 200µm, and those smaller than roughly
80µm (Fig. 8F).
DRA-93-27 is a felsic, porphyritic coarse-grained, mica gneiss, with a major mineralogy
dominated by Pl (45%), Qz (15%), and Ms (25%). Alkali feldspar is present at ~15%. The
quartz grains are much smaller than the observed feldspars and muscovite grains (Fig. 6E, 6F).
A total of 75 zircons were collected from this xenolith and were predominately pink, with a
minor portion yielding more orange coloration. All grains in this sample were consistently larger
than 100µm, and some were >200µm in length. Clear and distinct core and rim zone structures
are evident in most of these zircons. Fragmented rims were found in this sample, but the
majority of grains range from euhedral to subhedral. A minor population of grains appeared dark
and almost black in CL images, with no obvious zonation. These grains may not have been
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polished halfway through during plug preparation. Grains were primarily stubby, rather than
elongate; however, both are present (Fig. 8G).
DRA-93-34 is a medium-coarse grained, banded gneiss. This sample was similar to
sample DRA-93-36 in terms of mineralogy and foliation minerals. Plagioclase feldspar and
quartz dominate the sample, with distinct twining patterns and optical expressions displayed in
the mineral grains, making them easily identifiable. Large biotite grains comprise roughly 15%
of the sample in thin section, and, along with minor hornblende (~4%), make up the dark
banding exhibited by this specimen. Quartz grains are much smaller in relation to the
surrounding biotite and plagioclase minerals, indicating porphyritic texture (Fig. 7A, 7B). A total
of 70 zircons were handpicked for this sample. Grains are consistently >100µm in length, and
appear stubby. Grain color ranges from orange to pink, with only a few colorless grains. The
majority of these grains express distinct core and rim zonation patterns, with dark cores and
lighter grey-white overgrowths. Subhedral grains dominate the sample, while some are euhedral,
and still fewer exhibit anhedral properties (Fig. 8H).
DRA-93-36 is a phaneritic, coarse-grained, strongly foliated orthogneiss. The sample
displays large, equivalently sized grains, indicating a long period of cooling and crystallization.
Over 20% of the sample in thin section is biotite, which forms linear layers that define foliation
in this gneiss. Plagioclase feldspar is abundant at ~45%, along with Qz (~20%) (Fig. 7C, 7D).
The sample yielded 62 zircons which are dominantly anhedral with only a minor population of
subhedral grains. A large number of these zircons are fragmented and range in sizes <100µm,
but a select few were elongate and were roughly 250µm. In CL, the zircons were split into dark
almost black smaller grains that expressed little to no zonation, and larger, lighter grains with
varying degrees of core-rim structuring (Fig. 8I).
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Fig. 4 – PPL (left) and XPL (right) petrographic images of thin
sections. Orange scale bars represent 1mm.
A & B) DRA-93-04. C & D) DRA-93-07. E & F) DRA-93-14
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Fig. 5 – PPL (left) and XPL (right) petrographic images of thin
sections. Orange scale bars represent 1mm.
A & B) DRA-93-16. C & D) DRA-93-17. E & F) DRA-93-19
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Fig. 6 – PPL (left) and XPL (right) petrographic images of thin
sections. Orange scale bars represent 1mm.
A & B) DRA-93-22. C & D) DRA-93-25. E & F) DRA-93-27
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Fig. 7 – PPL (left) and XPL (right) petrographic
images of thin sections. Orange scale bars represent
1mm.
A & B) DRA-93-34. C & D) DRA-93-36.
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IV. B. LA-MC-ICP-MS U-PB ZIRCON GEOCHRONOLOGY
Crystallization ages for MHB xenoliths were calculated utilizing individual zircon grains
that fit a standardized criterion applied cohesively to all samples. Grains incorporated into these
calculations must have discordance that ranges between -3.9% and +5%. Any analyses that
passed this criterion were plotted on
traditional concordia diagrams, which plot
the relationship between 206Pb/238U and
207

Pb/235U isotopic ages ratios. Weighted

averages calculated for the oldest grains
within the samples, incorporate 206Pb/207Pb
ages and their associated 2σ errors (95%
conf.) to determine overlap between age
points and represent a minimum
crystallization age for the sample. Mean
square weighted deviations (MSWD) also
accompany these calculations. MSWD is a
mathematical measure of the ‘goodness’ of
fit that a sample can have in relation to its
ages, and represents the reproducibility of
Fig. 8 – SEM CL Images
of Zircon grains for
xenolith samples. Green
circles indicate 20 µm UPb ablation spots. Blue
circles indicate 40 µm LuHf ablation spots.
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an age calculation (Dickin 1995). All LAICP-MS U-Pb data used for crystallization
age calculations in this project are

available in Supplementary Table S1, and all age data are represented in Figures 9 to 13. Table 1
contains a summary of the LA-ICP-MS data.
DRA-93-04: yielded 36 zircons and 12 met the discordance criterion. Six of these 12
grains were excluded from age calculations due to a significantly younger population of
207

Pb/206Pb ages attributed to Pb loss. The remaining 6 zircons, were incorporated into the

crystallization age calculation. The concordia diagram yielded an upper intercept of 3477 ± 130
Ma, and lower intercept of 1973 ± 3100 Ma (MSWD = 8.1; Fig. 9A). The weighted average
calculation for this sample yielded a 207Pb/206Pb age of 3456 ± 66 Ma (MSWD = 15), which is
interpreted as a minimum crystallization age for the sample (Fig. 9B, Table 1).
DRA-93-07: yielded 55 total zircons of which 10 met the discordance criterion. Three of
these were excluded from the final age calculations based on two much younger 207Pb/206Pb ages,
and one grain with a much higher 207Pb/206Pb age. Seven total grains were incorporated into the
final age calculations. The concordia diagram yielded an upper intercept of 3514 ± 150 Ma, and
a lower intercept of 1915 ± 2200 Ma; with (MSWD = 3.4; Fig. 9C). The weighted average
calculation for this sample yielded a 207Pb/206Pb age of 3470 ± 30 Ma (MSWD = 5.4). This
calculation indicates a minimum age for the sample at ~3470 Ma (Fig. 9D, Table 1).
DRA-93-14: yielded 60 total zircons and only 16 passed the discordance criterion. Ten
grains were excluded based on younger 207Pb/206Pb ages. Six grains comprise the oldest
population in the sample and were incorporated into final age calculations. The concordia
diagram yielded an upper intercept of 3603 ± 150 Ma, and a lower intercept of 2265 ± 1500 Ma
(MSWD=0.15; Fig. 9E). The weighted average calculation for this sample yielded a 207Pb/206Pb
age of 3531 ± 19 Ma (MSWD = 1.4). This calculation indicates a minimum Archean age for the
sample at ~ 3531 Ma (Fig. 9F, Table 1).
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DRA-93-16: yielded 60 total grains; 15 of which passed the discordance criterion. Of
those 15 grains, 7 were incorporated into the final age calculations. The 8 excluded grains were
labeled as outliers due to significantly younger 207Pb/206Pb ages that did not overlap within error
with the older population. The upper cluster of the 7 oldest grains yielded an upper intercept of
3544 ± 130 Ma (MSWD = 4.9). The lower intercept was calculated to be 2719 ± 500 Ma (Fig.
10A). The weighted average calculation yielded an age of 3541 ± 7.7 Ma (MSWD = 0.84). This
value expresses a minimum age of ~ 3541 Ma for the sample (Fig. 10B, Table 1).
DRA-93-17: yielded a total of 90 grains. Of those 90, 31 grains passed the filtering
criteria. Twelve of these 31 grains occupied the oldest population of the sample, clustering at the
upper intercept of the concordia diagram; and were therefore incorporated into the age
calculations. The upper intercept value for this sample yielded a value of 2797 ± 39 Ma; while
the lower intercept value was calculated as 564 ± 960 Ma (MSWD = 4.8; Fig. 12A). The
weighted average calculation for this sample yielded a 207Pb/206Pb age of 2785 ± 17 Ma (MSWD
= 16). This calculation indicates a minimum Archean age for the sample at ~2785 Ma (Fig. 12B,
Table 1).
DRA-93-19: yielded 60 grains, with 25 passing the criteria. Twenty one of these grains
occupied the oldest cluster of ages on concordia were used in calculating ages. The 4 excluded
grains yielded much lower, outlying 207Pb/206Pb ages. The upper intercept calculated from the
concordia diagram yielded an age of 3556 ± 22 Ma, and a lower intercept value of 1983 ± 410
Ma (MSWD = 1.4; Fig. 10, C). The weighted average for this sample was calculated as 3520 ±
12 Ma (MSWD = 4.2). So, the minimum age for this sample is implied as Archean, at ~ 3520
Ma (Fig. 10D, Table 1).
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DRA-93-25: yielded 60 grains, with 19 passing the discordance criterion. Sixteen of
these grains occupied the oldest cluster of ages on concordia were used in calculating
crystallization and weighted average ages. The 3 excluded grains yielded much lower, outlying,
207

Pb/206Pb ages. The upper intercept calculated from the Concordia diagram yielded an age of

3554 ± 21 Ma, and a lower intercept value of 1322 ± 590 Ma (MSWD = 1.0; Fig. 10E). The
weighted average for this sample was calculated as 3522 ± 9.1 Ma (MSWD = 2.6). Therefore,
the minimum age for this sample is ~ 3552 Ma (Fig. 10F, Table 1).
DRA-93-27: yielded a total of 60 grains, 14 of these met the criteria, with 13 of these
used in the final age calculations. The one excluded grain had a much lower, outlying 207Pb/206Pb
age. The upper intercept for this sample was calculated at 3586 ± 110 Ma, and the lower
intercept was 2518 ± 670 Ma (MSWD = 1.2; Fig. 11A). The weighted average calculation for
this sample yielded an age of 3483 ± 25 Ma (MSWD = 13); indicating a minimum age of ~ 3483
Ma (Fig. 11B, Table 1).
DRA-93-34: yielded 60 total grains, with 19 passing the criteria. Only one of these
grains was excluded based on an outlying 207Pb/206Pb age. The remaining 18 grains were
incorporated into the crystallization and weighted average calculations. The upper intercept
calculated from concordia yielded an age of 3557 ± 75 Ma, and a lower intercept age of 1973 ±
1200 Ma (MSWD = 3.4; Fig. 11C). The weighted average 207Pb/206Pb age was calculated at 3518
± 14 Ma (MSWD = 4.3), indicating a minimum age of ~ 3518 Ma (Fig. 11D, Table 1).
DRA-93-36: yielded a total of 58 grains, 20 of which passed the filtering criteria, with 10
of the oldest grains incorporated into the final age calculations. The 10 excluded grains included
nine with much younger 207Pb/206Pb ages, and one with an extremely high calculated error. The
upper intercept for this sample was calculated at 3537 ± 36 Ma, and the lower intercept was 1013
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± 1300 Ma; with (MSWD = 6.1; Fig. 11E). The weighted average calculation for this xenolith
yielded a minimum 207Pb/206Pb age of 3521 ± 19 Ma; with (MSWD = 6.1), indicating an age of ~
3521 Ma (Fig. 11F, Table 1).
DRA-93-22: yielded 86 total grains. Fifty-seven of these grains passed the discordance
criterion. Based on the range of ages, the sample was determined to have a sedimentary Protolith
and the zircon to be detrital. The probability density plot function of Isoplot, (Ludwig, 1999),
was utilized to obtain meaningful information on age peak populations within the sample. These
grains yielded a range of 207Pb/206Pb age peaks clustering in unique distributions that allow for
interpretation of their source region. About 5 % of the concordant data points (3 grains) yielded
ages < 1.0 Ga, (459 Ma, 968 Ma, and 974 Ma). Roughly 70% (40 grains) yielded ages between
1.0 Ga – 1.35 Ga. A little over 20% (12 grains) fell between ~ 1.4 – 1.7 Ga. Only ~ 3.5% (2
grains) yielded age peaks > 2.4 Ga; at ~ 2.42 Ga and 2.77 Ga (Fig. 13).

Table 1
Summarized Zircon LA-ICP-MS U-Pb Data:
Medicine Hat Block Xenolith Samples, (This Study)
207
Sample Number
na
Pb/206Pb age (Ma) b
DRA-93-04
6
3456 ± 66
DRA-93-07
7
3470 ± 30
DRA-93-14
6
3531 ± 19
DRA-93-16
7
3541 ± 7.7
DRA-93-17
12
2785 ± 17
DRA-93-19
20
3520 ± 12
DRA-93-25
16
3522 ± 9.1
DRA-93-27
13
3483 ± 25
DRA-93-34
18
3518 ± 14
DRA-93-36
10
3521 ± 19
a
Number of zircon grains utilized for crystallization age calculation per sample
b
Calculated 207Pb/206Pb crystallization age using weighted average
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MSWD
15
5.4
1.4
0.8
16
4.2
2.6
13
4.3
6.1

Fig. 9 – Concordia diagrams depicting upper and lower intercept values (left). Weighted
average plots depicting mean 207Pb/206Pb ages (right). Errors are reported as 2σ.
A & B) DRA-93-04 C & D) DRA-93-07. E & F) DRA-93-14

40

Fig. 10 – Concordia diagrams depicting upper and lower intercept values (left). Weighted
average plots depicting mean 207Pb/206Pb ages (right). Errors are reported as 2σ.
A & B) DRA-93-16 C & D) DRA-93-19. E & F) DRA-93-25
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Fig. 11 – Concordia diagrams depicting upper and lower intercept values (left). Weighted
average plots depicting mean 207Pb/206Pb ages (right). Errors are reported as 2σ.
A & B) DRA-93-27 C & D) DRA-93-34. E & F) DRA-93-36

42

Fig. 12 – Concordia diagrams depicting upper and lower intercept values (left). Weighted
average plots depicting mean 207Pb/206Pb ages (right). Errors are reported as 2σ.
A & B) DRA-93-17

Fig. 13 – Probability Density Plot for detrital zircons.
Red peaks indicate grain 207Pb/206Pb age populations.
Colored bars are possible source regions of similar
age. Sample DRA-93-22 (n = 57)

IV. C. LA-MC-ICP-MS LU-HF ZIRCON GEOCHRONOLOGY
Hafnium data for these samples were reduced according to the U-Pb weighted average
age calculations. These ages are interpreted to represent a minimum crystallization age for the
sample, and all data reported here are based on those respective age minima (Table 1). Grain
exclusion from Hf reduction is based on outlying U-Pb data, or % correlation outliers, which
represents the corrected 176/177Hf ratio within the Hf raw data. Reduced Hf results using the
crystallization ages for ten of the xenolith samples are summarized in Table 2. Sample DRA-93-
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22, as a detrital sample, was not analyzed for Hf isotopic data. Reduced εHf data are plotted on a
Hf evolution diagram, (Fig. 14) with sample-specific 207Pb/206Pb crystallization ages relative to
εHf(T). Depleted mantle (DM; Salters 2004; Workman and Hart 2005; Goodge and Vervoort
2007), lower crustal evolution (Soderlund et al. 2004), and CHUR values are also plotted for
reference (Bouvier et al. 2008; Fig. 14). All LA-ICP-MS Lu-Hf data are available in
Supplementary Table S1. Average ɛHf and standard deviation values are reported here to further
illustrate generalized data trends and structure, as well as shed light on quantifying any
uncertainty and error present in the calculations.
DRA-93-04 yielded 22 grains that were analyzed for Hf. Five grains were excluded from
data reduction due to discordant U-Pb analyses, and 2 grains yielding much younger 207Pb/206Pb
ages. This sample yielded a minimum zircon crystallization age of 3456 ± 66 Ma. ɛHf(0) ranged
from -75.6 to -84.7 (9.1 ɛ-units) with an average value of -79.7 and a SD of 2.5 (Table 2). The
mean ɛHf(3.46 Ga) for this sample yielded a value of -2.0, with a range of 9.4 ɛ-units (2.6 to -6.7),
and a SD calculated at 2.7. The mean TDM was calculated as 3.68 Ga with a range from 3.51 Ga
– 3.86 Ga (Table 2).
DRA-93-07 yielded 24 grains that were analyzed for Hf. One grain was excluded due to
high discordance in the U-Pb data. The 23 remaining grains were reduced according to the
minimum zircon U-Pb crystallization age, which was calculated as 3470 ± 30 Ma. The mean
ɛHf(0) value was -79.9 (SD = 2.35), and had a range of 8.4 ɛ-units, from -76.2 to -84.6. The
average ɛHf(3.47 Ga) for this sample yielded a mean value of -1.8, with a range of 8.7 ɛ-units, from
2.20 to -6.54, and a SD of 2.55. The mean TDM was calculated as 3.69 Ga with a range from
3.54Ga – 3.87 Ga (Table 2).

44

DRA-93-14 yielded a total of 35 grains that were analyzed for Hf. One outlier grain
yielded a much younger 207Pb/206Pb age and was excluded from the Hf reduction. Thirty-four
grains were reduced based on the crystallization age of 3531 ± 19 Ma. The mean ɛHf(0) value
was -81.5 and had a range of 8.3 ɛ-units, from -77.3 to -85.6, and yielded a SD of 1.89. The
mean ɛHf(3.53 Ga) for this sample yields a mean value of -2.0, with a range of 7.0 ɛ-units, from
2.21 to -4.76, and had a SD of 1.88. The mean TDM was calculated as 3.75 Ga with a range from
3.59 Ga – 3.87 Ga (Table 2).
DRA-93-16 yielded a total of 30 grains that were analyzed for Hf. Three grains were
excluded based on outlying discordance values within the U-Pb data. The remaining 27 grains
were reduced based on the minimum crystallization age of 3541 ± 8 Ma. The mean ɛHf(0) value
was -79.9, and had a range of 8.4 ɛ-units, from -76.2 to -84.6. The calculated SD for the mean
ɛHf(0) was 2.74. The average ɛHf(3.47 Ga) for this sample yields a mean value of -1.76, with a
range of 8.74 ɛ-units, from 2.20 to -6.54 (SD = 2.92). The mean TDM was calculated as 3.69 Ga
with a range from 3.56 Ga – 3.94 Ga (Table 2).
DRA-93-17 yielded a total of 23 grains that were analyzed for Hf from this sample. One
grain was excluded based on an outlying discordant value within the U-Pb data. Twenty-two
grains were reduced based on the minimum crystallization age of 2785 ± 17 Ma. The mean
ɛHf(0) value was -59.3, and had a range of 9.5 ɛ-units, from -55.1 to -64.6, and a calculated SD of
2.25. This sample yields a mean value of 1.30, with a range of 11.43 ɛ-units, from 5.90 to -5.53.
The mean ɛHf(2.79 Ga) SD was 2.53. The mean TDM was calculated as 2.99 Ga with a range from
2.81 Ga – 3.26 Ga (Table 2).
DRA-93-19 yielded 30 total grains for Hf analysis. Four grains were excluded based on
much younger 207Pb/206Pb ages, and one grain was excluded due to high discordance. Twenty45

six grains, therefore, were reduced based on the minimum crystallization age of 3520 ± 12 Ma.
The mean ɛHf(0) value was -82.2, and had a range of 8 ɛ-units, from -77.3 to -85.3. The mean
ɛHf(0) SD was calculated as 1.53. The average ɛHf(3.52 Ga) for this sample yields a mean value of 3.24, with a range of 8.28 ɛ-units, from -6.30 to 1.98 and a SD of 1.58. The mean TDM was
calculated as 3.79 Ga with a range from 3.59 Ga – 3.90 Ga (Table 2).
DRA-93-25 yielded a total of 30 zircon grains Hf analysis. Seven of these grains were
excluded; with 5 yielding discordant U-Pb values, and 2 yielding outlying 207Pb/206Pb ages that
were much younger than the grains used to calculate a weighted average. Twenty-three grains
were utilized in the Hf reduction calculations, based on the weighted average calculation that
yielded a minimum crystallization age of 3522 ± 9 Ma. The mean ɛHf(0) value was -81.7, and
had a range of 9.6 ɛ-units, from -75.9 to -85.5. The SD was calculated as 2.06. The average
ɛHf(3.52 Ga) for this sample yields a mean value of -2.48, with a range of 9.76 ɛ-units, from 3.90 to
-5.86 (SD = 2.28). The mean TDM was calculated as 3.76 Ga with a range from 3.52 Ga – 3.88
Ga (Table 2).
DRA-93-27 yielded 30 zircon grains for Hf in this sample. One grain was excluded from
these analyses based on a higher discordance within the U-Pb data. Therefore, 29 grains were
reduced based on the calculated minimum crystallization age of 3483 ± 25 Ma. The mean ɛHf(0)
value was -81.6, and had a range of 8.3 ɛ-units, from -75.8 to -84.1 (SD = 2.27). The average
ɛHf(3.48 Ga) for this sample yields a mean value of -3.34, with a range of 9.72 ɛ-units, from 2.82 to
-6.90 (SD = 2.40). The mean TDM was calculated as 3.76 Ga with a range from 3.52 Ga – 3.89
Ga (Table 2).
DRA-93-34 yielded a total of 32 zircon grains for Hf analysis; all of which were utilized
in data reduction based on the calculated minimum crystallization age of 3518 ± 14 Ma. The
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average ɛHf(0) value was -81.8, and had a range of 7.2 ɛ-units, from -77.3 to -84.5 (SD = 1.99).
The average ɛHf(3.52 Ga) for this sample yields a mean value of -2.93, with a range of 8.34 ɛ-units,
from 2.48 to -5.86 (SD = 2.29). The mean TDM was calculated as 3.77 Ga with a range from 3.57
Ga – 3.92 Ga (Table 2).
DRA-93-36 yielded 28 grains that were originally ablated for Hf isotopic data in this
sample. Nine of these grains were excluded from the final data reduction; with 6 yielding
discordant U-Pb values, and 3 occupying a much younger 207Pb/206Pb age population. A total of
19 zircons were reduced based on the calculated minimum crystallization age of 3521 ± 19 Ma.
The mean ɛHf(0) value was -82.1, and had a range of 8 ɛ-units, from -76.4 to -84.4 (SD = 1.88).
The mean ɛHf(3.52 Ga) for this sample yields a mean value of -2.84, with a range of 8.79 ɛ-units,
from 2.88 to -5.91 (SD = 1.93). The mean TDM was calculated as 3.77 Ga with a range from 3.56
Ga – 3.89 Ga (Table 2).
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Table 2

n

Pb/206Pb
age (Ma) b

Err. 2σ

Avg.
ɛHf(0)

SD

ɛHf(0)
Max.

ɛHf(0)
Min.

Avg.
ɛHfTc

SD

ɛHfT
Max. c

ɛHfT
Min. c

Avg. Hf
Model
Age (Ma)
TDM

DRA-93-04

17

3456

0.066

-79.7

2.48

-75.6

-84.7

-2.00

2.66

2.64

-6.72

3680

DRA-93-07

23

3470

0.030

-79.9

2.35

-76.2

-84.6

-1.76

2.55

2.20

-6.54

3690

DRA-93-14

34

3531

0.019

-81.5

1.89

-77.3

-85.6

-2.04

1.88

2.21

-4.76

3750

DRA-93-16

27

3541

0.008

-80.6

2.74

-76.8

-86.3

-0.88

2.92

3.34

-6.95

3720

DRA-93-17

22

2785

0.017

-59.3

2.25

-55.1

-64.6

1.30

2.99

5.90

-5.53

2990

DRA-93-19

26

3520

0.012

-82.2

1.53

-77.3

-85.3

-3.24

1.58

1.98

-6.30

3790

DRA-93-25

23

3522

0.009

-81.7

2.06

-75.9

-85.5

-2.48

2.28

3.90

-5.86

3760

DRA-93-27

29

3483

0.025

-81.6

2.27

-75.8

-84.1

-3.34

2.40

2.82

-6.90

3760

DRA-93-34

32

3518

0.014

-81.8

1.99

-77.3

-84.5

-2.93

2.29

2.48

-5.86

3770

DRA-93-36

19

3521

0.019

-82.1

1.88

-76.4

-84.4

-2.84

1.93

2.88

-5.91

3770

Sample
Number

207
a

a

Number of zircon grains utilized for Hf reduction per sample

b

Calculated 207Pb/206Pb crystallization age using weighted average

c

ɛHfT values calculated by applying ages in column 3
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Summarized Zircon LA-ICP-MS Lu-Hf Data: Medicine Hat Block Xenolith Samples (This Study)
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Fig. 14 – Lu-Hf evolution diagram depicting the range of MHB drill core and xenolith rock samples.
ɛHf(T) ranges for previously reported values on drill cores and xenoliths are represented by full bars
(Gifford et al. 2014, in review). Average ɛHf(T) values from these samples are represented by black ‘X’s
along range bars. Ten xenoliths from this project are represented by various marker styles and color in
order to highlight individual samples in high concentrated areas: such as the Early Archean samples.
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V. DISCUSSION
The assembly of southwestern Laurentia during the Precambrian remains enigmatic in
regards to the extent and relationships of the three main crustal blocks that now comprise the
region: the Medicine Hat Block (MHB), the Hearne Craton, and the Wyoming Province. The
Proterozoic aged collisional belts such as the GFTZ, THO, and Vulcan structure also harbor
complexities for the amalgamation of these cratons. Investigations of the crystalline basement of
the MHB have been limited due to the extensive Phanerozoic cover of the Western Canadian
Sedimentary Basin that overlies the majority of the region. However, previous seismic,
aeromagnetic, and isotopic investigations have suggested that the MHB is composed of three
distinct age populations, a range of rock types, and has two distinct crustal layers (Gorman et al.
2002; Leimeuex et al. 2000; Foster et al. 2006; Whitmeyer and Karlstrom 2007; Eaton et al.
1999; Davis et al. 1995; Gifford et al. 2018). Newly collected U-Pb and Lu-Hf isotopic data, and
petrographic descriptions from the xenoliths in this project, further constrain these characteristics
of the MHB, and shed light on the tectonic evolution of southwestern Laurentia.
The results from this project expand upon previously reported U-Pb ages for the MHB,
which populated Paleoproterozoic and Archean age ranges at roughly 1.9 – 1.7 Ga, 2.8 – 2.5 Ga,
and less common ~ 3.4 – 3.0 Ga, (Villeneuve et al. 1993; Davis et al. 1995) and hold that the
MHB is comprised of a complex mixture of Archean and Paleoproterozoic crust. The U-Pb ages
collected from the majority of the crustal xenoliths in this study are older than these ages. U-Pb
ages here, range from ~ 2.79 – 3.54 Ga with 9 of the 11 samples comprising an age population
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between 3.45 – 3.54 Ga. Originally, a roughly ~3.3 Ga drill core sample (sample ‘HPK’)
presented in Villeneuve et al. (1993), was thought to represent the oldest portion of MHB
Archean crust, as no older samples had been noted in the region. These new, older ages indicate
a period of crustal growth / cratonic basement development earlier in the Archean than was
originally interpreted from the HPK drill core sample, and now help constrain the oldest known
pieces of MHB crust to the Paleoarchean, ~3.54 Ga.
These older ages also help reconcile the problem of understanding the earliest history of
the craton. The results reported herein show that, during an earlier period in the Paleoarchean
than was previously reported (at least ~200 million years), MHB crustal components were
solidifying from intermediate to felsic magmas, which allowed for stabilization of the crustal
block as this new material was added. The new ages also now correlate to the history of the
Wyoming craton, pushing the boundaries of the previous ~3.3 Ga age of the MHB, to something
more closely related with materials of Wyoming origin. However, although the majority of the
xenoliths analyzed here yielded early Archean U-Pb ages, sample DRA-93-17 yielded a
crystallization age of ~2.79 Ga which matches previous U-Pb ages for other late Archean aged
drill cores and xenoliths collected from the MHB (Villeneuve et al. 1993; Davis et al. 1995;
Gifford et al. in review), thereby providing further evidence for the presence of both early and
late Archean crust in the MHB subsurface.
Petrographic analysis of thin sections collected from the xenoliths in this study have
helped constrain the lithology of the underlying lithosphere in the MHB. Nine of these
specimens were determined to be varying types of felsic-intermediate gneisses. These samples
were also early to mid-Archean in age based on the collected U-Pb age data (~3.45 – 3.54 Ga).
The rock types are similar to mid-Archean aged drill core samples analyzed by Villeneuve et al.
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(1993). Sample DRA-93-17 yielded a late-Archean age of ~2.79 Ga, and was determined to be a
medium to course-grained quartzofeldspathitic granulite. These rock types are similar to
xenoliths described by Davis et al. (1995) and built upon in Gifford et al. (in review), in which
granulite-grade metamorphic rocks yield similar late-Archean ages; and also share
commonalities with rocks from Eocene intrusions in the Bearpaw Mountains, Wyoming Craton
(Collerson et al. 1988; Joswiak 1992). According to Davis et al. (1995), granulite xenoliths from
the MHB have both Paleoproterozoic and late-Archean ages. These two age populations for
similar rock types could indicate that these xenoliths are either sampled from both the observed
lower crustal layer beneath the MHB and the upper crust, or represent extensive metamorphic
reworking of lower MHB crust at ~1.7 – 1.85 Ga.
Sample DRA-93-22 was determined to be detrital which does not correlate well with the
remaining igneous or metamorphic xenoliths from this region of the MHB. The probability
density plot (Fig. 13), revealed the majority of the age peaks from this sample populate between
~1.0 – 1.35 Ga (70.1%; n = 40), and between ~1.4 – 1.7 Ga (20%; n = 12). Although ages are
varied within the sample, interpretations into their source regions are possible by comparing
peaks to pertinent igneous provinces within the continent. The majority of the data points are
consistent with other Neoproterozoic detrital zircons recovered from this region of Laurentia
(e.g., Matthews et al. 2017). Grains yielding ages between 1.6 Ga and 1.4 Ga could derive from
the Granite-Rhyolite province (Fig. 13), located southeast of the Wyoming Province (Anderson
and Bender 1989), and grains yielding ages between 1.3 Ga and 1.0 Ga could likely be sourced
from the Grenville province (Fig. 13), which records the final assembly of the supercontinent
Rodina and is found in Texas (southern United States) and along the Eastern margin of Laurentia
(Mathews et al. 2017; Whitmeyer and Karlstrom 2007). However, only 86 total zircon grains
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were analyzed for U-Pb signatures in this sample, with 57 of those passing the filtering criteria.
While these data have helped lay a foundation for constraining possible sourcing regions based
solely on U-Pb age data, further data points must be collected to improve the statistical
significance and understanding for the provenance of this sample in future research.
Lu-Hf isotopic data from this project yielded a range of ɛHf(T) values plotted against
sample-specific 207Pb/206Pb crystallization ages from -7.0 to 3.9 for nine of the samples (10.9 ɛunits), and -7.0 to 5.9 including the younger DRA-93-17 sample (12.9 ɛ-units; Fig. 14). Average
TDM values range from 3680 Ma to 3770 Ma for nine of the samples, and 2990 Ma for the
younger DRA-93-17. These results fall within range of previously reported ɛHf values for the
MHB (Gifford et al. 2014, in review) and indicate depleted mantle mixing with older crustal
material for the bulk of the xenoliths. Specifically, Lu-Hf isotopic analyses on MHB drill core
and xenolith samples, conducted by Gifford et al. (in review), express a range of ɛHf(T) values,
ranging from (-18.7 – 3.4). Drill core zircon samples, Archean in age, yielded a mixture of
evolved and slightly depleted mantle values between -60.0 to 5.0; indicating probable mixing
between older crust and juvenile melts (Gifford et al. in review). Zircons collected from similar
xenoliths originating from the Sweetgrass Hills, which have been characterized solely by
Paleoproterozoic and Late Archean ages up until this study, yielded a mix of more evolved ɛHf(T)
values when calculated at minimum crystallization ages. These values range from -3.4 to 7.0,
indicating older crust and depleted mantle mixing (Gifford et al. in review). These values are
indicative of mantle separation in the Early Archean, interpreted to be the timing of early crustal
formation for the MHB, which is further highlighted by the U-Pb ages.
The MHB, now characterized with U-Pb ages of 1.9 – 1.7 Ga, and 3.5 – 2.5 Ga, and the
Hearne Craton (2.8 – 1.7 Ga), are distinct Archean and Proterozoic-aged crustal blocks with an
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enigmatic history separated from one another by the Vulcan Structure (Fig. 1). Comparisons
between U-Pb ages show that the Hearne Craton is younger than the MHB, although a small
overlap for the younger ages found in the MHB and the Hearne do exist. The central/northern
Hearne is aged at 1.78 – 2.68 Ga, while the southern region is dominated by older U-Pb ages
ranging between ~2.81 – 2.78 Ga, and ~2.73 Ga (Card et al. 2018; Anderson et al. 2010). The
Paleoproterozoic ages have been attributed to wide-scale crustal deformation during high-grade
metamorphic events associated with the collision between the two at the Vulcan zone (Eaton et
al. 1999, 2000); while the late Archean ages have been attributed to independent crustal growth
periods (Orrell et al. 1999; Davis et al. 2013). According to the plate-scale model proposed by
Mueller et al. (2005), crustal growth was followed by NE-SW interblock convergence in the
Paleoproterozoic (~1.8 Ga), and strike-slip or lateral motion as the blocks neared their final
positions ~1.6 Ga (Dahl et al. 1999; Mueller et al. 2005; Gorman et al. 2002). Sm-Nd, Lu-Hf,
and seismic data from the two regions further illustrate a tectonic history with independent
crustal formation and cratonization during the early-mid Archean for the MHB, and late Archean
for the Hearne. Comparisons between Sm-Nd and Lu-Hf isotopic data from zircon grains and
whole rock samples are generally compatible in geochemical investigations. While not directly
relatable, Sm-Nd and Lu-Hf tell a similar story for crustal evolution, and are generally cited as
supporting tectonic hypotheses (e.g., Griffin et al. 2000; Samson et al. 2003; Hawkesworth and
Kemp 2006; Phillips et al. 2011; Gifford et al. 2014, 2018, in review). Sm-Nd TDM model ages
for the southern Hearne range from 3.6 – 3.1 Ga, which is younger than those observed in the
MHB through Hf analysis, although overlap does exist (~ 3.79 – 2.50 Ga). Frost and Burwash
(1986) also provide Nd crust formation ages for the buried southern Hearne at ~2.80 Ga.
Seismic comparisons show that the crust of the Hearne Craton is thinner than that of the MHB,
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and that the Hearne does not share the observed Paleoproterozoic, high-velocity, lower crustal
layer found below the MHB and Wyoming (Gorman et al. 2002; Eaton et al. 1999; Davis et al.
1995).
The MHB (~1.9 – 1.7 Ga and 3.5 – 2.5 Ga) and Wyoming Province (~2.5 – 3.6 Ga) also
overlap in respect to their zircon U-Pb ages, and share a distinct 10-30 km thick, high velocity,
lower crustal layer (Gorman et al. 2002). The oldest subprovince of the Wyoming Craton, the
Montana Metasedimentary Terrane (MMT), which occupies the northern portion of the block
along the GFTZ boundary is a prime candidate for comparison (Fig. 1, 2). The terrane is
juxtaposed with the southwestern margin of the GFTZ, and yields Sm-Nd whole-rock, and
zircon/monazite U-Pb isotopic data that may provide further constraints on the relationship
between the MHB and the Wyoming (Mueller et al. 2005). Monazite and zircon grains
originating from the MMT yielded U-Pb ages of ~2.45 Ga, which are said to represent a
widespread tectothermal event throughout the northern Wyoming Craton margin (Krogh et al.
1997; Mueller et al. 2004; Alcock et al. 2013). Overlapping ~2.5 Ga ages are also evident from
gneiss xenoliths collected from the Grassrange intrusions in the GFTZ, and from the LRM,
which have been attributed to the MHB (Gifford et al. 2014, 2018) (Fig. 1, 3). These
overlapping ages along the northern Wyoming Province in the MMT, and the southern MHB in
the GFTZ, suggest the possibility that these areas were connected during this period in the late
Archean (Harms et al. 2004; Gifford et al. in review; Cheney et al. 2004; Mueller et al. 2004;
Alcock et al. 2013; Krogh et al. 1997). Gorman et al. (2002) model suggested the possibility of a
MHB-Wyoming collision occurring during the mid-Archean, prior to the amalgamation with the
Hearne as the crustal blocks advanced northward into Laurentia. If this is the case, then the
shared 2.5 Ga U-Pb ages found in both regions could help resolve this tectonic history for a

55

combined MHB-Wyoming. This data, paired with Sm-Nd and U-Pb data from the Tobacco Root
Mountains of the MMT, offers up support for this interpretation (Harms et al. 2004; Alcock et al.
2013; Mueller et al. 2004). ɛHf(T) values for the xenoliths in this project, range 12.85 ɛ-units
from -6.95 to 5.90. ɛNd values for the TRM range ~8.5 ɛ-units, from -4.30 to 4.90 (Mueller et
al. 1996, 2004). Both evolved and juvenile values for both isotopic signatures, further highlight
a possible connection between the two cratons during the Late Archean. Also, previous tectonic
models have suggested that the TRM which lies within the GFTZ, records evidence of one
margin of a Wilson Cycle (e.g., O’Neill and Lopez 1985; Harms et al. 2004; Condit et al. 2015;
Gifford et al. in review). The TRM also preserves evidence of a mafic magmatic event occurring
at ~2.06 Ga, which speculated to represent the rifting conditions expressed by the Wilson Cycle
in the region (Mueller et al. 2004; Harms et al. 2004; Alcock et al. 2013). Samples collected
from the MHB and GFTZ show no evidence of ~2.06 Ga ages (Villeneuve et al. 1993; Davis et
al. 1995; Gifford et al. 2014, 2018; Mueller et al. 2002, 2005, 2016; Burwash et al. 1962). If this
new interpretation is to be accepted, then the GFTZ (1.73 – 1.86 Ga), is recognized as the
locality of the closing phase of the Wilson Cycle between the MHB and the Wyoming Craton in
the Paleoproterozoic, thereby suggesting the MHB could be a possible conjugate margin to the
MMT portion of the Wyoming. However, an alternative proposal suggests that the MHB and the
MMT simply experienced a similar event in the late Archean at ~2.5 Ga, and were not
connected.
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VI. CONCLUSIONS
The incorporation of the results from this project help advance our understanding and
general approach to the character of the Medicine Hat Block. Previously reported geochemical,
seismic, and aeromagnetic findings, paired with the results presented here, are sufficient to
support the MHB as representing its own unique Archean and Paleoproterozoic continental
fragment. This project helps expand the age of the craton to ~3.54 Ga through U-Pb age dating,
and suggests mantle separation for these older samples at ~3.80 Ga through Lu-Hf analysis.
Eleven xenoliths brought to the surface in Eocene minette intrusions were analyzed for single
grain zircon U-Pb and Lu-Hf isotopic information, which was crucial to unraveling the
characteristics of the underlying Precambrian basement. Nine of the eleven samples yielded UPb ages older than previously reported values for the MHB (1.9 – 1.7 Ga; 3.3 – 2.5 Ga)
(Villeneuve et al. 1993; Davis et al. 1995; Gifford et al. 2014, 2018). These nine samples are
much older than similar xenoliths from the Sweetgrass Hills region of the craton, where only one
sample yielded a late Archean age that matched the previously reported late Archean and
Paleoproterozoic values obtained from other MHB xenoliths (Fig. 15). One sample was
determined to be detrital, with age peaks indicating the possibility of a Grenville provenance,
although this assumption is based on sparse data from the sample and further research is needed.
Hf data from this project suggest mixing between older crustal sources and the depleted mantle,
further providing evidence for crustal reworking of older Archean crust in the MHB. Based on
the presence of these newly recognized older Archean xenoliths, the previously reported
Paleoproterozoic ages for other samples collected from the same minette intrusion suite in the
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Sweetgrass Hills (Davis et al. 1995) must be attributed to zircon resetting from high-grade
metamorphism and crustal reworking during the well documented metamorphic activity in the
region associated with both the multi-phased Great Falls Orogeny (~1.9 – 1.7 Ga), and Trans
Hudson Orogeny (~1.9 – 1.8 Ga), that were presented in previous amalgamation models
(Mueller et al. 2002, 2004, 2005, 2011).
Evidence from this investigation, paired with comparisons to previous seismic,
aeromagnetic, and geochemical studies, supports a refined plate-scale amalgamation model that
builds upon the framework put forth by Mueller et al. (2005), for the evolution of the MHB, and
its relationships during this evolution to the Hearne Craton and Wyoming Province (Fig. 15).
This model suggests separation from the mantle in the early Archean, independent cratonization
and stabilization for the MHB in the mid-Archean, a possible Wilson Cycle connection between
the MHB and the northern Wyoming Craton at ~2.5 Ga with speculative rifting between the two
in the Early Paleoproterozoic (~2.06 Ga), and final ocean basin closure and collision from 1.9 –
1.7 Ga. The period of 1.9 – 1.7 Ga is also tentatively synchronous with the collision and suturing
between the Hearne Craton and the MHB to the north along the Vulcan zone, with southward
dipping subduction of the lower Hearne crust beneath the MHB. Although the Vulcan zone’s age
is still uncertain. Also during this period, underplating of a distinct high-velocity lower crustal
layer beneath the MHB took place, most likely related to the end of slab-subduction processes
that would have allowed mantle upwelling of mafic magmas to the base of the crust below the
MHB-Wyoming. The LCL underplating event seemingly supports that the MHB-Wyoming
system could not have been connected to the Hearne ~2.5 Ga, because this lower layer is not
observed beneath it. The formation of the THO to the east also occurred during this period, and
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final amalgamation of the MHB-Hearne-Wyoming system into southwestern Laurentia was
complete by ~1.6 Ga.
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60
Fig. 15 – Newly proposed timeline diagram depicting major tectonic events in the MHBWyoming-Hearne system between (4.0 – 1.6 Ga). Crustal formation events depict earliest
recorded isotopic ages, and therefore express the oldest known pieces of each craton.

Appendix A: Supplementary data and Tables
Table S1 contains Medicine Hat Block xenolith samples, zircon LA-ICP-MS U-Pb and
Lu-Hf data. Reported as (Ma). U-Pb isotopic ratios are corrected to average standard value with
error propagation. εHfT calculated for individual zircon 207Pb/206Pb ages. DM model ages were
calculated using the model of Mueller et al. (2008). 235U values calculated from measured 238U.
Electronic files are available.
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