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ABSTRACT 

 
Since their initial discovery in the late 1960’s, metamorphic core complexes have 

remained of high interest in tectonics research.  Early uncertainty regarding the 
mechanics of slip along low-angle normal (detachment) faults is now accompanied by 
controversy surrounding the relationship between magmatism and large-magnitude 
extension.  As deeply exhumed geologic structures that record lithospheric 
thermomechanical processes, investigating core complex formation is crucial to 
understanding how the mid-crust behaves in extensional tectonic settings.  In some 
regions, the exhumation of these structures is also linked to the formation of 
economically valuable mineral deposits, making them of notable societal importance.  
This thesis is a two-part investigation of core complex evolution that addresses the 
concepts above, formatted with introductory and concluding chapters that bound two 
main chapters prepared for publication.  Chapter two consists of a study that tests the 
utility of using detrital zircon (DZ) U-Pb geochronology and DZ unmixing models to 
determine the source of placer gold.  New zircon U-Pb (n=1,058) and Lu-Hf (n=61) 
isotopic data are presented from four placer deposit samples extracted from the Pioneer 
District of western Montana.  Geochronology and DZ unmixing modeling suggest that 
gold from the placer deposits was derived from vein and skarn lode sources in northern 
footwall of the Anaconda metamorphic core complex (AMCC).  Our data offers the first 
DZ-based support for previous interpretations that the Late Cretaceous Royal Stock 
pluton precipitated gold along its contact with overlying Proterozoic through Mesozoic 
supracrustal rock, and was subsequently weathered, transported, and deposited in the 
AMCC supradetachment basin during the Late Oligocene-Early Miocene.  Chapter three 
consists of an integrated geologic, geochronologic, thermochronologic, and isotopic 
investigation of the AMCC footwall.  Results suggest that the AMCC is an example of a 
core complex that was primed for large-magnitude extension through crustal thickening 
and voluminous magmatism.  It is proposed that buckling of the Farallon slab, marked by 
the onset of “ignimbrite flare up” volcanism, was responsible for the initiation of AMCC 
extension.  Furthermore, a compilation of MCC cooling ages and ages of Cenozoic 
volcanics across the western USA suggest that removal of the Farallon Plate was a 
primary driver of Cordilleran core complex formation.
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CHAPTER ONE 

INTRODUCTION TO THESIS 

Metamorphic core complexes (MCCs) are domal geologic structures that exhume 

mid-crustal rocks through extensional tectonic processes.  First described in the western 

USA, MCCs generally consist of ductilely deformed metamorphic-plutonic rocks 

separated from an unmetamorphosed, brittlely deformed upper plate by a low-angle 

normal (detachment) fault (e.g. Anderson, 1972; Crittenden, 1980; Wernicke, 1981; 

Coney and Harms, 1984).  MCC footwalls serve as windows into the thermomechanical 

properties of the lithosphere (e.g. Platt et al., 2015) and, in some cases, exhume elements 

and minerals of economic significance (e.g. Marchev et al., 2005; Howlett and 

Laskowski, in review).  Despite their global occurrence and tectonic and economic 

importance, the mechanisms responsible for initiating and facilitating core complex 

formation remain controversial.  In addition, the exhumation, erosion, transportation, and 

deposition of economically valuable minerals from MCC footwalls into supradetachment 

basins is sparsely mentioned in modern literature.  In this thesis I address both questions, 

with two manuscripts that focus on the Anaconda metamorphic core complex (AMCC) of 

western Montana. 

The first manuscript presented here (chapter two) is a provenance analysis of gold 

placer deposits in the northern AMCC supradetachment basin (the Pioneer District).  We 

apply detrital zircon U-Pb geochronology and DZ unmixing modeling to four placer 

deposit samples to test previously proposed hypotheses regarding gold source and, more 

broadly, the plausibility of using these techniques on similar deposits elsewhere. This 
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work is timely in that it confirms the utility of using detrital zircon geochronology to 

determine the source of economically valuable minerals; it is innovative in that it applies 

cutting-edge detrital zircon U-Pb geochronology interpretation techniques (inverse Monte 

Carlo unmixing modeling); it is provocative because it explores the genesis of an 

economic mineral deposit that is likely linked to the formation of a metamorphic core 

complex; and it is of broad interest because it describes how placer gold deposits evolve 

from genesis to eventual exposure, erosion, transport, and deposition. Broadly speaking, 

our conclusion that these techniques can be used to accurately determine the source of 

placer gold may facilitate more localized and less environmentally impactful mining 

operations. 

The second manuscript (chapter three) contributes to the long-lasting debate 

surrounding the driving mechanisms of metamorphic core complex formation in the 

western USA.  A topic of extensive discussion in continental core complex literature is 

the importance of magmatism in core complex evolution (Whitney et al., 2013); there is 

little consensus as to whether magmatism is a result of large-magnitude extension or if it 

is the cause of core complex formation (e.g. Gans et al., 1989; Armstrong and Ward, 

1991; Stevens et al., 2016; and many others).  Variability in the relationship between 

main phase plutonism and footwall exhumation across core complexes has been noted 

(e.g. Hill et al., 1995; Foster and Fanning, 1997; Stevens et al., 2016), suggesting that the 

influence of magmatism on exhumation is variable.   

There are also long-standing questions regarding the role that sublithospheric 

processes (like slab rollback and upper mantle dynamics) play in MCC formation.  It has 
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been proposed by some researchers that mantle-derived magmatism and deep lithospheric 

processes are essential for the magmatism and flow of crust in the extensional tectonic 

settings that create core complexes (Gans et al., 1989; Amato and Miller, 2004; 

Konstantinou et al., 2013).  Others have argued that the localization of MCCs in some 

regions discount the idea that the upper plate is sensitive to slab dynamics at depth (e.g. 

Stevens et al., 2017).  Chapter three of this thesis investigates the relationship between 

magmatism and extension in the Anaconda MCC of western Montana through an 

integrated geologic, geochronologic, thermochronologic, and isotopic study.  In addition, 

geochronology and thermochronology data from MCCs spanning southern Canada to 

southern Arizona is compiled and analyzed to investigate the relationship between 

Cenozoic volcanism and core complex formation in the NA Cordillera.  This latter 

portion of chapter three gives new insights into how dynamics of the subducted Farallon 

slab may have initiated extension in the northern Cordillera and addresses sublithospheric 

controls on MCC development generally. 
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ABSTRACT 

Despite the widespread occurrence and economic significance of gold placer 

deposits, modern provenance studies of placer sediments are scarce and remain largely 

qualitative. This study is an attempt to test the plausibility—and better refine the current 

approach—of using detrital zircon (DZ) geochronology to trace the source of 

economically valuable minerals in placer deposits.  The Pioneer District placer deposits 

were the site of the first gold discovery in Montana in 1852, and their hypothesized 

proximity to the lode source and complex surrounding structural framework makes them 

an ideal candidate to test the utility of DZ geochronology in placer provenance analysis.  

We present a new set of DZ U-Pb (n=1,058) and Lu-Hf (n=61) isotopic data from four 

Pioneer District placer deposit samples. Each of the four samples yielded similar age 

spectra with a range of U-

zircons were recycled from Mesoproterozoic Belt Supergroup, Paleozoic-Mesozoic 

passive margin sedimentary rocks, and the synorogenic Beaverhead Conglomerate.  237 

DZ U- -probability peaks centered at ~69 Ma 

and ~26 Ma, which we interpret record first-cycle derivation from the Royal Stock pluton 

and nearby Dillon Volcanics, respectively.  We evaluate these data using an inverse 

Monte Carlo DZ unmixing model that, by comparing the mixed placer age spectra to the 

DZ spectra of potential sources, calculates probable relative contributions from each 

input source.  Relative contribution calculations determine a 12% contribution from the 

Royal Stock and a disproportionately large 43% contribution from the Beaverhead 



9 
 
conglomerate.  Absence of the Beaverhead Fm. in the hypothesized source region 

suggests complete erosion of unit into the placer-bearing basin. 

DZ geochronology and the unmixing modeling results suggest that gold in the Pioneer 

District placer deposits was derived from vein and skarn lode sources in northern 

footwall of the Anaconda metamorphic core complex.  Our data offers the first detrital 

zircon based support for previous interpretations that the Late Cretaceous Royal Stock 

pluton precipitated gold along its contact with overlying Proterozoic through Mesozoic 

supracrustal rock, and was subsequently exhumed, transported, and deposited in the 

AMCC supradetachment basin during the Late Oligocene.  These results serve as 

confirmation of the utility of using DZ geochronology and emerging modeling techniques 

to determine the source history of economically valuable minerals.  The worldwide 

occurrence of gold placer deposits with unknown source areas provides abundant 

opportunity to apply these techniques. 

INTRODUCTION 

Placer deposits are broadly defined as any deposits of sand, gravel, and other 

detritus that contain accumulations of economically valuable minerals (Yeend & Shawe, 

1989).  Gold placer deposits are notably important deposits that result from weathering 

and release of gold from a bedrock source, gold transportation, and mechanical 

concentration of gold in streams and river gravels (e.g. Boyle, 1979; Loen, 1986; 

McCulloch et al., 2003). It is estimated that approximately two-thirds of the total world 

gold supply—and roughly half of the gold mined in California, Alaska, Idaho, and 

Montana—has been produced by placer deposits (Figure 2.1; Boyle, 1979; Yeend & 
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Shawe, 1989).  These deposits therefore play an essential role in the discovery and 

production of gold worldwide. 

Since placer deposits are formed by normal surficial processes that act on gold-

bearing bedrock of varying richness, their geographic distribution is wide, and their sizes 

and concentrations vary greatly (Figure 2.1).  These deposits occur predominately in 

Tertiary and Quaternary rocks largely due to the destruction of older placers by erosion 

(Edwards & Atkinson, 1986).  Additionally, the preservation of placer deposits in 

relatively young rock units may reflect the role that tectonic events play in their 

Figure 2.1. Overview map showing the location of previously and currently productive gold 
mines in North America.  Yellow circles are representative of placer mines and orange circles are 
locations that include both placer and lode deposits. Data sourced from USGS Mineral Resources 
Data System (MRDS). Terrain base map sourced from Esri/NOAA. 
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formation.  For example, the relatively young depositional ages of many gold placers in 

Montana and Idaho can be attributed to the shedding of detrital gold from the recently 

exposed gold-bearing magmatic core of the northern Cordillera hinterland (Figure 2.1).   

The concentration and size of gold placer deposits depend almost entirely on the 

supply of source materials (Yeend & Shawe, 1989).  Conducting provenance studies on 

the gold-bearing sediments within placer deposits can give insight into the original 

bedrock source and/or rock units that hosted vein or skarn gold.  Placer gold source 

regions that are actively shedding gold are of particular interest, as their identification 

could allow extraction of gold directly from the lode source.  Additionally, it has been 

established that an effective technique to discover new placer deposits is through the 

identification of potential source areas (Edwards & Atkinson, 1986).  When DZ 

signatures from a mixed placer sample can be correlated with a specific source unit, 

additional placer deposits may be located by determining other sinks that may have had a 

contribution from the source. 

Provenance studies of the gold-bearing placer sediments are scarce and remain 

largely qualitative.  Most studies interested in gold placer provenance have investigated 

gold nugget morphology, surface texture, and bulk chemistry to determine an 

approximate transport distance from the source (e.g. Loen, 1986; Loen, 1995).  Knight et 

al. (1999) conducted a study of gold particle shape and rim characteristics to determine 

the distance of fluvial transport of placer deposits in the Klondike District of Canada, 

concluding that gold morphology “shows a smooth, well-defined relationship to distance 

of transport from the lode source” (p. 635).   



12 
 

Other techniques that have been used to determine placer gold source include the 

analysis of clast type and measurement of heavy mineral concentrations from within 

placer deposits (e.g. Loen, 1994).  Although these techniques may give adequate 

preliminary insight into placer source characteristics, the development of more 

quantitative techniques to investigate provenance—specifically detrital zircon 

geochronology—provides the opportunity to conduct a more rigorous investigation of 

placer gold source. 

Detrital zircon geochronology has become an essential tool in the study of 

sediment provenance because of the ubiquity of zircon in most depositional systems and 

the increasing ability to determine U-Pb ages with reasonable efficiency, accuracy, and 

precision (e.g. Gehrels, 2014).  Formed primarily in felsic igneous rocks, zircon is a 

heavy and resistant mineral that does not commonly break down when weathered into 

sedimentary systems; thus, zircon can be recycled multiple times in a system and be 

sourced from sedimentary strata that are not its initial depositional unit.  It is for this 

reason that many detrital zircons may give insight into an ultimate source, but not 

necessarily a proximal one.  Conversely, the weathering of metamorphic and igneous 

rocks can provide first-cycle grains that can allow direct interpretation of provenance.  

Although interpreting the origin of detrital zircons with U-Pb geochronology is an 

established technique for constraining the source rocks of sediments, it is not routinely 

applied to gold placer deposits.  Davis et al. (1994) first proposed that geochronologic 

analysis of detrital zircons within placer deposits provides U-Pb ages that can be 

correlated to ages of surrounding igneous and sedimentary rocks, giving insight into 
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potential source areas of the gold-bearing sediments.  Three studies in the Witwatersrand 

basin of South Africa used U-Pb geochronology of detrital zircons to gain insight into the 

controversial origin of gold deposited in quartzite reefs (Ruiz et al., 2006; Koglin et al., 

2010; Zeh & Gerdes, 2012).  The technique has also been applied to fingerprint to source 

of gem and gold placers in the Mamfe Basin of southwest Cameroon (Kanouo et al., 

2012; Kanouo et al., 2018). More recently, researchers have also begun pairing the U-Pb 

ages of detrital zircons with corresponding geochemical signatures (such as Lu-Hf), 

which serve as separate provenance tracers for the mixed sediments (Zeh & Gerdes, 

2012; Kanouo et al., 2018). 

The use of DZ geochronology to determine the source of gold placers works 

under the assumption that the gold and the zircon grains were sourced from the same 

region and were transported and deposited together.  This assumption is supported by the 

fact that placer deposits are commonly enriched in denser minerals like zircon, monazite, 

and garnet (Reid and Frostick, 1985). 

The increasing efficiency of U-Pb geochronology and the abundance of new 

detrital zircon provenance studies have resulted in the development of new detrital zircon 

modeling techniques to determine source areas.  A model developed by Sundell and 

Saylor (“DZmix”, 2017) attempts to determine the mixing of source samples through 

inverse Monte Carlo modeling by comparing mixed detrital samples to randomly 

generated combinations of source distributions.  These models enable a more robust, 

quantitative provenance analysis that allow one to go as far as estimating the relative 

contributions of different potential source units (Sundell & Saylor, 2017). 
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Test Case 

This study is an attempt to further test the plausibility—and better refine the 

current approach—of using detrital zircon geochronology to trace the source of 

economically valuable minerals in placer deposits.  

The Pioneer District placer deposits were the site of the first gold discovery in 

Montana in 1852 (Pardee, 1951), and their hypothesized proximity to their lode source 

and complex surrounding structural framework make them an ideal candidate to test the 

utility of this technique.  There is debate surrounding whether the gold originated from a 

vein or skarn lode source, and the source location remains unknown (Pardee, 1951; Loen, 

1986; McCulloch, 2003).  It is possible that the placer gold was sourced from the nearby 

Late Cretaceous Royal Stock, initially concentrated in Oligocene Cabbage Patch and 

Miocene Squaw Gulch conglomerate beds, and reworked during Pleistocene glaciation.  

We test this hypothesis by comparing new detrital zircon U-Pb ages (n=1,058) from the 

Pioneer District placer deposits with the age spectra of plausible source units that may 

have been in contact with the Royal Stock. We also present new detrital zircon Lu-Hf 

(n=61) isotopic data, which serve as an independent provenance indicator, from four 

samples within the Pioneer District placer deposits.  Additionally, results from the 

application of Sundell & Saylor’s (2017) detrital zircon unmixing model are incorporated 

to better understand the provenance of the deposits and the utility of the technique. 

GEOLOGIC SETTING 

The Pioneer District, straddling the northern Flint Creek Range and the Deer 

Lodge Valley, is a site of rich placer deposits from which ~300,000 ounces of gold were 
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recovered between 1870 and 1986 (Figure 2.2; Loen, 1986).  Located along the eastern 

edge of the Cordilleran hinterland of western Montana (Figure 2.2a), the Flint Creek 

Range represents the northern footwall of the Anaconda metamorphic core complex 

(AMCC) (O’Neill et al., 2004; Foster et al., 2010).  The AMCC exhumes metamorphosed 

Cretaceous-Tertiary plutonic rocks and Mesoproterozoic-Phanerozoic sedimentary rocks 

Figure 2.2. Tectonic overview maps showing (a) the field area in the context of the western 
Montana segment of the North American Cordillera, showing the distribution of Cretaceous-
Eocene plutons and tertiary sedimentary rocks in relation to the Anaconda metamorphic core 
complex (AMCC) (Foster et al., 2010). Map (b) is a simplified geologic map of the region 
surrounding the Pioneer District, displaying undivided Proterozoic-Tertiary sedimentary rocks 
and major plutons. RS--Royal Stock; PP--Philipsburg Batholith; MPP--Mount Powell Pluton. 
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from depths of ~12 km, based on thermobarometry data (Grice et al., 2006).  The 

metamorphic-plutonic footwall of the AMCC is separated from largely unconsolidated, 

synextensional sedimentary rocks of the hanging wall by the low-angle Anaconda 

detachment fault (O’Neill et al., 2004; Foster et al., 2010).  

The northern footwall of the AMCC, proximal to the Pioneer District placers, is 

composed of folded Mesoproterozoic through Mesozoic metasedimentary and 

sedimentary rocks that have been intruded by several granite and granodiorite plutons 

(Figure 2.2b; Emmons & Calkins, 1913; Grice, 2006; Portner et al., 2011).  The dominant 

plutons include the 69–60 Ma Royal Stock and the two-mica (muscovite and biotite) 

Mount Powell batholith (Figure 2.2b; Marvin et al., 1989; Grice, 2006), which are both 

exposed near the Anaconda detachment.  Today, the Royal Stock is exposed 

approximately one vertical km above and eight km south of the Pioneer District placer 

deposits (Figure 2.2b).  Much of the strata now exposed in the hanging wall of the 

AMCC is interpreted to have been deposited in an Eocene-Oligocene supradetachment 

basin (Janecke et al., 2005; Stroup et al., 2008).  Of particular interest in this study are the 

late-Oligocene Cabbage Patch Formation and mid-Miocene Squaw Gulch conglomerate 

beds, which were deposited in the proximal hanging wall of the Anaconda detachment, 

commonly referred to as the Flint Creek Basin (Loen, 1986; Stroup et al., 2008; Portner 

et al., 2011).  It has been hypothesized that the Cabbage Patch Fm. and Squaw Gulch 

beds were the original depositional units of the Pioneer District placer deposits prior to 

subsequent glacial transport and redeposition in the Pleistocene (Loen, 1986). 
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No researchers have evaluated the Pioneer District gold placers since the 

discovery of the AMCC by O’Neill et al. (2004), which adds an interesting tectonic 

element to the provenance study and a potential mechanism for exhumation of the gold-

bearing unit(s).  Foster et al. (2010) used 40Ar/39Ar thermochronology to determine that 

slip on the Anaconda detachment initiated ~53 Ma and lasted until at least 38 Ma.  Zircon 

fission track ages of ~27 Ma (Foster et al., 2010) and mapped field relationships (Elliott 

and Lonn, in review; Howlett et al., 2019) suggest that slip could have lasted much longer 

than previously thought, into the Oligocene.  This raises the possibility that the Pioneer 

District gold placers, if initially concentrated in Oligocene-Miocene Flint Creek Basin 

conglomerates, were shed from the AMCC footwall during active extension.  Our new 

detrital zircon data provide insight into the maximum depositional age (MDA) of the 

placer deposits.  Our new geochronological data and recent insights into the tectonic 

setting of the Pioneer District placer deposits justify revisiting their provenance history. 

Previous Investigations 

Investigation of the Pioneer District gold placers is confined to only a few studies. 

Pardee (1951) conducted the first detailed analysis of the placer deposits. He concluded 

that after uplift of the Flint Creek Range, ancestral rivers excavated gold from its lode 

source and deposited it in “river gravels”, later to be destroyed by Pleistocene glaciations 

and redeposited further down slope (Pardee, 1951). Loen (1986, 1994) expanded on the 

work of Pardee (1951) and concluded that the placer gold initially underwent weathering 

in the late-Oligocene but was mostly concentrated in the Miocene Squaw Gulch beds.  

After Miocene deposition, placer gold was re-transported by Pliocene rivers and 
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Pleistocene glaciation (Loen, 1986).  Loen (1994) used gold morphology and gold 

composition to include that the placer gold was likely sourced from mineralized veins, 

skarn, or replacement deposits associated with the Royal Stock pluton of the northern 

Flint Creek range.  Although no bedrock evidence of the source has been discovered, the 

most detailed geologic map of the region produced by Mutch & McGill (1962) presents a 

mapped contact between the Royal Stock and Mesoproterozoic-Mesozoic supracrustal 

rocks, which supports the hypothesis of Loen (1994).  McCulloch et al. (2003) concluded 

that the Pioneer District placer gold originated from skarn deposits by analyzing gold 

fineness, which is a measure of the proportion of gold in a gold-silver alloy expressed in 

parts per thousand (e.g. Loen, 1986).  Fineness is commonly used in the determination of 

placer gold source because different lode types (e.g. skarn vs. vein) have characteristic 

fineness determined by their formation conditions (McCulloch et al., 2003). Several 

studies interested in the extensional basin sedimentation histories of western Montana 

conducted provenance analysis of the Eocene-Tertiary rocks exposed in the Flint Creek 

Basin (Stroup et al., 2008; Portner et al., 2011).  These studies were focused specifically 

on basin development and did not consider the history of gold placer deposition.  

Regardless, they provide valuable detrital zircon and sedimentological data from the 

Cabbage Patch Formation. 

METHODS 

To better constrain provenance and test the utility of the method applied to placer 

deposits, four detrital zircon geochronology samples were collected from the reworked 

placer deposits of the Pioneer District.  Analysis of published maps from the Pioneer 
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District (Pardee, 1951; Loen, 1986) and satellite imagery allowed for previously mined 

placer deposits to be located and targeting for sampling.  Bulk samples were collected 

from placer deposits located in different modern drainages over a lateral swath of ~6 km 

to ensure representative age spectra (Figure 2.2b). 

Detrital Zircon Uranium-Lead Geochronology 

Four detrital zircon samples were collected from the Pioneer District and were 

prepared and analyzed using consistent protocols at the Arizona Laserchron Center 

(http://www.laserchron.org) (Gehrels et al., 2008).  

Zircons were separated from ~2.0 L bulk samples by pulverization in a jaw 

crusher, sieving, magnetic separation, density separation, and hand-picking. Zircons were 

mounted in epoxy, polished to a depth of ~30 µm, and backscattered-electron images 

were obtained using a scanning electron microscope (SEM) for targeting during analysis 

by laser-ablation inductively-coupled-plasma mass spectrometry (LA-ICPMS). 

Zircon U-Pb ages were obtained for ~300 zircon grains per sample using a Photon 

Machines Analyte G2 Excimer laser (30 µm beam diameter) attached to a Thermo 

Element2 HR single-collector ICP-MS.  The laser ablation process excavates pits that are 

approximately 15 µm in depth, and the ablated material is subsequently transported in 

helium to the plasma source of the Element2 ICP-MS.  U, Th, and Pb isotopes are 

measured simultaneously using Faraday detectors with 3 × 1011 ohm resistors for 238U, 

232Th, 208Pb-206Pb, and discrete dynode ion counters for 204(Pb + Hg) and 202Hg. Each 

analysis consists of one 15 s integration on peaks with the laser off, 15 one-second 

integrations with the laser firing, and a 30 s delay to purge for the next analysis. 
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All new analytical data and a detailed list of concordance filters are reported in 

Supplemental Item 1 (Appendix A). KDE plots were generated using the Python-based 

detritalPy (Sharman, 2018). 

Detrital Zircon Provenance Analysis 

The zircon crystal is ubiquitous in siliciclastic sedimentary systems, has a 

relatively high density (4.65 g/cm3), and is physically and chemically resistant (e.g. 

Gehrels, 2014).  These characteristics make it the ideal mineral for investigating the 

erosional and depositional evolution of Earth’s surface, as zircon age spectra from a 

selected sink sample can be compared to the known ages of surrounding possible source 

rocks, giving insight into the provenance (source history) of the sediments (e.g. 

Sircombe, 1999).  However, the high resistivity of the zircon can have unfavorable 

consequences in that in enables zircon grains to be recycled through weathering of older 

sedimentary rocks (e.g. Dickinson et al., 2009).  As a result, sedimentary rocks can 

contain grains from very old sources that were stored and put back into the system one or 

more times.  This recycling of zircons can complicate the interpretations of source history 

and transport evolution as second-cycle zircons cannot certainly give insight into the 

proximal source, but only the ultimate one (e.g. Dickinson et al., 2009; Stroup et al., 

2008).  Direct conclusions into zircon source can, however, be obtained through the 

dating of first-cycle zircons derived from the weathering of igneous and metamorphic 

rocks. 

The North American Cordilleran hinterland consists of a shortened, thickened, 

metamorphosed, and magmatically-infiltrated package of sedimentary rocks that contains 
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an extremely diverse and wide-range of zircon ages (DeCelles, 2004; Dickinson & 

Gehrels, 2008; Laskowski et al., 2013).  The resulting detrital zircon age spectra obtained 

from syn- and post-orogenic sedimentary deposits are very complex. Despite the 

complexities and implications of zircon recycling, U-Pb age spectra are still a powerful 

tool for determining provenance, and new modeling techniques and a number of first-

cycle source areas with unique ages allow for direct interpretation of provenance.  A list 

of potential source rocks for the Pioneer District placer deposits for which there are 

available data are listed in Table 2.1.  

Detrital Zircon Lutetium-Hafnium Geochronology 

Following U-Pb isotopic analysis, Hf isotope measurements were made for 61 

grains <250 Ma using an identical laser ablation system attached to a Nu Plasma 

multicollector ICP-MS at the Arizona Laserchron Center.  An average of 15 analyses 

were conducted for each sample (101517AL1-101517AL4), with measurements made 

from the same sample spots as LA-ICPMS U-Pb analysis to ensure that Hf isotopic data 

were determined from the same domain as the U-Pb age.  Hf analyses are reported 

alongside detrital zircon U-Pb data in Supplementary Item 1 (see footnote 1). 

Analysis of Lutetium-Hafnium isotopic ratios in zircon crystals provides 

information into the how isotopically evolved a melt was at the time of crystallization 

(e.g. Vervoort, 2015).  In the Lu-Hf system, the daughter prefers to partition into the 

melt, which results in crustal rocks having relatively depleted Hf values.  Crustal rocks 

with these characteristics are evolved (low Lu/Hf ratio), while rocks that are depleted in 

Hf that have recently been derived from the mantle are juvenile (e.g. Chapman et al.,  
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2017).  Analysis of hafnium isotopes in detrital zircons of a known age has 

emerged as a powerful tool for provenance analysis, as it serves as an independent source 

indicator when paired with detrital U-Pb geochronology ages (Goodge and Vervoort, 

2006; Stroup et al., 2008). 

Lu-Hf isotopic ratios can be used to gain insight into the magmatic evolution of a 

region that has experienced multiple episodes of igneous activity (e.g. Gaschnig et al., 

2011).  Located in the Idaho-Montana segment of the Cordilleran arc, the detrital zircons 

from the Pioneer District placers provide Lu-Hf signatures that may give further insight 

into the magmatic evolution of western Montana.  Pairing of U-Pb and Lu-Hf (as well as 

with Sr-Rb, Sm-Nd, etc.) has been applied to now-exposed arc-magmatic rocks in 

Cordilleran-style margins around the world (Ducea & Barton, 2007; Chapman et al., 

2017). 

Detrital Zircon Unmixing Modeling 

An unmixing algorithm developed by Sundell and Saylor (2017) attempts to 

determine the mixing of source samples through inverse Monte Carlo modeling by 

comparing mixed detrital samples to randomly generated combinations of source 

distributions.  As a forward modeling technique, detrital and igneous zircon age data for 

potential source units were input into the model and randomly combined to create a 

model age spectrum in the form of a kernel density estimate (KDE) (Figure 2.3a).  

Subsequently, a cross-correlation coefficient was calculated for the model and mixed 

detrital zircon sample pair (Figure 2.3b). This process was repeated 10,000 times to 

increase the likelihood that all possible combinations of possible source proportions are  
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provenance group are

reported from the top 1% of trials ranked by cross-correlation coefficient (Figure 2.3c).  

In addition to the cross-correlation coefficient comparison, the random mixtures of 

potential sources are compared by calculating a Kuiper test “V-value” and Kolmogorov-

Smirnov (K-S) “D-value” (Sundell and Saylor, 2017).  This allows for a side-by-side 

comparison of relative source contributions calculated using different statistical 

algorithms.  After running the inverse Monte Carlo model, it is possible to run an 

iterative optimization that determines a single best fit between the model and the mixed 

sample.  

Potential source units that are hypothesized to have contributed sediment to the 

placer deposits were identified through a combination of fieldwork around the margins of 

the Royal Stock and analysis of previously published regional geologic maps (this study; 

Mutch and McGill, 1962; Loen, 1986; Lewis, 1998).  Nine distinct units were identified, 

including (from oldest to youngest): the Missoula Group (Belt Supergroup), the Amsden, 

Quadrant, Phosphoria, and Kootenai Formations, the Colorado Group (Thermopolis
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Figure 2.3. Detrital zircon unmixing model schematic.  Modified from Bartschi et al., 2018.
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shale), the Blackleaf and Beaverhead Formations, and the Pioneer Batholith (Royal Stock 

age-equivalent).  Additionally, a Cordilleran passive margin compilation from Laskowski 

et al. (2013) was included as a model input due to the mapped presence of the 

Mississippian Madison Formation (Mutch and McGill, 1962) and the high likelihood that 

previously existing passive margin strata were eroded and deposited in the Flint Creek 

Basin (e.g. Portner et al., 2011).  This compilation of potential sources was narrowed 

down by hundreds of trials with differing model inputs.  By presenting the randomly 

generated KDEs atop the KDE of the mixed sink sample, the DZMix output allows the 

user to identify age ranges that were missed by each combination of input sources.  A 

process of trial and error was used to create a randomly generated KDE that most closely 

approximated the mixed sample.   

For the final model run, detrital zircon ages for the Pioneer District placer 

deposits (samples 101517AL1, 101517AL2, 101517AL3, and 101517AL4) were 

combined to create a single sink input (n=1,058) that was subsequently compared to 

random combinations of the potential sources listed above. In order to simplify modeling 

outputs, the ten potential source units were compiled into respective geologic eras 

(Proterozoic, Paleozoic, Mesozoic, and Paleocene). 

This forward-modeling approach to unmixing detrital zircon samples is superior 

to a strictly qualitative approach to provenance analysis in that it provides approximate 

percent contributions from each input source.  In a single model run, input sources that 

are not being incorporated by the model can be generally discounted as a plausible ones.  
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The relatively fast runtime of the model, even with >10,000 trials, allows for the user to 

rapidly test different plausible source combinations. 

RESULTS 

Detrital Zircon U-Pb and Lu-Hf Geochronology 

101517AL1 

Sample 101517AL1 was collected from processed placer tailings on the west side 

of the Pioneer Bar, downstream from an inactive dredge.  The sample is a poorly sorted, 

pebble to cobble matrix supported conglomerate, with clasts of quartzite, sandstone, and 

slate, in order of decreasing abundance. 

Zircon U-Pb ages (n=261) range from 24.9 ± 0.3 to 3293.2 ± 8.4 Ma, with 181 of 

those ages being >250 Ma (Figure 2.4a).  U-Pb ages from all major North American 

crustal provinces are present, with age-probability peaks centered at ~1850, ~1750, 

~1640, ~1490, ~1100, and ~430 Ma (Figure 2.4a).  This is the case for each of the three 

remaining samples, all containing abundant grains (n>200) that are older than 250 Ma, 

with each major North American crustal province represented.  Each mixed placer 

sample contains many grains >2600 Ma.  Significant peaks for grains <250 Ma in this 

sample occur at ~165, ~75, and ~25 Ma.  Lu-Hf isotopic ratios were determined for 22 

grains ranging in age from 25 to 171 Ma (Figure 2.5).  Epsilon values range from -2.8 at 

171 Ma to -19.3 at 67 Ma.  A subsequent increase with decreasing age in Hf bring 

values up to as high as 13.2 at 26 Ma. 
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101517AL2 

Sample 101517AL2 was collected from processed placer tailings downstream 

from an inactive dredge, and is a poorly sorted, pebble to cobble matrix supported 

conglomerate.  In order of decreasing abundance, clasts include granite, sandstone, 

siltstone, quartzite, and schist with bronze mica. 

U-Pb ages (n=265) range from 24.1 ± 0.2 to 3635.5 ± 7.6 Ma, with 204 of those 

ages >250 Ma (Figure 2.4b).  This sample contains the most variability in zircon ages 

<250 Ma, with significant peaks at ~165, ~115, ~100, ~90, ~69, and ~25 Ma (Figure 

2.4b).  This is the only sample collected from the placer deposits that contains a 

prominent age-probability peak at 90-100 Ma (Figure 2.4b).  Lu-Hf isotopic ratios were 

analyzed for zircons (n =13) ranging in age from 24.9 to 167.8 Ma (Figure 2.5). Epsilon 

–15.3 at 77 Ma.  Like 101517AL1, 

epsilon Hf values become much more juvenile with corresponding U-Pb ages in the 

Tertiary, with an epsilon Hf value of 14.0 calculated at 24.9 Ma.  

101517AL3 

Sample 101517AL3 was collected from sandy, reworked tailings immediately 

down slope from abundant schist and metacarbonate float.  Clasts in sample include 

quartzite, sandstone, biotite schist, metacarbonate, paragneiss, and granite. 

U-Pb ages (n=264) range from 22.2 ± 0.2 to 3750.3 ± 7.7 Ma, with 208 of those 

ages being >250 Ma (Figure 2.4c).  Age spectra for grains <250 Ma is similar to 

101517AL1, with the exception that this sample contains a greater abundance of ~69 Ma 

grains (30 grains).  Lu-Hf isotopic ratios were collected for 14 grains ranging in age from 
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22.2 to 168.3 Ma (Figure 2.5).  Epsilon values range from -3.3 at 168 Ma to -21.9 at 65 

Ma, followed by an increase in epsilon-Hf values up to as high as 9.6 at 27 Ma. 

101517AL4 

Sample 101517AL4 was sampled from a matrix-supported glacial moraine 

deposit with cobble to boulder-sized granite and quartzite. The sample was collected ~5 

km downstream from Pikes Peak Creek placer mine. U-Pb ages (n=268) range from 24.5 

± 0.4 to 3472.5 ± 10.1 Ma, with 228 of those ages being >250 Ma.  The only prominent 

peak determined for grains <250 Ma is at ~69 Ma, and the sample contains only one 

Figure 2. tted against detrital zircon U-Pb ages from the Pioneer District 
placer deposits. Shown in relation to the chondritic uniform reservoir (CHUR) and depleted 
mantle (DM) evolution lines. Grey arrow shows isotopic trend which is interpreted to serve 
as a proxy for crustal thickening followed by increased mantle input (e.g. Gaschnig et al., 
2011). 
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grain at ~25 Ma (Figure 2.4d).  Epsilon Hf values were collected for 8 grains ranging in 

age from 22.2 to 168.3 Ma (Figure 2.5).  Epsilon values range from -4.8 at 167.4 Ma to -

23.4 at 66.9 Ma.  No tertiary zircon grains in this sample were analyzed for Lu-Hf.  

DZ Unmixing Modeling 

The inverse Monte Carlo modeling results for the Pioneer District placer deposits 

are shown in Figure 2.6.  These results represent the most geologically plausible and 

statistically robust outputs determined by inputting mapped units in the hypothesized 

source area that produce a randomly generated KDE with the highest cross-correlation 

coefficient to the mixed sample. 

Figures 2.6a and 2.6b display the top 1% of model fits retained relative to the 

combined, mixed samples.  With a KDE bandwidth of 20 Ma, the source inputs (see 

methods section) yield a cross-correlation coefficient between model and mixed sample 

of 0.873 ± 0.014.   

Figures 2.6c and 2.6d show the relative contributions from each source input calculated 

by the cross-correlation coefficient and Kuiper test, respectively.  The Missoula Group of 

the Belt Supergroup displays the smallest relative sediment contribution at ~4%.  The 

Paleozoic passive margin and Mesozoic foreland basin rocks have relative contributions 

of ~16% and 25%, respectively.  The Royal Stock pluton of the northern Flint Creek 

Range has a calculated contribution slightly smaller than that of the passive margin at 

~11%.  Lastly, the Beaverhead Fm. has the largest relative contribution of approximately 

43%. 
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The only notable difference between the two contribution plots is that the Kuiper 

test resulted in a slightly larger contribution from the Mesozoic inputs and less from the 

Royal Stock. 

 

Figure 2.6.  Inverse Monte Carlo unmixing model results for the Pioneer District placer deposits. 
(a) Probability density plots of top 1% of model fits retained relative to combined, mixed placer 
samples, (b) retained 1% of model runs displayed as cumulative distribution plot, (c) relative 
contributions from 10 input sources calculated using cross-correlation coefficient, (d) relative 
contributions calculated from Kuiper test values.  Note similarities in the modeled contributions 
and the high relative contributions from the synorogenic Beaverhead conglomerate, as well as the 
presence of first-cycle grains from the Royal Stock pluton.  Source inputs and data sources can be 
accessed in Supplementary material. 
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DISCUSSION 

Detrital Zircon U-Pb Geochronology 

All detrital zircon samples from the Pioneer District placer deposits display 

strikingly similar age spectra (Figure 2.4a-2.4d).  U-Pb ages from all major North 

American crustal provinces are present in all four detrital zircon samples, with major 

peaks in age spectra at ~1850, ~1750, ~1640, ~1490, ~1100, and ~430 Ma.  This diverse 

and wide range of zircon ages suggests abundant zircon recycling, and the ages present in 

these samples are very similar to those found in the synorogenic Beaverhead 

conglomerate (e.g. Laskowski et al., 2013; Schwartz and Graham, 2017).  

The most prominent age spectra peaks for grains less than 250 Ma occur at ~25, 

68-80, 90-120, and 160-180 Ma.  The ~25 Ma grains present in all samples likely 

represent ash-fall from the Dillon Volcanics of SW Montana, an interpretation that is 

supported by their juvenile Lu-Hf values (Figure 2.5).  The presence of these grains could 

possibly represent a maximum depositional age (MDA) for the Pioneer District placers 

deposits.  However, since the samples were obtained from reworked tailings, it is possible 

that younger zircon grains from overlying units were incorporated into them.  The Late 

Cretaceous grains are interpreted as first-cycle grains shed from the Royal Stock pluton 

of the northern Anaconda metamorphic core complex.  This interpretation is supported by 

paleoflow and sedimentological observations made by Stroup et al. (2008).  The presence 

of first-cycle grains shed from the Royal Stock supports the conclusion made by Loen 

(1994) that it was the original source of the Pioneer district placer gold.  90-120 Ma 

grains have many possible explanations, including first cycle derivation from the nearby 
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Idaho Batholith (Gaschnig et al., 2011), shedding of recycled grains from the now-eroded 

Beaverhead Group (Janecke et al., 2000; Schwartz & Graham, 2017), or contribution 

from the Vaughn Member of Cretaceous Blackleaf Formation, which has been mapped 

~10 kilometers north of the placer deposits (Brooks, 2002; Brooks & Sears, 2009).  

Grains with U-Pb ages between 150 and 250 Ma are interpreted to have been sourced 

from the Coast Mountains or Sierra Nevada arc segments (Paterson et al., 2011) and are 

likely recycled. 

Lu-Hf Isotopic Analysis 

Systematic trends that can be observed in Lu-Hf signatures are not well-studied 

for the complex plutons and dikes that intruded the hinterland of western Montana.  

However, various isotopic systems have been used to investigate the evolution of the 

Idaho Batholith and Challis intrusions of eastern Idaho, which lies approximately 100 

kilometers west of the Anaconda metamorphic core complex (Foster et al., 2002; 

Gaschnig et al., 2011).  One of the isotopic trends observed in the Idaho Batholith is a 

steady decrease in epsilon Hf values from – –

~50 Ma, which was interpreted as progressive crustal thickening and incorporation of 

more previously existing crust into rising arc magmatism (Gaschnig et al., 2011).  

Epsilon Hf values in the almost immediately subsequent Challis Intrusives and equivalent 

ranging from –28 to –3 with an average around –11 (Gaschnig et al., 2011).  This “pull-

up” in epsilon Hf space is interpreted by Gaschnig et al. (2011) to represent crustal 

thinning by extensional collapse of the Cordilleran arc crust and increased mantle input.  
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The detrital zircon Lu-Hf results reported here display a nearly identical trend (Figure 

2.5), supporting the interpretation that many of the zircons <250 Ma within the placer 

deposits are first-cycle (non-recycled) grains sourced from surrounding plutons.   

The relatively large spread of epsilon Hf values from intermediate to very juvenile 

for grains at ~160 Ma is consistent with derivation from the Sierra Nevada and Coast 

Range segments of the Cordilleran magmatic arc (Paterson et al., 2011).  The highly 

evolved epsilon Hf values for Late Cretaceous-Early Paleogene (75-65 Ma) zircons 

support the hypothesis that many of these grains were sourced from the Royal Stock 

pluton, as similar values have been seen for temporally overlapping, arc-associated 

plutons (e.g. Gaschnig et al., 2011).  Oligocene grains in three of the four samples are 

extremely juvenile, which is consistent with the interpretation that they were sourced as 

ash-fall from the Dillon Volcanics of southwest Montana (Fritz et al., 2007). 

Detrital Zircon Geochronology Unmixing Modeling 

Application of the unmixing model supports the interpretation that the Pioneer 

District placer gold was ultimately sourced from the gold-bearing Royal Stock as it 

intruded into overlying supracrustal rocks with complex detrital zircon signatures (Figure 

2.6).  Modeling results make evident the significant number of zircons that were likely 

shed into the placer deposits from the Beaverhead Fm. (Figure 2.6). Another possibility is 

that the Flint Creek basin shared a similar source with the Beaverhead Formation.  

However, we deem the former interpretation more plausible due to the time gap between 

Flint Creek basin and Beaverhead deposition, as the Flint Creek basin sedimentation 

occurred largely during the Mid-Oligocene to Late-Miocene (Loen, 1986; Portner et al., 
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2011), while main-phase deposition of the Beaverhead Fm. occurred during the 

Paleocene (e.g. Schwartz and Graham, 2017).  The absence of Beaverhead strata in the 

hypothesized source area itself (Figure 2.2) is probably due to its complete erosion during 

exhumation of the Anaconda metamorphic core complex. 

Modeling results do not require significant sediment contribution from the Belt 

supergroup, a result that is supported by the relatively small mapped extent of the unit in 

the northern Flint Creek range (Mutch & McGill, 1962; Lewis, 1998).  Paleozoic and 

Mesozoic rocks are approximately equally represented in the hypothesized source region, 

which is reflected in the modeling result percentages.  The slightly larger percent 

contribution from Mesozoic units could be a consequence of differences in the 

availability of zircon in the source units, as the Paleozoic passive margin units contain 

less abundant zircon grains.  Additionally, some Paleozoic grains were likely recycled 

into Mesozoic units, which the model does not have the ability to recognize. Taken 

together, the diverse DZ age spectra and modeling results suggest sediment derivation 

and recycling from the Mesoproterozoic Belt Supergroup, Paleozoic-Mesozoic passive 

margin, Mesozoic foreland basin sedimentary rocks, and the synorogenic Beaverhead 

Conglomerate.  These interpretations are consistent with the mapping results presented in 

Mutch & McGill (1962) of the northern Flint Creek Range.  Although more robust 

constraints are needed to make conclusive interpretations on maximum depositional age 

relative to the timing of AMCC exhumation, we propose that initial placer weathering 

occurred during late-stage slip along the Anaconda detachment and deposition occurred 

in the Flint Creek supradetachment basin (Figure 2.7). 



36

 

 

 

Figure 2.7. Schematic tectonic model for the genesis, erosion, transport, and deposition 
of the Pioneer District gold placers. RS-Royal Stock; BB-Boulder Batholith.  BB is not 
to scale. 
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Limitations 

The use of detrital zircon geochronology to determine to source of gold placers 

hinges on two main assumptions, the first being that gold and zircon will behave 

similarly during transport and deposition due to their high densities.  It has been 

demonstrated that sediment samples with identical provenance can display significant 

intersample variability due to the preferential entrainment of larger and lower-density 

minerals (e.g. Malusa et al., 2015).  Therefore, it is important to consider that the very 

high density of gold (~19.30 g/cm3) could potentially lead to falling out of entrainment 

before the source-representing zircon grains that it was eroded with.  This source of error 

may become especially important to correct for if the placer deposits of interest were 

transported great distances, which we conclude to not be the case for the Pioneer District 

placers. 

Second, a common assumption made in almost all detrital zircon studies is that 

zircon fertility in igneous sources and the relative abundance of zircon in sedimentary 

sources do not bias the source region interpretation (e.g. Dickinson, 2008).  Varying 

bedrock mineral fertility near a placer lode source could lead to misinterpretation of age 

spectra or a complete absence of crucially important age domains.  Increasing the number 

of grains analyzed per sample (n) is one way to reduce the likelihood of missing a 

potentially important source unit (Pullen et al., 2014).  The large-n datasets collected for 

this study, combined with the well-understood configuration and well-constrained ages of 

possible plutonic source units, makes it unlikely that a significant bedrock source is being 

missed. 
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A source of error in the unmixing model may arise due to along-strike variability 

in the detrital zircon spectra of given unit.  None of the potential sources input into the 

unmixing model (DZ samples) were collected directly from the hypothesized source area.  

As a preliminary investigation designed to test the utility of the method, we here assume 

that previously obtained samples from other localities provide sufficiently similar DZ 

spectra.  To improve confidence in the unmixing modeling results, the input potential 

sources should be sampled from the hypothesized source area itself.  However, even if 

this were done, the top-down modeling approach must still make a-priori assumptions 

about the potential sources and assume that the sink sample is a pure mixture of them.  

Therefore, it may be beneficial to complement future studies of this kind with recently 

developed “bottom-up” unmixing models, which create synthetic sources from mixed 

samples and do not require a-priori assumptions of source units (“DZNMF”; Saylor et al., 

2019). 

The wide-range of potential source rock ages in the northern Flint Creek range 

(Mesoproterozoic-Paleocene) adds an additional element of difficulty for DZ provenance 

interpretations.  Other regions may have far more simple source regions, making use of 

the DZ spectra and modeling easier. 

Utility of technique and future possibilities 

Overall, our detrital zircon U-Pb results and modeling display that, even with 

abundant zircon recycling, the technique has great potential to determine the source of 

mineral deposits of high density.  The complimentary collection of trace-element 

geochemical data allows a more detailed characterization of source, as it can be paired 
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with detrital U-Pb ages and serve as an independent provenance indicator (Gehrels, 

2014).  Similarly, Lu-Hf isotopic ratios, when paired with U-Pb ages, can provide 

information into the magmatic evolution of potential source areas.  An increasing ability 

for unmixing models to account for zircon recycling and fertility will greatly improve the 

accuracy of results. 

There are many mining districts around the world where the application of this 

technique may be of great value.  U-Pb analyses of detrital zircons in the Witwatersrand 

basin of South Africa have given important insight into the controversial origin of the 

largest gold placer deposits on Earth (Gehrels, 2014), but further U-Pb dating and 

geochemical analysis of detrital zircons has the potential to provide more robust 

constraints on source units and transport history.  The application of new modeling 

techniques would add another quantitative constraint on provenance. 

Determining potential source areas for modern placer sediments holds potential as 

well and is a technique that has not yet been documented in the literature.  We propose 

that a systematic investigation of detrital zircon grains from modern river placers in 

regions such as Alaska could ultimately assist in determining lode sources that are 

actively shedding gold.  Identification of the weathering lode source would allow for 

more localized and potentially less environmentally impactful mining operations. 

CONCLUSION 

Detrital zircon U-Pb geochronology and unmixing modeling suggest that gold 

from the Pioneer District placer deposits of southwest Montana was derived from vein 

and skarn lode sources in northern footwall of the Anaconda metamorphic core complex.  
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Our data offers the first quantitative support for previous interpretations (Loen, 1994; 

McCulloch et al., 2003) that the Late Cretaceous Royal Stock pluton precipitated gold 

along its contact with overlying Proterozoic through Mesozoic supracrustal rock, and was 

subsequently weathered, transported, and deposited in the AMCC supradetachment basin 

during the Late Oligocene-Early Miocene.  Additionally, we identify the primary 

sedimentary rocks that were present in the catchment that sourced the gold.  These results 

serve as confirmation of the utility of using DZ geochronology and emerging DZ 

unmixing modeling techniques to determine the source area of dense, economically-

valuable minerals.  The worldwide occurrence of gold placer deposits with unknown 

source areas provides abundant opportunity to apply these techniques. 
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Abstract 
 

Metamorphic core complexes (MCCs) are a product of extensional tectonics, but 

the driving force behind their exhumation is still debated.  Early researchers suggested 

that the formation of MCCs in the western USA was due to gravitational collapse of 

Cordilleran crust that had been thickened through thrust faulting and addition of arc 

magmas to the orogenic wedge.  However, the instability of overthickened crust alone 

cannot explain the diachronous formation of core complexes along strike, as there was 

relatively uniform thickening during development of the Cordillera.  For this reason, 

there is growing interest in what role sublithospheric processes (such as subducted slab 

rollback or slab detachment) play in the initiation and evolution of MCC exhumation.  

We investigate the role of such processes by determining the relationship between 

igneous activity and extension in the Anaconda metamorphic core complex of western 

Montana.  Geologic mapping, zircon U-Pb geochronology, zircon (U-Th)/He 

thermochronology, and Lu-Hf isotopic analysis reveal that the AMCC is an example of a 

core complex that was primed for large-magnitude extension through crustal thickening 

and voluminous magmatism.  We suggest that buckling of the Farallon flat slab and the 

onset of the ignimbrite flareup in western Montana was responsible for the initiation of 

AMCC extension.  Furthermore, we compile MCC cooling ages and ages of ignimbrite 

flareup related rocks across the western USA to suggest that removal of the Farallon Plate 

was a primary driver of Cordilleran core complex formation. Our results are consistent 

with the interpretation that slab removal resulted in asthenospheric mantle heating of the 
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hydrated continental lithosphere, migration of magmatic activity, elevated geotherms, and 

development of MCCs in the upper plate. 

Plain Language Summary 

Horizontal extension of the Earth’s crust can lead to topographic uplift and 

uncover rocks from depths of 10-30 km (the middle crust).  The resulting geologic 

structure, consisting of ductilely deformed rocks underlying a low-angle normal fault, is 

known as a metamorphic core complex.  These structures are important because the rocks 

they expose record thermomechanical properties of crust that would be otherwise 

unreachable.  Despite their importance, the mechanisms that cause core complexes to 

form are not well understood.  In this study, we use field and radiometric dating 

techniques to determine the role that magmatism (intrusion of molten rock into the crust) 

served in the evolution of the Anaconda metamorphic core complex in western Montana.  

We also compile data from the western USA that suggests the removal of a previously 

subducted tectonic plate from beneath North America caused core complexes to form. 

1 Introduction 
 

As domal geologic structures that result from rapid exhumation of the mid-to-low 

crust, metamorphic core complexes (MCCs) provide illuminating windows into the 

thermomechanical properties of Earth’s lithosphere (e.g. Crittenden et al., 1980; Whitney 

et al., 2013; Platt et al., 2015).  First described in the western USA, MCCs consist of a 

ductilely deformed metamorphic-plutonic footwall separated from brittlely deformed 

hanging wall by a low-angle normal fault (detachment fault) (Coney, 1980; Wernicke, 

1981; Coney and Harms, 1984).  Despite their widespread occurrence and tectonic 
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significance, the origin of core complexes, specifically the mechanisms by which the 

footwall is exhumed from mid-crustal depths, remains controversial (e.g. Konstantinou et 

al., 2013).  The spatial and temporal overlap of magmatic activity with MCC exhumation 

has led many researchers to consider the role of magmatism in the genesis of MCCs (e.g. 

Armstrong and Ward, 1991; Wernicke et al. 1992; Lister and Baldwin, 1993; Foster et 

al., 2001). 

A comparison of metamorphic core complexes in the North American Cordillera 

indicates variability in the influence that magmatism plays on the initiation of 

exhumation (e.g. Armstrong, 1982; Whitney et al., 2013; Stevens et al. 2016). It has been 

established that the presence of melt and resulting decrease in crustal strength and 

viscosity can serve to facilitate large-magnitude extension and core complex exhumation 

during the collapse of an orogenic system (Armstrong & Ward, 1991; Stevens et al., 

2016; and many others). However, studies of various core complexes in the North 

American Cordillera expose differences in the volume and timing of magmatism relative 

to the onset and duration of extension (Whitney et al., 2013). For example, main-phase 

plutonism and dike crystallization in the footwall of the Priest River and Clearwater Core 

Complexes occurred during exhumation (Stevens et al., 2016; Gaschnig et al., 2011), 

while plutonism and dike emplacement in the Bitterroot Core Complex of western 

Montana appear to largely predate the onset of extension (Foster et al., 2001). These 

examples outline two hypothetical end-member hypotheses that can be tested: either 

crustal extension facilitates magmatism or magmatism serves as a driving force of 

exhumation.  
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In this contribution, we determine the relationship between magmatism and 

extension in the Anaconda metamorphic core complex (AMCC) of western Montana 

through geologic mapping, zircon U-Pb geochronology, zircon (U-Th)/He 

thermochronology, and Lu-Hf isotopic analysis.  U-Pb zircon ages from major plutons in 

the AMCC footwall, representing crystallization age, are compared to exhumation-related 

(U-Th)/He cooling ages, placing constraints on the relative timing of each.  Hf-isotope 

signatures enable determination of whether melts were derived from crustal or mantle 

sources, which in turn gives insight into the sublithospheric processes that may be 

partially responsible for the exhumation of the AMCC footwall.  Located within the 

Idaho-Montana segment of the Cordilleran Magmatic Arc, the AMCC may be a 

representative example of a core complex whose development was driven by magmatism 

that created a hot, weak, and over-thickened crust. Our results suggest that Cretaceous-

Paleocene magmatism added sufficient material to the Cordilleran hinterland for the 

orogen to become gravitationally unstable (e.g. Constenius, 1996, 2003), and that the 

onset and southward sweep of the ignimbrite flare-up initiated core complex formation.  

Along with integrating our findings into a generalized tectonic model that explains the 

relationship between pluton emplacement and exhumation of the AMCC footwall, we 

compare our results with those from other Cordilleran core complexes, giving broader 

insight into the role that magmatic activity and sublithospheric processes play in the 

development of MCCs in the North American Cordillera (NAC).  

Several orogen-scale dynamic models have been proposed for MCC formation in 

the NAC, including: (1) a change in plate motions, (2) dynamic processes of the 
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downgoing slab (e.g. slab rollback), and (3) late or post-orogenic collapse due to 

overthickened continental crust (e.g. Whitney et al., 2013). In the NAC, MCCs form a N-

S trending belt that traces a pre-extensional lithospheric welt, where crustal thicknesses 

and gravitational potential energy would have been at their greatest prior to exhumation 

(Figure 3.1; Coney and Harms, 1984).  This has led some researchers to conclude that 

Figure 3.1. Tectonic overview map showing the distribution of major metamorphic core 
complexes and the aerial extent of Cretaceous-Cenozoic intrusive igneous rocks in the western 
USA (geology sourced from USGS National Map). MCC outlined in white represents
Anaconda metamorphic core complex (AMCC).  Black rectangles 1, 2, and 3 represent the 
northern, central, and southern MCC “belts” of the NA Cordillera, respectively. Basemap is 
satellite imagery from Esri/NOAA. 
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core complex formation was primarily driven by post-orogenic gravitational collapse 

(e.g. Coney and Harms, 1984; Wernicke et al. 1987).  However, the instability of 

overthickened crust alone cannot explain the diachronous formation of core complexes 

(older in north, younger in south), as there was relatively uniform thickening during 

development of the Cordillera (Elison, 1991; Liu, 2001).  For this reason, there is 

growing interest surrounding what role sub-lithospheric processes played in the formation 

of core complexes (e.g. Wernicke et al., 1992; Konstantinou et al., 2013; Stevens et al., 

2016; Cassel et al., 2018). 

A comparison across the three different core complex belts of the NAC (Figure 

3.1) reveals that despite the localized variability in footwall plutonism across individual 

core complexes, there appears to be a strong spatial and temporal overlap between their 

formation and the transgressive migration of calc-alkaline magmatism known as the 

ignimbrite flare up (Armstrong and Ward, 1991; Konstantinou et al., 2013).  The second 

part of this study, consisting of a synthesis of existing geo- and thermochronological data, 

combined with the new field and isotopic data from the AMCC, enables us to test the 

hypothesis that the MCCs of the NAC were triggered primarily by removal of the 

subducted Farallon plate by slab rollback and/or slab buckling. Our results are consistent 

with the interpretation that the progressive removal of the Farallon plate from beneath the 

NA Cordillera allowed for asthenospheric mantle heating of the hydrated continental 

lithosphere, ultimately resulting in the migration of magmatism, elevation of geotherms, 

and development of MCCs (e.g. Humphreys, 2009; Konstantinou et al., 2013; Cassel et 

al., 2018). 
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2 Regional Geologic Setting 

 Cordilleran-style orogenic belts and accompanying magmatic arcs form as a 

response to subduction of oceanic lithosphere beneath a continent (e.g. Dewey and Bird, 

1970; Coney and Reynolds, 1977).  The western USA developed into a Cordilleran-style 

margin in the Late Jurassic (~155 Ma; Hamilton, 1969; DeCelles et al., 2004) and over a 

span of ~100 My, contractile deformation and magmatism migrated inboard over 1,000 

km from the modern trench (Coney and Reynolds, 1977).  Low-angle and far-traveled 

subduction of the Farallon plate led to the development of a retroarc fold-thrust belt far 

from the trench, with active arc magmatism and consequent crustal thickening well into 

the craton (Dewey and Bird, 1970; Bird, 1988; DeCelles and Graham, 2015; Carrapa et 

al., 2019).   

North of the Snake River Plain (SRP) in northeastern Idaho and western Montana, 

Late Cretaceous thrust faulting was accompanied by the voluminous magmatism of the 

Idaho and Boulder Batholiths (e.g. Foster et al., 2001) (Figure 3.2).  Large-scale core 

complex related extension began immediately following the end of thrusting in this 

region at ~55 Ma (Constenius, 1996; Sears and Hendrix, 2004) and was contemporaneous 

with widespread explosive volcanism of the Challis–Absaroka–Colville–Kamloops–

Bitterroot–Lowland Creek loop (Feeley, 2003; Foster et al., 2010).  Stretching from the 

northwestern USA into central British Columbia, this belt of calc-alkaline and alkaline 

volcanic rocks broadly overlaps in space and time with exhumation of core complexes in 

the upper plate (Armstrong and Ward, 1991).  Voluminous plutons that are present in the 
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lower plates of all northern belt MCCs overlap temporally with these volcanics as well 

(Grice, 2006; Foster et al. 2010). 

In the Basin and Range Province south of the SNP, the period following regional 

folding and thrust faulting (Cretaceous-earliest Cenozoic; DeCelles, 2004) was 

dominated by the north to south sweep of ignimbrite flareup related magmatism (Lipman 

et al., 1971; Best and Christiansen, 1991; Best et al., 2016).  Further to the south, in 

northern Mexico and across Arizona, similar magmatic activity occurred but migrated 

from SE to NW rather than N to S.  Both fronts of magmatism met in southernmost 

Nevada at ~20 Ma (Humphreys, 1995; Christensen et al., 1992).  Like the region north of 

the SRP, widespread volcanism in both of these regions was accompanied by large 

magnitude extension and core complex formation (Coney and Reynolds, 1977; 

Armstrong and Ward, 1991).  

3 The Anaconda Metamorphic Core Complex 

The Anaconda metamorphic core complex (AMCC) was one of the latest 

discovered core complexes in the western United States (O’Neill et al., 2004; Foster et 

al., 2010), and it represents one of nine MCCs north of the Snake River Plain that 

exhumed mid- to lower-crustal rock beginning in the Eocene (e.g. Coney and Harms, 

1984; Whitney et al., 2013).  The AMCC is located within the Idaho-Montana segment of 

the Cordilleran magmatic arc, along the eastern edge of the Cordilleran hinterland 

(O’Neill et al., 2004; Foster et al., 2010) (Figure 3.2).  The voluminous Late Cretaceous 

Boulder and Idaho batholiths exist to the east and west of the AMCC, respectively 

(Lageson et al., 2001).  These three major features of southwest Montana exist within the 
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western and central parts of the Helena Salient, a major eastward-convex salient that 

marks the easternmost position of the Sevier fold-thrust belt (Lageson et al., 2001; 

DeCelles, 2004). 

Figure 3.2. Tectonic overview maps showing (a) the AMCC in the context of the western 
Montana segment of the North American Cordillera, displaying the distribution of Cretaceous-
Cenozoic plutonic and volcanic rocks in relation to the Bitterroot and Anaconda metamorphic 
core complexes. IB =Idaho Batholith; BB = Boulder Batholith; AV = Absaroka Volcanics. Map 
(b) displays a simplified geologic map of the Anaconda MCC, showing undivided Proterozoic-
Tertiary sedimentary and metasedimentary rocks and major plutons. RS = Royal Stock; MPP =
Mount Powell Pluton; PB = Philipsburg Batholith.  Bedrock geology data and hill shade
basemap sourced from the Montana Bureau of Mining and Geology and Esri Online/NOAA,
respectively.
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The AMCC can be subdivided into three domains that are characteristic of a 

Cordilleran-style metamorphic core complex: (1) a hanging wall consisting of largely 

unconsolidated synextensional sedimentary units, (2) a metamorphic-plutonic and 

metasedimentary footwall, and (3) a low-angle detachment fault along the eastern edge of 

the Anaconda Range that separates the hanging wall and footwall (Wallace et al., 1992; 

O’Neill et al., 2004; Foster et al., 2010). 

The AMCC hanging wall consists of a series of fault-bound basins which contain 

Cenozoic-Quaternary clastic, volcaniclastic, and volcanic strata (Grice et al., 2006; Foster 

et al., 2010).  Progressively less tilting of hanging wall strata moving up section suggest 

that it was deposited during active extension along the Anaconda detachment fault 

(Elliott and Lonn, in review; Grice et al., 2006). 

The footwall of the AMCC, extending from the Flint Creek Range in the north to 

the Anaconda Range in the south (Figure 3.2), is made up of Late Cretaceous to Eocene 

granitic plutons and dikes  that intruded into the metamorphosed Mesoproterozoic Belt 

Supergroup and Middle Cambrian to Cretaceous shelf-platform strata (Emmons and 

Calkins, 1913; Desmarais, 1983; Wallace et al., 1992; Lonn et al., 2003; Grice, 2006; 

Foster et al., 2010).  The Flint Creek Range is cored primarily by Late Cretaceous 

plutons, including the Mount Powell batholith and Royal Stock (O’Neill et al., 2004).  

The Anaconda Range footwall contains volumetrically smaller Late Cretaceous plutons 

and a large variety of early to middle Eocene dikes and plutons (Wallace et al., 1992).  

The central Anaconda Range is dominated by the Eocene two-mica Pintler Granite, 

which has a consistent SE-dipping foliation and lineation direction (Figure 3.3a, 3.3b).  
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Two-mica granites, as well as a variety of deformed and undeformed dikes, intrude 

predominately mixed metasedimentary rocks of a Belt Supergroup protolith (Wallace et 

al., 1992). 

Separating the metamorphic-crystalline footwall from the unconsolidated 

sedimentary rocks of the hanging wall is the Anaconda detachment fault (ADF).   Along 

the Deer Lodge Valley, the ADF trends roughly N-S and dips gently (10-30°) to the east 

(Grice, 2006).  In the south-central Anaconda Range, the detachment dips shallowly 

southeast (~12-15°) and has been recognized as a complex zone of anastomosing strain 

and possibly expressed as multiple detachments in certain stretches along strike (Elliott 

and Lonn, in review). 

4 Methods 

4.1 Field methods 

We report data collected during field work in 2018 from the south-central AMCC, 

~30 km north of the town of Wisdom, Montana, USA. Field work was conducted in all 

three structural domains of the AMCC (hanging wall, footwall, and along the Anaconda 

detachment fault (e.g. Elliott and Lonn, in review).  Mapping was conducted at ~1:24,000 

scale across the study area (Figure 3.3) atop paper 7.5’ topographic basemaps generated 

by the United States Geological Survey.  Basemaps were used for drafting geologic maps 

while in the field and all structural measurements and geologic mapping were digitized in 

Esri’s ArcMap. 
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4.2 Igneous zircon U-Pb geochronology 

Two samples of a two-mica granite were collected in the central field area from 

the AMCC footwall (45.860°N, 113.445°W). A strongly foliated granodiorite dike and 

dacite dike cross-cutting the Pintler Granite were obtained from (45.935°N, 113.477°W) 

and (45.824°N, 113.495°W), respectively.  A fifth sample (071918CH7) was obtained 

from ~130 meters north of the northern extent of the mapped area (Figure 3.3; 43.939°N, 

113.438°W). 

Following collection, samples were prepared and analyzed using consistent 

protocols at the Arizona Laserchron Center (http://www.laserchron.org) (Gehrels et al., 

2008). Zircons were separated from ~1.5 L bulk samples by pulverization in a jaw 

crusher, sieving, Frantz magnetic separation, heavy-liquid density separation, and hand-

picking at GeoSepServices in Moscow, ID.  Separated zircons were mounted (~45 

zircons/sample) alongside the SLmix, R33, and FC zircon standards on a 1-inch epoxy 

ring mount in the sample preparation and mounting laboratory at Montana State 

University. Zircons were then polished to a depth of ~30 µm and imaged using a 

backscattered-electron detector (BSE) with a cathodoluminescence attachment at 

Montana Tech CAMP Laboratory for targeting specific age domains during analysis. 

Additionally, backscattered electron (BSE) images of mounts, which serve as generalized 

maps for isotopic analysis, were obtained at the Imaging and Chemical Analysis 

Laboratory (ICAL) at Montana State University. 



63 

Figure 3.3.  1:24,000 scale geologic map of field area in south-central AMCC. 
Overlapping structural measurements of similar orientation were averaged for 
clarity. Lambert equal area stereonets present. (a) foliation planes and poles to 
foliation and (b) slip lineations from the AMCC footwall. Average zircon (U-
Th)/He and U-Pb ages and their as¬sociated uncertainties were rounded to the 
nearest whole number. 
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Zircon U-Pb ages were obtained for ~25 zircon grains per sample using a Photon 

Machines Analyte G2 Excimer laser attached to a Thermo Element2 HR single-collector 

ICP-MS at the University of Arizona Laserchron Center. Analysis and data reduction 

followed the detailed methods in Gehrels and Pecha (2014). 

4.3 Igneous zircon Lu-Hf isotopic analysis 

Following U-Pb isotopic analysis, Hf isotope measurements were made for select 

zircon grains from samples 061218CH1 (n=15) and 071118CH5 (n=19) using an 

identical laser ablation system attached to a Nu Plasma multicollector ICP-MS at the 

Arizona Laserchron Center.  Measurements were made from the same sample spots as 

LA-ICPMS U-Pb analysis to ensure that Hf isotopic data were determined from the same 

domain as the corresponding U-Pb age.  Zircon fragments of MT, FC, SL, 91500, TEM, 

PLES, and R33 were used for standard sample bracketing during Lu-Hf analyses. 

4.4 Low-temperature thermochronology 

Four samples of two-mica granite were collected from the footwall of the 

Anaconda detachment along a pseudo-vertical sample transect (Figure 3.3). Bulk samples 

were sent to GeoSepServices for crushing and mineral separation, and all four samples 

yielded sufficient quantities of zircon grains suitable for (U-Th)/He analyses. Conversely, 

grains were selected based on size, morphology, and clarity at the Montana State 

University Tectonic Sedimentology and Thermochronology (TeST) laboratory; euhedral 

grains and sixteen apatite grains were chosen for analysis. The selected grains were then 
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individually packed into 1mm Nb foil tubes to ensure even heating of the grain and 

prevent volitization of parent nuclides during Helium extraction. He extraction and 

measurement, as well as isotopic dissolution for U-Th-Sm content, were conducted 

following methods outlined in Reiners et al. (2004) at the University of Arizona 

Radiogenic Helium Dating Laboratory (ARHDL). Fish Canyon Tuff zircon standards of a 

known age were analyzed alongside unknowns. 

Inverse thermal modeling of low-temperature thermochronology data was 

completed using the HeFTy modeling software (Ketcham, 2005).  HeFTy is based on a 

Monte-Carlo algorithm that accounts for both diffusive loss and radiogenic ingrowth of 

He for individual grains as a function of their thermal history, allowing the user to test a 

range of time-temperature (t-T) histories that could potentially provide good fits to the 

data.  

4.6 Western USA data compilation 

4.6.1 Thermochronologic constraints on core complex exhumation 

Thermochronologic cooling-ages were extracted from the literature to constrain 

the relative timing of exhumation across different Cordilleran metamorphic core 

complexes.  MCCs were separated into three broad belts (Northern, Central, and 

Southern) according to their latitude/geographical location (e.g. Whitney et al., 2013).  

Due to the large number of useful decay systems and geo- and thermochronometers that 

exist, the timing of exhumation (i.e. cooling) was not determined using the same 

technique for all MCCs in the western US.   
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Despite a recent increase in the number of researchers applying new 

thermochronology techniques to MCCs, gaps in the data still exist.  In cases where 

cooling ages did not exist, estimates on the timing of exhumation were determined from 

earlier published work that combined fieldwork and U-Pb geochronology (e.g. Ruby-

Humboldt, MacCready et al., 1997). 

4.6.2 Cenozoic volcanics data compilation 

Age and geochemical data were compiled from the North American Volcanic and 

Intrusive Rock Database (NAVDAT) database for Cenozoic volcanics associated with the 

North American ignimbrite flareup.  In order to track the migration of magmatism and 

volcanism during the Cenozoic, the western U.S. was compartmentalized into six 

volcanic “regions” based on latitude (50-46N, 46-43N, 43-41N, 41-39N, 39-37N, 37-

33N).  In order to constrain search results to ignimbrite flareup related Cenozoic 

volcanism, an age range of 15-65.5 Ma and a rock type of felsic-intermediate volcanic 

were specified, similar to that compiled in Konstantinou et al. (2013).  Felsic-

intermediate rocks were identified based on rock type name specified in respective 

papers.  Database search results containing sample location, age and geochemical data for 

each region were exported from NAVDAT and probability density plots were created 

using the Isoplot4.15 Excel Add-In (Ludwig et al., 2012).  Identical steps were taken for 

compiling Cenozoic volcanics data for southern Arizona, but the geographical bounds 

were more tightly constrained (latitudinally and longitudinally) to more accurately access 

the magmatic sweep in this region.  The geographic constraints for southern Arizona 
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were: (33-32N, 111-110W; 34-33N, 112-111W; 34.5-33.5N, 114-113W; 35-34N, 115-

114W). 

Sample locations (latitude/longitude) for each latitudinal (and in the case of 

Arizona, longitudinal) region and imported to Esri’s ArcMap as X-Y coordinates.  

Locations were symbolized according to their region and maps were created using open 

source data from Esri’s ArcGIS Online. 

5 Results 

5.1 Geologic mapping 

The two-mica granite known as the Pintler Creek Batholith dominates the 

footwall in the map area (Figure 3.3; Figure 3.4).  The batholith intrudes into 

predominately deformed metasedimentary rocks of the Belt Supergroup and has a 

Figure 3.4.  AMCC footwall exposing ~47 Ma granodiorite dike 
intruding between ~61 Ma two-mica granite and metasedimentary Belt 
rock. Dashed red lines are rock unit contacts and dashed black lines 
trace south-dipping foliation. The representative U-Pb ages and ranges 
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pervasive south-southeast dipping foliation (Figure 3.3a) with slip lineations that have a 

mean trend to the southeast (Figure 3.3b). The trend and plunge of slip lineations 

obtained from the granite suggest unroofing was directed to the southeast, with an 

average trend and plunge of 138°, 19 (Figure 3.3b).  The Pintler Creek Batholith is 

crosscut by variably deformed dikes ranging in composition from dacite to granodiorite 

(Figure. 3.4).  

Unlike many core complexes in the North American Cordillera, the AMCC 

footwall does not contain abundant mylonitic rocks or rocks that have undergone 

extensive migmatization.  That said, the best exposure of proto-mylonitic rocks in the 

footwall of the Anaconda detachment is located in the central field area (adjacent to 

geochronology samples 061218CH1 and 072018CH8; Figure 3.3). This approximately 

one square kilometer region is host to anastomosing zones of high shear, two-mica 

granite, and gneiss. 

The dominant structure is the Anaconda detachment fault (ADF), which trends 

approximately NE-SW across the central map area (Figure 3.3) and separates the 

crystalline footwall from the hanging wall.  In many places, the ADF is concealed 

beneath Quaternary glacial and alluvial deposits.  In places where the Anaconda 

detachment is covered by Quaternary sediments, there is usually an abrupt change from 

unconsolidated, well-rounded quartzite and granitic cobbles to the low-grade 

metamorphic (greenschist facies) and foliated rocks of the AMCC footwall. 

Normal faults in the AMCC hanging wall are poorly exposed and are here 

inferred from topographic lineaments exposed by digital elevation models. Faults were 
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also identified by abrupt changes in float 

composition that can only be explained by 

rock unit juxtaposition. 

5.2 Zircon U-Pb geochronology and Lu-
Hf isotopic results 

(061218CH1) 

Sample 061218CH1 is a fine- to 

medium-grained two-mica granite that is 

generally porphyritic.  Many zircons 

display oscillatory zoning, with some 

zoning around distinct cores, suggesting 

igneous growth around inherited cores.  

Zircon U-Pb ages for 26 igneous rims 

range from 59.3 ± 0.8 to 67.0 ± 0.6 Ma, 

and ages for 6 cores range from 1662.5 ± 

11.1 to 1799.2 ± 17.5 Ma.  The weighted-

mean age is 60.87 ± 0.59 Ma (n=14, 

MSWD=6.8) (Figure 3.5).  Epsilon Hf 

Ma to –18.5 at 62 Ma (n =15) (Figure 

3.6). 

Figure 3.5.  Igneous zircon U-Pb geochronology 
weighted mean plots from representative 
igneous rocks exposed in the AMCC footwall.  
Due to greater spread in U-Pb ages, sample 
072018CH8 is displayed as a Wetherill 
concordia plot.  Plots created using Isoplot4.15 
Excel Add-in.  Sample location shown and 
labeled on geologic map in Figure 3.3. 
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(072018CH8) 

Sample 072018CH8 is the same rock type as 061218CH1, a porphyritic two-mica 

granite. Zircons extracted from the sample display oscillatory zoning, with some zoning 

around inherited cores.  Ages for 17 zircon rims range from 56.1 ± 0.9 to 76.3 ± 0.9 Ma, 

and ages for 9 cores range from 1475.4 ± 17.7 to 2755.0 ± 10.9 Ma.  The weighted-mean 

age of the 16 youngest rims is 65.4 ± 3.9 Ma, which are displayed on a Wetherill 

concordia plot due to large spread (Figure 3.5). 

(070518CH4) 

Sample 070518CH4 is from a dacite dike with large (>1 cm) plagioclase 

phenocrysts.  The zircon yield from this sample was relatively low and small zircon size 

(50- ) made any zircon zoning undiscernible. Zircon analyses provide U-Pb ages 

Figure 3.6.  Epsilon plot displaying Lu-Hf results for 061218CH1 and 071118CH5. 
Both samples record negative epsilon values, suggesting moderately (CH5) to 
significantly (CH1) evolved melt derived from crustal sources. Red lines represent 
depleted mantle (DM) and chondritic uniform reservoir (CHUR) evolution lines. 

εH
f

-30

-25

-20

-15

-10

-5

0

5

10

15

20

0 10 20 30 40 50 60 70 80 90 100

DM

CHUR

071118CH5

061218CH1

Age (Ma)



71 

that vary from 51.4 ± 0.9 to 56.3 ± 1.1 Ma (n=15).  The weighted-mean age from 15 

grains is 52.75 ± 0.61 Ma (MSWD=7.8) (Figure 3.5).  

(071118CH5) 

Sample 07110518 is a fine- to medium-grain granodiorite dike consisting of 

plagioclase, quartz, biotite, potassium feldspar.  Quartz phenocrysts commonly are 

rounded.  Zircons display simple igneous growth zoning and U-Pb ages range from 45.7 

± 0.7 to 48.8 ± 0.8 Ma (n=31).  The weighted-mean age of 28 grains is 46.85 ± 0.22 Ma 

(MSWD=4.4) (Figure 3.5).  Epsilon Hf values vary from –5.7 to -15.3 at 47 Ma (n=19) 

(Figure 3.6). 

(071918CH7) 

Sample 071918CH7 is a dacite dike with a composition identical to 070518CH4. 

Zircon grains display simple igneous growth zoning, with ages ranging from 50.2 ± 0.4 to 

54.5 ± 0.8 Ma (n=29). The weighted-mean age of 25 grains is 51.04 ± 0.25 Ma 

(MSWD=4.0) (Figure 3.5). 

5.3 Zircon (U-Th)/He results 

Nineteen zircon grains were analyzed for (U-Th)/He from four two-mica granite 

samples collected from the footwall of the AMCC (detailed data can be found in 

Appendix C).  A wide range of cooling ages is recorded for each sample, with individual 

zircon He ages range from 41.38 ± 0.56 Ma to 8.66 ± 0.12 Ma (Figure 3.7; Appendix C).  

Most grains yielded ages between 38 Ma and 28 Ma (Figure 3.7).  Ages from sample 

71118AR1 range from 41.38 ± 0.56 Ma to 31.55 ± 0.4 and ages from sample 71218AR2 

range from 8.66 ± 0.12 Ma to 35.50 ± 0.51.  Samples 72618AR3 and 8118AR4 show 
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cooling ages from 24.73 ± 0.33 to 29.74 ± 0.41 and 28.17 ± 0.39 to 38.36 ± 0.53, 

respectively (Figure 3.7). 

Figure 3.7.   (a) Elevation versus zircon (U-Th)/He age, triangles are weighted means for each 
sample, plot shows anomalously young sample 72618AR3. (b) Zircon (U-Th)/He ages as a 
function of effective uranium (eU = 0.235Th × U). Slightly positive age-eU correlations are not 
interpreted to be strong enough evidence to cause the observed irregularity in ages. (c) Age 
versus grain size, showing no strong correlation. (d) Age as a function of sample distance from 
the Anaconda detachment. Sample ages show a clear trend of increasing cooling age with 
distance from the detachment, apart from the irregular sample nearest to the detachment which 
may indicate movement and exhumation along an older structure within the detachment zone. 

A

El
ev

a�
on

 (m
)

Age vs. Eleva�on

(U-Th)/He Age (Ma)

1900

2000

2100

2200

2300

2400

2500

2600

2700

2800

2900

20 25 30 35 40 45

71118AR1

71118AR1 mean

72618AR3

72618AR3 mean

8118AR4

8118AR4 mean

71218AR2

71218AR2 mean

D

Di
st

an
ce

 fr
om

 D
et

ac
hm

en
t (

km
)

(U-Th)/He Age (Ma)

Age vs. Distance from Detachment

0

1

2

3

4

5

6

7

20 25 30 35 40 45

71118AR1

71118AR1 mean

8118AR4

8118AR4 mean

72618AR3

72618AR3 mean

71218AR2

71218AR2 mean

Zi
rc

on
 (U

-T
h)

/H
e 

ag
e 

(M
a)

eU (ppm)

Age vs. Effec�ve UraniumBAge vs. Distance from Detachment

20

25

30

35

40

45

0 200 400 600 800 1000 1200 1400 1600 1800 2000

71118AR1

71218AR2

72618AR3

8118AR4

C

(U
-T

h)
/H

e 
Ag

e 
(M

a)

Grain Size (spherical radius in μm)

Age vs. Grain Size

20

25

30

35

40

45

30 35 40 45 50 55 60 65

71118AR1
71218AR2
72618AR3
8118AR4
71118AR1
71218AR2
72618AR3



73 

5.3.1 HeFTy thermal modeling inputs and results 

Inverse modeling of 8,000 paths for each sample was completed against t-T 

constraints defined by the zircon (U-Th)/He ages and zircon U-Pb crystallization ages 

from this study, and previously published apatite fission track and muscovite and biotite 

40Ar/39Ar ages (Foster et al., 2010). Age inputs for each model were weighted means of 

the ages from each sample, including errors. The searchable t-T space for thermal history 

paths was defined by the following five input parameters, represented graphically in 

model runs as boxes through which the modeled t-T paths were forced: 

a) Zircon U-Pb crystallization ages from two-mica granitic plutons from this study

indicate that the sample was at temperatures >900 °C until 65 Ma and 60 Ma.

b) Muscovite (closure temperature 450-350 °C) and Biotite (closure temperature

380-330 °C) from two-mica granites recorded 40Ar/39Ar cooling ages between 53

Ma and 39 Ma, indicating that samples must have experienced rapid cooling 

through these temperatures by early to middle Eocene time (Foster et al. 2010). 

c) Zircon (U-Th)/He ages from this study indicate that samples cooled between 190-

170 °C from 42 Ma to 25 Ma. These constrains were enforced within the He

model for each sample rather than as a t-T box.

d) Apatite fission track ages were less well constrained, yielding ages between 40

Ma and 20 Ma and indicating cooling through 110-60 °C (Foster et al. 2010).

The t-T paths resolved by the HeFTy thermal model for each sample are shown in Figure 

3.8 as a series of good and acceptable fit paths, along with the single best fit (black) and 

weighted mean of good fit paths (blue). The first model that was run for each sample was 
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minimally restricted, with the only constraints being zircon U-Pb crystallization age, 

zircon (U-Th)/He data from the sample, and sample collection at the surface, allowing 

HeFTy to more freely produce thermal histories. The second model for each sample was 

restricted by all of the five constraints listed in the methods section, allowing for 

comparison of this study to results from Foster et al. (2010). 

Under the less constrained model parameters, HeFTy produced a wide range of 

potential t-T paths, but all four samples generally show rapid cooling from ~60 Ma to 

~30 Ma (Figure 3.8).  The best fit line for sample 72618AR3 is an outlier, showing 

extremely rapid cooling at 60 Ma, followed by a long plateau between ~58 and ~10 Ma.  

The more heavily constrained models show rapid cooling between 60 Ma and ~50 Ma for 

samples 71118AR1 and 71218AR2, followed by an ~ 8 m.y. shallowing of slope.  Both 

samples then exhibit rapid cooling starting at ~43 Ma.  Sample 72618AR3 once again 

shows rapid cooling at 60 Ma, followed by a gradual slope until 25 Ma, at which point 

cooling slows dramatically.  A similar trend is seen in the generated t-T paths for sample 

81818AR4.  Paths for all four samples show a flattening of slope between 30 and 25 Ma. 
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5.4 Western USA data compilation results 

5.4.1 Metamorphic core complex cooling age compilation 

The filtered and compiled cooling ages are displayed in Table 3.1 and the relative 

timing of MCC plutonism and exhumation for the three belts is shown in Figure 3.9. 

Core complexes of the northern belt record an onset of extension in the 

Paleocene-Eocene, ranging from an ~60 Ma onset in the Shuswap complex of southern 

British Columbia (Vanderhaeghe et al., 2003) to ~53 Ma in the Anaconda metamorphic 

core complex of western Montana (Foster et al. 2010; Reynolds et al., 2019).  Broadly 

speaking, exhumation of this belt of MCCs had slowed by Late Eocene-Early Oligocene 

(between 48 and 38 Ma).  Apatite fission track data and zircon (U-Th)/He data from the 

Anaconda MCC suggest that extension may have lasted into the Mid-Late Oligocene 

(<27 Ma; Foster et al., 2010; Reynolds et al., 2019). 

The central belt of MCCs experienced exhumation in the Mid-Late Eocene (Table 

3.1; Figure 3.8). The Pioneer MCC of central Idaho represents the oldest of the central 

belt MCCs and was cooled between 50 and 46 Ma (Vogl et al., 2012).  The Albion-Raft-

River MCC and Ruby-Humboldt MCC both record several episodes of rapid extension 

but were mostly cooled from 41-20 Ma and 45-20 Ma, respectively (Lee et al., 2017; 

Snoke et al., 1988).  Exhumation of the Snake Range MCC is constrained from ~37-22.5 

Ma based on hornblende 40Ar/39Ar and U-Pb crystallization ages of cross-cutting footwall 

dikes (Lee et al., 2017). 

Exhumation-related cooling of core complexes in the southern belt occurred in the 

Mid-Oligocene to Mid-Miocene (Table 3.1; Figure 3.9).  The Catalina-Rincon, South 
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Table 3.1. Timing of exhumation for MCCs in the North American cordillera. 
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Figure 3.9.  Comparison of the timing of main phase plutonism, dike 
crystallization, and exhumation of MCCs in North America.  Data compiled from 
sources outlined in Table 3.1. Format adapted from Stevens et al. (2016). 
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Mountains, Buckskin-Rawhide, and Whipple MCCs record cooling ages of 28-22 Ma, 

21-17 Ma, 20-11 Ma, and 20.5-18.5 Ma, respectively (Terrien, 2012; Fitzgerald et al.,

1993; Singleton et al., 2014; Gans and Gentry, 2016).  

5.4.2 Cenozoic volcanics compilation 

Age-ranges from NAVDAT volcanics compilation are displayed as probability 

density plots (Figure 3.10).  PDP “A” (50-46N) displays 141 radiometric ages for 

intermediate-felsic volcanic rocks, with ages ranging from 55-45 Ma.  PDP B (46-43N) 

shows 505 ages that range primarily from 57 Ma to 39 Ma.  PDPs C and D (43-41N, 41-

39N) record ages primarily from 45-15 Ma, with peaks at 45 Ma and 25 Ma, respectively.  

PDP E (39-37N) displays ages from 35-15 Ma, with a prominent peak at ~17 Ma 

(n=628).  Lastly, PDP F (37-33N) shows ages primarily from 20-12 Ma (n=1217). 

5.4.2.1 Cenozoic volcanics in southern Arizona 

PDP A (Figure 3.11) displays intermediate-felsic volcanic ages for the region 

surrounding the Catalina-Rincon MCC and records ages between 40 Ma and 12 Ma, with 

a prominent peak around 27 Ma.  PDP B (surrounding South Mountains MCC) displays 

ages from 26-16 Ma, and PDP C (surrounding Buckskin-Rawhide MCC) has ages from 

33-18 Ma.  PDP D (region surrounding Whipple Mountains MCC) records a prominent

peak ~20 Ma and ~18 Ma, with a few younger ages at ~16 Ma.  
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Figure 3.10.  Shaded relief map of the western United States showing migration of intermediate-
felsic volcanic rocks during the Cenozoic. Graphs A-F show relative probability plots of Cenozoic 
(60-0 Ma) volcanic rocks from six latitudinally-constrained regions in the western U.S. Latitudes 
specified in data compilation are listed on each graph and PDPs color-correspond to sample 
localities on map. Data compiled from the Western North American Volcanic and Intrusive Rock 
Database (NAVDAT). Gray arrow represents generalized direction of magmatic sweep. 
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Figure 3.11.  Shaded relief map of southern Arizona, USA showing migration of intermediate-felsic 
volcanic rocks during the Cenozoic. Graphs A-D show relative probability plots of Cenozoic (45-0 Ma) 
volcanic rocks from four latitudinally and longitudinally constrained regions in southern Arizona. 
Latitudes specified in data compilation are listed on each graph and PDPs color-correspond to sample 
localities on map. Data compiled from the Western North American Volcanic and Intrusive Rock 
Database (NAVDAT). Gray arrow shows generalized direction of magmatic sweep. Light red polygons 
represent Catalina-Rincon, South Mountain, Buckskin-Rawhide, and Whipple MCCs, respectively. 
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6 Discussion 

6.1 AMCC footwall magmatism and cooling history 

Conducting U-Pb zircon geochronology on variably deformed igneous rocks 

(ranging in composition from granodiorite to dacite) in the AMCC footwall provides 

constraints on the timing of pluton emplacement and dike crystallization.  Pluton 

emplacement ages can be compared with previously existing and new thermochronologic 

cooling ages to gain insight into the relative timing of magmatism and extension.  

6.1.1 Footwall magmatism and cooling ages 

Previous workers have reported two-mica granites in the AMCC footwall to be 

Eocene in age, ranging from U-Pb ages of 53 ± 0.6 (Foster et al., 2007) to K-Ar ages 

between 54 and 49 Ma (Wallace et al., 1992), both of which overlap with early-stage 

exhumation as determined in this study and by Foster et al. (2010).  The Paleocene (~61 

Ma; Figure 3.5) U-Pb ages obtained in this study for the pervasive two-mica granite in 

the footwall of the AMCC indicates emplacement occurred at least 7 Ma before the onset 

of extension (Foster et al., 2010).  Foster et al. (2010) reported Ar/Ar cooling ages on 

mica that indicate the initiation of AMCC exhumation at 53 ± 1 Ma, with slip along the 

detachment lasting until at least 39 Ma.   

The older ages for the two-mica granite presented here reveal that these plutons 

were being emplaced before the initiation of AMCC exhumation and were contributing 

additional mass and thickness to the Cordilleran hinterland prior core complex related 

extnesion.  It is possible that the younger ages produced by Foster et al. (2007) and 

Wallace et al. (1992) are from granites similar in composition and texture to the two-mica 
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granites dated in this study but were simply younger.  The persistence and abundance of 

igneous activity in the footwalls of core complexes in general makes it very possible that 

there are separate generations of two-mica granite in the footwall of the AMCC.  

Regardless, our new data suggests that a significant amount of two-mica granite was 

emplaced around 61 Ma. 

The U-Pb crystallization ages (~46.8 Ma, ~51.0 Ma, ~52.8 Ma) for three dikes 

within the AMCC footwall are all younger than the onset of extension at ~53 Ma (this 

study; Foster et al., 2010), suggesting synextensional emplacement.  Synextensional 

igneous activity is common in metamorphic core complexes, and both plutons and dikes 

can be emplaced as a response to decompression during exhumation (Lister & Baldwin, 

1993; Whitney et al., 2013).  The dikes dated in this study—all of which display 

discordant contacts with foliated two-mica granite and surrounding host rock (Figure 

3.4)—are interpreted as synextensional magmatism that occurred during early- to mid-

stage slip on the Anaconda detachment fault.  

6.1.2 New thermochronologic cooling ages 

Individual cooling ages are plotted versus the elevation of sample collection in 

Figure 3.7.  The highest elevation sample yielded the oldest cooling age, which is 

consistent that it passed through the partial retention zone earliest during exhumation-

related cooling.  However, the sample collected from the lowest elevation did not yield 

the youngest cooling age as expected. Large variations of zircon He ages in a given 

sample may potentially indicate that these samples were located in the zircon He partial 

retention zone (140-200 °C) between 38 Ma and 28 Ma. If the samples had cooled 
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through the PRZ very rapidly, the zircon grains would likely record a closer range of 

cooling ages. Four plots were constructed to analyze potential causes for the sample 

collected from the second-highest elevation (72618AR3) to unexpectedly yield the 

youngest cooling ages rather than the lowest elevation sample (Figure 3.7). Correlation 

between sample age and effective uranium (eU= 0.235Th × U) was explored as a 

possible explanation, with eU acting as a proxy for radiation damage that may have 

caused changes in the closure temperature of individual grains (Flowers et al., 2009; 

Guenthner et al., 2013).  Figure 3.7b show slightly positive correlations between cooling 

age and eU, however, the youngest grains do not correlate with the highest eU (two 

grains >1700 ppm), and therefore eU does not appear to represent a significant control 

and cannot fully explain intrasample age variability or the anomalously young sample. 

Additionally, U-Pb crystallization ages of nearby samples are <80 Ma, limiting the 

amount of time in which radiation damage could have possibly accumulated. Ages also 

do not show any correlation to grain size (Figure 3.7c); the oldest sample (71118AR1) 

contains a cluster of three ages at ~40 Ma, regardless of variations in the grains’ spherical 

radii (Rs) between ~37- efore, potential grain size effects also cannot explain 

intrasample age variability or the anomalously young sample. Figure 3.7d plots cooling 

age as a function of the distance of the sample from the Anaconda detachment in order to 

analyze potential structural controls. Distances were measured from each sample’s 

collection site to the mapped location of the Anaconda detachment in CalTopo, using a 

digital elevation model to aid in identification of the topographic expression of the 

detachment. Samples show a clear trend of increasing cooling age with distance from the 
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detachment, apart from the sample collected from the lowest elevation and very near to 

the detachment. It appears that although this sample was collected at the lowest elevation, 

it yields ages that are older than two of the higher elevation samples. This could 

potentially be explained by the presence of an older fault structure in the detachment zone 

that exhumed the sample at an earlier date and was then abandoned as movement and 

exhumation along younger portions of the detachment zone began. 

The time-temperature paths generated by HeFTy favor two-mica pluton 

crystallization at ~60 Ma followed by initial rapid cooling through 450-300 °C by ~45 

Ma (Figure 3.8).  Further igneous activity, represented by synextensional dikes in the 

AMCC footwall and extrusive equivalents surrounding, drive a second episode of cooling 

due to exhumation along the Anaconda detachment from ~45 Ma to 25 Ma. These values 

are consistent with the data obtained in this study, as well as 40Ar/39Ar and apatite fission 

track ages from Foster et al. (2010). Therefore, we interpret that all voluminous pluton 

emplacement predates Eocene extension along the Anaconda detachment, acting as a 

driving factor for the formation of the Anaconda metamorphic core complex rather than a 

response. 

6.2 Lu-Hf systematics 

Analysis of Lu-Hf isotopic ratios in igneous rocks provides information into the 

how “isotopically evolved” a melt was at the time of crystallization (e.g. Vervoort, 2015).  

In the Lu-Hf system, the daughter product prefers to partition into melt, which results in 

crustal rocks having relatively depleted Hf values.  We refer to such crustal rocks as 

being “evolved”, while referring to melts that have recently been derived from the mantle 
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as “juvenile” (e.g. Vervoort et al., 1999; Chapman et al., 2017).  When paired with U-Pb 

geochronology ages, Lu-Hf isotopic ratios can be used to gain insight into the magmatic 

evolution of a region that has experienced multiple episodes of igneous activity (e.g. 

Gaschnig et al., 2011).  This pairing technique of U-Pb and Lu-Hf (as well as with Sr-Rb, 

Sm-Nd, etc.) has been applied to now-exposed arc-magmatic rocks in Cordilleran-style 

margins around the world (e.g. Chapman et al., 2017). 

The systematic trends that can be observed in Lu-Hf signatures are not well-

studied for the plutons and dikes exposed in western Montana.  However, various radio-

isotopic systems have been used to investigate the evolution of the Idaho Batholith and 

Challis intrusions of eastern Idaho, which lies approximately 100 kilometers west of the 

Anaconda metamorphic core complex (Gaschnig et al., 2011).  One of the isotopic trends 

observed in the Idaho Batholith is a steady decrease in epsilon Hf values from –

~90 Ma to approximately – Figure 3.12a), which was interpreted as 

progressive crustal thickening and incorporation of more crust into arc magmatism 

(Gaschnig et al., 2011).  Epsilon Hf values in the almost immediately subsequent Challis 

Intrusives (~48 Ma; Gaschnig et al., 2011) display much more 

ranging from –28 to –3 with an average around –11 (Figure 3.12a; Gaschnig et al., 2011).  

This “pull-up” in epsilon Hf space is interpreted to represent extensional collapse of the 

over-thickened Cordilleran arc crust and increased mantle input (hence more juvenile Hf 

values).  Gaschnig et al. (2011) note that this influx of magmatism with relatively 

juvenile epsilon Hf values reflects a major regional shift to extensional tectonics in the 

western US. 
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Our new Lu-Hf data for two igneous samples obtained from the AMCC footwall 

and one detrital sample collected from within the AMCC supradetachment basin 

(Howlett and Laskowski, in review) reflect a nearly identical trend in epsilon Hf space 

(Figure 3.12b).  The detrital grains—collected from the reworked Miocene conglomerate 

known as the Cabbage Patch Fm.—are hypothesized to have been largely sourced from 

the Late Cretaceous “Royal Stock” in the northern Flint Creek Range, approximately 10 

km along-strike to the northeast of this map area (Loen, 1994; O’Neill et al., 2004; 

Howlett & Laskowski, in review).  Having been eroded from the metamorphic-plutonic 

core of the AMCC, the epsilon Hf values of these detrital grains can be plotted alongside 

the two other igneous samples obtained from the field area of this study (Figure 3.12b).  

The detrital grains sourced from the northern Flint Creek AMCC footwall range from 

Figure 

Figure 3.12.  (a) Epsilon Hf values from igneous zircon rims plotted against correspfonding U-Pb 
-

50 Ma, followed by pull-up at ~48 Ma. From Gaschnig et al. (2011). (b) Epsilon Hf values vs. U-Pb 
age for Cretaceous detrital zircons extracted from AMCC supradetachment basin, two-mica granite 
(061218CH1), and synextensional granodiorite dike (071118CH5). Axes of A and B have been set 
equal to expose the similarity in isotopic trend through time, interpreted to represent crustal 
thickening followed by extensional collapse and increased mantle input. 
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3.12b.  The younger, ~61 Ma two-mica granite continues this isotopic trend of 

increasingly enriched Hf values with time (Figure 3.12b). Finally, the youngest dike 

dated using U-

“pull-up” to that seen in the Challis Intrusives of Gaschnig et al. (2011) (Figure 3.4; 3.12a 

and 3.12b). 

It is noteworthy that Sm-Nd isotopic data from the nearby Lowland Creek 

volcanic field (LCVF) overlap in time and isotopic space with sample 071118CH5 

(Dudas et al., 2010).  This supports the interpretation that the LCVF is the surficial 

expression of magmatic activity that was occurring in the footwall of the AMCC during 

exhumation.  The LCVF was active from 52.9 to 48.6 Ma (Dudas et al., 2010), initiating 

within error of when slip along the Anaconda detachment began (Foster et al., 2010; this 

study).  As part of the widespread volcanism of the northern Cordilleran segment of the 

ignimbrite flare up, the temporally overlap suggests a linkage between the two (Feeley, 

2003). 

It has been recognized that the more juvenile Hf values in the mid-Eocene were 

likely a result of increased mantle input, but the specific cause of upwelling remains 

controversial (e.g. Gaschnig et al., 2011).  W

the synextensional dike is a result of dynamic removal of the Farallon slab, which 

resulted in infilling of the mantle wedge with hot asthenosphere, heating of low-mid 

crust, elevation of the geotherm, and metamorphic core complex formation (Figure 3.13). 

Lu-Hf signatures from the two-mica granite also have implications regarding the 

relationship between igneous activity and extension in the AMCC.  If the two-mica 



89 

Figure 3.13.  Schematic tectonic model to explain the systematic changes oberved in epsilon Hf 
space over time in the AMCC footwall. Increasingly evolved epsilon Hf values from 100 Ma to 60 
Ma represent crustal thickening and incorporation of a larger crustal component into melt. The 
subsequent pull up in Hf space seen in synextensional footwall dike likely represents increased 
mantle input due to slab rollback, which elevated geotherms, caused ignimbrite flare up volcanism, 
and facilitated large-magnitude extension in the upper plate. NALM--North American lithospheric 
mantle.

~100-80 Ma

~80-65 Ma

~65-53 Ma

~50 Ma

Max crustal 
thickness

Idaho Batholith

Boulder Batholith,
Pioneer Batholith

Pintler granite
(061218CH1)

Synextensional dike
(071118CH5)

MCC exhumation

Hydration of NALM

IB

IB
BB

PB

PG

40 50 60 70 80 90 100 

Age (Ma)

-30

-25

-20

-15

-10

-5

0

Epsilon H
f

-30

-25

-20

-15

-10

-5

0

Epsilon H
f

-30

-25

-20

-15

-10

-5

0

Epsilon H
f

-30

-25

-20

-15

-10

-5

0

Epsilon H
f

North American Plate

Farallon plate

Slab removal
Mantle

upwelling

Ignimbrite �are-up



90 

granites that dominate the AMCC footwall were a response to extension, we would 

expect to see a pull-up in epsilon Hf space due to associated mantle upwelling.  Our data 

shows a highly evolved melt for the two-mica that suggests crustal thickening and 

incorporation of crust into melt prior to collapse primed the crust for initiation of core 

complex extension. 

6.3 Tectonic evolution of the AMCC 

The Anaconda metamorphic core complex, as part of the northern belt of MCCs 

in the western USA (Figure 3.1), is situated in the hinterland of the Cordilleran fold-

thrust belt (e.g. Coney and Harms, 1984).  Core complexes in this region are the oldest in 

the NA Cordillera, with exhumation beginning in the Eocene between 50-55 Ma (Figure 

3.9; Foster et al., 2001, 2007, 2010).    

The Early Eocene onset of exhumation determined in the AMCC (~53 Ma; this 

study; Foster et al., 2010) fits into this time frame and corresponds with an episode of 

large-magnitude extension that began along the previously thickened Sevier hinterland at 

~55 Ma (Constenius, 1996; Foster et al., 2001).  In the approximately 45 Ma leading up 

to the onset of this extension episode (~100-55 Ma), both arc magmatism and eastward 

propagation of the fold and thrust belt led to extensive crustal thickening in eastern Idaho 

and western Montana (DeCelles, 2004; DeCelles & Graham, 2015).  Spatially and 

temporally overlapping arc-magmatism included emplacement of the Idaho Batholith 

(~90 Ma) and the Boulder, Pioneer, and Tobacco Root Batholiths (~75-80 Ma), all of 

which contributed significant mass to the orogenic wedge (e.g. Gaschnig et al., 2011; 

Lageson et al., 2001).  This study supports the interpretation that Cretaceous, Paleocene, 
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and earliest Eocene plutonism all contributed additional heat and mass to the already hot 

and overthickened Cordilleran lithosphere (e.g. Coney and Harms, 1984) prior to the 

onset of extension at ~53 Ma (Foster et al., 2010).  It is proposed that these final pulses of 

magmatism in the hinterland primed the crust both thermally and gravitationally for 

collapse and extension in the northern NA Cordillera. 

The initiation of large-magnitude extension in northern NA Cordillera subsequent 

to thrust faulting and extensive pluton emplacement was contemporaneous with 

widespread volcanism of the Challis–Absaroka–Colville–Kamloops–Bitterroot–Lowland 

Creek–Montana alkalic province, which lasted from 53–45 Ma (Foster and Fanning, 

1997; Morris et al., 2000; Foster et al., 2001; House et al., 2002; Feeley et al., 2002; 

Feeley, 2003; Breitsprecher et al., 2003; du Bray et al., 2006; Dudas et al., 2010; Foster et 

al., 2010).  The spatio-temporal overlap of this volcanism with extension in the upper 

plate necessitates a tectonic model that explains both (e.g. Foster et al., 2010).  Several 

mechanisms have been proposed to explain this widespread volcanism, including 

subduction of the Farallon slab (Armstrong et al., 1977), a slab window (Breitsprecher et 

al., 2003), and regional extension (Morris et al., 2000).  Isotopic and trace element 

analyses confirm that these volcanics were derived from partial melting of a mantle 

lithosphere that had been hydrated during the Mesozoic by an underlying oceanic slab 

(e.g. Feeley, 2003).   

Dynamic removal of the subducted Farallon slab has been proposed as a cause of 

extension and volcanism in the northern MCC belt, as exposure of a refrigerated and 

metasomatized lower crust to upwelling asthenosphere would naturally cause both 
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(Humphreys, 2009).  The exact mechanism by which the slab was removed remains a 

topic of discussion.  Feeley (2003) points out that a simple steepening of the slab by 

rollback has difficulty explaining the contemporaneous nature of Eocene volcanism over 

a broad E-W swath in the northern Cordillera.  Arguments have also been proposed that 

discount simple rollback as an explanation due to the limited velocity with which a slab 

can push through the asthenosphere (Tao and O’Connell, 1992; Kincaid and Olson, 

1987).  For these reasons, it was proposed that the slab was removed via downward 

buckling along an east-northeast trending axis (Humphreys, 1995).  The buckling model 

consists of a tearing or necking separation of the Farallon plate near the northern and 

southern boundaries of the United States, followed by propagation of the separated edges 

towards the central axis.  We believe that this model is the most fitting to explain the 

east-west extent of volcanism in the northern Cordillera, as well as the coeval formation 

of core complexes in the northern belt (Figure 3.9). 

6.4 MCC formation and ignimbrite flareup volcanism: tectonic implications 

A general age decrease in the onset of MCC exhumation is seen from north to 

south in metamorphic core complexes of the North American Cordillera (Figure 3.9). 

The average onset of extension in the northern belt of MCCs occurred in the Early 

Eocene, ca. 54 Ma.  In the central belt, the onset of extension is on average 10 My later, 

occurring at ~45 Ma.  In the MCCs of southern and central Arizona (the southern belt), 

the onset of extension occurs notably later, from ~28-20 Ma. 

The PDPs displayed as heat maps in Figure 3.14 record a decrease in the age of 

Cenozoic volcanism from north to south.  This decreasing age has been widely 
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recognized as a consequence of the transgressive north-to-south sweep of magmatism of 

the ignimbrite flareup (e.g. Coney and Reynolds, 1977; Humphreys, 1995; Best et al., 

2016).  In southern Arizona, the flareup of calc-alkaline magmatism did not occur until 

later (~25-20 Ma; Figure 3.11), and it migrated from east to west rather than north to 

south as seen across higher latitudes (Humphreys, 1995).  Figure 3.11 subtly displays this 

east-west sweep as ages decrease from the area surrounding the Catalina-Rincon MCC to 

the region around the Whipple Mountains MCC. 

By displaying the age of MCC exhumation atop the Cenozoic volcanics heatmaps, 

a pronounced spatio-temporal relationship between the migration of ignimbrite flareup 

magmatism and MCC formation is confirmed (Figure 3.14).  It is most important to note 

that in many cases the onset of extension coincides with the most prominent peaks in 

volcanism.  This result in the northern, central, and southern MCC belts supports the 

hypothesis that flareup magmatism and volcanism, which is intimately linked to rollback, 

foundering, or buckling of the subducted Farallon slab, served as a driving force of core 

complex formation from the Paleocene-Miocene in the western USA. 

Some workers have suggested that the localization of northern belt MCCs along 

the craton margin rules out slab rollback, and that the confinement of MCCs to the crust 

makes them insensitive to slab dynamics at depth (Stevens et al., 2017).  However, the 

pull up in epsilon-Hf space that coincides with AMCC footwall cooling (~46 Ma; Figure 

3.6, 3.12) represents an influx of asthenospheric mantle into the wedge created by 

Farallon removal (e.g. Gaschnig et al., 2011; Figure 3.13).  If the AMCC footwall were 

not sensitive to Farallon slab dynamics, we would not expect to see this abrupt input of 
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juvenile melt into the crust.  Furthermore, geochemical and thermomechanical modeling 

on core complexes of the Bering Strait region and northern Basin and Range have 

concluded that mantle-derived magmatism plays an essential role in partial melting, 

pluton emplacement, and MCC formation (Gans et al., 1989; Amato and Miller, 2004; 

Konstantinou et al., 2013).  Therefore, it is crucial to consider the role of sublithospheric 

processes that effect mantle input into theoretical and computational modeling of core 

complex formation. 

Figure 3.14. Comparing geographic location of major metamorphic core complexes, PDPs of 
ignimbrite flareup volcanism, and timing of MCC exhumation. Note the upper-right to bottom-
left trend of both volcanic ages and onset of MCC extension.  Black arrows show generalized 
direction of magmatic sweep. Light red polygons represent metamorphic core complexes 
included in this study. Horizontal white and magenta bars on chart represent timing of MCC 
cooling and plutonic activity, respectively.  Colored bars along right side of heat maps 
correspond with sample location/latitudinal swath.
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Regardless of the exact mechanism of Farallon slab removal, it is clear that 

sublithospheric processes play an important role in the generation of MCC footwall 

magmas, migration of Cenozoic volcanism, and general development of core complexes 

in the western USA. 

7 Conclusions 

The results of this integrated geologic, geochronologic, and thermochronologic 

study of the Anaconda metamorphic core complex of western Montana suggest that it is 

an example of a core complex whose development was primed by crustal thickening and 

magmatism.  The overlap between the onset of extension (~53 Ma; Foster et al., 2010; 

this study) and widespread volcanism with a mantle origin (e.g. Feeley, 2003) supports 

dynamic lower plate processes as an initiating force of exhumation in the AMCC.  The 

primary cause for the differences in timing of MCC exhumation in the NA Cordillera (i.e. 

younger exhumation of southern MCCs) has remained unclear.  This synthesis of existing 

geo- and thermochronological data supports the hypothesis that the major MCCs of the 

NA Cordillera were triggered primarily by removal of the subducted Farallon plate by 

slab rollback/slab buckling.  The progressive removal of the Farallon plate from beneath 

the NA Cordillera likely allowed asthenospheric mantle heating of the hydrated 

continental lithosphere, ultimately resulting in the migration of magmatism, elevation of 

geotherms, and development of MCCs. 
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CHAPTER FOUR 

CONCLUSIONS 

 This first manuscript provided in this thesis consists of a provenance analysis of 

gold placer deposits deposited in the supradetachment basin of the northern Anaconda 

metamorphic core complex in western Montana.  New detrital zircon U-Pb 

geochronology data, DZ isotopic data, and DZ unmixing modeling results suggest that 

the placer gold was sourced from the northern footwall of the Anaconda MCC.  Along 

with offering quantitative support for previous interpretations regarding the source of the 

gold, our study serves as a confirmation of the utility of using DZ geochronology and 

isotopic data, as well as emerging modeling techniques, to determine the source of 

economically valuable minerals. 

 The second manuscript contains an investigation of plutonism and extension in 

the central AMCC.  A combination of geologic mapping, igneous zircon U-Pb 

geochronology, zircon Lu-Hf isotopic analysis, and zircon (U-Th)/He thermochronology 

provides new insights into the evolution of the AMCC: (1) The footwall of the Anaconda 

Range segment of the AMCC is dominated by Paleocene-Eocene two-mica granites.  U-

Pb ages that precede the onset of extension (~53 Ma; Foster et al., 2010), combined with 

evolved Lu-Hf signatures, suggests that this magmatism was not a response to extension, 

but rather served as a driving force of exhumation. Additionally, (2) New zircon (U-

Th)/He thermochronology ages suggest cooling through 450-300 °C by ~45 Ma, with 

extension lasting until ~25 Ma.  These new cooling ages further constrain the timing of 

slip along the Anaconda detachment fault (ADF), which was broadly bracketed between 
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53 Ma and 39 Ma by Foster et al. (2010).  Apatite fission track ages (Foster et al., 2010), 

combined with these new zircon (U-Th)/He results, confirm that exhumation of the 

footwall continued into the Oligocene (~27-25 Ma).  This extended duration of slip is 

supported further by anomalously old cooling ages close to the Anaconda detachment, 

which we interpret to be a consequence of an older strand of the ADF that was abandoned 

as movement and exhumation along younger portions of the detachment fault began. (3) 

A comparison of Lu-Hf data from the AMCC footwall and the Idaho Batholith exposes a 

systematic change over time.  From ~100 Ma to ~50 Ma, zircon epsilon Hf values 

become increasingly negative, suggesting incorporation of more existing crust into melt.  

After 50 Ma (and coinciding with large-magnitude extension of the AMCC), a dramatic 

pull in up epsilon Hf space is seen.  We suggest these trends represent crustal thickening 

followed by increased mantle input as a result of removal of the subhorizontally-

subducted Farallon slab.   

Taken together, our results from the AMCC suggest that Mesozoic-Early 

Cenozoic contraction and magmatism created an overthickened and gravitationally 

unstable crust (e.g. Coney and Harms, 1984), and that removal of the Farallon slab from 

beneath the northern Cordillera triggered core complex formation.  In addition, an 

orogen-scale compilation of MCC cooling ages and the timing of Cenozoic volcanism 

suggests that there is an intimate linkage between large-magnitude extension and 

migration of igneous activity believed to be the result of slab removal. 

 It should be emphasized that no single driving force can explain core complex 

formation in the NA cordillera, as their formation was likely a cumulative result of many 
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changing variables (gravitational instability, changes in far-field plate boundary 

conditions, etc.).  That being said, the work presented here confirms a strong correlation 

between Cenozoic magmatism associated with slab removal and upper plate extension, 

suggesting that it played a crucial role in MCC formation.  The mechanism by which the 

Farallon slab was removed remains speculative, but the coeval formation of northern 

MCCs and widely distributed volcanic activity agrees well with the slab buckling 

hypothesis of Humphreys (1995), in which the Farallon flat slab was removed via 

buckling/collapse perpendicular to an east-northeast trending axis.  This model not only 

accounts best for timing of northern belt MCCs, but also for the evolution of Cenozoic 

igneous activity through the Great Basin and across southern Arizona.  Regardless of how 

the slab was removed, it appears that post-Laramide upwelling of asthenosphere and 

increased input from the mantle contributed to the evolution of the western USA during 

the Cenozoic.  Therefore, it is important that future theoretical and computational 

modeling of core complex formation consider the role of sublithospheric processes. 
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APPENDIX A 

PIONEER DISTRICT SAMPLE LOCATIONS, DETRITAL ZIRCON U-PB 

GEOCHRONOLOGY RESULTS, AND DETRITAL ZIRCON LU-HF ANALYSES  

(THIS DATA CAN BE FOUND IN SUPPLEMENTARY DATA ITEM 1) 
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APPENDIX B 

ANACONDA RANGE SAMPLE LOCATIONS, IGNEOUS ZIRCON U-PB 

GEOCHRONOLOGY, AND LU-HF ISOTOPIC RESULTS 

(THIS DATA CAN BE FOUND IN SUPPLEMENTARY DATA ITEM 2) 
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APPENDIX C 

ZIRCON (U-TH)/HE THERMOCHRONOLOGY RESULTS FROM THE ANACONDA 

METAMORPHIC CORE COMPLEX FOOTWALL 

 (THIS DATA CAN BE FOUND IN SUPPLEMENTARY DATA ITEM 3) 
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APPENDIX D 

GEOLOGIC MAP OF THE NORTHERN HALF OF THE PINTLER LAKE 7.5' 

QUADRANGLE AND THE SOUTHERN HALF OF THE WARREN PEAK 7.5' 

QUADRANGLE, SOUTHWESTERN MONTANA 

(MAP CAN BE FOUND IN SUPPLEMENTARY DATA ITEM 4) 
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