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Continental metamorphic core complexes (MCCs) are widely distributed on Earth, primarily exposed at
convergent plate margins. These structural systems involve the exhumation of metamorphosed, commonly
migmatitic, middle-lower crust rocks along high-strain mylonitic shear zones to the brittle upper crust. However,
the extent to which the brittle faults, ductile shear zones, and syn-kinematic igneous rocks are genetically and
kinematically related within MCCs remains inadequately understood. To address this, we synthesize structural,
geochronological, thermochronological, sedimentological, and petrological observations from MCCs distributed
across the strike-length of the North American Cordillera. We show that Paleogene ductile MCC exhumation
tracked via medium-to-high temperature thermochronology (i.e., biotite and muscovite “°Ar/3°Ar dates) and
cross-cutting relationships youngs toward the central Cordillera latitudes (~37°N), whereas predominately
Miocene brittle faulting and syn-kinematic basin formation youngs northward from the south. Ductile MCC
exhumation age trends parallel magmatic sweeps associated with rollback of the Farallon slab, whereas brittle
extensional faulting trends correlate with the northward migration of the Mendocino triple junction and the
initiation of Basin and Range extension. In light of these observations, we argue that MCCs in the North American
Cordillera were not the result of a single phase of extension, but rather reflect two decoupled stages including an
early phase of buoyant diapirism followed by a later phase of lithospheric extension. The diapirism ocurred as a
Rayleigh-Taylor instability due to crustal melting driven by asthenospheric influx during slab rollback and
coupled magmatism. Later, lithospheric extension was caused by regional gravitational relaxation due to change
of plate boundary kinematics. This synthesis demonstrates the complexities of MCC generation and highlights the
need for better dating constraints for both brittle and ductile structures to make improved interpretations of
MCCs globally.

1. Introduction

versus the overlying suprastructure rocks (e.g., Armstrong and Hansen,
1966) (Fig. 1). MCCs are generally interpreted to have formed as a result

Continental metamorphic core complexes (MCCs) exhume meta-
morphosed, commonly migmatitic, middle-lower crust rocks along high-
strain mylonitic shear zones (e.g., Davis and Coney, 1979; Whitney
et al., 2013) (Fig. 1). MCCs are one of a several processes that vertically
advect mass and heat in the lithosphere, which can impact rheology,
crustal differentiation, growth of the continental lithosphere, and
planetary cooling (Rudnick and Fountain, 1995; Petford et al., 2000;
Lenardic et al., 2000; Beaumont et al., 2001; Vanderhaeghe, 2012;
Moore and Webb, 2013; Rubin et al., 2017; Zuza et al., 2019). The
hallmark characteristic of an MCC is the significant strain, metamorphic,
and thermal gradient observed across the internal infrastructure rocks

from high-magnitude regional extension, hanging wall removal due to
normal faulting, and isostatic rebound of the footwall rocks with
possible decompression melting (e.g., Wernicke, 1981; Davis, 1983; Rey
et al., 2009a, 2009b). Diverse MCC or MCC-like systems are widely
distributed around the world but are most often associated with
convergent plate boundaries, such as subduction zones, that have
experienced syn- or post-subduction extension (Fig. 2).

MCCs involve normal-sense juxtaposition of hotter, structurally
deeper, and higher metamorphic grade lower-plate rocks beneath
colder, structurally shallower, and lower metamorphic grade rocks (e.g.,
Lister and Snoke, 1984; Whitney et al., 2013; Lister and Davis, 1989;
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Fossen and Cavalcante, 2017). Over decades of research, our under-
standing of the formational and driving mechanisms of MCCs has
changed dramatically. Past interpretations of MCC generation span from
vertical buoyant ascent of the lower-plate rocks following plutonism
and/or partial melting (Eskola, 1948; Armstrong and Hansen, 1966;
Armstrong, 1968; Levy et al., 2023), horizontally driven high-magnitude
regional extension and footwall rebound (e.g., Crittenden et al., 1980;
Wernicke, 1981; Wernicke and Axen, 1988; Lister and Davis, 1989), or
some combination therein (Rey et al., 2009b; Deng et al., 2020) (Fig. 3).
In this review, we evaluate the geometric and kinematic features of
MCCs to better interpret their generation and provide suggestions to-
ward a unifying model of their genesis.

MCC systems have been documented globally, including in North
America, east Asia, and the Aegean region of Europe (Fig. 2). MCCs in
these settings formed along subduction-zone convergent plate bound-
aries during broadly similar tectonic events with a preceding phase of
migrating magmatism caused by slab flattening and steepening followed
by MCC formation (e.g., Armstrong and Ward, 1991; Wang et al., 2011;
Li and Li, 2007; Jolivet and Brun, 2010; Jolivet et al., 2013; Ji et al.,
2018; Rabillard et al., 2018; Wu et al., 2019; Zuza and Cao, 2023)
(Fig. 2). Herein, we focus on MCCs in the North American Cordillera,
where seminal research in the 1970s and 1980s greatly improved our
understanding of MCC evolution and more broadly of continental tec-
tonics and intracontinental extension (e.g., Anderson et al., 1972;
Coney, 1974, 1980; Crittenden et al., 1980; Lister and Davis, 1989)
(Fig. 2B).

We pose two guiding questions to organize this review:

First, to what extent are the various structural features of an MCC
kinematically and dynamically linked? There are numerous features
associated with MCCs (Fig. 1), such as a metamorphosed, commonly
migmatitic lower plate, pre—/syn-kinematic intrusions, mylonitic shear
zone, brittle normal faults that may have initiated at low angles, and
high-angle normal faults. There is a spectrum of possibilities, where
these features are all kinematically and temporally related or they may
be distinct and unrelated elements that are exhumed to coexist today at
the Earth’s surface.

Second, what primarily drives MCC generation? End-member
driving mechanisms can be distilled into those that act horizontally
versus those driven by vertical forces. One perspective is that horizontal
crustal extension driven by plate-boundary conditions leads to hanging
wall removal and isostatic rebound of the lower plate rocks (e.g., Wer-
nicke, 1981; Wernicke and Axen, 1988) (Fig. 3A). On the other hand,
vertical motions of hot, partially melted buoyant rock, like an ascending
pluton, can form diapiric gneiss domes with little or no aid from hori-
zontal lithospheric stretching (Eskola, 1948; Yin, 2004) (Fig. 3B). Be-
tween these end members exists a continuum of scenarios where
different drivers influence MCC evolution globally, potentially varying
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in time and space.
2. Characteristics of metamorphic core complexes

2.1. Features of a metamorphic core complex and related structures

Coney (1980) coined the term “metamorphic core complex” in a
synthesis volume edited by Crittenden et al. (1980), modifying a refer-
ence from Wheeler (1966) to a “metamorphic core zone” from his study
of the Canadian MCCs. More recently, Whitney et al. (2013, p. 273)
offered a relatively succinct definition of an MCC as “domal or arched
geologic structure composed of ductilely deformed rocks and associated
intrusions underlying a ductile-to-brittle high-strain zone that experi-
enced tens of kilometers of normal-sense displacement in response to
lithospheric extension.” Several systems discussed in the literature are
similar to an MCC, including migmatite-cored MCCs, gneiss domes, and
detachment-fault systems. The addition of the prefix “migmatite-cored”
to describe MCCs has been used to describe systems where the lower
plate involved voluminous syn-kinematic partial melts and migmatite
generation, which would have reduced the bulk viscosity and density to
drive crustal flow and buoyant rise of the lower-plate rocks (Rey et al.,
2009a, 2009b; Whitney et al., 2013; Deng et al., 2020; Jolivet et al.,
2021). The term gneiss dome (Eskola, 1948) describes when partial
melting and remobilization of the middle-to-lower crust leads to
buoyant upwelling or doming, which may take place in extensional,
neutral, or contractional tectonic settings (e.g., Teyssier and Whitney,
2002; Yin, 2004; Jessup et al., 2019; Louis-Napoléon et al., 2020, 2024).
In recent literature on the North American Cordillera, the term gneiss
dome is often used to describe MCC-like structures that formed in the
absence of observed regional extension and high-magnitude normal
faulting (e.g., Konstantinou et al., 2012, 2013; Zuza et al., 2021).
Therefore, a gneiss dome can be considered a sub-category of MCCs if
the lower plate is exhumed primarily via partial melting and buoyant
diapirism (Fig. 3B), instead of by regional extension, hanging wall
removal, and isostatic rebound (Fig. 3A). However, not all gneiss domes
are MCCs because a gneiss dome without a brittle detachment fault does
not constitute an MCC as defined and observed in the North American
Cordillera (e.g., Coney, 1980; Whitney et al., 2013).

There are several other mechanisms that can generate gneiss-dome-
like or MCC-like structures in a contractional regime, such as folding or
duplex development (see review by Yin, 2004). Recent discussions do
not tend to favor these interpretations in the context of the North
American Cordillera MCCs. However, past workers have invoked crustal
duplexing and mid-crustal shearing to interpret Cordillera MCCs, espe-
cially in the Canadian Cordillera (e.g., Price, 1981; Armstrong, 1982;
Brown et al., 1986; Crowley et al., 2001).

Two other related terms include detachment fault, which is a fault

Breakaway

Mylonitic shear zone as:

. S_he_ar—zone kinematics
——— similar to detachment fault
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Shear-zone kinematics
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Shear-zone kinematics
—— differ from detachment fault
due to model ¢

Fig. 1. Common components of a metamorphic core complex within the North American Cordillera. See text for discussion.
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structure that forms at a relatively low dip angle but ultimately cuts
layering and ramps across stratigraphy, and a décollement, which is
primarily used to describe a relatively weak zone in the mechanical
stratigraphy or rheological layering that focuses deformation. A
detachment-fault system refers to a structural system with a regionally
extensive (e.g., mountain range or broad map scale), often low-angle,
fault that separates hanging wall rocks from the footwall. Relevant to
MCCs, the discussed detachment-fault systems involve normal-sense
kinematics, as opposed to a décollement or detachment in a major
thrust fault system or a landslide structure where the term detachment
was originally coined (e.g., Pierce, 1957, 1975). Detachment normal
faults juxtapose younger rocks on older rocks, or lower grade rocks on
higher grade rocks. Unlike a complete MCC system, a detachment-fault
system may not involve a ductilely deformed lower plate with syn-
kinematic intrusions. Herein, we use detachment fault to refer to a
brittle, normal fault system that is generally low angle to either the
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bedding or foliation that it cuts. Unlike a classic décollement structure, a
detachment fault cuts across foliation or bedding. There are major brittle
detachment (normal) fault systems in North America that are not
considered MCCs, such as the Pilot Peak (Miller et al., 1987), Grant
Range (Long and Walker, 2015), or Mormon Mountains (e.g., Wernicke
et al., 1985) detachment fault systems.

There are four primary components to a typical Cordilleran MCC
system (Fig. 1): (1) a metamorphic/crystalline core, (2) a mylonitic
shear zone, (3) a major normal-fault (usually low-angle or detachment)
fault system, and (4) a supradetachment basin. The lower plate or
footwall of the MCC system consists of a moderate-to-high-grade
metamorphic and/or crystalline core that may be voluminously
intruded by plutons that are pre-, syn-, or post-kinematic with respect to
overall MCC evolution (Fig. 1). A mylonitic shear zone is developed
within the structurally higher or mantling positions of this lower plate,
which may be overprinted by chloritic alteration and brittle brecciation.
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Fig. 2. Maps of metamorphic core complexes (MCCs) on Earth. (A) Global map of MCCs, modified from Whitney et al. (2013). (B) Tectonic map of the North
American Cordillera, showing how the belt of MCCs relates to other major elements within the Cordillera. Figure adapted from Yonkee and Weil (2015) and Chapman
et al. (2021). (C) Tectonic map of eastern China showing MCCs and their relationship to the Paleo-Pacific paleo-trench and migrating Mesozoic magmatic sweeps in
southern and northern China. MCC locations from Wang et al. (2011) and Ji et al. (2018) and magmatic trends from Li and Li (2007) and Wu et al. (2019). (D)
Tectonic map of the Aegean showing the relationship between MCCs, subduction, and the southward magmatic sweep. Compiled from Jolivet and Brun (2010),

Jolivet et al. (2013) and Rabillard et al. (2018).
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North American Cordillera metamorphic core complex:
Consists of brittle upper plate juxtaposed against ductilely deformed lower plate by detachment fault
| /\ (B) MCC gneiss dome model
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Fig. 3. Comparison of models for North American Cordillera metamorphic core complex (MCC) formation, comparing vertical lower-plate advection (v) versus
horizontal stretching (h). (A) Regional extension may drive normal-faulting, hanging wall removal, and isostatic rebound. The mylonitic shear zone may represent
the down-dip continuation of the brittle normal fault (A.1) or a captured mid-crust shear zone (A.2). A hybrid model considers how high-stress mylonites related to
the detachment fault overprint and exhume a more distributed ductile shear zone (A.3) (e.g., Cooper et al., 2017). (B) Heating and partial melting of the middle-to-
lower crust may drive buoyant doming. p; and p; are the density of the upper and lower crust, respectively. To be consistent with the observed North American MCCs,

the buoyant gneiss dome are later exhumed by a normal-fault system.

The mylonitic shear zones are observed to have thicknesses from 10s to
1000s of m. The mylonites show high-stress, low-temperature
(300-500 °C) fabrics that correlate with their small recrystallized grain
size (e.g., Behr and Platt, 2011; Platt et al., 2015; Cooper et al., 2017).
Depending on exposure level, it may be possible to observe the top and
bottom of the mylonitic shear zone. When exposed, the structurally
highest “top” of the mylonitic shear zone is referred to as the mylonitic
front (e.g., Davis et al., 1980; Davis, 1988) (Fig. 1). Structurally beneath
the mylonitic shear zone, strain may be diffusely distributed or dis-
sipate—referred to as a the localized-distributed transition (LDT)
(Cooper et al., 2017)—where the rocks show a coarser grainsize, mig-
matitic textures, and/or voluminous syn-kinematic plutons (e.g.,
Strickland et al., 2011; MacCready et al., 1997) (Fig. 1).

Structurally above the mylonitic shear zone is a brittle normal-fault
system, which is commonly low-angle to the regional foliation, that
separates the lower plate from an overlying low-grade to unmetamor-
phosed upper plate. The brittle normal fault commonly involves brec-
ciation, cataclasis, and chloritic alteration, especially in the footwall
rocks (e.g., Sibson, 1977; Davis, 1987, 2013; Lister and Davis, 1989).
Brittle normal faulting in an MCC system may form a syn-kinematic
basin within the hanging wall (Fig. 1). This basin will form above the
detachment fault and is referred to as a supradetachment basin (e.g., Yin
and Dunn, 1992; Dorsey and Becker, 1995; Friedmann and Burbank,
1995; Prior et al., 2018). These syn-kinematic basins are commonly
filled with (mega-)breccia, conglomerates, and interbedded volcanic
deposits. Because the basins form during progressive fault slip, they
exhibit growth strata, tilt-fanning relationships where the dips of the
strata vary within the sedimentary thickness (e.g., Dickinson, 1991;
Gans and Bohrson, 1998; Satarugsa and Johnson, 2000; Faulds et al.,
2001; Cheng et al., 2023). Lacustrine siliciclastic or carbonate deposits
reflect the generation of closed basins during fault slip in adjacent

mountain ranges. Changes in clast compositions track footwall exhu-
mation, with undeformed, supracrustal cobbles in the lower strati-
graphic units transitioning mylonitic/plutonic cobbles as the core of the
MCCs are progressively denuded (e.g., Miller and John, 1988, 1999;
McGrew and Snoke, 2015). When possible, absolute ages from volcanic
or detrital units within the supradetachment basins can provide rela-
tively tight timing constraints on the age of brittle fault slip (e.g., Gans
and Bohrson, 1998; Faulds et al., 2002; Zuza et al., 2021).

2.2. End-member drivers for MCC development in the North American
Cordillera

Driving mechanisms for North American MCC formation discussed in
the literature can be divided into two broad categories: (1) regional
extension and coupled footwall exhumation and (2) buoyant gneiss-
dome diapirism that is impacted by later extension (Fig. 3). The first
category can be further subdivided. One model envisions that the
mylonitic shear zones represent the down-dip continuation of a brittle
detachment fault (i.e., “down-dip shear zone” model; Fig. 3A.1) (e.g.,
Wernicke, 1981; Wernicke and Axen, 1988). An alternative extensional
model suggests that brittle normal faulting captures and exhumes a
preexisting mid-crust mylonitic shear zone (i.e., “exhumed mid-crust
shear zone” model; Fig. 3A.2) (Davis, 1988; Singleton and Mosher,
2012). In the down-dip normal fault shear zone model, regional
stretching of the crust is accommodated by normal faults that remove a
significant mass of hanging wall rocks (Fig. 3A.1). The removal of the
hanging wall overburden results in isostatic rebound of the footwall
(Wernicke and Axen, 1988). The magnitude of isostatic rebound de-
pends on the rates of extension versus competing supradetachment
sedimentation and the strength parameters of the lower crust (e.g., ri-
gidity or viscosity) (e.g., Issler et al., 1989). During footwall rebound,
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vertical rock advection can result in decompression partial melting,
which can further enhance footwall rebound due to the reduced density
and viscosity. This model predicts bulk crustal extension strain rates that
are comparable to footwall exhumation strain rates (Fig. 3A.1). Normal
faulting may involve low-angle detachment slip that links into a deeper
mylonitic shear zone (Wernicke, 1981), a high-angle master normal
fault that gets rotated during isostatic footwall uplift as a rolling hinge
(Buck, 1988; Wernicke and Axen, 1988), or a series of high-angle normal
faults that together rotate to lower angles as dominos or bookshelf fault
systems (e.g., Proffett Jr, 1977; Favorito and Seedorff, 2021).

In the mid-crust shear-zone model, MCCs form as a composite sys-
tem, where a brittle-normal fault captures a sub-horizontal mid-crust
shear zone that is accommodating regional extension (e.g., Davis, 1988)
(Fig. 3A.2). This model was developed based on the recognition of a
mylonitic front in the Whipple Mountains located underneath, and
dipping away from, the detachment fault (e.g., Fig. 1). The recognition
that observed mylonitic shear zones are not uniquely spatially associ-
ated with brittle detachment faults, which has also been observed in
Buckskin-Rawhide (Singleton and Mosher, 2012) and Ruby Mountains
(e.g., Colgan et al., 2010), suggests that detachment faults were not
intrinsically linked or coupled with the exhumed mylonitic shear zones.
Mylonitic shearing predates detachment-fault slip, which is evidence
that a younger detachment fault captured an older, but kinematically
similar, mid-crust shear zone.

Cooper et al. (2017) provided an updated interpretation that com-
bined aspects of the above two models. They suggest that the mid-crust
experiences distributed, high-strain deformation beneath the LDT, and
this high-strain zone is overprinted and exhumed by a major normal-
fault system that includes a brittle detachment fault and coupled high-
stress mylonitic shear zone. Therefore, the high-stress mylonites repre-
sent the down-dip component of the brittle detachment fault, similar to
the down-dip shear zone model, that captures a preexisting high-strain
distributed shear zone in the middle-to-lower crust, broadly similar to
the mid-crust shear zone model (Fig. 3A.3). The mylonitic front is the
top of the LDT in this model.

Alternatively, the gneiss dome models suggest that vertical buoyant
doming of the middle-to-lower crust generated a domal architecture that
was subsequently captured by later normal faulting (i.e., “buoyant
doming” model; Fig. 3B). This process is driven by buoyancy forces,
where lower density conditions in the middle-to-lower crust causes
doming relative to the denser upper crust. The density of the middle-to-
lower crust can be reduced by plutonism and partial melting caused by
crustal thickening, flux melting, or increased mantle heat flux (e.g.,
Houseman et al., 1981; Thompson and Connolly, 1995; Vanderhaeghe,
2009). Buoyant doming could occur in neutral, compressional, or
extensional tectonic regimes, and is analogous to processes of pluton
ascent and emplacement (e.g., Sylvester et al., 1978; Burov et al., 2003;
He et al., 2009; Paterson and Fowler, 1993). Potential caveats to this
model is the space issue where domal upwelling must be balanced by
equivalent downwelling or crustal stretching (e.g., Dixon, 1975) or the
efficacy of moderate-degree partial melting (<30 % melt) and buoyancy
to exhume mid-crust rocks (e.g., Rey et al, 2009a, 2009b).
Buoyancy-driven MCCs can have exhumation rates greater than or equal
to bulk extension rates (Fig. 3B). A buoyant dome will stall in the middle
crust as it cools (time 1 in Fig. 3B), much like an emplaced pluton, so this
model requires exhumation to the surface via a later phase of faulting
(time 2 in Fig. 3B) to form a composite MCC. In the North American
Cordillera, this later phase of exhumation can be facilitated by brittle
normal faulting, but in other tectonic settings exhumation may occur
due to shortening and coupled erosion (e.g., Yin, 2004).

Distinguishing MCC generation models can be accomplished by
resolving the geometric and kinematic relationships between the
detachment fault and mylonitic shear zone. Ideally, timing constraints
for either structure can be determined via cross-cutting relationships,
thermochronology, petrochronology, syn-kinematic basin records, or
regional inference. For the ductile mylonitic shear zone, it is important
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to assess the existence of single vs multiple phases of deformation, the
consistency of kinematics across the structure, and the temperatures of
deformation.

A particularly diagnostic feature may be the structural relationships
between the brittle detachment fault and mylonitic shear zone (Fig. 4).
The classic historical recognition of the mylonitic front in the Whipple
Mountains dipping away from the detachment challenged the earlier
notion that the mylonite was the down-dip continuation of a kinemati-
cally linked detachment fault (Davis et al., 1980; Davis, 1988) (cf.
Fig. 3A.1). This observation led to the reevaluation of the Whipple
detachment fault as capturing a mid-crust shear zone (Davis, 1988)
(Fig. 3A.2). Similar observations have been made in other North
American MCC systems (e.g., Reynolds and Lister, 1990; Singleton and
Mosher, 2012).

In the present-day surface exposure, the brittle detachment fault may
be restricted to one side of the ductile lower plate (Fig. 4A) or it may
fully encircle the lower plate (Fig. 4B) due to isostatic upwarp (Wernicke
and Axen, 1988). If the detachment fault fully encircles the lower plate
as a window, there must be a fault breakaway located up-dip of the
normal fault (Fig. 4B). If the mylonitic shear zone is simply the exhumed
down-dip component of the detachment fault, there should not be an
observed mylonitic front (i.e., the structural top of the mylonite)
(Fig. 4C). Depending on erosional level, the base of the mylonite may be
observed as a complete- or half-window. If the detachment fault cap-
tures a mid-crust shear zone, it is possible to observe the top of the shear
zone, the mylonitic front (Fig. 4D). Lastly, detachment-fault capture of a
gneiss dome can result in complex 3D patterns, where the top or bottom
of the mylonitic shear zone is observed (Fig. 4E). Uniquely, this model
could result in opposing shear kinematics (scenario j in Fig. 4E). In this
review, while describing each MCC system, we attempt categorize the
map relationships in each MCC between detachment fault and mylonitic
shear zone based on the criteria in Fig. 4.

In the North American Cordillera, these different models make spe-
cific predictions for the relationships between MCC development and (1)
plate-boundary conditions, specifically the transition from convergent
to transform plate boundaries, (2) the timing of achieving peak-crustal
thickness and subsequent relaxation of gravitational potential energy
(GPE), and (3) spatial and temporal trends of volcanism and magma-
tism. For example, the down-dip normal fault and exhumed mid-crust
shear zone models predict that MCC generation should initiate when
body forces (e.g., GPE) and plate-boundary conditions are conducive to
regional extension. Lithospheric extension may be caused by a combi-
nation and competition between gravitational collapse of overthickened
crust and changes in plate-boundary conditions (Dewey, 1988; Jones
et al., 1998; Sonder and Jones, 1999; Rey et al., 2001; Vanderhaeghe
and Duchene, 2010). Relevant to the North American Cordillera,
extensional MCC development would be expected to initiate following
one of several possible geodynamic events: (1) after the attainment of
peak crustal thickness in the Late Cretaceous (e.g., DeCelles, 2004;
Chapman et al., 2015), (2) during Paleogene rollback following the
Laramide flat-slab event (e.g., Cassel et al., 2018), or (3) during the
Oligocene-Miocene migration of the Farallon-Resurrection-Kula, Men-
docino, and Rivera triple junctions to generate a free lateral boundary
condition for the crust to extend (e.g., Ingersoll, 1982; Colgan and
Henry, 2009).

The buoyant dome model predicts that magmatism, crustal heating,
and partial melting drives MCC formation, and therefore there should be
parallel trends between magmatism and MCC generation. The down-dip
normal fault and exhumed mid-crust shear zone models do not specif-
ically require magmatism, but elevated crustal temperatures due to
magmatism could weaken the lithosphere to drive enhanced extension
and MCC generation (e.g., Gans et al., 1989; Gans and Bohrson, 1998;
Zuza et al., 2019).

The lithospheric extension models predict Moho relief that is not
observed, which has been explained via lower-crustal flow or decoupled
upper crust-lower crust stretching (e.g., Gans, 1987; McCarthy et al.,
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references in the right-hand column. (For interpretation of the references to colour

1991; Buck, 1991; Say and Zuza, 2021). Conversely, the buoyant dom-
ing model does not predict significant Moho displacement or discrete
offsets. In this sense, all MCC models predict some mid-lower crustal
mobility, either directly within a crustal diapir or indirectly to smooth
out expected Moho topography.

in this figure legend, the reader is referred to the web version of this article.)

3. Metamorphic core complexes in the North American
Cordillera

The belt of MCCs in the North American Cordillera stretch from
Canada to Mexico (Fig. 2B and 5). They are commonly divided into (1)
the northern belt, from the first MCC north of the Snake River Plain (i.e.,
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Fig. 5. Metamorphic core complexes (MCCs) in the hinterland and foreland of
the Sevier thrust front in the North American Cordillera. Figure modified from
Zuza and Cao (2023). Foreland MCCs: a—Dupont Mountain fault;
b—Sacramento and Chemehuevi; c—Whipple Mountains; d—Buckskin-
Rawhide; e—Harcuvar; f—Harquahala; g—South Mountain; h—Pinaleno;
i—Catalina-Rincon; j—Coyote; k—Magdalena. The right panel shows timing
constraints vs longitude compiled for each MCC, including biotite and musco-
vite “°Ar/*°Ar dates, timing constraints for ductile shearing based on cross-
cutting relationships, and ages for syn-kinematic basin deposits (note basin-
age uncertainty is smaller than symbol size). See text for discussion
and references.

the Pioneer MCC) to the Shuswap complex in British Columbia, (2) the
central belt from northern Snake Range to the Albion-Raft River-Grouse
Creek, and (3) the southern belt from southern Nevada through Arizona
to northern Sonora (Fig. 2B). This three-way division is based on distinct
timing constraints, extension magnitudes, and relative involvement of
partial melting (e.g., Whitney et al., 2013).

In this study, we divide the MCCs between the north and the south
based on a pronounced metamorphic core complex dichotomy with
distinct (1) timing trends, (2) map-view spacing patterns, and (3)
structural positions relative to the hinterland of the Cordilleran orogen
(e.g., Zuza and Cao, 2023) (Fig. 5). Namely, those located in the north
between Las Vegas, Nevada and British Columbia, Canada are relatively
larger, spaced ~200 km apart, and show age trends that broadly young
toward the south from the Paleocene to the Oligocene. These MCCs are
located west of the Sevier fold-thrust front, and therefore would have
formed in the hinterland of the Cordilleran orogen. We refer to these
MCCs as hinterland MCCs. In the simplest configuration, hinterland
MCCs formed in a thickened orogenic plateau that is referred to as the
Nevadaplano (e.g., DeCelles, 2004). Conversely, in the south, MCCs
stretch across the Colorado River Extensional Corridor (CREC) from
southern Nevada to northern Sonora, with closer spacing (~50 km), and
broadly west-northwest-younging age trends. These MCCs are located
east of —that is, forward of—the main fold-thrust front of the Sevier and
Maria thrust belts, and therefore we refer to these MCCs as foreland
MCCs (e.g., Zuza and Cao, 2023) (Fig. 2B).

Our synthesis spans from the Bitterroot-Anaconda MCC in the north
to the MCCs in southern Arizona in the south (Fig. 5). We limit the
spatial extent of our analysis to this region for several reasons. First,
MCCs to the south into Mexico (Fig. 2B) are less well studied, which
makes along-strike comparisons more challenging. Second, our chosen
spatial extent overlaps regions impacted by well-constrained Sevier fold-
thrust belt deformation, and the hypothesized flattening of the Farallon
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slab (i.e., the Laramide) and subsequent slab rollback with associated
magmatism, such that MCC evolution can be considered within the
context of a reasonably well constrained Cordilleran tectonic history (e.
g., Dickinson, 2004; DeCelles, 2004; Yonkee and Weil, 2015; Copeland
et al., 2017) (Fig. 2B). The geology of southwestern Canada is compli-
cated by terrane collisions and potential lateral terrane translations (e.
g., Irving et al., 1985; Cowan et al., 1997; Krijgsman and Tauxe, 2006;
Rusmore et al., 2013; Tikoff et al., 2023). Third, we aim to compare MCC
generation to the evolution of a coupled diachronous set of migrating
triple-junction systems—the Mendocino and Rivera triple junctions
(Atwater, 1970)—whereas the analysis of the northern MCCs is further
obscured by the debated slab window or tear between the Resurrection
and Farallon plates (e.g., Thorkelson and Taylor, 1989; Breitsprecher
et al.,, 2003; Madsen et al., 2006; Schmandt and Humphreys, 2011;
Schmandt and Humphreys, 2011).

Although we do not incorporate data from the northern MCC belt
(Fig. 2B) of southwestern Canada and the northwestern USA into this
synthesis, here we briefly summarize their geology to provide a cursory
comparison with the MCCs to the south. The northernmost MCCs are
commonly described as migmatite-cored MCCs or gneiss domes,
including the Okanogan-Kettle gneiss domes (Washington state, USA)
and the Shuswap MCC (British Columbia, Canada) (e.g., Kruckenberg
et al.,, 2008; Vanderhaeghe, 1999; Vanderhaeghe et al., 2003). The
lower-plate rocks of these domes consist of significant volumes of mig-
matite that record protracted partial melting from ca. 60-50 Ma
(Kruckenberg et al., 2008; Gordon et al., 2008). The domes are defined
by outward dipping foliations, and the mylonitic shear zones that mantle
the domes yield dome-up kinematics (e.g., Kruckenberg et al., 2008). In
summary, the northernmost MCCs display structural and metamorphic
features that are most consistent with a gneiss dome origin for their
formation (Whitney et al., 2004), which provides useful context in
which to interpret MCCs located further to the south.

Below we review the main metamorphic, igneous, and structural
characteristics of the central and southern MCCs (Fig. 5). We link these
descriptions to recreated geologic map (Fig. 6) and cross section (Fig. 7)
sketches available in the literature.

3.1. Bitterroot and Anaconda MCCs

The north-trending Bitterroot MCC and northeast-trending
Anaconda MCC are located at the same ~46°N latitude, <100 km
apart (Fig. 5). The Bitterroot MCC is located along the eastern extent of
the Late Cretaceous Idaho batholith. The lower-plate rocks consist of
predominately Idaho batholith rocks, with some magmatic state fabrics
observed (LaTour and Barnett, 1987; Quilichini et al., 2016). Intruded
metasedimentary rocks in the lower plate experienced peak meta-
morphic conditions of 6.5-7.5 kbar and 600-750 °C at ca. 65-53 Ma
(Foster et al., 2001). Upper plate rocks consist of the metasedimentary
Sapphire block, which was translated eastward along an east-dipping
~0.5-1-km-thick mylonitic shear zone (e.g., Quilichini et al., 2016).

The Anaconda MCC (Fig. 5) is located to the east of the Bitterroot
MCC. The lower plate consists of Late Cretaceous to Eocene granitic
plutons intruding metamorphosed Mesoproterozoic Belt supergroup and
Paleozoic rocks (Fig. 7A) that record peak pressures of 4.6-6 kbar in the
Late Cretaceous (Grice, 2006; Haney, 2008; Kalakay et al., 2014). These
lower plate rocks are commonly deformed in nappe-like fold structures,
such as the Lake of the Isle shear zone. On the eastern flank of the
Anaconda Range is a mylonitic shear zone that is 300-500 m thick,
which records top-east-southeast shear (Kalakay et al., 2014; Foster
et al., 2007, 2010). The overlying top-southeast Anaconda detachment
separates the footwall from hanging-wall rocks. The hanging wall con-
sists of conglomerates, breccias, megabreccias, and sandstones uncon-
formably overlying lava flows, tuffs, and volcaniclastic units of the (ca.
54-48 Ma) Lowland Creek Volcanics (Howlett et al., 2021). The central
part of the range consists of attenuated Proterozoic-Paleozoic stratig-
raphy that may reflect Cretaceous or Eocene shear zones (e.g., Grice,
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2006; Foster et al., 2010; Kalakay et al., 2014). These ductile fabrics are structural position above the Eocene mylonitic MCC shear zone or
deformed by the brittle Hidden Lake fault zone in the western part of the alternatively that the MCC mylonites are spatially restricted to the east
Anaconda range (O’Neill et al., 2004) (Fig. 7A). This relationship sug- beneath the Anaconda detachment fault.

gests that the western flank of the Anaconda range is either at a Both the Bitterroot and Anaconda MCCs have the detachment fault
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primarily exposed on the eastern flank of the lower plate (Fig. 4A),
although some maps show the detachment encircling the lower plate
(O’Neill et al., 2004) (e.g., Fig. 4B). The relationship between detach-
ment fault and mylonitic shear zone may be consistent with scenarios e,
g, and h in Fig. 4 because of the observations of a mylonitic front, with
rock structurally above the mylonitic shear zone but below the detach-
ment fault, and lower-plate rocks below the shear zone.

3.2. Pioneer MCC

The Pioneer MCC is located along the southeastern extent of the Late
Cretaceous Idaho batholith in Idaho (Fig. 5). The lower plate consists of
Proterozoic gneiss, and Paleozoic quartzite, marble, and metapelite (e.
g., Dover, 1981, 1983; Link et al., 2007, 2010; Vogl et al., 2012). Peak
metamorphic conditions were attained at ~4 kbar and 750 °C
(Silverberg, 1990) in the Cretaceous (Vogl et al., 2012). The Precam-
brian rocks form two elongate NW-trending domes (i.e., the Wildhorse
and Kane Creek domes) (e.g., Dover, 1983; Vogl et al., 2012). This domal
geometry includes steep foliations along its flanks, including locally
overturned limbs (McFadden et al., 2015) (Figs. 6A and 7B). The elon-
gate domes are tilted eastward, evidenced by the overturning of the
eastern dome limb, which is away from the interpreted top-northwest
detachment-fault system observed predominately on the northwestern
flank of the Pioneer MCC (Fig. 7B). Stretching lineations that are best
developed in the Paleozoic rocks trend northwest, mostly parallel to

anisotropy of magnetic susceptibility (AMS) observations in the footwall
rocks (e.g., Wust, 1986; Vogl et al., 2012; McFadden et al., 2015). AMS
magnetic lineations from the central Wildhorse dome trend north (Vogl
et al., 2012).

The lower plate rocks were intruded by the ca. 49 Ma Pioneer
Intrusive Suite (Silverberg, 1990; Vogl et al., 2012) and subsequently
penetratively deformed by top-WNW shear that occurred during or after
the emplacement of ca. 49 Ma granite (Vogl et al., 2012) (Fig. 6A). The
shear distribution and kinematics in the southeastern parts of the
Pioneer MCC are unknown, as most detailed structural mapping is in the
northwest part of the MCC (e.g., Wust, 1986). Variable kinematics at
differing structural levels imply vertical crustal decoupling within the
Wildhorse dome. For example, at structural levels beneath the primary
mylonitic shear zone with NW-trending lineations there are top-SSW
shear zones along the flanks of the lower plate (Silverberg, 1990) and
N-S trending AMS lineations within the core of the lower plate (e.g.,
Vogl et al., 2012). The primary detachment fault is known as the
Wildhorse detachment, and its hanging wall includes the Eocene (ca.
50-45 Ma) Challis volcanic sequence (Figs. 6A and 7B). The detachment
fault and related brittle structures overprint mylonitic shear zones. Vogl
et al. (2012) noted that ductile fabrics are associated with the Wildhorse
detachment in the northwest part of the Pioneer MCC, but in the
southwest, ductile fabrics are not observed beneath the Wildhorse
detachment.

The Wildhorse detachment wraps around more than half of the lower
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plate but is truncated by the White Mountain fault in the southeastern
extent of the Pioneer MCC (e.g., McFadden et al., 2015) (Fig. 6A). The
relationship between detachment fault and mylonitic shear zone is
consistent with scenarios h and i in Fig. 4 because of the observations of
the structural dome beneath the mylonitic shear zone and the lack of
deformation beneath some of the Wildhorse detachment in the south-
west, potentially suggesting a structural position between the detach-
ment and the mylonitic shear zone (Fig. 6A).

3.3. Albion-Raft River-Grouse Creek MCC

The Albion-Raft River-Grouse Creek (ARG) MCC of northwest Utah
and southern Idaho (Fig. 5) exposes Archean-Proterozoic orthogneiss
and paragneiss overlain by Proterozoic-Paleozoic quartzite and meta-
pelites (Compton et al., 1977; Stewart, 1980; Wells et al., 1998). The
lower plate rocks experienced Cretaceous burial and metamorphism to
peak conditions of 7 kbar and 550-600 °C (Wells et al., 2012; Kelly et al.,
2015). Scarcely preserved ductile Cretaceous fabrics with north-
trending lineations and top-north shear kinematics have been dated to
Late Cretaceous via in-situ “°Ar/3°Ar analyses (Wells et al., 1997, 2008).
The ARG preserves Eocene-Oligocene and Miocene magmatism. The
Oligocene igneous rocks are isotopically more evolved than the Eocene
rocks, suggesting progressive incorporation of crustal materials into the
melts (Strickland et al., 2011; Konstantinou et al., 2013). Miocene
volcanism is associated with the Snake River Plain volcanic province (e.
g., Perkins et al., 1995).

There are two main shear zones in the ARG: the Middle Mountain
shear zone in the west that displays WNW lineations and top-WNW ki-
nematics and the Raft River shear zone in the east (Fig. 7C) with E-
trending lineations and top-east kinematics (Fig. 6B). Overall, the ARG
shear zones involve severe attenuation of well-constrained Proterozoic-
Paleozoic stratigraphy, suggesting >80 % vertical attenuation (Fig. 8)
(e.g., Wells, 1997). The Elba Quartzite was thinned from ~450 m thick
to <20 m thick in this shear zone (Armstrong, 1968; Compton, 1972;
Compton et al., 1977; Wells et al., 2000).

Above the mylonitic shear zones are the west-directed Middle
Mountain and east-directed Raft River detachment faults, in the western
and eastern ARG respectively. The Middle Mountain detachment bounds
the western flank of the Albion and Grouse Creek Mountains, whereas
the Raft River detachment fault encircles the Raft River Mountains
(Fig. 6B). Traditional interpretations suggest these detachment faults are
kinematically related to their underlying mylonitic shear zones (e.g.,
Wells, 2001). However, others interpret them to reflect middle Miocene

East Humbolt Range
Zuza et al. (2022)

Albion-Grouse Creek-
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normal faulting that reactivates or deforms the older mylonitic fabrics
(e.g., Strickland et al., 2011; Konstantinou et al., 2012). The upper-plate
rocks above the detachment faults consist of Proterozoic and Paleozoic
metasedimentary rocks and Cenozoic volcanic and sedimentary deposits
(e.g., Compton, 1972; Wells, 1997; Konstantinou et al., 2012). The
detachment faults place unmetamorphosed middle
Proterozoic-Paleozoic rocks and Miocene sediments over meta-
morphosed Archean-Proterozoic rocks that were deformed at tempera-
tures of 400-500 °C (e.g., Wells, 2001) (Fig. 6B).

The relationship between detachment fault and mylonitic shear zone
is consistent with scenarios h and j in Fig. 4 because of observations of
(1) locally exposed windows below the Cenozoic mylonitic shear zones
and (2) two shear zones of differing kinematics (i.e., the top west Middle
Mountain and top-east Raft River shear zones) that may either reflect
differently rooted extensional shear zones or differing flanks of a
buoyant dome (Fig. 6B).

3.4. Ruby Mountains-East Humboldt Range MCC

The Ruby Mountain-East Humboldt Range (REHR) MCC (Fig. 9A) is
in northeast Nevada (Fig. 5). The lower-plate core of the REHR consists
of Proterozoic-Paleozoic paragneiss pervasively intruded (>2/3 by
volume in most places) by deformed Late Cretaceous, Eocene, and
Oligocene intrusions (Fig. 9A) (e.g., Howard et al., 2011; Snoke et al.,
2024). The structurally deepest rocks are exhumed in the northern Ruby
Mountains and East Humboldt Range, where rocks are migmatitic,
pervasively intruded by leucogranites, and folded into large north-
trending recumbent isoclinal fold nappes (e.g., Howard, 1980; Snoke,
1980; Snoke et al., 1990; MacCready et al., 1997) (Fig. 9A). P-T-t esti-
mates from the lower-plate rocks suggest exhumation from depths >30
km, whereas P-T estimates from the mylonitic shear zone suggest
exhumation from depths of ~12 km (Hurlow et al., 1991; Hodges et al.,
1992; McGrew et al., 2000; Hallett and Spear, 2014, 2015; Zuza et al.,
2020, Zuza et al., 2022b,c).

The East Humboldt Range is mostly composed of a ~1-km-thick sub-
horizontal-to-gently-west-dipping mylonitic shear zone (Fig. 7C) with
consistent WNW-trending lineations (Fig. 9A). Shear kinematics are
mostly top-WNW, with the exception of structurally deep exposures in
the East Humboldt Range that display top-east kinematics (McGrew and
Casey, 1998; Zuza et al., 2022b). The shear zone developed in heavily
intruded Proterozoic through mid-Paleozoic rocks, which are severely
attenuated, suggesting >80 % vertical shortening (Fig. 8) (e.g., Zuza
et al., 2022b, 2024). The voluminous Late Cretaceous-Cenozoic
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Fig. 8. Example records of attenuation in three metamorphic core complexes. In each example, the left stratigraphic column represents the stratigraphic thickness of
undeformed stratigraphy and the right stratigraphic column shows the observed structural thickness of the same strata in the mylonitic lower plate. Each column is

drafted in the same style and colour scheme as the original reference.
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Fig. 9. Two examples of the relationships between the mapped detachment fault trace and mylonitic shear zones, including (A) the Ruby Mountain-East Humboldt
Range (REHR) (map from Colgan et al., 2010) and (B) Whipple Mountains (map based on Gans and Gentry, 2016, redrafted over a Google Earth image). Insets show
diagrammatic sketches of mylonite vs detachment-fault relationships, in the same style and lettering as Fig. 4A-E. In the REHR, the detachment fault is observed
stretching the north-south length of the Ruby Mountains-East Humboldt Range, whereas the mylonitic shear zone is only observed in the northern half of this system.
Additionally, structural relationships suggest that the rocks in the eastern East Humboldt Range are structurally below the mylonitic shear zones, whereas rocks in the
central-southern Ruby Mountains are above or laterally apart from the mylonitic shear zone (e.g., Colgan et al., 2010). In the Whipple Mountains, the mapped
detachment fault encircles the lower plate rocks. Mylonitic rocks are restricted to the eastern lower plate. There is a distinctive mylonitic front that dips west, which
iAmplies that the western lower plate rocks are structurally above the mylonitic shear zone (e.g., Davis, 1988).

<

intrusions make this attenuation estimate a minimum constraint. Late which may have formed in the Late Cretaceous (e.g., McGrew et al.,
Cretaceous leucogranites represent a pronounced phase of anatexis, 2000) or Cenozoic (MacCready et al., 1997).

which was remelted during substantial Eocene-Oligocene plutonism (e. The mylonitic shear zone in the REHR has a complex geometry,
g., Howard et al., 2011; Snoke et al., 2024). Ductile fabrics from below potentially influenced by later tilting by middle-Miocene normal fault-
the primary mylonitic shear zones exhibit north-trending lineations, ing, which provides important relationships for the REHR genesis. The

(A) Unstrained Mississippian Diamond Peak
with quartz/chert clasts

5

(B)

Unstrained Pennsylvanian Ely Formation
; J B 3 -1 ZPIT Y

(C) Strongly deformed Mississippian Diamond Peak with stretched quartz/chert clasts

Fig. 10. Field photographs from the East Humboldt Range showing the strain gradient between upper plate and lower plate rocks, separated by the detachment fault
(from Zuza et al., 2022b, 2024). (A) Upper plate Mississippian Diamond Peak Formation includes unstrained chert and quartzite clasts, and (B) the Pennsylvanian Ely
Formation rocks show undeformed fossil corals. (C) In the lower plate, the Diamond Peak Formation shows extreme attenuation, with the chert and quartzite clasts
stretched into colored laminations. Also note that there is limited stratigraphic omission with Mississippian Diamond Peak rocks above and below the detach-
ment fault.
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eastern flank of the East Humboldt Range exposes rocks below the
mylonitic shear zone, which preserve top-to-the-east kinematics
(McGrew and Casey, 1998; McGrew, 2018; Zuza et al., 2022b) (Figs. 7D
and 9A). To the south in the central Ruby Mountains, the exposed
bedrock occupies a structural position that is also beneath the mylonitic
shear zone. MacCready et al. (1997) documented an important transi-
tion from WNW-stretching lineations in the mylonite to N-trending
lineations below the mylonites. In this area below the mylonitic shear
zone, N-trending mostly inward-facing recumbent isoclinal fold nappes
are observed (i.e., the King Peak nappe) (Howard, 1980; Snoke, 1980;
Snoke et al., 1990; MacCready et al., 1997) (Fig. 9A). There is a rather
abrupt transition from high-grade metamorphic rocks in the northern
Ruby Mountains to unmetamorphosed and unstrained Paleozoic stra-
tigraphy in the southern Ruby Mountains (e.g., Howard et al., 1979;
Colgan et al., 2010).

The upper-plate rocks of the REHR consist of middle-upper Paleozoic
and Cenozoic rocks that are in detachment-fault contact with the lower-
plate mylonites (Fig. 9A). Unstrained Mississippian Diamond Peak For-
mation and Pennsylvanian Ely Limestone are placed atop highly
stretched Mississippian Diamond Peak formation in the southwest East
Humboldt Range (Fig. 10) (Hurlow, 1987; Zuza et al., 2022b; Zuza and
Dee, 2023). This paradoxical relationship suggests minimal strati-
graphic omission across this detachment fault, despite the presence of a
major strain gradient across this fault structure (Fig. 10). The map trace
of the detachment fault mostly encircles the East Humboldt Range and it
is cut by younger high-angle normal faults (Fig. 9A). The detachment
trace extends southward to the Ruby Mountains over a distance of ~150
km (e.g., Colgan et al., 2010), and for most of this strike length, the
footwall rocks are not mylonitic nor metamorphosed (Fig. 9A). The
relationship between detachment fault and mylonitic shear zone is
mostly consistent with scenario h in Fig. 4 because of observations of
structural positions above and below the mylonitic shear zone (Fig. 9A).
However, the observed top-east shear kinematics along the eastern flank
of the East Humboldt Range could provide evidence for scenario j
(Fig. 4).

3.5. Northern Snake Range MCC

The lower plate of the northern Snake Range MCC (Figs. 6C and 7E)
consists of ductiley deformed and strongly attenuated Neoproterozoic-
Cambrian quartzite, schist, and marble with Mesozoic granites and
Cenozoic dikes/sills (Fig. 8) (e.g., Miller et al., 1983; Miller and Gans,
1999; Lee et al., 1987, 2017). The lower plate is less pervasively
intruded by Cenozoic plutons than the ARG and REHR. These rocks were
impacted by Mesozoic metamorphism and deformation, with peak P-T
conditions of ~8 kbar and 650 °C (Lewis et al., 1999; Cooper et al.,
2010) attained in the Late Cretaceous (e.g., Miller and Gans, 1989).
There is ongoing discussion whether these high pressures reflect deep
burial or non-lithostatic conditions (e.g. Miller et al., 1983; Hoiland
et al., 2022; Zuza et al., 2022¢; Long et al., 2024). In some drainages
there are exposures of isoclinal recumbent folds, such as deep within
Smith Creek, but these structures are generally less widespread and well
exposed when compared with the REHR.

Penetrative Cenozoic ductile deformation is characterized by sub-
horizontal mylonitic foliations and WNW-trending stretching lineations
are observed across much of the northern Snake Range (Fig. 6C). Shear
kinematics are consistently top-east-southeast, although Cooper et al.
(2010) documented rare top-west shear kinematics in the Marble Wash
drainage of the northern Snake Range, which overprint the more
pervasive top-east shear kinematics. Above the mylonitic shear zone is
the brittle northern Snake Range detachment fault. Its hanging wall
consists of brittlely deformed Cambrian through Permian passive margin
sedimentary rocks overlain by Cenozoic volcanic and sedimentary de-
posits (e.g., Miller et al., 1983). The detachment encircles the lower
plate rocks (Fig. 6C), including the Schell Creek and Duck Creek ranges
to the west (Long et al., 2022). The western northern Snake Range
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footwall exposes rocks structurally above the mylonitic shear zone but
below the detachment fault (e.g., Cooper et al., 2017; Wrobel et al.,
2021) (Fig. 6C), which is consistent with scenario e or g in Fig. 4.

3.6. Colorado River Extension Corridor

The CREC stretches south from Las Vegas, Nevada, into eastern
California and toward Phoenix, Arizona (Fig. 5). This highly extended
region bounds the southwestern transition zone between the Colorado
Plateau to the northeast and the Basin and Range province to the
southwest (e.g., Kapp et al., 2023). Many of the foreland MCCs are
located within this extensional zone and to the southeast. Here, the
MCCs are more closely spaced together and show overlapping igneous
and kinematics histories.

Immediately south of Las Vegas, Nevada, is a north-trending belt of
back-rotated normal-fault systems (Gans and Bohrson, 1998; Faulds
et al., 2001, 2002) in the CREC that are generally considered different
than traditional MCCs, mostly due to the lack of a thick, lineated
mylonitic shear zone. This corridor exhumes Proterozoic gneiss, Late
Cretaceous two-mica granite, and mid-Miocene plutons in the footwall
of major detachment faults (e.g., Faulds et al., 2001; Bachl et al., 2001;
Kapp et al., 2002; Zuza et al., 2019; Zuza et al., 2022a). The CREC
experienced some of the youngest onset of mid-Miocene volcanism and
rapid extension in the broader belt of Cordilleran MCCs. Moving
southeast across Arizona, initial volcanism and extension becomes older
in age.

Just west-northwest of Parker, CA, are the Chemehuevi and Whipple
Mountains MCCs (Fig. 5). The Chemehuevi MCC consists of a northeast-
directed series of detachment faults that juxtapose Oligocene-Miocene
volcanic and sedimentary rocks over lower plate rocks consisting of
mostly Proterozoic gneiss and Cretaceous granite (e.g., Howard and
John, 1987; John and Foster, 1993) (Fig. 6D). These detachment faults
mostly encircle the lower plate. Cenozoic slip on these individual faults
is up to ~20 km in the down-dip direction (John, 1987). The Chem-
ehuevi MCC is interpreted to exhume primarily Cretaceous deforma-
tional fabrics associated with intra-arc magmatism and shortening (e.g.,
John, 1982, 1987; John and Mukasa, 1990). Cretaceous fabrics are
locally overprinted by Miocene brittle and locally shear fabrics (e.g.,
John and Mukasa, 1990; LaForge et al., 2017). The distribution of
Cretaceous versus Cenozoic fabrics is not well characterized, which
makes interpretation of the structural relationship between Cenozoic
shear zones and detachment faults inadequately resolved. The exposure
of fabrics beneath a Cenozoic shear zone (Fig. 6D) implies a structural
relationship of b, c, or i in Fig. 4.

The Whipple Mountains MCC is a classic site for the study of MCCs
and detachment faults (e.g., Davis et al., 1980, 1982, 1986; Davis, 1988;
Davis and Lister, 1988; Davis and Anderson, 1991) (Figs. 7F and 9B).
Here, the Whipple detachment fault juxtaposes upper-plate Cenozoic
volcanic rocks against lower plate rocks consisting of Proterozoic gneiss,
granites, and sills, with sparse Cretaceous and Miocene intrusions
(Fig. 9B). The detachment fault encircles the range, such that the middle
is a window of lower-plate rocks (e.g., Gans and Gentry, 2016) (Fig. 9B).
The mylonitic shear zone is thought to be thick (>1-km thick), as its base
is not exposed in the high-relief core of the range. Behr and Platt (2011)
documented a clear trend of higher stress mylonites at structurally
higher positions, and lower stress mylonites at depth, which is consistent
with a temperature dependent strength within the mylonitic shear zone.
Most of this shear zone is thought to be Oligocene-Miocene in age based
on deformed synkinematic sills (Wright et al., 1986; Foster and John,
1999), although there is evidence that there are older Late Cretaceous-
early Cenozoic fabrics (e.g., Jaramillo et al., 2022) similar to nearby
MCCs (e.g., John and Mukasa, 1990; Wong et al., 2023). Mineral
stretching lineations trend northeast across the mountain range, and
shear kinematics are consistently top-to-the-northeast. As previously
discussed, the top of the mylonitic shear zone (i.e., the mylonitic front) is
exposed in the Whipple Mountains (Davis, 1988). This geometric
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observation requires that rocks to the west of the mylonitic front were To the southeast of the Whipple Mountains, across the Colorado

located above the mylonitic shear zone but below the detachment fault. River in Arizona, are a series of northeast-trending ranges spaced at ~20

The structural configuration of the Whipple Mountain MCC is consistent km known as the Buckskin-Rawhide (Fig. 6E), Harcuvar, and Harqua-

with scenario e or potentially g in Fig. 4. hala Mountains (Fig. 5). Each of these ranges consists of a late
(A) Oligocene mylonite on western flank of Catalina showing top-southwest shear (B) Symmetric mantled porphyroclasts

¢

Linegtions
240/07

Brittle normal fault
with chloritic retrogression

Undeformed Granodiorite
of Happy Valley (27-28 Ma)

Fig. 11. Field photographs from the Catalina MCC in southeastern Arizona. (A) Strongly lineated mylonitic rocks show top-southwest kinematic indicators along
much of the southwestern flank of the Catalina MCC. (B) Some parts of the shear zone are much less strongly lineated and foliated, displaying weak shear indicators.
In this area, many of the mantled porphyroclasts are symmetric, but a small percentage of them reveal top-southwest shear sense, similar to the primary mylonitic
shear zones as in A. (C) Exposure showing brittle normal faults overprinting and soling into the existing mylonitic shear zone. In this photograph, the mylonitic shear
zones and brittle faults both display top-southwest shear sense. Rocks commonly display chlorite retrogression. (D) In some locations across the Catalina MCC, the
shear sense switches to top-northeast, as documented in the Molino Basin shear zone (e.g., Spencer et al., 2022). (E) Stretched conglomerate clasts deformed in
probable Laramide-aged deformation event, as evidenced by cross-cutting, undeformed Oligocene granite. Photographs from the Happy Valley area, east of the
Rincon Mountains.
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Oligocene-early Miocene mylonitic shear zones and brittle detachment
faults that accommodate primarily northeast-directed shear (Fig. 7G).
These ranges may be corrugations of the same detachment fault surface
that is estimated to have accommodated ~60-70 km of northeast-
directed slip (Spencer and Reynolds, 1991). The Plomosa detachment
fault is a secondary detachment fault located to the southwest, and
structurally beneath the Buckskin detachment (Strickland et al., 2018)
(Fig. 7G). Lower plate rocks consist of Proterozoic orthogneiss and
Mesozoic plutons, whereas the upper plate is predominately Paleozoic-
Mesozoic metasedimentary rocks and Miocene volcanic and sedimen-
tary rocks (e.g., Spencer and Reynolds, 1989; Singleton and Mosher,
2012).

There are two mylonitic fronts recognized in this region, which have
been used to support a model of detachment-fault capture of a mid-crust
shear zone (e.g., Singleton and Mosher, 2012; Singleton et al., 2022)
(Fig. 7G). One mylonitic front is inferred within the Buckskin
detachment-fault footwall between the Buckskin Mountains and the
undeformed Bouse Hills to the southwest (e.g., Singleton and Mosher,
2012) (Fig. 6E), whereas a second is in the Plomosa detachment footwall
in the Plomosa Mountains (Strickland et al., 2018). Both mylonitic fronts
dip away from the northeast dip of the detachment faults (Fig. 7G).
These structural geometries are consistent with scenario e and possibly
scenario g in Fig. 4.

3.7. Catalina MCC

The Catalina MCC northeast of Tucson, Arizona (Fig. 5) involves an
Oligocene-Miocene low-angle detachment fault that exhumed lower-
plate igneous and metamorphic rocks from ~10 km depth beneath
Paleozoic sedimentary and metasedimentary upper-plate rocks (Fig. 6F)
(Keith et al., 1980; Davis, 1987; Dickinson, 1991; Dickinson et al., 2002;
Spencer et al., 2019). The lower-plate of the Catalina MCC consists of
Proterozoic schists, metasedimentary rocks, and granites which were
intruded by Late Cretaceous-Early Paleogene granitoids associated with
the flattened Farallon slab during the Laramide orogeny (e.g., Fornash
et al., 2013; Davis et al., 2023).

Shear fabrics across the Catalina MCC are highly variable. Along the
western flank of the Santa Catalina and Rincon Mountains, foliations dip
southwest with down-dip lineations (Figs. 6F and 11A). Mylonitic shear
zones are strongly developed with top-southwest asymmetric shear
sense, such as observed at the classic Babad Go’ad (Fig. 11A) and Tanque
Verde Falls localities (e.g., Davis et al., 2019). These ductile shear fabrics
are cut by brittle detachment fault structures, which is well displayed
within the Tanque Verde Falls canyon (Fig. 11C) (e.g., Davis, 2013).
Here, there is a cataclastic overprint with chloritic retrogression
(Fig. 11C). The observation that the brittle faults parallel the mylonitic
fabrics suggests that mylonitic shear fabrics were favorably reactivated
as a brittle fault (Davis, 2013). The Catalina detachment mostly encir-
cles the lower plate (e.g., Davis et al., 2019) (Fig. 6F).

At some locations in the Santa Catalina Mountains at higher eleva-
tions but structurally lower positions, primarily flattening fabrics with
only minor top-southwest asymmetry are observed (Fig. 11B). When
compared with the southwestern flanks of the mountains, the foliation
and plunge direction transition to northeast dipping and trending,
respectively, near the central part of the range. In one section, shear-
sense changes to top-north-northeast. This structure is called the
Molino Basin shear zone (e.g., Spencer and Constenius, 2020; Spencer
etal., 2022) (Figs. 6F, 7H and 11C), which has variably been interpreted
as a conjugate or antithetic shear zone (Reynolds and Lister, 1990) or as
a structure to accommodate upward footwall flow (Spencer et al., 2022).
Bykerk-Kauffman and Janecke (1987) interpreted top-east Laramide-
aged fabrics (ca. 70-50 Ma) in the core of the Santa Catalina Mountains.
The opposing shear senses across the Catalina Mountains is consistent
with scenario j in Fig. 4, although depending on how one reconstructs
the timing and structural relationships between these various shear
zones, they may reflect scenarios c or e. Differentiating these scenarios
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requires systematic evaluation of the interaction between these shear
zones.

4. Timing of magmatism, deformation, cooling, and
sedimentation within the MCC systems

4.1. Types of constraints

The dating of MCC deformation can be complicated by a complex
history of polyphase deformation and magmatism. As will be outlined in
Section 4.3, most MCCs experienced nearly overlapping plutonism and
deformation (e.g., Gans et al., 1989; Armstrong and Ward, 1991), which
makes relationships between in situ conductive cooling and exhumation
equivocal. For the most part, it is well understood that most MCCs
experienced prograde Jurassic-Cretaceous (—early Cenozoic) meta-
morphism, followed by Cenozoic retrograde P-T paths. However, there is
still much uncertainty in the timing of the different components of the
MCCs, and here we provide an updated overview of available timing
constraints.

To disentangle this history, we separately synthesize the following
data types:

(1) Late Cretaceous to early Cenozoic peraluminous plutonism, ex-
posures of which spatially overlap the Cordilleran MCCs (e.g.,
Miller and Bradfish, 1980; Chapman et al., 2021);

(2) The broad phase of post-Laramide Cenozoic volcanic and coupled
plutonic records, which tend to be pre—/syn-kinematic with
respect to MCC development;

(3) Cross-cutting structural and igneous relationships;

(4) Muscovite and biotite “°Ar/3°Ar ages that tracks cooling through
~400 °C to 300 °C, which thus records cooling below the tem-
peratures of quartz crystal-plastic deformation and provides es-
timates for the late stages of mylonitic shearing;

(5) Low-temperature thermochronology data (<260 °C), mostly from
exhumed footwall blocks, that track exhumation through the
upper crust; and

(6) The facies, structural attitudes, and ages of adjacent terrestrial
basins.

Within this synthesis, we construct thermal history models (QTQt;
Gallagher, 2012) for several of the well constrained MCCs. The goal of
these models is to allow quantitative comparisons between MCCs along
strike as they cool from mid-crust conditions (~500 °C) to the surface.

4.2. Late Cretaceous to early Cenozoic peraluminous plutonism

As summarized in Miller and Bradfish (1980) and more recently in
Chapman et al. (2021), there is a belt of peraluminous two-mica granites
that stretches from Canada to Mexico, overlapping the belt of Cordil-
leran MCCs. Many of these peraluminous granites are exposed in the
footwall rocks of MCCs as deformed sills, dikes, and stocks (e.g., Lee
et al., 2003; Chapman et al., 2023). Ages of the granites span 92 to 42
Ma, with a general trend of younging toward the north and south
(Fig. 12A). Specifically, the oldest two-mica granites are found in the
REHR and Snake Range (i.e., 92-68 Ma; Lee et al., 2003; Howard et al.,
2011; Hallett and Spear, 2014, 2015; Evans et al., 2015; Lee et al., 2017;
Snoke et al., 2024). Ages broadly young to the north, such as 83-46 Ma
granites documented in the Bitterroot-Anaconda MCCs (e.g., Foster
et al., 2001, 2010; Foster and Raza, 2002; Gaschnig et al., 2010, 2011)
and 57-46 Ma granites found in the Catalina MCC (e.g., Fornash et al.,
2013; Fayon et al., 2000; Ducea et al., 2020) (Fig. 12A). The driver of
such widespread partial melting is not clear, and likely reflects com-
bined influence of crustal thickening, increased mantle heatflux, and a
hydrated mantle lithosphere following flat-slab subduction (e.g.,
Houseman et al., 1981; Thompson and Connolly, 1995; Jodicke et al.,
2006; Chapman et al., 2021; Segee-Wright et al., 2023). For a more
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Fig. 12. NAVDAT geochemical data plotted from the North American Cordillera. (A) Plot of age versus latitude for data showing the inward sweep of Farallon slab-
rollback volcanism. Only ages <50 Ma were plotted. Red symbols plot potassic rocks. The oldest quartile was calculated for 1° latitude bins (green symbols), which
show the overall trends of initial volcanism. Also plotted is the peraluminous granite belt after Chapman et al. (2021). (B) Plot of estimated crustal thickness versus
latitude at the time of initial rollback volcanism (only upper quartile data from A), using different trace-element proxies (Sundell et al., 2021). The data broadly
shows a similar average crustal thickness of 45-50 km along the north-south strike length of the Cordillera. (C) Plot of age versus west-east distance highlight the
eastward and west sweeps in volcanism associated with the flattening and steepening of the Farallon slab. Black points are data >50 Ma projected onto a west-east
profile, red points are data <50 Ma in the northern latitudes of the study area projected onto a NE-oriented profile, and green points are data <50 Ma in the southern
latitudes projected onto an ENE-oriented profile (see Fig. 5 for profiles). The data <50 Ma was variably projected onto these two profiles due to interpreted dif-
ferences in how the Farallon slab rolled back (e.g., Humphreys, 1995). (D) Plot showing the more adakitic character of the >50 Ma volcanic rocks compared to the
<50 Ma volcanic rocks. Plot from Defant and Drummond (1990). (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

complete discussion of this peraluminous belt, we refer the reader to
Chapman et al. (2021).

4.3. Pre- and post-Laramide Cenozoic magmatic sweep

Starting ca. 80 Ma, the east-dipping Farallon slab began to flatten,
effectively shutting off magmatism along the western margin of North
America (e.g., Liu and Currie, 2016; Copeland et al., 2017). This flat-
tening is hypothesized to drive deformation far east into the North
American interior as part of the Laramide orogeny (e.g., Bird, 1988;
Yonkee and Weil, 2015). Subsequent rollback or slab foundering led to
widespread volcanic activity across the western Cordillera. There are
obvious age trends with this volcanism that have been used to interpret
slab rollback and potential slab tears (e.g., Armstrong and Ward, 1991;
Humphreys, 1995; Copeland et al., 2017). In the north, magmatism
youngs to the southwest from Idaho latitudes toward southern Nevada,
whereas in the south, magmatism youngs to the west-northwest from
Sonora to southern Nevada-northern Arizona (Fig. 2B). Rollback mag-
matism is not obviously associated with regional extension in the
backarc as might be expected (e.g., Xu et al., 2021), which is evidenced
by Eocene-Oligocene tuffs and lake deposits across Nevada that were not
deformed prior to the Miocene (e.g., Smith et al., 2017; Lundstern et al.,
2024). In particular, the widespread occurrence of relatively thin Eocene
basins across the Cordillera hinterland has been interpreted in the
context of dynamic subsidence following slab rollback (Cassel et al.,
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2018) and/or slab eclogitization and foundering (Li, 2015).

Age and geochemical trends for Mesozoic-Cenozoic magmatism can
be compared against the MCC history and precursor tectonics events,
such as slab shallowing and rollback. We compiled Mesozoic-Cenozoic
igneous data from the NAVDAT database (navdat.org), supplemented
with additional data from Arizona from Jepson et al. (2022). Laramide
slab flattening is interpreted to have proceeded from west to east,
whereas rollback appears to have propagated SW in the north, and WNW
in the south, possibly associated with complex slab detachment, tearing,
and rollback (e.g., Humphreys, 1995). Therefore, we projected the >50
Ma NAVDAT data onto a west-east profile (black points on Fig. 12C),
whereas the <50 Ma data was split: the northern data was projected
onto a NE-oriented profile (red points on Fig. 12C) and the southern data
was projected on an ESE-oriented profile (green points on Fig. 12C).
These variably oriented profiles are shown in Fig. 5. This plot shows the
pronounced Late Cretaceous eastward/inboard sweep of magmatism
during the flattening of the Farallon slab and cessation of magmatism
around the Sierra Nevada longitudes, followed by the early Cenozoic
westward sweep that accommodated slab rollback and/or foundering (e.
g., Gans et al., 1989; Armstrong and Ward, 1991; Humphreys, 1995;
Copeland et al., 2017) (Fig. 12C). The Laramide-aged inboard sweep
generated igneous rocks with a more adakitic character (elevated [La/
Yb]y relative to Yby; e.g., Defant and Drummond, 1990) than those
generated during the westward/outboard sweep (Fig. 12D). Adakites are
generally thought to reflect melting of a garnet-bearing thickened lower
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crust or even oceanic lithosphere (e.g., Defant and Drummond, 1990;
Moyen, 2009). This may suggest that high-pressure, deep melting was
common during the shallowing phase Farallon subduction as the hy-
drated oceanic slab interacted with the thickened Cordillera continental
lithosphere. Similar patterns have been observed for the flat-slab sub-
duction process in the western Pacific across eastern Asia (e.g., F. Wu
et al., 2019; J. Wu et al., 2022).

A plot of mid-late Cenozoic igneous ages versus latitude shows the
broad patterns of silicious Farallon slab rollback associated magmatism.
Ages north of latitude 36°N show a southward younging trend of initial
magmatism from ca. 45 Ma in the north to ca. 20 Ma in the south
(Fig. 12A). Ages south of latitude 36°N show the opposite: northward
younging trend of initial magmatism from ca. 35 Ma in the south to ca.
15 Ma in the north. Potassic rocks (K20/NagO > 3) overlap this initial
sweep, consistent with high-temperature melting of an enriched mantle
source (e.g., Manley et al., 2000).

To quantitatively isolate the magmatism associated with slab roll-
back, which may have been related with the generation of MCCs (e.g.,
Gans et al., 1989), we calculated the oldest 75 + 20 % range of Cenozoic
magmatism at binned-latitudes of 1° with 0.25°overlap. The justifica-
tion of this approach is that we aimed to capture the initial phase of
magmatism associated with rollback. We first removed volcanism
associated with the Yellowstone hotspot track (Fig. 12A), which
contributed a large amount of Miocene datapoints that skewed the
percentile calculation. If there is a spread of ages throughout the
Cenozoic, our approach isolates the phase associated with rollback. In 1°
latitude bins with little data, our approach still captures the earliest
phase of rollback magmatism. Visually, this approach satisfactorily de-
marcates the pulse of magmatism associated with rollback magmatism
(Fig. 12A) (e.g., Coney and Reynolds, 1977; Copeland et al., 2017).
Through this method we estimate that northern magmatism youngs
southward at a rate of ~18 km/Myr, whereas the southern magmatism
youngs northward at a rate of ~28 km/Myr (Fig. 12A).

We employed whole-rock geochemical “Mohometry” methods (Luffi
and Ducea, 2022), which is based on the idea that crustal thickness may
correlate with certain trace-element parameters, using the calibration of
Sundell et al. (2021) to estimate the crustal thickness across the
Cordillera at the time of the roll-back magmatism. Data was filtered to
include only space-time points consistent with rollback magmatism to
isolate conditions at a fixed part of the tectonic history, and intermediate
geochemical conditions outlined in Profeta et al. (2015) and Luffi and
Ducea (2022) (i.e., 55-68 % SiO2, 0-4 % MgO, and 0.05-0.2 % Rb/Sr).
We plotted Sr/Y, (La/Yb)y, and coupled Sr/Y-(La/Yb)y crustal thickness
estimates using the calibration of Sundell et al. (2021). The data broadly
overlap over the 40-60 km thickness range for all latitudes. A moving
average for the coupled Sr/Y-(La/Yb)y crustal thickness data results
show a broadly flat signal where the pre-Miocene crustal thickness was
~45-50 km thick across the north-south length of Cordillera (Fig. 12B).
In detail, the north and central regions have an average thickness of
~50 km, whereas the southern region has an average thickness of ~45
km.

In summary, compiled geochemical data tracks Farallon slab shal-
lowing and rollback from ca. 80 to 20 Ma. The initial shallowing phase
has a more adakitic character (higher La/Yb ratios) than the rollback
phase, which may reflect enhanced subduction erosion and mantle flow
to drive higher pressure melting during slab shallowing. The magmatism
data shows the early Cenozoic rollback phase of magmatism that pre-
ceded MCC development. Quantitative crustal thickness estimates show
moderate thickness across the Cordillera (~50 km) at the time of
rollback.

4.4. Thermochronology and cross-cutting relationships
Medium-temperature “°Ar/3°Ar thermochronology of primarily

muscovite and biotite tracks cooling through mid-crust conditions
(600-250 °C). The closure temperature of Ar diffusion in muscovite is
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~400 °C (Harrison et al., 2009) and in biotite is ~300 °C (Harrison et al.,
1985). Therefore, these muscovite and biotite 4Oar/®Ar dates may
provide a proxy for the most recent stages of mylonitic shearing as the
temperature range of these systems brackets the lower range of quartz
plasticity (e.g., Sibson, 1977; Stipp et al., 2002). Once the rocks cooled
below biotite closure temperatures (~300 °C), the rocks would pre-
sumably deform via brittle/friction mechanisms. Many of the MCC
mylonites formed at temperatures exceeding 300-400 °C (e.g., Behr and
Platt, 2011; Gottardi et al., 2020; Levy et al., 2023), and therefore
40Ar/3%Ar mica ages track when the MCC rocks cooled below mylonite-
generating temperatures.

Low-temperature thermochronology (<250 °C) tracks cooling and
exhumation of the upper crust, which can be interpreted to track
exhumation associated with brittle faulting or other surface processes.
Compiled analyses are zircon fission track (ZFT), zircon (U-Th)/He
(ZHe), apatite fission track (AFT), and apatite (U-Th)/He (AHe), which
have respective closure temperatures of 210-270 °C (Zaun and Wagner,
1985; Hurford, 1986; Brandon et al., 1998; Bernet and Garver, 2005),
180-200 °C (Reiners et al., 2002, 2004; Wolfe and Stockli, 2010),
60-120 °C (Ketcham et al., 2007), and 55-75 °C (Wolf et al., 1996;
Farley, 2000; Flowers et al., 2009). Based on typical geothermal gradi-
ents (~20-40 °C/km; Luszczak et al., 2017), these analyses track cool-
ing through the upper ~10 km of the crust.

4.4.1. Bitterroot and Anaconda MCCs

Mylonitic shearing in the Bitterroot MCC deforms ca. 53-52 Ma
granite, and *“°Ar/*°Ar and U-Pb dating suggest that most of the defor-
mation occurred between 50 and 45 Ma (Foster and Mark Fanning,
1997; Foster and Raza, 2002), consistent with P-T-t studies that suggest
cooling of the mylonite zone to <300 °C from ca. 50 to 40 Ma (e.g.,
Garmezy, 1983; LaTour and Barnett, 1987; Hyndman and Myers, 1988;
Doughty and Sheriff, 1992; House and Hodges, 1994; Foster and Mark
Fanning, 1997; Foster et al., 2001). AFT and ZFT traverses across the
Bitterroot MCC show temporally and spatially variable cooling. The
western part of the Bitterroot Mountains cooled below ~200 °C by ca.
45 Ma, whereas the eastern part experienced later cooling ca. 35-25 Ma
(Foster and Raza, 2002). Vertical traverses from this same study show
rapid cooling ca. 35-30 Ma (Foster and Raza, 2002).

The hanging wall of the Anaconda MCC involves the 54-58 Ma
Lowland Creek volcanics, and the pre—/syn-kinematic 53-45 Ma
Challis-Kamloops alkalic intrusions were involved in mylonitic shear
zone (e.g., Foster et al., 2010; Howlett et al., 2021). Eocene “OAr/3Ar
muscovite and biotite dates further support MCC shearing and exhu-
mation at this time (Foster et al., 2010). Low-temperature thermo-
chronology data is sparser. ZHe ages broadly span 40 to 25 Ma (Howlett
et al., 2021). Foster et al. (2010) presented AFT dates, with one sample
yielding a ca. 44 Ma age and four samples spatially closer to the
detachment fault spanning ca. 27-25 Ma.

4.4.2. Pioneer MCC

In the Pioneer MCC, hornblende and mica *°Ar/>°Ar dates track 45 to
35 Ma cooling (Silverberg, 1990; Vogl et al., 2012) after the intrusion of
the ductilely sheared ca. 49 Ma Pioneer Intrusive Suite. The mylonitic
shear zone deforms a ca. 47 Ma dike and is cross-cut by an undeformed-
to-minimally deformed ca. 46 Ma dike suggesting that strain may have
slowed or ceased by this time (Vogl et al., 2012). However, 4Oar/Ar
dates suggest mid-crust cooling continued until ca. 35 Ma (Fig. 5).

An AHe traverse across the Pioneer MCC yields 11-8 Ma ages that
correlate with elevation (Vogl et al., 2014). This data suggests rapid
cooling from ca. 11 Ma to 8 Ma. West of the Pioneer MCC, Fayon et al.
(2017) conducted a systematic ZHe study across the Idaho batholith.
This study obtained numerous Late Cretaceous to early-mid Cenozoic
ages, which were mostly interpreted to have resulted from conductive
cooling of the Late Cretaceous Idaho batholith with possible Eocene
Challis reheating and minimal exhumation. Anomalously young 30-20
Ma ZHe ages in the Sawtooth Mountains may reflect a phase of focused
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exhumation and possible normal faulting (Fayon et al., 2017).

4.4.3. Albion-Raft River-Grouse Creek MCC

The ARG MCC experienced a complex, spatially varying thermal
history. The top-west Middle Mountain shear zone (Fig. 6B) in the
western ARG has previously been interpreted to accommodate exten-
sional shearing in the Middle-Late Eocene based on 40Ar/39Ar dates (e.

Albion-Raft River-Grouse Creek Ruby Mountains-East Humboldt Range .
- 0 -
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g., Wells et al., 2000; Wells, 2001). However, others have suggested that
peak metamorphism and ductile shearing was associated with the
intrusion of ca. 32-25 Ma plutons (Egger et al., 2003; Strickland et al.,
2011). The country rock surrounding the Oligocene plutons shows
extreme attenuation and high-grade metamorphism that may be related
to the emplacement of the plutons, or could instead reflect exhumation
of the coupled ARG MCC system (Todd, 1980; Egger et al., 2003;
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Fig. 13. Compilation of low-temperature thermochronology traverses across select hinterland metamorphic core complexes and stratigraphic columns of Miocene
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Fig. 14. Cross-cutting time relationships from the East Humboldt Range. (A) The mylonitic shear zone is cut by undeformed subvertical basalt dikes (B), which were
dated to ca. 17.3 Ma. The same basalt dikes are cut by the detachment fault, as viewed in (C) geologic mapping from the southwestern East Humboldt Range (Snoke,
1980; Zuza et al., 2021) (Map units in E). (D) Field photograph of the poorly exposed basalt outcrop that intrudes the mylonitic lower plate and is cut by the overlying
detachment fault. A sample from this outcrop was dated at ca. 16.9 Ma via matrix “°Ar/3°Ar dating (Zuza et al., 2022b; Zuza and Dee, 2023). (E) Geologic units in the
map in C.
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(E) Geologic Units
QUATERNARY DEPOSITS

Colluvium (Holocene)

Qls Landslide deposits (Holocene to Pleistocene)

TERTIARY SEDIMENTARY ROCKS
Tertiary sedimentary rocks, undivided (Pliocene to Miocene)

CENOZOIC AND CRETACEOUS IGNEOUS ROCKS

Aphyric basaltic dikes (middle Miocene)

Trfp Finely porphyritic rhyolite [Jarbidge-type] (Miocene)

- Granodiorite (middle Eocene)

Tgo Granitic orthogneiss (middle Eocene)

Fig. 14.

Strickland et al., 2011). As an example, high-strain fabrics are spatially
associated with the ca. 28 Ma Vipont pluton, and monazite from meta-
morphic rocks and boudinaged pegmatite yield Th-Pb ages spanning 32
to 27 Ma (Strickland et al., 2011) (Fig. 6B). The top-east Raft River
mylonitic shear zone (Fig. 6B) has been interpreted to have been active
in the Late Oligocene-early Miocene based on *“’Ar/3°Ar muscovite and
biotite dates (e.g., Wells, 1997, 2001; Wells et al., 2000; Gottardi et al.,
2015).

There are AFT traverses across the three primary mountain ranges in
the ARG. Wells et al. (2000) analyzed samples from the Raft River
Mountains and Egger et al. (2003) provided AFT dates from the Grouse
Creek and Albion Mountains. All AFT dates are Miocene, and a promi-
nent cluster of ca. 13.4 Ma ages near the range fronts of all the datasets
suggests the initiation of significant exhumation at this time (Fig. 13).

4.4.4. Ruby Mountains-East Humboldt Range MCC

Late Cretaceous-Eocene hornblende “°Ar/3°Ar dates across the REHR
track high-temperature cooling during pulses of Late Cretaceous per-
aluminous plutonism and juvenile Eocene quartz diorite intrusion (e.g.,
McGrew and Snee, 1994; Zuza et al., 2022b). Oligocene (ca. 31-29 Ma)
monzogranite intrusions are deformed by the mylonitic shear zone in the
REHR, but at structurally deeper positions remain undeformed, thus
demonstrating the syn-kinematic nature of these intrusions (Zuza et al.,
2022b). Alternatively, Cooper et al. (2017) interpreted that the unde-
formed Oligocene granites crosscut older fabrics in the core of the MCC,
but get deformed by younger mylonites at structurally higher levels. Of
note, MacCready et al. (1997) documented north-trending lineations in
Oligocene granites found in the infrastructure core of the Ruby Moun-
tains. Because of the general observation that north-trending lineations
are overprinted by WNW-trending lineations associated with the pri-
mary mylonitic shear zone of the MCC (e.g., MacCready et al., 1997;
Snoke et al., 2024), these observations together suggest ductile defor-
mation and deep flow in the infrastructure was occurring during the
Oligocene. This provides a constraint on the age of structurally deep
fabrics, which likely involved Late Cretaceous and Eocene-Oligocene
deformation.

Subsequent cooling is tracked by 25-23 Ma biotite and muscovite
4OAr/3°Ar and ZFT dates (Wright and Snoke, 1993). The mylonitic shear
zone is crosscut by ca. 17 Ma undeformed, subvertical basalt dikes with
chilled margins that require the shear zone to be cold and inactive by the
middle Miocene (Figs. 14A,B; Snoke, 1980; Zuza et al., 2021, Zuza et al.,
2022b). The same basalt dikes are cut by the detachment faults, sug-
gesting post-17 Ma detachment-fault slip (Figs. 14C,D). The contempo-
raneous basin history around the REHR is discussed in the next section,
but a ~ 3-km thick package of middle Miocene sedimentary and vol-
canic rocks consisting of ca. 15.3 Ma rhyolite lava observed in the
northeast East Humboldt Range is in the hanging wall of the detachment
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Guilmette Formation (Devonian)
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(Cambrian to Neoproterozoic) and McCoy Creek Group (Neoproterozoic)

(continued).
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fault, which suggests slip continued after ca. 15.3 Ma. Haines and van
der Pluijm (2010) presented “°Ar/3°Ar fault-gouge ages from the Ruby
Mountain-East Humboldt Range detachment fault exposed on the
southern flank of the East Humboldt Range, which suggest detachment
slip activity at 13-11 Ma.

The most comprehensive low-temperature thermochronology tra-
verse from the REHR comes from the central Ruby Mountains. Colgan
et al. (2010) provided AFT and AHe analyses from across the Eocene
Harrison Pass pluton (Fig. 9A), which yielded almost exclusively
Miocene dates (Fig. 13). Most ages were ca. 16-17 Ma over the sampled
paleo-pre-extensional depth range (~5-11 km paleodepths according to
Colgan et al., 2010), and are interpreted as range exhumation and
normal faulting initiating ca. 17 Ma in the Ruby Mountains.

4.4.5. Northern Snake Range MCC

In the Snake Range, cross-cutting deformed and undeformed rhyolite
dikes bracket mylonitic shearing between ca. 37.8 and 22.5 Ma (Lee
et al., 2017). This history is consistent with mostly ca. 25 Ma biotite and
muscovite “°Ar/3°Ar ages (Lee and Sutter, 1991; Gébelin et al., 2011,
2015). No igneous rocks cut the detachment fault, but Miocene sedi-
mentary and volcanic rocks in the hanging wall have maximum depo-
sitional ages (MDAs) younger than ca. 20 Ma, which implies detachment
slip after ca. 20 Ma.

Miller et al. (1999) provided AFT dates from across the northern and
southern Snake Range. Most AFT dates are Miocene, and the over-
whelming majority of ages were ca. 17 Ma, which was interpreted to
suggest exhumation of the MCC edifice and Basin and Range normal
faulting initiated at this time (Fig. 13). The small group of older Eocene-
Oligocene AFT ages were obtained from structurally shallower positions
and were thus interpreted to reflect the exhumation of a partial
annealing zone (Miller et al., 1999).

4.4.6. Colorado River Extensional Corridor

South of Las Vegas in the Eldorado Mountains, there is a northward
younging trend of magmatism and extension from ca. 17 Ma to 15 Ma
tracked by tilt-fanned volcanic rocks, paleomagnetic data, tilted dikes,
and thermochronology (Gans and Bohrson, 1998; Faulds et al., 2001,
2002; Zuza et al., 2019; Zuza et al., 2022a). Zuza et al. (2022a) pre-
sented three ZHe traverses across Miocene plutons, which yielded
middle Miocene ages (ca. 12 to 16 Ma), consistent with rapid exhuma-
tion at ca. 16 Ma, shortly after plutonism (Zuza et al., 2019). Just to the
southwest, Mahan et al. (2009) provided AHe dates from the southern
McCullough Range that shows mostly middle Miocene ages, with
structurally highest samples yielding early-middle Cenozoic dates
(Fig. 15). A prominent break-in-slope on age versus paleo-depth plots
suggests the initiation of tectonic exhumation at ca. 16 Ma (Fig. 15).

To the south, in the Chemehuevi Mountains, much of the lower plate
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has been interpreted to consist of Late Cretaceous-Paleogene shear
fabrics (John and Mukasa, 1990) that were reactivated by local Miocene
detachment faults and associated shear fabrics. Recent U-Pb dating of
deformed apatite suggests the presence of discrete Late Cretaceous-
Paleogene and Miocene shear zones (Lee et al., 2024; Sihpol et al.,
2024), but more systematic petrochronology is required. Biotite
40Ar/3°Ar dates from the Chemhuevi MCC display ages spanning ca. 22
to 17 Ma, with a younging trend toward the northeast (Foster et al.,
1990; John and Foster, 1993; Foster and John, 1999). AHe and AFT
results from the Chemehuevi Mountains and adjacent Northern Sacra-
mento Mountains yield a swath of 20-15 Ma ages across a range of
structural positions, which broadly overlap the biotite “°Ar/*°Ar dates
(Fig. 15) (Pease et al., 1999; Carter et al., 2006). These results suggest
rapid exhumation at this time accommodated via detachment-fault slip.
The detachment faults were crosscut by undeformed 11.6 Ma dikes
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(John, 1987).

In the Whipple Mountains, Gans and Gentry (2016) conducted U-Pb
and “°Ar/3°Ar dating to bracket the timing of mylonitic shear versus
brittle fault slip. Specifically, a mylonitized dacite dike with a ca. 20 Ma
U-Pb zircon age and undeformed ca. 18.8 Ma dikes bracket shearing to
have commenced before or by ca. 20 Ma and ceased by ca. 19 Ma. These
absolute cross-cutting constraints are consistent with ca. 20-18 Ma
biotite “°Ar/?°Ar dates from the footwall rocks (Foster and John, 1999).
Tilt fanning of 19.0-18.5 Ma volcanic and interlayered sedimentary
rocks suggests rapid rotation and fault slip at this time (Gans and Gentry,
2016). Coupled ZHe and AHe analyses from the Whipple Mountains
show a pronounced initiation of rapid cooling at ca. 21.5 Ma (Stockli
et al., 2006). This timing overlaps with the widespread intrusion of the
Chambers Well dike swarm (Gans and Gentry, 2016).

The coupled Buckskin-Rawhide and Harquahalah MCCs yield a range
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of biotite “°Ar/3°Ar ages spanning 26-16 Ma (Richard et al., 1990; Scott
et al., 1998). In the Buckskin-Rawhide MCC, the ca. 22-21 Ma Swansea
Plutonic Suite is ductilely deformed, thus requiring deformation after its
emplacement (Bryant and Wooden, 2008; Singleton and Mosher, 2012).
Singleton et al. (2014) provided an AHe and ZHe traverse across the
footwall rocks of the Buckskin-Rawhide system. Almost all dates were
early-middle Miocene, except several of the structurally highest samples
that yielded Late Cretaceous and early Cenozoic ages. These data are
interpreted to suggest that detachment faulting and associated exhu-
mation initiated in the early Miocene (ca. 20.5 Ma) (Singleton et al.,
2014) (Fig. 15). A nearby traverse across the Harquala MCC footwall
yielded similar results (Prior et al., 2016). Most ZHe and AHe dates were
early-middle Miocene, except the structurally highest samples that
yielded early-middle Cenozoic ages (Fig. 15). An interpreted break-in-
slope in plots of age versus structural position is interpreted to reflect
the initiation of detachment slip and exhumation at ca. 21 Ma.
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4.4.7. Catalina MCC

The Catalina MCC preserves extensive peraluminous melts with
igneous and metamorphic zircon U-Pb ages ranging from 57 to 45 Ma
(Terrien, 2012; Fornash et al., 2013). There are distinct structural fabrics
that are interpreted to have formed in the late Cretaceous-early Ceno-
zoic during Laramide-age (ca. 70-50 Ma) deformation or forceful pluton
emplacement (e.g., Bykerk-Kauffman and Janecke, 1987; Ducea et al.,
2020). Some east-trending, east-directed shear fabrics along the eastern
flank of the Catalina and Rincon mountains may represent Late
Cretaceous-Early Paleogene deformation during the Laramide (e.g.,
Drewes, 1974; Thorman and Drewes, 1981; Bykerk-Kauffman and
Janecke, 1987). An example of this older fabric is observed in Happy
Valley, east of the Rincon Mountains, where deformed rocks, including
severely flattened conglomerate clasts, with an E-NE-trending lineation
are intruded by the undeformed ca. 28-27 Ma Happy Valley Granodi-
orite (Fig. 11D) (e.g., Spencer et al., 2011).

Muscovite-plagioclase Rb-Sr isochron ages of ca. 34 Ma from
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peraluminous granite samples in the Catalina MCC record cooling
through 450-400 °C based on estimates for the closure-temperature of
the Rb-Sr system in muscovite (e.g., Ducea et al., 2020; Ribeiro et al.,
2023). Apatite U-Pb ages from within the Catalina MCC mylonite zone
yield ages of 27 to 24 Ma (Jepson et al., 2021; Davis et al., 2023), and
biotite and muscovite “°Ar/3?Ar dates record extensive cooling to tem-
peratures below 300 °C between 28 and 23 Ma (Terrien, 2012; Davis
et al., 2023). Cooling covaries spatially with position along the mylonite
and cessation of mylonitization is interpreted at ca. 22 Ma evidenced by
a cross-cutting, undeformed basaltic dike (Davis et al., 2023). Jepson
et al. (2022) conducted ZFT, AFT, ZHe, and AHe analyses from across
the footwall of the Catalina MCC, and multi-sample thermal inversion of
the data suggests that upper crustal exhumation initiated ca. 25 Ma. The
Catalina MCC later transitioned to a phase of high-angle normal fault
associated with the regional Basin and Range extension (e.g., Dickinson,
1991). High-angle normal faults dissect the mylonitic carapace and
cause extensive exhumation with possible renewed slip along the
detachment (Fayon et al., 2000; Scoggin et al., 2021).

4.4.8. Summary of thermochronology data

The above compilation of medium- and low-temperature thermo-
chronology can be used to interpret different parts of the MCC evolution.
The *°Ar/*’Ar dates track mid-crust exhumation and conditions of
mylonitic shearing. A caveat is that mid-crust magmatism could
potentially reset or complicate such ages. However, where applicable,
40Ar/%°Ar dates overlap other cross-cutting relationship, providing
confidence in their ability to track MCC exhumation (Fig. 5). The
compilation reveals distinct trends in the “?Ar/3°Ar ages that could be
interpreted in two ways. The first interpretation is that there may be
three distinct latitudinal domains of exhumation: (1) the MCCs north of
the Snake River plain cooled in the Eocene (ca. 40-45 Ma), (2) the
northern hinterland MCCs south of the Snake River plain cooled in the
late Oligocene (ca. 25 Ma), and (3) the southern foreland MCCs cooled in
early Miocene (ca. 20 Ma) (Fig. 5). Alternatively, the “°Ar/*°Ar ages may
reflect distinct monotonic trends: (1) the northern hinterland MCCs
show a younging trend broadly from north to south at a rate of ~19 km/
Myr and (2) the southern foreland MCCs show a younging trend to the
northwest at a rate of ~24 km/Myr (Figs. 5 and 16).

The compiled low-temperature thermochronology from the north-
ernmost hinterland MCCs (e.g., the Bitterroot, Anaconda, and Pioneer
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Fig. 16. Summary of timing constraints for the MCCs in the North American
Cordillera as discussed in this synthesis.
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MCCs) shows broad Eocene cooling, a pulse of Oligocene cooling, and a
late ca. 11-8 Ma pulse of cooling. The rest of the hinterland MCCs south
of the Snake River Plain show middle Miocene cooling, with the rapid
cooling at ca. 13.5 Ma starting in the ARG (Egger et al., 2003) and ca. 17
Ma cooling initiation in the REHR (Colgan et al., 2010) and Snake Range
(Miller et al., 1999). In the southern foreland MCCs, low-temperature
thermochronology tracks cooling from the late Oligocene-early
Miocene (ca. 25-20 Ma) around the Catalina MCC (Fayon et al., 2000;
Jepson et al., 2022) to the middle Miocene (ca. 16 Ma) near the
McCullough Range just south of Las Vegas, Nevada (Mahan et al., 2009;
Zuza et al., 2022a). Therefore, these age trends reveal a monotonic
signal of northward younging ages, from ca. 27 Ma at the Catalina MCC
to ca. 13.5-10 Ma at the ARG and Pioneer MCCs in the north (Fig. 16).

4.4.9. Thermal history modeling

To quantitively investigate the thermal histories within a given MCC
system, we constructed thermal history models for some of the indi-
vidual MCCs. Thermal history modeling was performed utilizing pub-
lished ZHe, AHe and AFT single-grain ages, and associated mean-track
length distributions, with Dy, (e.g., Donelick et al., 2005) used as ki-
netic parameters. Here, we used the QTQt software (version 5.8.6) to
model the thermal history of the samples (Gallagher, 2012). The QTQt
software applies a Bayesian trans-dimensional approach to Markov
Chain Monte Carlo statistics (Gallagher, 2012) to produce a cooling
evolution of the sample that predicts the measured data by applying the
AFT annealing model after Ketcham et al. (2007), the AHe diffusion
model after Flowers et al. (2009), and the ZHe diffusion model after
Guenthner et al. (2013). Models were further refined using published
zircon U-Pb data for starting points and Rb-Sr and “°Ar/3°Ar data as T-t
constraints. There is limited T-t data between the high- and
medium-temperature thermochronometers, and thus we urge caution in
interpreting the paths of the higher temperature cooling histories
(700-500 °C). Detailed modeling metadata are available in Supple-
mentary Table 1 and Supplementary Figure 1.

Black boxes in the thermal history models (Fig. 17) show the input
constraints (detailed in Supplemental Table 1). In comparing MCCs, we
investigated when a given system cools below conditions for mylonitic
shearing (e.g., ~550 to 300 °C; green shading in Fig. 17) and when a
system cools to surface conditions (e.g., <60 °C). Thermal history
models were based on spatial proximity to the detachment fault coupled
with the density of thermochronometers applied to a given sample (e.g.,
single sample, multi-method thermochronology). Where necessary
additional cooling constraints were added from proximal samples,
sample selection and summary data are available in Supplementary
Table 1.

The Anaconda MCC shows a broad range of monotonic cooling from
~500 °C to surface conditions in the Eocene-Oligocene (ca. 50 Ma to
40-30 Ma) (Fig. 17A). The ARG MCC shows cooling through mylonite-
generating conditions ca. 30-20 Ma, with a pronounced phase of rapid
cooling to surface conditions ca. 13 Ma (Fig. 17B). For the REHR, we
plotted two separate T-t paths because there were ample data from: (1)
within the mylonitic shear zone with synkinematic Oligocene plutons in
the East Humboldt Range and (2) the ca. 36 Harrison Pass pluton
(Barnes et al., 2001) in the Ruby Mountains that was not mylonitically
sheared and occupied a position above the MCC mylonites (Fig. 9A). In
their structural reconstruction, Colgan et al. (2010) suggest that
analyzed Harrison Pass samples originated from a depth of 6-10 km in
the Eocene. The mylonite T-t path shows thermal holding at mylonitic
conditions through the Oligocene, followed by rapid cooling below
~200 °C starting ca. 24-22 Ma (Fig. 17C). The ca. 36 Ma Harrison Pass
pluton T-t path shows continuous slow cooling after intrusion to
~200 °C by ca. 15 Ma, after which there was enhanced cooling to sur-
face conditions in the middle-late Miocene (Fig. 17C). The Harrison Pass
T-t path could reflect simple conductive cooling after the emplacement
of the Harrison Pass pluton to background temperatures given the
samples originated from ~200 °C, or ~8 km depth assuming a 25 °C/km
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geotherm. Samples were subsequently exhumed to the surface during
mid-Miocene extension (Colgan et al., 2010) (Fig. 17C).

In the northern Snake Range, samples cool monotonically to
550-300 °C at ca. 35-20 Ma followed by a mid-Miocene pulse of cooling
to surface conditions at ca. 17 Ma (Fig. 17D). In the south, Chemehuevi
samples remain isothermal and/or slowly cool in the Eocene-Oligocene
with a pulse of rapid cooling to surface conditions at ca. 25 Ma
(Fig. 17E). However, the resolution on the Chemehuevi system is poorer
relative to other MCCs due to limited high- to mid-temperature geo—/
thermochronometric data.

For the Catalina samples, we plotted two separate T-t paths because
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there were ample data from: (1) within the mylonitic shear zone and (2)
the undeformed-to-moderately foliated Late Cretaceous Leatherwood
granodiorite that was structurally beneath the mylonitic shear zones
(Fornash et al., 2013; Ducea et al., 2020). Both samples cooled to
450-300 °C by ca. 40-35 Ma (Fig. 17F). The Late Cretaceous Leather-
wood granite cooled below 300 °C at ca. 35-30 Ma followed by cooling
to surface conditions by ca. 25 Ma (Fig. 17F). Conversely, the mylonitic
shear zone departed from the Leatherwood T-t path at ca. 30 Ma,
showing later, delayed cooling to surface conditions ca. 20 Ma
(Fig. 17F).

With the exception of the Anaconda MCC, all systems show a
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polyphase cooling history, with cooling to mid-crust temperature con-
ditions, a variable phase of isothermal holding, followed by later cooling
to surface conditions (Fig. 17). This observation is similar to the quali-
tative evaluation of the *°Ar/?Ar ages versus low-temperature ther-
mochronology datasets that suggests decoupled two-phase cooling
(Fig. 16).

In the REHR and Catalina MCC systems, separate QTQt T-t paths
were constructed for the mylonitic shear zones and rocks above (i.e.,
REHR) and below (i.e., Catalina) the mylonitic shear zone that reveal
complex thermal histories (Fig. 17). In the simplest model of
detachment-slip related exhumation of the lower plate rocks, the
structurally higher samples would be expected to cool earlier than the
structurally deeper samples. However, the opposite is observed for both
the REHR and Catalina MCCs, with the mylonitic rocks in the REHR
cooling after Harrison Pass pluton and the Leatherwood granite in the
Catalina MCC cooling before the mylonitic rocks (Fig. 17). The contin-
uous cooling path of the Harrison Path pluton (Fig. 17C) may reflect
conductive cooling after its Eocene intrusion to ambient crustal tem-
peratures before rapid mid-Miocene exhumation. The structurally
deeper REHR mylonites remained at >300 °C until ca. 22 Ma. The
decoupled and delayed cooling of the of the Catalina mylonites relative
to the structurally deeper Leatherwood granite suggests a possible
disconnect between mylonitic shearing and lower-plate exhumation.

4.5. Syn-kinematic basin sedimentation

Following the removal of hanging wall rocks during regional
extension, the generated space may be filled in with syn-kinematic
sediments as part of a supradetachment basin system (e.g., Forshee
and Yin, 1994; Friedmann and Burbank, 1995) (Fig. 1). The syn-
kinematic basin record for each MCC system is described below.

4.5.1. Bitterroot, Anaconda, and Pioneer MCCs

The northern Bitterroot, Anaconda, and Pioneer MCCs are not
associated with major syn-kinematic basin deposits. Eocene to Miocene
deposits of the Renova Formation are distributed across southwest
Montana and eastern Idaho. Although interpretations for these deposits
vary, there is a general consensus that they were deposited in a broad
relatively quiescent setting, either adjacent to broad rift uplifts or as
intermontane basins (e.g., Stroup et al., 2008; Rothfuss et al., 2012;
Schwartz and Graham, 2017; Thoresen et al., 2024). Around the
Anaconda MCC, discontinuous and thin Cenozoic deposits, interbedded
with Eocene volcanic rocks (e.g., Dudas et al., 2010), reach a maximum
reported thickness of ~200 m (O’Neill et al., 2004; O’Neill and Tysdal,
2005). These Cenozoic deposits are thinner and less deformed (e.g.,
tilted) than those adjacent to MCCs in the south.

4.5.2. Albion-Raft River-Grouse Creek MCC

In the ARG, the Miocene Salt Lake Formation of the Cenozoic Raft
River Basin is exposed along the east side of the Albion Mountains and
north side of the Raft River Mountains (Compton, 1972, 1975; Williams
et al., 1974, 1982; Smith, 1982; Covington and Miller, 1983; Pierce
et al., 1983; Wells, 2009). Konstantinou et al. (2012) provided an
updated synthesis and dates from the Salt Lake Formation. The lowest
strata consist of breccias, fanglomerates, and pebble conglomerates were
deposited unconformably over Pennsylvanian-Permian sedimentary
rocks (Fig. 13). The section fines upward with sandstone, conglomerate,
and interlayered tuffs. Metamorphic and plutonic rocks are observed
>700 m from the base of the section. U-Pb zircon ages from the base of
the section, including a dated tuff and MDAs from detrital analysis
tightly constrain the basal age to ca. 13.5 Ma (Konstantinou et al., 2012).
Progressively younger volcanic rocks occur upsection, including an ca.
8.2 Ma rhyolite lava (Fig. 13). This section middle-late Miocene sedi-
mentary package is >3 km thick.
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4.5.3. Ruby Mountains-East Humboldt Range MCC

Cenozoic deposits in northeast Nevada around the REHR region
include the Eocene Elko and Copper, Oligocene(?)-Miocene Clover
Creek, and Miocene Humboldt basins (Henry, 2008; Henry et al., 2012;
McGrew and Snoke, 2015; Smith et al., 2017; Canada et al., 2021; Zuza
et al., 2021). The Eocene basins are generally interpreted as hinterland
lakes or infilled paleovalleys (e.g., Lund Snee et al., 2016; Smith et al.,
2017; Henry, 2018), and the relatively thin nature of the deposits pre-
cludes major extension/faulting at this time (Dubiel et al., 1996; Henry,
2018). The main phase of mylonitic shearing in the REHR occurred in
the late Oligocene (29-22 Ma), and therefore there has been great
attention to documenting a contemporaneous syn-kinematic basin. The
Clover Creek sediments exposed along the northeastern flank of the East
Humboldt Range are the best possible candidate for such syn-kinematic
sediments. The Clover Creeks sequence was deposited over, and parallel
to, Eocene and Oligocene tuffs, and below, and parallel to, the base of
the Miocene Humboldt Formation and interbedded ca. 15.5 Ma rhyolite
(Sharp, 1939; Colgan et al., 2010; Zuza et al., 2021) (Fig. 13). The Clover
Creek sequence consists of conglomerate, sandstones, shales, and a
pronounced megabreccia deposit near its based consist of unmetamor-
phosed Devonian limestones that are interpreted as rock-avalanche de-
posits that formed during initial range exhumation caused by extension
and normal faulting (McGrew and Snoke, 2015). The ages of these de-
posits are bracketed between 28.9 Ma—the age of the underlying Tuff of
Campbell Creek—and 15.6 Ma—the age of an overlying tephra (Zuza
et al., 2021). With these constraints, there is a ~ 700-m thick section
that could possibly be late Oligocene or may simply be middle Miocene.
Recent detrital zircon and sanidine analyses constrain these deposits to
younger than 20.1 Ma (Henry et al., 2023). Henry et al. (2023) suggests
that volcanism of the southwest sweeping Eocene-Miocene ignimbrite
flareup was distal to the Clover Creek Basin between 20 Ma and 16 Ma.
Renewed volcanism did not initiate until the ca. 15.5 Ma Jarbidge
rhyolites were erupted associated with the Yellowstone hotspot
(Brueseke et al., 2014), which would have limited the availability of
detrital zircons or sanidine in 20-16 Ma timeframe. Therefore, we
interpret that the Clover Creek sequence represents the ca. 17 Ma basal
middle Miocene Humboldt Formation based on the parallel, conform-
able nature of the sequence (Fig. 13); however, we acknowledge it may
be as old as ca. 20 Ma.

4.5.4. Northern Snake Range MCC

In the northern Snake Range, the Oligocene-Miocene Sacramento
Pass Basin consists of a basal ca. 30.8 Ma rhyolite tuff, upon which
lacustrine limestone rocks were deposited with interfingering rock-
avalanche deposits (Grier, 1983; Martinez, 1999; Gébelin et al., 2012;
Ruksznis, 2015). These rock-avalanche deposits are interpreted to re-
cord the initiation of significant range exhumation and relief generation,
thus possibly signifying the onset of locale extension. Rhyolite tuffs
within the limestone unit yielded biotite *“°Ar/3°Ar dates of ca. 20 Ma
(Martinez, 1999). This part of the stratigraphy is overlain by >2 km
thick alluvial fan conglomerate that is interpreted to be a syn-kinematic
extensional basin (Fig. 13). Therefore, major regional extension and
fault-related range growth is interpreted to have occurred after ca. 20
Ma.

4.5.5. Colorado River Extensional Corridor

Syn-kinematic basins in the southern MCCs are well developed and
well dated, which is part due to the overlapping timescales of volumi-
nous volcanism, extension, and MCC development. In the CREC, just
south of Las Vegas, there is a >4-km-thick exposure of tilt-fanned
Miocene volcanic rocks that show significant variations in dip
(Fig. 15) (e.g., Faulds et al., 2002). The ca. 18.5 Ma Peach Springs tuff
underlying the tilt-fanned stratigraphy appears to be pre-kinematic, and
a pronounced change in dips starts at ca. 16.5 Ma, which is interpreted
as the age of extension here. Gans and Bohrson (1998) similarly inter-
preted an imitation of tilt fanning at ca. 15 Ma in the Eldorado
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Mountains.

To the south in the Chemehuevi and Whipple Mountains, tilt-fanned
terrestrial deposits with rock-avalanche megabreccia record initial
extension at ca. 19 Ma, just before the deposition of the ca. 18.5 Ma
Peach Springs tuff (Miller and John, 1999; Yin and Dunn, 1992; Dorsey
and Becker, 1995). To the southeast in the Buckskin-Rawhide and Plo-
mosa Mountains, tilted terrestrial deposits up to ~2-km thick with
megabreccia horizons suggest extension initiation ca. 22 Ma (Prior et al.,
2018; Spencer et al., 2018) (Fig. 15).

4.5.6. Catalina MCC

One of the thickest non-marine basin sections in the southern MCCs
is observed in the Tortolita Mountains, just west of the Catalina MCC
(Spencer et al., 2021). This >4-km-thick section was deposited uncon-
formably on Proterozoic schist, and shows changing dips and tilting
fanning from ca. 27 Ma to ca. 20 Ma (Fig. 15) (Peters et al., 2003). The
entire section is in detachment fault contact with the mylonitic shear
zones in the Tortolita Mountains (Spencer et al., 2021).

4.5.7. Basin sedimentation summary

In summary, the MCC regions south of the Snake River Plain show
pronounced syn-kinematic terrestrial basin deposition. These deposits
broadly young northward from Oligocene (ca. 27 Ma) in the Catalina
MCC to middle Miocene (ca. 13.5 Ma) in the ARG. All of these syn-
kinematic deposits exhibit relationships consistent with deposition in
an extensional setting, including tilt-fanning of the deposits, rock-
avalanche deposits in the lower parts of the section suggesting large
relief adjacent to active normal faults, and lacustrine layers suggestive of
deposition in a closed fault-bounded basin. Taken alone, the basin his-
tory synthesis suggests that basin-development associated with regional
extension younged northward from Oligocene initiation at Arizona lat-
itudes to mid-Miocene initiation in the ARG. This younging pattern is
rapid, propagating northward at a rate of ~81 km/Myr (Fig. 5).

The Cenozoic basin history north of the Snake River Plain is less
straightforward to interpret. The Eocene-Oligocene deposits are thin,
minimally tilted, and interpreted to have been deposited in a broad
relatively quiescent setting, either adjacent to broad rift uplifts or as
intermontane basins. Based on comparison with the syn-kinematic ba-
sins located adjacent to MCCs to the south of the Snake River plain, we
interpret that these northern basins do not uniquely reflect an exten-
sional history and were instead deposited in a highland associated with
the Mesozoic-early Cenozoic subduction history. This is because the
northward migration of the Mendocino triple junction and associated
extension has not impacted the northernmost MCCs, consistent with the
spatially varying cooling recorded in the low-temperature thermochro-
nology data discussed above.

4.6. Interpretations of age constraints

Integration of our timing datasets reveals important insights for MCC
development in the Cordillera. The medium-temperature thermochro-
nology datasets track the timing of ductile shearing, as the closure
temperatures of mica “°Ar/3?Ar thermochronology (300-400 °C) over-
laps the deformation temperatures in many of these shear zones (e.g.,
300-500 °C; Behr and Platt, 2011; Gottardi et al., 2020; Levy et al.,
2023). The “°Ar/?°Ar thermochronometer is sensitive to thermal per-
turbations, such that disentangling deformation-related exhumation
versus conductive cooling is not always straightforward. However, we
suggest these “°Ar/3°Ar date trends provide useful constraints on MCC
shear-zone evolution because they bracket the minimum age of ductile
shearing, define broad age trends that suggest minimal mixed-age sig-
nals due to local magmatism, and are consistent with direct cross-cutting
relationships (Fig. 5). Our synthesis reveals broad a broad pattern of
ductile shearing younging in the Eocene to early Miocene toward central
latitudes (~37°N) with migration rates of ~20 km/Myr (Figs. 5 and 16).
The low-temperature thermochronology and basin sedimentation
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datasets from the MCCs can be interpreted to reflect surface-breaking
brittle normal faulting activity. These ages show an overall trend that
youngs very rapidly northward (~81 km/Myr) (Figs. 5 and 16). The ages
of ductile shearing and brittle extension overlap for the southern fore-
land MCCs but are divergent for the central hinterland MCCs (Fig. 16).
There is no correlation between the Late Cretaceous-Paleogene per-
aluminous pluton age trends and the MCC thermochronology ages.
Instead, mid-crust ductile shearing associated with medium-
temperature thermochronology (~300 °C) overlap with post-Farallon
slab rollback volcanism (Fig. 16). Taken together, the correlation be-
tween migrating volcanism and MCC formation across the study area
may imply a causal relationship. Conversely, although upper-plate
extension and MCC formation overlap in the south, the discordance
between these features in the north suggests they may not be uniquely
related (Fig. 16).

Our new thermal history models for several of the MCCs hint at
complex cooling histories for the MCCs (Fig. 17). Most of these models
show thermal holding at brittle-ductile transition depths, rather than
continuous cooling. Only the Anaconda MCC thermal models show
continuous fast cooling below temperatures below 300-200 °C in the
Eocene (Fig. 17). The Anaconda MCC is also the only system of our
thermal history models that did not experience renewed Miocene Basin
and Range extension, consistent with Eocene cooling to near surface
conditions with little subsequent cooling. The other thermal history
models that show isothermal holding at brittle-ductile transition depths
hint at some decoupled phases of mid-crust and upper-crust exhumation
histories, which is consistent with our synthesis of cross-cutting re-
lationships, medium-temperature thermochronology, low-temperature
thermochronology, and basin sedimentation records (Figs. 5 and 16).

5. Working hypothesis for metamorphic core complex formation
5.1. Tests of MCC models

Since the 1980s, the long-held working model for the generation of
MCCs in the North American Cordillera (Fig. 5) is that they accommo-
date large-magnitude crustal extension, either as a coupled system of
brittle normal faults that kinematically link down-dip with ductile shear
zones or via brittle normal faults capturing a kinematically similar sys-
tem of mid-crust shear zones (e.g., Crittenden et al., 1980; Davis, 1988;
Lister and Davis, 1989; Cooper et al., 2017) (Fig. 3A). These prevailing
models predict that regional extension, ductile shearing, brittle normal
faulting, and syn-kinematic basin deposition should be active
synchronously.

In the southern foreland MCC belt, available evidence supports such
kinematic linkages on overlapping spatial and temporal scales (Fig. 16).
Within a given MCC system, mylonitic shearing bracketed by cross-
cutting relationships and “°Ar/3°Ar thermochronology occurred at the
same time as brittle faulting, upper crustal cooling, and syn-kinematic
basin formation (Fig. 16). Several of these MCCs expose a mylonitic
front, which supports a model where brittle detachment faulting cap-
tures a mid-crust ductile shear zone (e.g., Davis, 1988; Singleton and
Mosher, 2012). In most of these MCCs, coeval basin deposits demon-
strate hanging wall removal created an open space above the footwall
that could have resulted in significant isostatic rebound of the footwall
rocks (Wernicke and Axen, 1988).

However, attempts to use this generic model to explain the northern
hinterland MCCs are less successful. Our compilation of the geology and
geochronology relationships from the hinterland MCCs reveals a pro-
nounced decoupling from earlier Paleogene ductile shear fabrics and
later Miocene detachment and high-angle normal faults (Fig. 16).
Importantly, there are no syn-kinematic basins or signals of upper-
crustal exhumation that are coeval with Eocene-Oligocene ductile
shearing, which means that there is no record of major surface-breaking
normal faults and accompanying hanging wall removal to drive isostatic
footwall uplift. The lack of Eocene-Oligocene syn-kinematic basins could
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reflect rapid isostatic rebound or slow erosion-deposition rates that
suppress basin formation and preservation. These basins could have
similarly been uplifted and eroded, leaving no geologic record. How-
ever, we do not think these situations apply. Records of large Eocene
lake basins are preserved, such as the Elko basin in northeast Nevada (e.
g., Haynes, 2003; Smith et al., 2017) or the newly recognized Fallout
Hills basin in southern Nevada (Lundstern et al., 2024). These lacustrine
deposits do not show evidence for significant Eocene or Oligocene
deformation, and thick Miocene syn-kinematic terrestrial deposits that
are exposed across much of northeast Nevada are subparallel to the thin
Eocene-Oligocene deposits (e.g., Lund Snee et al., 2016; Zuza et al.,
2021). The Miocene deposits are cut and tilted by the normal faults as
part of the middle Miocene initiation of Basin and Range extension, and
these deposits temporally overlap with lower-plate exhumation
(Fig. 13). Unusual and unique processes would have had to have
occurred in the Eocene-Oligocene for rapid brittle faulting to leave no
record of syn-kinematic basin or upper-crustal cooling and exhumation.

One could interpret that the “°Ar/3°Ar thermochronology data from
the hinterland MCCs track Eocene-Oligocene footwall cooling and tec-
tonic exhumation related to regional extension, and nearly continuous
deformation caused the footwall rocks to cool through the upper crust
(< 250 °C) later in the Miocene. That is, these thermochronometers
could be tracking continuous, protracted extension. If this is true, this
implies that protracted extension was occurring for over 20-30 Myr,
depending on the particular MCC and interpreted onset of mylonitic
shearing, at relatively slow strain rates (e.g., Wells, 2001; Wang et al.,
2011; Evans et al., 2015; Long et al., 2023). We argue against this
interpretation for three primary reasons: (1) kinematic models of this
process imply substantial structural relief and accommodation space (e.
g., Wells et al., 2000; Wells, 2001; Long et al., 2022, Long et al., 2024)
that should have resulted in syn-kinematic basin deposition synchronous
with ductile shearing, which is not observed despite a well-preserved
record of thin pre-kinematic Eocene deposits and thick syn-kinematic
Miocene deposits; (2) protracted extension and normal-fault slip
would be expected to yield a more continuous record of thermochro-
nology ages due to different slip and variable exhumation, yet we
observe a clear dichotomy of ages across all of the hinterland MCCs
(Fig. 16); and (3) protracted shear-zone activity from the
Eocene-Oligocene to middle Miocene implies fairly slow slip or strain
rates, at odds with calculated exhumation rates from thermochronology
studies (e.g., Wells et al., 2000; Miller et al., 1999; Colgan et al., 2010) or
interpreted strain rates from microstructure-based studies (e.g., Hacker
et al., 1990; Gottardi and Teyssier, 2013; Zuza et al., 2022b; Levy et al.,
2023). The inverse thermal history models for most of the MCCs suggest
a period of isothermal holding, or reduced cooling rates, at mid-crustal
brittle-ductile transition temperatures (Fig. 17).

All the MCCs synthesized in this work show structural relationships
consistent with the brittle normal fault soling into the primary mylonitic
shear zone (Fig. 7). Such a relationship suggests either the direct kine-
matic linkage between brittle and ductile structures or the preferential
brittle reactivation of mylonitic zones as mechanically weak
décollement surfaces during normal faulting. Across the Cordillera,
there are no primary mylonitic shear zones duplicated by normal faults,
except the Buckskin-Rawhide MCC (e.g., Singleton et al., 2014; Fig. 7G),
which confirms that MCCs are not primarily formed via a series of high-
angle normal faults that rotate as dominos or bookshelf fault systems (cf.
Proffett Jr, 1977; Favorito and Seedorff, 2021). The detachment faults
are not always uniquely associated with the mylonitic shear zones, such
as the Ruby Mountains (Fig. 9A) or the mylonitic front examples in the
southern MCCs (Davis, 1988; Singleton and Mosher, 2012) (Figs. 9B and
6E). This is evidence that the mylonitic shear zones are weak
décollements that get exploited and reactivated via brittle normal
faulting.

Some of the MCCs display rather complex structural patterns within
their footwalls. The ARG (Figs. 6B and 7C), REHR (Fig. 9), and northern
Snake Range (Fig. 6C and 7D) expose structural levels both above and
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below the mylonitic shear zone (Fig. 4F) (e.g., Konstantinou et al., 2012,
2013; Colgan et al., 2010; Cooper et al., 2010, 2017). Several MCCs
display shear zones with opposing shear sense (Fig. 4), such as in the
ARG (i.e., hinterland MCC) with the top-west Middle Mountain versus
top-east Raft River shear zones (Fig. 6B) and in the Catalina MCC (i.e.,
foreland MCC) with the top-northeast Molino Basin shear zone versus
the top-southwest shear zones exposed on the southwestern flank of the
Catalina-Rincon Mountains (Figs. 6F and 7H). There are rare top-east
fabrics observed in the eastern part of the REHR, compared to the
dominantly top-west shear fabrics (McGrew and Casey, 1998). Available
timing constraints allow these opposite shear zones to have been active
synchronously, although some studies argue for differing ages (e.g.,
Wells et al., 2000). These examples appear to be similar to scenario j in
Fig. 4. However, these shear zones with opposing senses of shear have
been explained away as conjugate-shear or flow structures that accom-
modated footwall exhumation (e.g., Reynolds and Lister, 1990; Spencer
et al., 2022), simple opposite-vergence extensional shear zones (Wells,
2001), or sub-LDT distributed shear zones (Cooper et al., 2010).

Based on the above logic, the southern foreland MCCs can potentially
be interpreted to have formed via regional extension, but the northern
hinterland MCCs are not readily explained by this process. MCCs farther
north of those considered in this synthesis, such as the Shuswap in
British Columbia, also show lower-plate exhumation and decompression
significantly before the onset of regional extension (Norlander et al.,
2002). Given the broad similarities between the MCCs across the entire
Cordillera and the regional Mesozoic-Cenozoic geologic history (Fig. 2B)
(e.g., Coney, 1980), we favor interpretations that invoke a common
formational mechanism for all of the MCCs across the Cordillera.

5.2. Decoupled ductile shearing vs brittle faulting

The MCC ductile-shear zone age trends (e.g., *’Ar/*°Ar and cross-
cutting relationships) reveal a broad younging pattern toward central
latitudes (~37°N) with migration rates of ~20 km/Myr, which are
similar to the trends of migrating volcanism at rates of 10-20 km/Myr
(Figs. 5 and 16). Conversely, estimates of regional extension show a
rapid northward younging trend (~81 km/Myr), parallel to the north-
ward of the Mendocino triple junction (Figs. 5 and 16). The similar
migration direction and rates between volcanism and MCC generation
supports a potential linkage, whereas regional extension trends are
discordant in direction and rate. These observations suggest that Late
Oligocene-Miocene normal faults that rapidly migrated northward from
Arizona since ca. 30 Ma captured earlier ductile shear fabrics.

Recent studies have emphasized the spatial and temporal link be-
tween Cenozoic magmatism and MCC deformation. In both the ARG and
REHR, Eocene-Oligocene intrusions transition from a more juvenile
source in the Eocene to more evolved granites due to crustal melting in
the Oligocene (Strickland et al., 2011; Konstantinou et al., 2012; Snoke
et al., 2024). The younger Oligocene granites correlate with domains of
mylonitic shearing (e.g., Strickland et al., 2011; Zuza et al., 2022b).
Additionally, Chapman et al. (2024) recently demonstrated the north-
westward migration of magmatism and MCC exhumation across the
southern MCC belt. Slab rollback after the Laramide flat-slab event led to
trends of volcanism across the Cordillera (Fig. 12) (e.g., Copeland et al.,
2017). The increased mantle heatflux beneath the thickened crust of the
Nevadaplano orogenic plateau would have been conducive to wide-
spread partial melting of the crust (e.g., Houseman et al., 1981;
Thompson and Connolly, 1995; Vanderhaeghe, 2009; Kaare-Rasmussen
et al., 2024).

5.3. New working hypotheses for MCC development

Based on the above discussion and synthesis, and our critical eval-
uation of possible tectonic models, we develop two new working hy-
potheses for MCC development that emphasize the correlation between
magmatism and MCC activity, the decoupled phase of ductile and brittle
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deformation, and our knowledge of evolution of North American
Cordillera plate-boundary conditions. The MCCs may represented (1)
exposed remnants of a mobile, ductile mid-crust or (2) exhumed
buoyant diapiric domes that were subsequently exhumed by brittle
normal faults (Fig. 18). These models leverage previous interpretations
of crustal mobility around and beneath the MCCs, such as required to
explain the flat Moho beneath them (e.g., Gans, 1987; McCarthy et al.,
1991; Buck, 1991; Say and Zuza, 2021).

For the first model, the Cenozoic ductile shear zones within the MCCs
may represent mid-crust shear zones that accommodate a low-viscosity
lower crust that flows to smooth out lateral crustal thickness gradients
(e.g., Kruse et al.,, 1991; McQuarrie and Chase, 2000) following
magmatic-induced thermal weakening (e.g., Vanderhaeghe and Teyss-
ier, 2001) (Fig. 18A). The Cordilleran crust was thickened following
phases of Sevier and Laramide deformation and crustal thickening. After
hydrating and priming the mantle lithosphere during flat-slab subduc-
tion (Humphreys et al., 2003), Farallon slab rollback or foundering led
to an influx of hot asthenosphere against the fertile mantle lithosphere
that caused widespread magmatism to sweep across the western United
States, following slab rollback. This magmatism would have greatly
heated and weakened the lower crust, potentially over 10s of Myr
timescales (e.g., Kaare-Rasmussen et al., 2024). Such thermal weak-
ening may have enabled lower-crustal flow in response to lateral pres-
sure gradients based on local crustal thickness heterogeneities (e.g.,
Vanderhaeghe, 2012). In this case, phases of crustal flow and associated
mylonitic shear zones would track rollback magmatism. A mobile lower
crust would minimally impact the upper crust, which can explain the
lack of surface-breaking normal faults or major syn-kinematic basins
during mylonite development. Specifically, popular channel flow
models in a contractional orogen predict a lack of upper-crust structures
(Royden et al., 1997; Vanderhaeghe and Teyssier, 2001; Hubbard and
Shaw, 2009; Zuza et al., 2016), a prediction that may be applicable to
the North American Cordillera as it transitioned to an extensional state.

In this model, Eocene-Oligocene mylonitic shearing was followed by
Oligocene-Miocene upper-crustal extension and syn-kinematic basin
development. These brittle structures would have preferentially
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reactivated the preexisting mylonite zones to thus result in broadly
similar kinematics (e.g., Davis, 2013). The Oligocene-Miocene detach-
ment normal faults would have captured and exhumed older mylonitic
shear zones as the primary décollement layer (Davis, 1988; Singleton
and Mosher, 2012; Cooper et al., 2017). Brittle normal faults would have
to root beneath the mylonitic shear zones to expose rocks structurally
deeper than the shear zones, as observed in several of the MCCs (Fig. 4).
The overall spacing and geometry of the MCCs would have resulted from
unique exhumation in late Oligocene-Miocene detachment fault sys-
tems, rather than initial variations in the Eocene-Oligocene shear zones.
This model does not offer a unique explanation for the spacing di-
chotomy between the northern and southern MCCs (cf. Zuza and Cao,
2023). One speculative possibility is that the northern MCCs were
developed in thick passive margin stratigraphy, so extensional detach-
ment faulting may have resulted in wider spaced structures compared to
the southern MCCs developed in orthogneiss with more closely spaced
faults. One weakness of this crustal flow model is that it does not readily
explain variable shear sense for the Paleogene mylonites. For example,
the REHR involved top-west mylonites and the northern Snake Range
involved top-east mylonites. If these formed due to lower crust mobility
and lateral pressure gradients, there is not a satisfying explanation for
why the lower crust would flow east at REHR latitudes and west at
northern Snake Range latitudes. However, variable vergence could
reflect local structural inheritance or GPE variations.

The second alternative model is a buoyant upwelling model for MCC
generation, where heating and melting of the middle-to-lower crust
reduced its density and drove buoyant gneiss dome generation as a
Rayleigh-Taylor (RT) instability (e.g., Konstantinou et al., 2012, 2013;
Levy et al., 2023; Zuza and Cao, 2023) (Fig. 18B). This model predicts
that ductile shear fabrics that accompany doming should follow
magmatic sweeps, as observed in Fig. 5. Ductile doming may also be
expected to severely attenuate the rocks that form the top and rising
flanks of the dome (Fig. 8) (Dixon, 1975; Cruden, 1988), as observed in
analogous forcefully emplaced plutonic systems (e.g., Sylvester et al.,
1978; He et al., 2009; Zhao and Cong, 2014; Zuza et al., 2024). For the
ARG and REHR, igneous studies show progressive melting of the mid
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crust from juvenile Eocene intrusions to more evolved Oligocene melts
(Strickland et al., 2011; Konstantinou et al., 2012; Snoke et al., 2024).
These two MCCs have previously been interpreted as buoyant gneiss
domes (Konstantinou et al., 2012, 2013; Levy et al., 2023; Snoke et al.,
2024).

In this model, the spacing of the RT diapirs would have been
controlled to first order by the viscosity and thickness of the diapir and
diapir-hosting crust (e.g., Fletcher, 1972; Ramberg, 1981; Fletcher and
Hallet, 2004; Zuza and Cao, 2023). After stalling in the middle crust,
these buoyant domes were captured by later normal fault systems to be
exhumed to the surface. The brittle-fault structures would have rooted
into preexisting mylonitic fabric décollements that dipped outwardly
along the flanks of the gneiss dome (e.g., Davis, 2013). Normal-fault slip
would have back-tilted the footwall rocks to a sub-horizontal position,
and variably exposure of the lower plate could result in a single unidi-
rectional shear sense or sometimes opposing shear senses (Fig. 4). This
model implies that Paleogene MCC spacing was dictated by diapir
instability spacing within the crust. Later distributed Miocene normal
faulting may have exhumed similar structural levels across the Cordil-
lera, capturing stalled MCC diapirs and non-MCC crust everywhere else.

The MCCs exposed in southwestern Canada and the northwestern
USA (Fig. 2B) are often interpreted as diapiric gneiss domes because of
the volume of migmatite and partial melts and their more domal ge-
ometry (e.g., Kruckenberg et al., 2008; Vanderhaeghe, 1999; Vander-
haeghe et al.,, 2003). These interpretations for the northern MCCs
provide additional support for a diapiric origin for the MCCs of the
central and southern MCC belts (Fig. 2B). This model thus unifies the
origin for MCCs across the Cordillera, from Canada down to Mexico.

The channel-flow and diapir interpretations stated above are not
mutually exclusive. Beneath a thick orogenic plateau, gravity may drive
lateral channel flow in response to crustal thickness variations and
gravitational instabilities to form local diapirs or crustal convection (e.
g., Vanderhaeghe et al., 2018; Louis-Napoléon et al., 2020, 2022, 2024).
The relative contributions of lateral versus vertical flow may result in a
range of structural configurations, as reviewed by Whitney et al. (2004).

With either the channel flow or diapir interpretation, the ductile
shearing phase of MCC generation was triggered by widespread post-
Laramide rollback volcanism and significant melting of the middle-to-
lower crust (Fig. 18) (e.g., Strickland et al., 2011; Snoke et al., 2024).
Such magmatism and local partial melting would have lowered the
density and viscosity of the middle and lower crust. The link between
MCC development and slab rollback has been suggested previously, and
it is possible that rollback and decreased plate convergence rates could
be the necessary change in boundary conditions to drive orogenic
collapse and extensional MCC development (Dewey, 1988; Rey et al.,
2001; Vanderhaeghe and Duchéne, 2010). For example, Vanderhaeghe
et al. (2003) suggested that a decrease in plate convergence rates be-
tween the Kula-Farallon and North American plates starting at ca. 56 Ma
could have been the geodynamic driver for the initiation of deformation
within the Shuswap MCC in southwest Canada. However, more recent
plate reconstructions and geologic syntheses do not show an Eocene-
Oligocene convergence-rate deceleration that temporally correlates
with MCC deformation; convergence rates appear to remain high and
roughly constant until the Mendocino triple junction migrates north-
ward in the late Oligocene-Miocene (see Schellart et al., 2010; Yonkee
and Weil, 2015). Furthermore, if rollback or slowed convergence rates
led to orogenic collapse and MCC development in the Eocene-Oligocene,
we would expect to observe an upper-crust response to such collapse. As
discussed in this work, there is no record for upper crustal Eocene-
Oligocene deformation in the central MCC belt region.

The plate-boundary conditions continued to evolve with the estab-
lishment of the Mendocino Triple Junction at ca. 30 Ma (Atwater, 1970).
This plate-boundary configuration was conducive to distributed exten-
sion., and as the Mendocino Triple Junction migrated northward,
geologic records of extension followed a similar trend, first initiating in
the south and migrating northward rapidly (Fig. 16). Lithospheric
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extension across the hot Cordilleran orogen (Hyndman and Currie,
2011; Vlaha et al., 2024) would predictably lead to wide, distributed
deformation (Buck, 1991; Vanderhaeghe, 2012) across the Basin and
Range in the late Cenozoic.

In the southern Cordillera, Farallon slab foundering, asthenosphere
upwelling, and volcanism was nearly synchronous with the formation of
the triple junction, so that MCC formation, as either lower crustal flow or
buoyant doming, and extension temporally overlapped (Fig. 16). For the
northernmost belt of MCCs, there is a similar complicated history of slab
windows or tears that may have facilitated or enhanced MCC develop-
ment at ca. 60-50 Ma (e.g., Breitsprecher et al., 2003; Fuston and Wu,
2021).

5.4. Strain characteristics of a diapiric gneiss dome

If the diapiric gneiss dome model is relevant to MCC generation,
there are certain predictions for the strain characteristics around the
diapir wallrock, which have been investigated via scaled analog and
numerical experiments of salt and gneiss domes (e.g. Dixon, 1975;
Cruden, 1988; Talbot and Jackson, 1987; Jackson and Talbot, 1989)
(Fig. 19). The wallrock above and around the rising diapir should be
significantly strained, with the most substantial strains occurring at the
top of the diapir with vertical shortening and horizontal extension
(Fig. 19) (e.g. Dixon, 1975; Cruden, 1988; Talbot and Jackson, 1987;
Jackson and Talbot, 1989). Rock within the rising diapir may be
significantly strained if its viscosity is low relative to the diapir-hosting
wallrock, or it may be minimally strained if its viscosity is similar to or
greater than the diapir-hosting wallrock (Dixon, 1975). The former case
with a low-diapir viscosity would result in a more extreme, mushroom
head diapir geometry (Dixon, 1975). Therefore, we envision that a
diapiric gneiss dome is more like the latter case with equivalent diapir-
wallrock viscosities because magmatic plutons, which undoubtedly
would have a larger viscosity contrast than a gneiss dome, do not result
in complex mushroom-head-like geometries (Dixon, 1975).

The rising diapir neck may experience constrictional strain but the
top and flanks of the diapir are predicted to experience flattening
(Figs. 19C,D). The experiments of Cruden (1988) show that the tops and
flanks of a rising diapirism would experience flattening to plane strain
with significant rotational strain (e.g., general- to simple-shear),
whereas the regions beneath the rising diapir should experience con-
strictional strain (Fig. 19E). The domains of constrictional strain may be
overprinted by vertical shortening as the diapir rises.

With these strain characteristics in mind, we can compare defor-
mation and structural features of the North American MCCs to predicted
strain paths. A diapir will stall in the mid-upper crust, and thus require
later brittle fault structures to be exhumed to the surface. Depending on
erosion and exposure level, a natural buoyant diapir is most likely
exposing the upper flanks of the diapir system. The North American
MCCs experienced severe vertical shortening and flattening, as evi-
denced by the attenuated wallrock (Fig. 8) and kinematic vorticity
number studies (e.g., Levy et al., 2023; Zuza et al., 2024). The simple-
shear component of MCC shear zones reflects the rotational strains as
predicted by the Cruden (1988) models (green field in Fig. 19E). The
infrastructure of the MCCs may be mostly unexposed (i.e., the northern
Snake Range), relatively undeformed (e.g., Catalina), or variably
deformed and undeformed (e.g., the REHR). In the REHR, Oligocene
granites are strongly sheared in the main mylonitic shear zone at
structurally high levels, but at depth below the mylonite zone unde-
formed Oligocene granites crosscut fabrics (Fig. 20). Similarly, in Cat-
alina, the Eocene Wilderness granite is foliated and deformed at
structurally high levels in the Windy Point shear zone, but at deeper
structural levels the granite is entirely undeformed (Fig. 20) (Davis et al.,
2019). These strain distributions are consistent with a diapiric MCC
(Figs. 19 and 20). The down-dip shear zone model (Fig. 3A.1) could also
produce such a strain distribution with undeformed rocks beneath the
mylonitic shear zone, but the exhumed mid-crust shear zone model
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(Fig. 3A.2) and sub-LDT distributed shear-zone model of Cooper et al.
(2017) (Fig. 3A.3) suggest the presence of high-strain fabrics beneath
the MCC mylonites, which is not always observed (Fig. 20).

Steep fabrics and lineations within an infrastructure, observed sub-
domes, and cascading or “mushroom” folds have been used as evi-
dence to support diapirism in the Aegean region (Kruckenberg et al.,
2011) and Papua New Guinea (Little et al., 2011). Such structures are
not observed within most of the central and southern North American
MCCs discussed in this synthesis, but they are observed in the northern
MCCs of southwest Canada-northwest USA (e.g., Kruckenberg et al.,
2008). However, depending on the viscosity and melt history of a rising
diapir, such intra-diapir strains are not required (e.g., Naylor, 1969) (e.
g., Fig. 18). A greater volume of melt, or degree of melting, and reduced
viscosity may explain why some gneiss domes experience more complex
strains within the hypothesized diapir head (Dixon, 1975). However, we
note that variable exposures of differing structural levels may obscure
such geometry relationships.

5.5. Different MCC relationships formed via a common mechanism

In this review, we have emphasized our interpretation that all of the
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Cordilleran MCCs were generated via a common mechanism, and any
differences between MCC systems reflects differential exhumation. As an
example, let us consider the REHR and Snake Range MCCs, which are
located ~200 km apart (Fig. 6). The REHR exposes a complex record of
Mesozoic-Cenozoic plutonism, with voluminous Jurassic, Late Creta-
ceous, Eocene, and Oligocene igneous rocks, in combination with
complex recumbent fold nappes in Ruby Mountains (Fig. 9A) (e.g.,
Howard, 1980). Conversely, the Snake Range exposes comparatively
little igneous rocks, with the exception of local Jurassic and Cretaceous
plutons. The REHR exposes rocks structurally above and below the
mylonities, whereas the Snake Range exposes rocks within or above the
mylonites (Fig. 5) (Wrobel et al., 2021; Long et al., 2024). Additionally,
the REHR mylonites and detachment faults have top-west kinematics,
whereas the Snake Range mylonites and faults show top-east kinematics.

These significant differences between adjacent MCCs can be
explained by, and may provide indirect support for, buoyant doming
models for MCC generation. We envision that each MCC dome may have
exhumed and stalled to subtlety different vertical positions within the
crust. Later detachment faulting reactivated the flanks of these emplaced
buoyant domes to further exhume the footwall rocks. In the REHR, this
integrated exhumation history exposed pervasively intruded lower plate
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Fig. 20. Examples for how structurally higher rocks are flattened and structurally deeper rocks are undeformed within the REHR and Catalina MCCs, consistent with
the Dixon (1975) strain characteristics. REHR photographs modified from Zuza et al. (2022b).
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Fig. 21. Example how subtly different exhumation magnitudes and exposure levels can result in different observed geology at the surface. If the Ruby Mountains-
East Humboldt Range and northern Snake Range MCC formed via similar buoyant dome processes, different exhumation during normal faulting and erosion can
explain their differences in the observed geology. Namely, the Ruby Mountains-East Humboldt Range expose more plutonic and magmatic rocks, whereas the
northern Snake Range does not and primarily exposes highly sheared Neoproterozoic-Cambrian paragneiss.

rocks and recumbent fold nappes (Fig. 21). Intense glacial erosion may
have further exposed these lower plate rocks (Sharp, 1942; Laabs et al.,
2013). In the Snake Range, slightly less integrated exhumation exposed
the highly stretched carapace of the buoyant dome, without revealing
structurally deeper rocks (Fig. 21). Therefore, we would hypothesize
that beneath the present exposures within the northern Snake Range
should be more voluminous Cenozoic intrusions and possibly recumbent
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fold nappes. There are some isoclinal recumbent folds observed deep
within the northern Snake Range drainages, such as in Smith Creek,
which hints at the possibility for more structures beneath the present-
day exposure level.

The kinematic similarity between the mylonitic shear zones and
primary detachment fault is compatible with Miocene fault-related
exhumation of an earlier (e.g., Oligocene) domal structure. The flanks
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of such a dome would have experienced dome-up, wallrock-down ki-
nematics. Brittle faults tend to exploit and sole into preexisting mylonitic
shear zones (e.g., Davis, 2013; Zuza et al., 2022b; Zuza and Dee, 2023).
Thus, a major Miocene normal fault system would preferentially localize
along the mylonitic flanks of a hypothesized domal upwelling (Fig. 21).
The brittle normal faulting would drive hanging wall down, footwall up
kinematics, which parallel the earlier dome-up, wallrock down kine-
matics. Therefore, the juxtaposition of these different aged structures
would be expected to have similar kinematics. As normal-fault slip
progresses, the footwall rocks would rotate away from the fault, as
observed in most normal-fault systems, thereby exposing deeper flanks
of the buoyant dome with similar kinematics as the detachment normal
fault (Fig. 21). It is harder to explain the persistent kinematic similarly of
brittle and ductile structures if the mylonitic shear zones simply reflect
subhorizontal crustal flow that is captured by brittle faulting (e.g.,
Fig. 18A).

6. Analogous exhumation systems

MCCs accommodate significant exhumation of middle-to-lower
crustal rocks to be placed against a relatively colder and more brittle
upper crust. Therefore, refined interpretation of MCC-involved exhu-
mation can inform us about other processes of normal-sense exhuma-
tion; that is, younger/colder rocks juxtaposed against older/hotter
rocks. Similar systems include forceful emplacement of plutons (e.g.,
Sylvester et al., 1978) and inferred dome-and-keel events in Early Earth
history where buoyant gneiss domes upwell relative to more mafic
wallrock (e.g., Van Kranendonk et al., 2002, 2004; Moore and Webb,
2013). Both of these processes involve buoyant gravitational in-
stabilities, similar to our preferred interpretations of Cordillera MCCs.

Kinematic analysis of stretched wallrock around forcefully emplaced
plutons shows significant attenuation (>75 % vertically attenuated) and
general shear (i.e., a mix of pure- and simple-shear) kinematics
(Sylvester et al., 1978; He et al., 2009; Zhao and Cong, 2014; Zuza et al.,
2024), which is remarkably similar to some Cordilleran (Zuza et al.,
2022b, 2024; Levy et al., 2023) and east Asian (Zhang et al., 2023)
MCCs. Comparative analysis between MCCs and emplaced plutons
suggests that hot, buoyant upwelling may drive general-shear attenua-
tion of the flanking wallrocks. We are not aware of similar analysis from
dome-and-keel terranes, but such comparisons between MCCs, dome-
and-keel-, and emplaced plutons may be particularly illuminating.

Models that emphasize diapirism are typically expected to produce
radial stretching lineations around the rising buoyant dome (e.g.,
Hyndman, 1980; Collins et al., 1998; Yin, 2004; Betka and Klepeis,
2013). However, radial lineations are rarely observed in dome-and-keel
and pluton emplacement settings (e.g., Paterson et al., 1991; Kloppen-
burg et al., 2001; Thébaud and Rey, 2013), and most lineations within a
given MCC system are unidirectional (see Fig. 5; also Kruckenberg et al.,
2008, 2011; Rey et al., 2017). The subparallel nature of stretching lin-
eations in most of these settings is a common observation used to refute
buoyant doming and support regional strain driven by plate-boundary
kinematics (e.g., stretching or contraction). We speculate that these
observations from very different tectonic settings demonstrate that
buoyant doming should not be expected to produce radial stretching
lineations. This could be because an observed stretching lineation does
not uniquely represent the material flow direction in a 3D vorticity field
(Tikoff and Fossen, 1993, 1995; Michels et al., 2015). This topic requires
more analysis, but we argue that the lack of radial lineations is not
strong evidence to discount MCC diapir models.

7. Summary and working definition

We compiled known structural, sedimentological, thermochrono-
logical, and geochronological data from MCCs across the North Amer-
ican Cordillera (Fig. 5) to evaluate their formation mechanisms in the
context of the Mesozoic-Cenozoic tectonic evolution of North America.
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Traditional extensional MCC models assume regional extension forms a
mylonitic lower plate that is either the downdip continuation of a brittle
normal fault or a mid-crust shear that is captured and exhumed by brittle
fault slip. Available evidence suggests this mechanism is possible for the
southern MCCs around Arizona (Fig. 5), where ductile shearing, brittle
fault slip, basin sedimentation, and footwall exhumation occur on
overlapping timescales (Fig. 16). However, this process is not supported
for the northern and central MCCs (Fig. 5) because there is a temporal
disconnect between ages for ductile shearing, brittle faulting, and basin
sedimentation (Fig. 16). Furthermore, available constraints for the
propagation of regional extension suggest younger Miocene deformation
in the north with earlier Eocene-Oligocene MCC generation. Given these
differences, we argue that the central MCCs formed via buoyant doming
or they represent exhumed mid-crust channel-flow structures (Fig. 18).
This interpretation is consistent with gneiss dome models developed for
the northern MCCs of southwestern Canada and the northwestern USA
(Fig. 2B) (e.g., Kruckenberg et al., 2008; Vanderhaeghe et al., 2003).
Such buoyant diapirs would have developed with characteristic spacings
as observed in the Cordillera, and the wallrock attenuation observed in
MCCs is similar to forceful pluton emplacement examples. Later late
Oligocene-Miocene extension across the Cordillera exhumed the MCCs
at such characteristic spacings. This interpretation explains why some
Miocene normal-fault systems also exhume structurally deep rocks that
are not migmatitic nor mylonitic (i.e., not MCCs); large Miocene normal-
fault systems may exhume whatever rocks are at ~10-15 km depths,
whether that is a stalled MCC diapir or other Cordillera crust. Taken
together, we prefer a model of buoyant diapirism for MCC generation
but acknowledge ambiguity in this interpretation.

In light of these observations, here we propose an updated working
definition for a more general metamorphic core complex:

A metamorphic core complex is a composite, usually arched or domal,
feature that consists of a brittlely deformed upper plate that has been juxta-
posed via a regional detachment fault against a ductilely deformed lower
plate mantled by high-strain mylonitic fabrics.

The above definition does not imply or require a specific tectonic
setting, stress state, or kinematic linkage between structurally higher
and lower features. A composite MCC structure should not be defined as
resulting from regional or lithosphere-scale extension (e.g., Whitney
et al., 2013). Interpreted kinematics and dynamic drivers of MCCs have
evolved in the past (e.g., Armstrong and Hansen, 1966; Crittenden et al.,
1980), and will undoubtedly change in the future, so our proposed
definition of an MCC focuses on geometric and kinematic features. In our
preferred interpretation of North American MCCs, the first phase of
ductile lower plate exhumation as RT instabilities may have occurred in
a neutral tectonic setting, whereas the later phase of brittle detachment
faulting occurred during lithospheric extension. Therefore, a significant
part of the MCC evolution does not require lithospheric extension, and
accordingly this broader working definition allows for more fruitful
comparison and evaluation between gneiss domes and MCCs globally.
For example, exhumation of the central Himalayan gneiss domes from
the middle to upper crust may have occurred similarly to MCC diapirism
with partial melting (e.g., Cao et al., 2022) driving buoyant diapirism (e.
g., Harrison et al., 1997; Lee et al., 2004). However, the brittle exhu-
mation mechanism of the two systems differed, with the Himalayan
gneiss domes being exhumed along a large contractional antiform with
erosion (e.g., Jessup et al., 2019) and the MCC diapirs exhumed via
brittle detachment faulting. As a final note, whether the North American
MCCs are interpreted to have formed via the combined impacts of gneiss
dome diapirism with later detachment faulting or a single phase of low-
angle rolling-hinge normal faulting does not change the fact that they
represent the type location for an MCC (Crittenden et al., 1980) and
should always be named as metamorphic core complexes.

MCCs exhume hot and deep mid-crust rocks, which impacts crustal
rheology, differentiation, and cooling. They are also associated with
important economic mineralization (e.g., Yang et al., 2016; Howard,
2003). Study of MCCs in North American over the past half century has
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led to incredible insights into their kinematics and dynamic drivers (e.g.,
Snelson, 1957; Armstrong and Hansen, 1966; Crittenden et al., 1980;
Whitney et al., 2013). Advancements in analytical techniques and nu-
merical simulations have provided a wealth of new data to test and
critically evaluate proposed models for their evolution, which will
inevitably help us better understand lithosphere-scale processes of mass
and heat transport. Continued systematic efforts to date brittle and
ductile structures will allow us to make improved interpretations of
MCCs globally.
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