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13 Abstract

14 The origin of ancestral ’extensional’ shear fabrics in metamorphic core complexes
15 (MCCs) in the Colorado River Extensional Corridor remains a tectonic mystery.
16 Here we show that Late-Cretaceous metamorphic rocks and migmatites in the
17 Harcuvar-Harquahala and Granite Wash Mountains MCCs reached peak meta-
18 morphic conditions of ca. 0.75 GPa and 780°C and were extruded towards the
10 SW onto lower grade metamorphic rocks via ’channel flow’ between ca. 76-70
20 Ma, ~40 Myrs before regional extension. The channel is bounded by a top-NE
21 ‘extensional’ roof shear zone and a top-SW thrust-sense base, associated with
2 an inverted metamorphic gradient. U-(Th)-Pb and Rb-Sr geochronology con-
23 firms that shearing at the roof and base occurred concurrently. To explain these
2% features, we propose that low-angle subduction of the Farallon plate released
25 volatiles directly into the base of the North American crust, which induced water-
2 fluxed crustal melting and rheological weakening, facilitating flow of deep crustal
27 rock to shallower depths. Consequently, ancestral ’extensional’ fabrics in MCCs
28 may represent the roof of an extruding channel formed in an overall contractional
20 setting.

30 Keywords: Metamorphic Core Complex, Channel Flow, Low-Angle Subduction,

31 Water-Fluxed Crustal Melting, Laramide Orogeny
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INTRODUCTION

Metamorphic core complexes (MCCs) are characteristic features of extensional con-
tinental tectonics and are defined as having a high-grade metamorphic footwall that
is separated from an unmetamorphosed hanging wall by a low angle normal fault or
ductile shear zone (Figure 1; Teyssier and Whitney, 2002; Whitney et al. 2013; Platt
et al. 2014). However, within the footwall of many MCCs across the North American
Cordillera and Alpine-Himalayan belt, the timing of peak metamorphism and ductile
shearing significantly pre-dates the onset of regional crustal extension and sedimen-
tary basin formation in the hanging wall of the detachment (Figure 2). Kyanite and
sillimanite grade gneisses, migmatites and sometimes granulite facies rocks exposed
at the deepest structural levels of many MCC footwalls often demonstrate clockwise
pressure temperature time (P-T-t) paths associated with burial and heating of rock in
contractional settings, which is followed by periods of decompression and exhumation,
prior to regional extension (Searle and Lamont, 2019; Lamont et al. 2020; Hallet and
Spear, 2014; Wells et al., 2020). Shear fabrics associated with this ancestral phase of
exhumation are preserved within many MCCs, and are cut or captured by a younger
normal fault responsible for final MCC exhumation to the Earth’s surface (Hodges
and Walker, 1992; Wells and Hoisch, 2008; Searle and Lamont, 2019; Lamont et al.
2020a; Zuza et al. 2022). This capture of older, higher temperature fabrics is especially
prevalent in the MCCs of the Colorado River Extensional Corridor (CREC; Davis and
Lister, 1988; Spencer and Reynolds, 1990; Singleton and Mosher, 2012). This ancestral
phase of exhumation requires advection of deep crustal material before the main phase
of extension. However, the origin of ancestral shear fabrics preserved within the foot-
walls of many MCCs remains poorly understood. Because these fabrics predate strain
indicators associated with final exhumation, they may provide important insights into
the dynamic strain and stress regimes that operated within the continental lithosphere
during orogenesis.

One possibility is that the ancestral shear fabrics represent normal faulting and
crustal extension either during orogenic collapse (Dewey, 1988) or in a locally exten-
sional setting within a zone of overall convergence (Dalmayrac and Molnar, 1981;
Figure 3A). Evidence in support of these extensional hypotheses would be preserva-
tion of only normal-sense shear indicators coeval with decompression. In other words,
as the rocks moved upward towards the earth’s surface from higher pressure to lower
pressure, their older high-pressure minerals should have been overprinted or replaced
by lower-pressure mineral assemblages that are associated with only normal sense
shear indicators. Pure shear, uniform (with depth) lithospheric extension increases
the crustal geotherm at a rate proportional to conductive heat-loss due to exhuma-
tion of rock at all crustal levels (e.g., Ruppel et al., 1988). This does not cause any
net-heating of rock, but rather cooling of rock or delayed cooling during exhumation,
depending on the magnitudes and rates of extension. Depth dependent extension, with
smaller magnitudes of extension in the crust ( ) and larger magnitudes of extension in
the mantle ( ), results in deep crustal heating (e.g, Royden and Keen, 1980; Royden,
1996; Lamont et al. 2023). Compared to uniform extension, increasing magnitudes of
extension with depth would produce: A) a higher metamorphic field gradient increas-
ing with structural depth beneath the detachment, and B) alkalic volcanism due to
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Key Features of Metamorphic Core Complexes (MCCs)
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Fig. 1: Cartoon sketch showing the key features of metamorphic core complexes (MCCs)
after Zuza et al. (2022). Note the ancestral shear fabrics and shear zones within the meta-
morphic footwall which are discordant to the detachment fault.

melting the lithospheric mantle from increased asthenospheric heat flow. Both exten-
sional cases would also lead to development of a sedimentary basin in the the hanging
wall of the detachment fault. Perplexingly, in most MCCs, such upper crustal exten-
sional features and volcanism are not preserved at the time of peak metamorphism and
ductile shearing (Hodges and Walker, 1992). A possible explanation is a blind exten-
sional allochthon model, whereby the mid-crust flows laterally bound by shear zones
with opposing shear senses, leaving thinner-crust in its wake (Hodges and Walker,
1992). However, the absence of these features and structural relationships cast doubt
on an overall extensional origin for the ancestral shear fabrics and may challenge the
interpretation that they formed in an overall extensional tectonic setting.

Another possibility is that these shear fabrics result from diapirism (Zuza and
Cao, 2022; Figure 3B). In this model, vertical flow of low viscosity and lower density
partially molten lower crust occurs due to the development of a Rayleigh-Taylor insta-
bility. According to this model, one would expect to see chaotically deformed rocks
within a gneiss or migmatite dome that is bound by radially divergent shear senses and
lineations and steep fabrics along its margins due to upward flow of deep crustal mate-
rial towards the Earth’s surface. Diapirism could also occur in a tectonically quiescent
setting after crustal thickening and before regional extension, as deformation is driven
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by buoyancy contrasts likely due to partial melting of the mid to lower crust. How-
ever, many MCCs show uni-directional shear indicators and shallow-sub horizontal
plunging lineations (Lamont et al. 2020a), inconsistent with this model.

Alternatively, ductile extrusion of high-grade metamorphic rocks or ‘channel flow’
can explain the exhumation of rocks and the development of ‘extensional’ shear fabrics
in a wholly contractional setting (Burchfield and Royden, 1985; Beaumont et al. 2001;
Searle et al. 2004; Godin et al. 2006; Searle and Lamont, 2019; Figure 3C). This model
is defined as flow of a weak, ductile layer between relatively rigid, yet deformable,
material above and below. The channel’s lower boundary is defined by a thrust fault or
ductile shear zone, while its upper boundary consists of a normal fault or extensional
shear zone with a fixed hanging wall (Means, 1989), that operated simultaneously.
Because weak ductile material flows between relatively fixed lithologies above and
below, the upper and lower channel boundaries develop opposite shear senses that
operated simultaneously. This flow also moves hot, deep crustal rocks relative to cooler
rocks, which results in an inverted metamorphic gradient near the base of the channel
and a right-way up metamorphic gradient in the upper part of the channel. Two end-
member models can describe the relative motion of ductile rocks within the channel.
The Poiseuille flow (pipe flow) model, suggests the highest flow velocities occur in the
middle of the channel, while the Couette flow model suggests the highest velocities
occur either along the top or the base of the channel (Law et al. 2004, 2011; Grujic et
al. 1996, Klemperer 2006).

Channel flow or ductile extrusion has been well documented in subduction com-
plexes that expose high-pressure metamorphic rocks juxtaposed against rocks that
obtained much lower metamorphic grades as thrust bound nappes or blocks within
a mélange (England and Holland, 1979; Geyra et al. 2002; Agard et al. 2009; Searle
and Lamont, 2019; Lamont et al. 2020b). In these settings, return flow is driven by
the positive buoyancy contrast between subducted crustal material that is detached
from the down-going plate and the surrounding mantle (e.g., England and Holland,
1979). However, our understanding of how such a mechanism operates in continental
crustal settings associated with regional metamorphism remains limited, particularly
where buoyancy contrasts are less pronounced (e.g., Grujic et al. 1996; Beaumont et
al. 2001; Searle et al. 2003; Law et al. 2004, 2011; Godin et al. 2006).

The Greater Himalayan Series (GHS) in the high Himalaya is the best represen-
tation of where the channel flow model may account for the opposite shear senses
and metamorphic field gradients of once mid crustal metamorphic rocks. The GHS
is bounded along the base by the Main Central Thrust (MCT) ductile shear zone, a
south-verging thrust that was concomitant with an inverted metamorphic field gradi-
ent (Hubbard 1989; Searle et al. 2006, 2018; Jessup et al. 2008a, b). In contrast, the
north-dipping South Tibetan Detachment (STD) low-angle normal faults were con-
comitant with right-way up metamorphic isograds along the top (Caby, 1983; Burchfiel
et al. 1992; Searle et al. 2003; Law et al. 2004, 2011; Cottle et al. 2007, 2015; Searle
2010; Waters et al. 2019). Both the MCT and STD ductile shear zones were active
simultaneously (Godin et al. 2006) as supported by high-temperature ductile fabrics
and ages of metamorphism throughout the GHS above the MCT zone and beneath
the STD zone. The migmatite-leucogranite zone along the upper part of the GHS
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records melting and deformation associated with southward-verging transport (Cottle
et al. 2009; Searle et al. 2010). It is proposed that southward directed flow was driven
by horizontal pressure gradients from gravitational potential energy gradients, as well
as a denudation front (Beaumont et al. 2001) due to rheological weakening associ-
ated with in-situ crustal melting as documented by GHS migmatites and leucogranites
(Yang et al. 2019).

The retro-wedge within the East Greenland Caledonides is another, albeit lesser
studied, example of channel flow or ductile extrusion (e.g. Hodges, 2016). Here, mid-
crustal upper amphibolite facies metamorphic rocks and migmatites (Gilotti et al.
2008; Johnston & Kylander-Clark, 2013) (referred to as the ’infrastructure’) is sepa-
rated from low-grade metamorphic rocks in the foreland by westward verging thrust
faults (Leslie and Higins, 2008), which in some places have been reactivated as exten-
sional detachments (e.g., Andresen et al. 2007, White & Hodges 2002). In contrast,
the roof shear zone, that separates the upper amphibolite facies ’infrastructure’ in the
footwall from low grade metamorphic and sedimentary rocks (referred to as the ’supra-
structure’) in the hanging wall is an eastward dipping shallowly dipping normal fault -
The Fjord Region Detachment (FRD) (Andresen et al. 1998; Hartz & Andresen 1995;
Hartz et al. 2000, 2001; Strachan 1994; Strachan & Martin 2001; Hodges et al. 2016).

Here, we synthesize the field relationships and present new structural interpretation
and geochronology data to better understand the geodynamic processes that operated
within the metamorphic footwall of Harcuvar-Harquahala-Granite Wash Mountains
MCCs within the North American Cordillera at a latitude near 34 °N. We propose
that the Hercules, Centenial and Harquahala Thrusts in the Harcuvar, Harquahala,
and Granite Wash Mountains of western Arizona represent the lower boundary of a
ductile channel. High-grade metamorphic rocks, migmatites, and leucogranites struc-
turally above these faults were transported southwestward by Late Cretaceous channel
flow during the onset of low-angle subduction of the Farallon Plate. These new data
challenge existing interpretations and provide critical new constraints on the origin
of ancestral subhorizontal ’extensional’ shear fabrics preserved in metamorphic core
complexes globally.

Geology of the Harcuvar Harquahala and Granite
Wash Mountains

The Harcuvar, Harquahala and Granite Wash Mountains are a series of MCCs located
within the Colorado River extensional corridor of western Arizona in the hinterland
of the Sevier-Laramide Orogen. These ranges are elongate domes with NE-SW trend-
ing long axes and are bound by NE plunging Miocene extensional detachment faults
including the Bullard and Eagle Eye Detachment faults (Reynolds and Spencer, 1989;
Reynolds et al. 1993). The Bullard and Eagle Eye detachment faults separate the
unmetamorphosed Miocene volcanic rocks in the hanging walls from their metamor-
phic footwalls. (U-Th)/He zircon, Ar-Ar and Rb-Sr thermochronology has shown the
extensional detachment faults were active from ca. 22 Ma to ca. 16 Ma (Richard et
al., 1990; Singleton et al. 2014; Wong et al. 2023) and were responsible for the final
exhumation of the MCCs to the Earth’s surface. However, beneath the extensional



A ' [Frenchman’s Cap
BC | -120°W 4 65-53Ma HEARNE PROVINCE
60-54 Ma
Kettle 54-45 Ma
70 Ma Thor Odin
54-45 Ma 60-54 Ma Canac}g/
---] QL 58-51 Ma MEDICINE HAT e
@’ 51-47 Ma BLOCK + USA
Priest River o |
72-64 Ma \
54-45 Ma ]
MT l‘,
WA o v\ L
. A Anaconda| ~4— XX .
N IERRE . | Bitteroot 7875Ma | . : ><
/| 7560 Ma 5339 Ma py, WYOMING | —
" | 53-40 Ma 3007 Ma |- CRATON
200 km /
N v Pioneer X
OR L3 50-46 Ma \Y A
Pacific ; A:T LA 38'3;’\"23 4 \qﬁwi; v
Ocean o \
. S g 138-132 Ma V\l 071
“7-{RubyMts | &/ Grouse g | =
X ) /" Creek I S
! h65-150 Ma| | ] 60 Ma
I |os76Ma |/ Block il o e
L 400N L ?;fg mz 14-7 Ma
Farallon :\
Subduction T
Direction N
> 88-75 Ma
3 v
S / 37-22 Ma
Q’,\ & Funeral Mts P
S o A |167-158 Ma /4
o 105-90 Ma [~ & {EMojave |~ PLATEAU
) N/
83-75 Ma <<'b<b 90-73 Ma* A /g
11.2Ma S 75-73 Ma *VYavapm
SNB: 26-10 Ma |
& AZ
Key £ / p
Age of Peak x \ HHGM, < Mazatzal
Metamorphism N .
Age of ‘Extensional’ \A ‘\ - |
Mylonites 145 Ma ," VTS - Km\ e .
. 76-58 Ma [—-= '
Age of Brittle/ o3 M ¥ SCRM 1\‘_‘;:: T
Ductile Detachment 2216 Ma | ) e ,‘<<‘\<k 58-45 Ma
‘ :\\a’\’c’/ LY 40-34 Ma* \{ Greenville
Area of late Cretaceous- PRB \\}(\ “/ < 22-16 Ma
- X @ ) oN —|
earIyTertlar?/ extension \3@((} = . Mexico 30°N
. Metamorphic core complex ?04\ ’
A Lawsonite Eclogite Xenolith B
u Magmatic Arc —4— Major Sevier thrusts ¢>< Laramide Arch Proterozoic
Pelona-Orocopia-Rand _,  Major Laramide thrusts i Structures
W schists (PORS) ! > Monocline

Fig. 2: Summary map of the SW USA showing ages of peak metamorphism and timing of
ductile extensional shear fabrics and low temperature thermochronology related to timing
of brittle extension. Location of Maria Fold Thrust Belt (MFTB), Harquahala-Harcuvar-
Granite Wash Mountains (HHGM), Gavilan Hills (GH), Raft-River Albion, Grouse Creeke

Mountains (RAG), SCRM (Santa Catalina-Rincon Mountains). See supplementary material
for a complete compilation and list of references.
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Fig. 3: Models for ancestral shear fabrics within the footwall of MCCs. A) Ductile shearing
associated with a crustal scale detachment fault during regional extension, expected P-T path
involving isobaric heating followed by exhumation or delayed cooling during exhumation. B)
Ductile shearing on margins of a crustal scale diapir, that formed as a result of a Rayleigh
Taylor instability, and expected P-T path involving isothermal decompression, C) Ductile
shearing associated with a syn-convergent extrusion with a thrust fault at the base and an
extensional detachment at the top of the extruding channel or wedge, and expected P-T-t
path involving burial and heating from contraction followed by decompression and cooling
due to extrusion related exhumation placing deeper and hotter rocks to top of shallower
cooler rocks.

detachments, within the metamorphic footwall, a section of mid to lower crust of 60
km structural thickness is exposed.

This crustal section comprises high-grade metamorphic rocks including kyanite and
sillimanite bearing migmatites, Proterozoic gneisses and Late Cretaceous-Paleocene
peraluminous and metaluminous granites. These high grade metamorphic and Protero-
zoic basement rocks belong to the overthrusted crystalline southwest verging thrust
sheets that de ne the Maria Fold-Thrust Belt (MFTB), a characteristic Laramide con-
tractional feature in western Arizona and south east California (Reynolds et al. 1987;
Spencer & Reynolds, 1990; Richard et al. 1994). The MFTB is an east-west trend-
ing belt of greenschist-amphibolite facies metamorphic rocks characterized by largely
south-vergent folds and ductile shear zones that place Jurassic and Proterozoic crys-
talline rocks over Paleozoic and Mesozoic sedimentary and volcanic rocks correlative
to strata observed on the Colorado Plateau and in southeastern Arizona (Spencer
and Reynolds, 1990).CAr/ 3°Ar step-heating analyses show the MFTB underwent
regional metamorphism between ca. 90-80 Ma, likely due to overthrusting of basement
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nappes (Knapp & Heizler, 1987). A deformed diorite, dated at ca. 86 Ma by U-Pb zir-
con geochronology (Saleem, 2009) and a granodiorite in the Coxcomb Mountains that
cuts the McCoy Mountains Formation at ca. 73.5 Ma (Barth et al. 2004), indicate
that thrusting occurred during the Late Cretaceous. Despite these dates, many ques-
tions remain, such as the precise timing and style of deformation and metamorphism
within the MFTB and whether this in uenced subsequent MCC development. Below
we summarize the key geological features along a SW-NE transect through the Gran-
ite Wash, Harquahala and Harcuvar Mountains and integrate new thermobarometry
and geochronology of deformation and metamorphism with previous literature data
to provide new insights into the MFTB and the formation of these MCCs.

RESULTS

Field Relationships, Thermobarometry and Geochronology

In the Granite Wash Mountains to the far SW of the study area, the McCoy Mountains
Formation was deposited between ca. 129 Ma and ca. 73 Ma (Caylor et al. 2024)
and overlies Jurassic volcanics and Mesozoic sediments. These rocks only show low
grade metamorphic assemblages (muscovite-chlorite; Fig. 5J,K) and are folded into a
SW verging syncline, suggesting a phase of Late Cretaceous contraction shortly after
nal sediment deposition. These rocks are overlain by a major SW verging thrust
fault { The Hercules Thrust { that places Proterozoic basement granites, gneisses and
migmatites on top of the lower grade Mesozoic greenschist facies rocks.

A sample of a McCoy Mountains metasediment in the immediate footwall of
the Hercules Thrust is characterized by the greenschist facies assemblage comprising
muscovite-chlorite-epidote-titanite-albite-quartz (Fig. 6G), which equilibrated at 0.36
+ 0.13 GPa and 503 £ 36 °C (Lamont et al. 2024; Fig. 8). In-situ Rb-Sr geochronol-
ogy on syn-kinematic white mica from the same sample yielded a date of 71.7 £ 12.9
Ma (Lamont et al. 2024), suggesting upper greenschist facies metamorphic conditions
occurred during SW directed thrusting.

In the immediate hanging wall of the Hercules Thrust, leucosomes (former melt)
occur within the Proterozoic basement and show top-SW asymmetry (Fig. 5H). How-
ever, the Granite Wash Granodiorite (ca. 72.7 Ma; U-Pb zircon age; Chapman et al.
2018) and the Tank Pass Ms+Grt+Bt granite (ca. 74-64 Ma; U-Pb zircon; Bryant &
Wooden, 2008; Wong et al. 2023) cross cut the Hercules Thrust zone, suggesting that
SW directed movement on the Hercules Thrust ceased by ca. 72-70 Ma.

Along strike to the south in the Little Harquahala Mountains, a complete section of
the Hercules Thrust zone is exposed. Here, the Hercules Thrust also places mylonitized
Proterozoic Basement gneisses on top of Jurassic volcanics and McCoy metasediments
(Spencer et al. 2024). Structurally above the Hercules Thrust sheet, the Centenial
Thrust places a sheet of Proterozoic basement and Paleozoic and Mesozoic metasedi-
ments over Proterozoic basement. The local presence of garnet in some metasediments,
suggests an increase in metamorphic grade up structural section. Continuing up section
in the Harquahala Mountains, the Harquahala Thrust, places an additional thrust
sheet of crystalline basement on top of Mesozoic metasediments and Proterozoic Har-
guahala Granite. Along the Harquahala Thrust, the Proterozoic basement assemblages



Fig. 4: Map and cross section of the Granite Wash, Harcuvar and Harquahala Mts showing
sample locations, and the overall structure with inverted metamorphic eld gradient at the
base and top-SW shear fabrics and right-way up metamorphic eld gradient and opposite

top-NE shear fabrics at the top.



Fig. 5: Field photographs showing the main cross-cutting relationships of the Harcuvar,
Harquahala and Granite Wash Mts. In particular top-NE shear occurred in the presence of
partial melt at high structural levels, whereas top-SW shearing occurred at deeper structural
levels, note the decreasing metamorphic grade with increasing structural depth. A-B) Top-
NE shearing a ecting anatectic features including leucosomes and leucogranite pods in the
Harcuvar Mts. C) NNE-SSW trending steeply dipping leucogranite pegmatite dyke cross-
cutting the top-NE shear fabrics. D-F) Leucosomes folded with a NE-trending vergence and
shallow plunging NE-trending hinge lines. F) Syn-kinematic leucosomes and leucogranites
aligned along the Harquahala Thrust. G) Asymmetric leucosome porphyroclast with top-SW
shear sense, H) Mylonitized Proterozoic orthogneiss from the Hercules Thrust. 1) Sample 25-
24 leucogranite vein, cross-cutting the top-SW mylonite fabric on the Harquahala Thrust,
J-K) Deformed greenschist facies Late Cretaceous McCoy metasediments in the footwall
of the Hercules Thrust. L) Garnet Amphibolite ma c schist intercalated with metachert
representing Farallon Plate ocean plate stratigraphy, from the Orocopia Schist in the Gavilan
Hills.



	INTRODUCTION
	Geology of the Harcuvar Harquahala and Granite Wash Mountains
	RESULTS
	Field Relationships, Thermobarometry and Geochronology

	DISCUSSION
	A Case for Channel Flow in Arizona
	Implications for Cordilleran Tectonics
	Comparison with the Himalaya and East Greenland Caledonides

	CONCLUSIONS
	Supplementary Information
	Acknowledgments


	MATERIALS AND METHODS
	Electron Probe Micro-Analysis (EPMA)
	Thermobarometry
	U–Th–Pb Geochronology


