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Abstract. High-strain mylonitic rocks in Cordilleran meta-
morphic core complexes reflect ductile deformation in the
middle crust, but in many examples it is unclear how
these mylonites relate to the brittle detachments that over-
lie them. Field observations, microstructural analyses, and
thermobarometric data from the footwalls of three meta-
morphic core complexes in the Basin and Range Province,
USA (the Whipple Mountains, California; the northern
Snake Range, Nevada; and Ruby Mountains—East Humboldt
Range, Nevada), suggest the presence of two distinct rheo-
logical transitions in the middle crust: (1) the brittle—ductile
transition (BDT), which depends on thermal gradient and
tectonic regime, and marks the switch from discrete brit-
tle faulting and cataclasis to continuous, but still localized,
ductile shear, and (2) the localized—distributed transition,
or LDT, a deeper, dominantly temperature-dependent transi-
tion, which marks the switch from localized ductile shear to
distributed ductile flow. In this model, brittle normal faults in
the upper crust persist as ductile shear zones below the BDT
in the middle crust, and sole into the subhorizontal LDT at
greater depths.

In metamorphic core complexes, the presence of these two
distinct rheological transitions results in the development of
two zones of ductile deformation: a relatively narrow zone
of high-stress mylonite that is spatially and genetically re-
lated to the brittle detachment, underlain by a broader zone
of high-strain, relatively low-stress rock that formed in the
middle crust below the LDT, and in some cases before the
detachment was initiated. The two zones show distinct mi-
crostructural assemblages, reflecting different conditions of
temperature and stress during deformation, and contain su-

perposed sequences of microstructures reflecting progressive
exhumation, cooling, and strain localization. The LDT is not
always exhumed, or it may be obscured by later deformation,
but in the Whipple Mountains, it can be directly observed
where high-strain mylonites captured from the middle crust
depart from the brittle detachment along a mylonitic front.

1 Introduction

Metamorphic core complexes are exhumed sections of the
ductile middle crust brought to the surface during horizon-
tal crustal extension and vertical thinning. They were first
recognized and described in the North American Cordillera
(Coney, 1980), where they form a discontinuous NW-SE-
trending belt extending from Canada to Mexico in the hinter-
land of the Sevier fold and thrust belt (Fig. 1). Characteristi-
cally, these core complexes exhibit a low-angle domiform de-
tachment surface that separates unmetamorphosed rocks cut
by brittle normal faults in the hanging wall from metamor-
phic rocks with predominantly ductile fabrics in the footwall
(for comprehensive core complex reviews, see Platt et al.,
2015; Whitney et al., 2013).

Ductile strain in the footwalls may extend several hun-
dreds of meters to a few kilometers below the detachment,
increasing in intensity upward to a zone of mylonite directly
beneath it. Mylonitic rocks in these zones of high strain typ-
ically show evidence of crystal-plastic deformation and dy-
namic recrystallization in quartz, and contain porphyroclasts
of feldspar and mica fish. The strain is non-coaxial and gen-
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Figure 1. Simplified geological maps and cross sections of the
three study areas. In each case, the mylonitic lineation is shown
schematically. (a) Whipple Mountains. Map and cross section af-
ter Davis and Lister (1988), Anderson and Rowley (1981), and
Behr and Platt (2011). NE-SW mylonitic lineation added from
Hacker et al. (1992). MF: mylonitic front. (b) Northern Snake
Range. Map after Gans et al. (1999a, b), Lee et al. (1999a, b, c),
Miller and Gans (1999), and Miller et al. (1999). Dashes repre-
sent the WNW-ESE mylonitic stretching lineation, which disap-
pears in the northwest corner of the range. Cross section modi-
fied from Lee and Sutter (1991). (¢) Ruby Mountains—East Hum-
boldt Range. Map redrawn from Henry et al. (2011), modified
from originals by McGrew and Snee (1994), Crafford (2007), and
Colgan et al. (2010a). The distribution of high-stress mylonite on
the maps and cross sections is schematic. In all three maps, non-
mylonitic footwall = crystalline footwall rocks that lack evidence
for ductile deformation during core-complex evolution, but may
show evidence for earlier high-T ductile deformation. Sub-LDT
high-strain zone = high-strain rocks with a high-temperature, low-
stress, non-coaxial microstructure that formed part of a zone of
distributed deformation below the LDT. High-stress footwall my-
lonite = mylonitic rocks with a low-temperature, high-stress, non-
coaxial microstructure localized beneath the detachment.

erally has a shear sense consistent with the brittle detachment
above.

The top of the mylonite zone is commonly overprinted
by a narrow zone of cataclasite, directly beneath the dis-
crete brittle slip surface of the detachment (Coney, 1980;
Davis and Lister, 1988; Miller et al., 1983). However, the
precise relationship between the mylonites and the detach-
ment is not always clear. Some mylonites may reflect duc-
tile deformation related to exhumation along the detachment
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itself, whereas others are likely to have formed at greater
depth and been subsequently “captured” by the detachment
(Davis and Lister, 1988). During exhumation, one type may
be superposed on the other, making interpretation difficult.
Overprinting of the mylonites by later cataclastic deforma-
tion suggests that they pre-date brittle displacement on the
detachment and, in at least one example (the Whipple Moun-
tains, California), mylonitic gneisses and the brittle detach-
ment separate in the up-dip direction, indicating that they are
not directly related (Davis, 1988).

Rapid exhumation of most core complex footwalls means
that early formed microstructures are not destroyed by re-
equilibration, and they can thus preserve a snapshot through
the middle and upper crust prior to exhumation. In par-
ticular, they can record changes in crustal rheology with
depth. For example, in the northern Snake Range metamor-
phic core complex in Nevada, Cooper et al. (2010b) distin-
guished two preserved mid-crustal rheological transitions in
the exhumed mylonitic footwall rocks: (1) a brittle—ductile
transition (BDT), marking the downward progression from
discrete brittle faulting to continuous, but localized, duc-
tile shear, and (2) a localized—distributed transition (LDT), a
deeper, temperature-dependent transition marking the switch
from localized ductile shear to distributed ductile flow. The
authors concluded that this preserved sequence of deforma-
tion reflects moderate- to high-angle brittle normal faulting
in the upper crust that persisted as low-angle ductile shear
zones below the BDT in the middle crust, soling into the LDT
at greater depths. The bulk of the high-strain rocks preserved
in the footwall are, therefore, a pre-existing feature of the
ductile middle crust that was subsequently captured and ex-
humed by a brittle detachment (the northern Snake Range dé-
collement, NSRD). In this interpretation, the brittle hanging
wall to the NSRD represents a series of upper crustal normal
faults, whereas the ductile footwall represents exhumed mid-
dle crustal ductile deformation, much of which is not directly
related to the detachment.

In this paper we address two questions concerning mid-
crustal rheology raised by these fundamental observations.
(1) How do the mylonites and other deformed rocks in a
core complex footwall relate to the detachment that exhumes
them? (2) What do these relationships tell us about the rheo-
logical structure of the middle and lower crust? In an attempt
to answer these questions, we present a detailed investigation
of crustal rheology in the footwalls of the Whipple Moun-
tains, the northern Snake Range, and the Ruby Mountains—
East Humboldt Range in northeast Nevada (Fig. 2). Using
field observations, microstructural analyses, and thermobaro-
metric data, we (i) document the exhumation of footwall
rocks from the middle crust to the surface in each core com-
plex as they pass through different rheological transitions;
(ii) document the exhumed LDT in the Whipple Mountains
and show why it is not easily identified in the northern
Snake Range, and why it has not been exhumed in the Ruby
Mountains—East Humboldt Range; (iii) present a prediction
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Figure 2. Semicontinuous north-south belt of Cordilleran metamorphic core complexes running from Canada to Mexico in the hinterland
of the Sevier thrust belt. The three complexes focused on in this study are shown in black: 1, Whipple Mountains; 2, northern Snake Range;
3, Ruby Mountains—East Humboldt Range. Redrawn from Wong and Gans (2008) and Cooper et al. (2010b), modified from Coney (1980)
and Wernicke (1992). Arrows indicate hanging wall transport directions after Wust (1986).

of, and a mechanical explanation for, the geometry of the
detachments in these three core complexes and many like
them; and (iv) show that the detachments in all three core
complexes formed during the Miocene and post-date early
phases of extension and exhumation in the exhumed mid-
crustal metamorphic rocks.

2 Rheological transitions in the middle crust

Core complex footwalls can offer a unique glimpse into the
middle to lower crust, allowing us to define a sequence of
deformational styles, rheological behaviors, and structures
as a function of depth (e.g., Cooper et al., 2010b). Be-
cause their formation results in the rapid tectonic exhuma-
tion of rock from the ductile middle crust up to shallow
crustal levels, they provide well-constrained natural rock-
mechanical experiments conducted under geological condi-
tions of strain-rate and temperature (e.g., Behr and Platt,
2011). As rocks are exhumed and cooled, they experience
progressive strain localization with higher overall levels of
stress in the younger, lower-temperature parts of the se-
quence. During extension, each step in this progressive lo-
calization is collapsed onto the last, resulting in the superpo-
sition of structures from different crustal levels. The result-

www.solid-earth.net/8/199/2017/

ing distinctive sequence of structures and microstructures in-
form us of the mechanics of deformation as the rocks are ex-
humed. These are summarized in detail by Platt et al. (2015)
and shown schematically in Fig. 3. To illustrate the concepts
here we will imagine a rock as it is exhumed towards the sur-
face from a depth of ~25km in a core complex setting with
an average geothermal gradient of 25 °Ckm™!. The specifics
of the exhumation path and the rheological changes encoun-
tered by the rock will vary depending on factors such as
lithology, geothermal gradient, and pre-existing structures,
but for simplicity we start by assuming a homogeneous crust
with no pre-existing structural controls. The numbered sec-
tions below refer to the stages of the exhumation path shown
in Fig. 3.

2.1 Distributed deformation zone

Our rock starts out at a depth of ~25km, where high tem-
peratures (>500°C) mean that flow stresses are low, and
pressure differences related to density or topographic gradi-
ents may result in lateral flow of material (Block and Roy-
den, 1990; McKenzie and Jackson, 2002; McKenzie et al.,
2000; Rey et al., 2011; Wernicke, 1992; Wernicke and Getty,
1997). The resulting deformation is characterized by high-
temperature, coarse-grained microstructures that may have

Solid Earth, 8, 199-215, 2017
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Figure 3. A schematic representation of the spatial relationships of different rheological styles within crust cut by an extensional detachment,
prior to displacement on the fault. Geometrical features of the detachment are shown in italics and rheological features in regular type. See
text for full discussion and references. BDT: brittle—ductile transition; LDT: localized—distributed transition. Note that in metamorphic core
complexes the rheological features are superposed on one another during exhumation, and some elements may be excised. Insets show
outcrop-scale features observed in the Whipple Mountains core complex. Mini-detachments are brittle, brittle—ductile, or narrow ductile
shear zones, with displacements of tens to hundreds of meters that splay off the main detachment (Axen and Selverstone, 1994; Luther et al.,
2013; Selverstone et al., 2012). They may form at any depth down to the LDT. Vertical scale is drawn for an average geothermal gradient of
25°Ckm~ !, although in reality the geothermal gradient will change during exhumation. We have chosen this value because it represents a

reasonable average during slow extension of the continental lithosphere.

the same kinematics as brittle-ductile deformation at shal-
lower levels, but do not need to. Depending on the composi-
tion of the crust, this zone of distributed deformation may be
bounded below by more mafic or feldspar-dominated lower
crust, or by the Moho.

2.2 Localized—distributed transition

As the rock is exhumed towards the surface and cools, it
crosses a sub-horizontal transition into a mid-crustal zone
of localized deformation. Following the study by Cooper
et al. (2010b), we refer to this transition as the localized—
distributed transition (LDT). The LDT can be defined as a
boundary below which there is no evidence for strain lo-
calization. The transition itself is likely to be marked by a
zone of relatively high strain as it separates distributed de-
formation below from narrow ductile shear zones bound-
ing kilometer-scale undeformed crustal blocks above. Large-
scale upper crustal faults are also likely to sole into the LDT
and transfer displacement onto it. Our observations suggest
that the LDT commonly occurs at a depth of 18-20km,
where the temperature is ~500°C and the shear stress is
~7-13 MPa, corresponding approximately to the transition
from Regime 2 to Regime 3 or SGR to GBM I microstruc-
tures in quartz (Hirth et al., 2001; Stipp et al., 2002). Note
that stresses were determined from dynamically recrystal-
lized grain sizes in quartz using the Stipp and Tullis (2003)
paleopiezometer, corrected for use of the molten salt cell fol-
lowing Holyoke and Kronenberg (2010). We quote them here
as shear stresses for plane stress, appropriate for a ductile
shear zone. These are calculated from the differential stress
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determined from the paleopiezometer by dividing by +/3 (see
Behr and Platt, 2013, for discussion).

2.3 Localized deformation zone

Above the LDT, ductile deformation is strongly localized
into one or more shear zones with a cumulative width
of a few tens to ~200m (Behr and Platt, 2013). Quartz
microstructures in these shear zones are characteristic of
recrystallization-assisted dislocation creep (Platt and Behr,
2011b), with Regime 2 to Regime 1 or SGR to BLG II
microstructures in quartz (Hirth et al., 2001; Stipp et al.,
2002). Dynamically recrystallized grain sizes in quartz range
from ~75 to 10um, indicating shear stresses in the range
9-46 MPa. Towards the top of the zone, ductile structures
start to overlap with discrete discontinuities and semi-brittle
slip surfaces. Small-scale low-angle normal faults known as
“mini-detachments” splay from the main detachment and
may form at any depth down to the LDT (e.g., Axen and
Selverstone, 1994; Luther et al., 2013; Selverstone et al.,
2012). Deformational microstructures in quartz are predom-
inantly of Regime 1 or BLG I type; microscale discontinu-
ities and short-range variations in microstructure and grain
size are common. Dynamically recrystallized grain sizes in
quartz of 10 um or less indicate shear stresses in the range
46-80 MPa, or even higher (Behr and Platt, 2014). These
structural and microstructural features may be genetically
and geometrically related to the detachment (e.g., Behr and
Platt, 2011, 2013), but they can be subsequently cut out dur-
ing exhumation along the brittle section of the fault.

www.solid-earth.net/8/199/2017/
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2.4 Brittle-ductile transition

Close to the brittle—ductile transition (BDT), extreme grain-
size reduction by dynamic recrystallization and mixing of
phases (e.g., quartz, feldspar, chlorite, and micas) results in
the formation of fine-grained ultramylonites. Dynamically
recrystallized quartz shows the characteristic Regime 1 mi-
crostructures of Hirth and Tullis (1992), and grain-size re-
duction may cause a switch to dislocation-accommodated
grain-boundary sliding (Behr and Platt, 2013; Behrmann,
1985). Shear stresses around 60—100 MPa mean that the de-
tachment here is likely to have dipped >30° during motion
(Behr and Platt, 2014).

2.5 Brittle deformation zone

The final stage in our rock’s journey to the surface is accom-
modated by motion along the brittle detachment. Near the
base of the brittle zone, rocks are typically enriched in hy-
drothermal minerals such as feldspar, quartz, mica, and chlo-
rite, resulting in a breccia or microbreccia texture, high co-
efficients of friction, and faults dipping >30°. Frictionally
induced melting can produce pseudotachylite (e.g., DiToro
et al., 2006), which can also form at greater crustal depths
in drier parts of the crust. Pseudotachylite veins are com-
monly broken up by subsequent cataclastic deformation dur-
ing continued exhumation. At shallower levels (<200 °C),
fault gouge may be rich in clay minerals (e.g., Carpenter et
al., 2012; Haines and van der Pluijm, 2012; Schleicher et al.,
2012), which smear out along shear planes and reduce fric-
tion coefficients (Collettini et al., 2009; Holdsworth et al.,
2011), allowing slip on normal faults with dips as low as
7-14°. Together, these two styles of deformation result in a
ramp-flat geometry to the detachment.

3 Shear zone width as a function of depth

Our discussion up to this point is based on observational evi-
dence for changes in the width and character of a detachment
zone as a function of depth. These changes suggest progres-
sively decreasing localization (and hence increasing shear
zone width) with increasing depth below the BDT, and little
to no strain localization below the LDT. In order to quantify
this behavior in terms of the rheology of the mylonitic rocks,
we carried out some simple strain-rate calculations. Figure 4a
shows the relationship between strain rate and depth calcu-
lated using the stress—depth profile determined by Behr and
Platt (2011) for the Whipple Mountains core complex, to-
gether with several flow laws for both quartzite (Q1-3) and
granite (G1-3). Figure 4b shows how the width of a duc-
tile shear zone (or cumulative width of several shear zones)
varies as a function of depth using the calculated strain rates
and assuming a slip rate of S mm yr~! for the Whipple Moun-
tains detachment (see discussion in Behr and Platt, 2011).
The results suggest that a shear zone in quartzite deform-
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ing by grain-size-sensitive creep (DRX creep of Platt and
Behr, 2011b) might be <100 m wide just below the BDT,
increasing to over 3km in width at ~ 19 km depth, where
there would be a transition to grain-size-insensitive dislo-
cation creep, and no further increase in width. This transi-
tion could correspond to the LDT. In a granitic mylonite, the
shear zone at the BDT would be ~ 300 m wide, increasing to
~ 8 km wide at the LDT. These values correspond reasonably
well to our observations.

Our calculations are strongly sensitive to a number of as-
sumptions (see caption to Fig. 4), so the results cannot be
considered representative of all such detachment-related my-
lonite zones. Assumptions include (i) the geothermal gra-
dient; (ii) the stress distribution with depth; and (iii), for
granitic mylonites, that the quartz forms an interconnected
weak layer microstructure (Handy, 1994), such that its me-
chanical behavior corresponds to the Reuss (constant stress)
condition for a polyphase aggregate. The most critical as-
sumption, however, is that (iv) the crust is relatively dry:
we assume a constant water fugacity of 28 MPa with depth.
This corresponds to water saturation at the depth of the BDT
(12km, 300 °C), but progressively decreasing water activity
with depth. Corresponding values of structurally bound wa-
ter in the form of the (4H)s; substitution, calculated using
the expressions in Paterson (1986), are 0.39 ppm H/ Si at the
BDT, decreasing to 0.014 ppm at 24 km depth. These val-
ues are several orders of magnitude smaller than those for
“wet” quartz used for experimental deformation (e.g., Pater-
son and Luan, 1990; Post et al., 1996) and are also substan-
tially smaller than those measured in natural quartzites us-
ing Fourier transform infrared spectroscopy (e.g., Post and
Tullis, 1998). It is likely that most of the water present in
both the experimental and natural samples is not in the form
of lattice defects, however, but occurs in fluid inclusions,
along grain boundaries, and in pore spaces (Post and Tullis,
1998). If we use values of water fugacity corresponding to
full water saturation at all depths, the predicted strain rates
increase with depth, and the predicted shear zone width de-
creases with depth, which is not what we observe.

4 Case studies

To illustrate how these concepts explain the relationships
seen in metamorphic core complexes, where the various rhe-
ological levels have been exhumed and juxtaposed by crustal
thinning, we describe three core complex footwalls from the
North American Cordillera with which we are familiar. To-
gether, they highlight the rheological transitions described
above, although they show differences in detail due to vari-
ations in pre-extensional tectonic and geological setting and
the amount of extension.

Solid Earth, 8, 199-215, 2017
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zone widths, under these conditions.

4.1 The Whipple Mountains

The Whipple Mountains metamorphic core complex
(WMCC) in southeast California is one of the classic
Cordilleran core complexes (Fig. 1). First recognized as such
and described by Davis et al. (1980), it is representative of the
style of core complex developed in the Colorado River exten-
sional corridor (Davis et al., 1986) and adjacent areas in Ari-
zona (Spencer and Reynolds, 1991). Together with the Buck-
skin, Rawhide, and possibly other nearby core complexes
it may be part of a continuous larger extensional structure
(Davis and Lister, 1988). The WMCC shows the distinctive
domiform geometry of many core complexes, with a con-
tinuous, clearly defined detachment that dips gently away
from the metamorphic core in all directions (Fig. 2a). The
core itself is made up of a variety of crystalline rocks, in-
cluding Mesoproterozoic ortho- and paragneisses, Mesozoic
granitoids, and Paleogene suites of dikes and larger intru-
sive bodies (Anderson et al., 1988; Anderson and Rowley,
1981). Over a large part of the core, these rocks show strong
to intense ductile deformation, with a mylonitic foliation,
a strong NE-trending stretching lineation, and a widely de-
veloped NE-directed sense of shear indicators (Davis et al.,
1986). The detachment is overlain in part by slices of simi-
lar crystalline rocks, but lacking the mylonitic overprint, and
by thick sequences of strongly faulted Miocene volcanic and
sedimentary rocks (Davis et al., 1980).

The timing of mylonitization in the Whipple footwall is
constrained to the late Oligocene by U-Pb dating of zircons
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within syn-kinematic tonalitic dikes of the Chambers Wells
dike swarm. Wright et al. (1986) obtained ages of 26 £ 5 Ma
from dikes sampled near the mylonitic front on the west-
ern side of the range, and Foster and John (1999) refined
these ages to 24 +0.5 Ma. New U-Pb zircon analyses of a
tonalitic dike collected from deeper structural levels of the
footwall in Whipple Wash on the eastern side of the range
corroborate these data, yielding an age of ~ 24 Ma (see Sup-
plement Sect. S1 and S2 for details). The mylonites in the
Whipple footwall cooled through the K-Ar closure temper-
ature of K-feldspar (180-200°C; Lovera et al., 1993) by
~21Ma (Foster and John, 1999), thus bracketing the tim-
ing of mylonitization to ~26-21 Ma. Although evidence
for high-strain amphibolite-facies extensional deformation
that is Late Cretaceous to Paleogene (Laramide) in age has
been described for the nearby Chemeheuvi Mountains (John
and Mukasa, 1990), and has been inferred recently for the
Buckskin—Rawhide core complex (e.g., Gross, 2014; Sin-
gleton and Mosher, 2012; Wong, 2013), no evidence for
Laramide mylonitization has been found in the Whipple foot-
wall, and all the fabrics we describe here appear to be late
Oligocene—early Miocene in age.

The bulk of the mylonitic gneisses and granitoids that
make up the core show evidence for deformation and dy-
namic recrystallization under relatively high temperature
(~500°C) and low shear stress (6-9 MPa). The evidence
for this comes from the mineral assemblage (stability of bi-
otite), observation of plastic deformation and recrystalliza-
tion of feldspar porphyroclasts, the development of quartz
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Figure 5. Field and thin section photographs from the Whipple Mountains. Locations are shown in Fig. 2a and listed in Table 1. All thin
sections are oriented with NE to the right. (a) High-temperature, sub-LDT microstructure in quartz-mylonite from the west side of the range,
close to the mylonitic front, and below the detachment. (b) The mylonitic front on the western side of the range, below the detachment. Fabric
in mylonitic gneiss in the lower part of the hillside dips left (SW) beneath Proterozoic gneiss lacking mylonitic deformation in the upper part
of the hillside. (c¢) Localized ductile deformation above the mylonitic front in a Chambers Wells felsic dike with a fine-grained polyphase
matrix. Dynamic recrystallization has reduced quartz grain sizes to ~ 60 um. (d) Composite microstructure in vein quartz from a mylonitic
gneiss on the east side of the range, close to the detachment. Low-stress sub-LDT microstructure represented by large relict grains overprinted
by a later high-stress microstructure with dynamically recrystallized grains ~ 20 um in size. (e¢) Mini-detachment in Whipple Wash, lying
sub-parallel to the main detachment, which is ~ 150 m above (view to SE). (f) Composite microstructure similar to (d) from below the
detachment on the eastern side of the range, cut by a planar brittle shear zone with cataclastic deformation. This overprinting of different
microstructures illustrates the collapsing of deformation features onto one another during the process of exhumation: high-temperature,
sub-LDT distributed deformation = large relict grains; lower-temperature, localized ductile deformation = small, dynamically recrystallized
grains; low-temperature brittle deformation = planar fault surface and cataclasis. (g) High-temperature, low-stress mylonite (banded gneiss
and a transposed Chambers Wells dike) truncated by a detachment-parallel brittle discontinuity (view to SE). The brittle shear zone truncates
the main foliation at a low angle. For structural context, see the semi-brittle slip surfaces inset in Fig. 3. This is a good illustration of how
parts of the structural history can be excised during exhumation. (h) Pseudotachylite veins formed by frictionally induced melting in the
immediate footwall of the Whipple detachment near Bowman’s Wash, partly disrupted by subsequent cataclastic deformation (view to W).

microstructures suggestive of Regimes 2 and 3 of Hirth et
al. (2001; Fig. 5a), and the Ti content of dynamically recrys-
tallized quartz (Behr and Platt, 2011).

On the western side of the WMCC, the mylonitic foliation
dips moderately west, and disappears beneath non-mylonitic
footwall rocks along a surface described by Davis and Lis-
ter (1988) as the “mylonitic front” (Fig. 5b). The detach-
ment here dips more gently than the mylonitic front, and
can be traced westward to a breakaway where it reached the
Miocene ground surface. The mylonitic front, on the other
hand, can be traced seismically in the subsurface (Wang et
al., 1989), where it descends to a depth of ~ 10km. These
relationships suggest that the mylonites are not directly re-
lated to the detachment, and the conditions under which they
formed are consistent with deformation at a depth of 25—
30km below the surface (Anderson et al., 1988; Behr and
Platt, 2011) — well below the brittle—ductile transition and
the likely penetration depth of the brittle detachment. We
suggest, therefore, that the mylonitic front marks an upward
transition from distributed ductile deformation below to lo-
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calized ductile shear zones above (the LDT). Shear stresses
determined in mylonites at the mylonitic front are ~9 MPa.

If the mylonitic front marks the position of the LDT at
an early stage of exhumation in the Whipple Mountains, we
should expect the crystalline rocks above it to show evidence
of more localized ductile deformation. This is in fact the
case: gneisses and granitoids above the mylonitic front show
narrow (a few meters wide) shear zones with microstruc-
tures indicating that they formed under lower temperatures
and higher stresses than the rocks below the mylonitic front
(Fig. 5¢).

On the eastern side of the range, several packages of my-
lonites below the brittle detachment show evidence for defor-
mation at lower temperature and higher stress than the main
body of mylonitic gneiss. This is evidenced by chloritiza-
tion of biotite, brittle deformation in feldspar porphyroclasts,
smaller dynamically recrystallized grain sizes, Regime 2 and
locally Regime 1-type microstructures, and low tempera-
tures from Ti-in-quartz thermobarometry (Behr and Platt,
2011). Shear stresses determined from these mylonites are
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in the range 1042 MPa. These microstructures are com-
monly associated with outcrop scale shear zones or shear
bands cutting the older, higher-temperature mylonitic folia-
tion (Fig. 5d) or with distinctive planar brittle—ductile shear
zones referred to as mini-detachments (Fig. Se; Axen and
Selverstone, 1994; Luther et al., 2013; Selverstone et al.,
2012). Mini-detachments generally lie sub-parallel to the
principal slip surface, cut mylonitic rocks in the detachment
footwall, and are associated with narrow zones of high duc-
tile strain with microstructures indicating shear stresses up
to ~ 80 MPa. These features suggest that they penetrated the
footwall to depths > 10km (Fig. 3).

Rocks affected by this low-temperature, high-stress defor-
mation commonly show composite microstructures with evi-
dence for earlier, coarser grained microstructures overprinted
by one or more stages of progressively lower-temperature
and higher-stress deformation (Fig. 5f). The bands of high-
stress mylonite may individually be only a few tens to hun-
dreds of microns thick, but together they can occupy a zone
up to ~200m thick beneath the detachment. Rocks with
these microstructures are not always preserved, as the detach-
ment cuts down across this zone and excises them (Fig. 5g).

The detachment itself is typically marked by a very sharp
discontinuity, forming a polished and lineated brittle fault
surface. In places, the geological evidence suggests that this
surface formed very late in the history of the core complex, as
it truncates structures in both the hanging wall and footwall
(Davis et al., 1980). Beneath the fault is a layer of indurated
cataclasite (microbreccia) that commonly forms a distinctive
resistant ledge. This passes down into several meters to tens
of meters of heavily altered and brecciated footwall rock
(chloritic breccia), which in some areas is cut by extensive
detachment-parallel faults delineated by pseudotachylite lay-
ers up to 2 cm thick (Fig. 5h).

4.2 The northern Snake Range

The northern Snake Range in east-central Nevada com-
prises a classic domiform detachment surface (the northern
Snake Range décollement, NSRD) that divides the range
into a distended non-metamorphic upper plate of Paleozoic
shale, limestone, and dolomite, and a ductilely deformed
lower plate of metamorphosed upper Precambrian to lower
Cambrian schist, quartzite, and marble intruded by Jurassic
and Cretaceous granitic plutons and Cenozoic dikes (Coney,
1974, 1980; Hose et al., 1976; Miller et al., 1983; Misch,
1960; Misch and Hazzard, 1962; Fig. 2b).

Northern Snake Range footwall rocks record two phases
of deformation and metamorphism. First, a Late Cretaceous
contractional event related to Sevier thrust faulting (Miller
and Gans, 1989) buried them to a depth of ~23-30km
(Cooper et al., 2010a; Lewis et al., 1999), producing a pen-
etrative foliation and greenschist to amphibolite facies meta-
morphism. Second, a Cenozoic extensional event related to
footwall exhumation created a subhorizontal mylonitic folia-
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tion and corresponding retrogressive metamorphic overprint
(Gans and Miller, 1983; Lee et al., 1987) with a consistent
ESE-trending stretching lineation and a top-E sense of shear
(Gaudemer and Tapponnier, 1987; Lee et al., 1987; Miller et
al., 1983).

40Ar /39 Ar mica cooling ages of footwall mylonites across
the range obtained by Lee and Sutter (1991) and Lee (1995)
show a systematic increase from 20 in the east to 50 Ma in
the west. This led these authors to suggest that the footwall
was progressively exhumed from west to east along an E-
dipping brittle NSRD that was active over this period of time.
In more recent studies, Gébelin et al. (2011, 2015) combined
40Ar /39 Ar dating with stable isotopic analysis of mylonitic
white mica in order to investigate the interaction between ex-
humation of the NSRD footwall and meteoric water infiltrat-
ing from the surface. They found that meteoric fluids were
able to penetrate into the footwall during top-E ductile de-
formation between ~ 27 and 21 Ma, and suggested that pen-
etration of these fluids was made possible by upper crustal
faulting during movement on the NSRD at this time.

Cooper et al. (2010b) put forward an alternative model for
the exhumation history of the NSRD footwall in which the
cooling ages and the bulk of the mylonites are unrelated to
exhumation along the NSRD, and instead formed during a
phase of Paleogene exhumation that predates the detachment.
In this model, the mylonites represent high-strain, low-stress
deformation associated with a mid-crustal LDT zone that was
subsequently captured and exhumed by the brittle detach-
ment. The dominant top-E sense of shear in the mylonites
is not directly related to slip on the detachment, but reflects
the overall pattern of crustal extension at the time and the re-
gional sense of shear. Percolation of meteoric fluids into this
zone of active ductile deformation would have been possi-
ble through numerous upper crustal brittle normal faults that
soled into the active LDT, and need not have been related to
the NSRD itself. Instead, continued thinning and cooling of
the crust eventually stranded the mylonites above the active
LDT, where they were captured by a moderately dipping brit-
tle NSRD that soled down on to the active LDT (e.g., Bart-
ley and Wernicke, 1984). As the footwall was exhumed, the
NSRD flexed around a rolling hinge as an isostatic response
to denudation, resulting in a subhorizontal footwall that cuts
at a low angle across successive isochronal surfaces in the
stranded mylonitic sequence.

For this scenario to be correct, we should expect to see the
mylonite zone and brittle detachment separate in the up-dip
direction at a mylonitic front, as seen in the Whipple Moun-
tains. This relationship is not seen in the Snake Range, in
part because it has been obscured by continued exhumation,
as described above, and in part because critical relationships
are hidden beneath hanging wall rocks on the west side of the
range. It is nevertheless striking that high-strain mylonitic
deformation decreases in intensity from E to W and disap-
pears completely in the NW part of the range (Fig. 2b; Lee et
al., 1987; Miller et al., 1983). Non-mylonitic quartzite on the
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Figure 6. Field and thin section photographs from the northern Snake Range. Locations are shown in Fig. 2b and listed in Table 1. All thin
sections are oriented with ESE to the left. (a) Coarse grained, high-temperature, low-strain microstructure in a non-mylonitic quartzite from
immediately below the detachment on the western side of the range that has undergone a limited amount of high-stress, lower-temperature
deformation producing grain-boundary bulging and dynamic recrystallization. The early microstructure is likely relict from the Cretaceous
stage of prograde metamorphism, after which the rock was affected by high-stress deformation related to the NSRD. (b) A composite
microstructure in the center of the range in which the large relict grains seen in (a) have been deformed and partly recrystallized under inter-
mediate stress conditions close to the LDT. (¢) A high-temperature, sub-LDT quartzite showing very high strain and a strong crystallographic
preferred orientation. Through most of the section, oblique new grain-shape fabrics define a top-E sense of shear. Dynamic recrystallization
occurs dominantly by subgrain rotation, producing grain sizes from ~ 20 to 50 um. (d) Mylonitic quartzite located ~ 20 m below the NSRD
on the eastern side of the range showing a sub-LDT high-temperature, high-strain, low-stress (Regime 3) microstructure (grain size ~ 60 pm)
overprinted by narrow high-stress micro-shear zones lying parallel to the main foliation (grain size ~ 5 pum). We interpret this localized
ductile overprint as detachment-related deformation above the LDT. Therefore, this sample captures the transition through the LDT from
distributed to localized deformation. (e) Superimposition of a high-stress, detachment-related microstructure on an intermediate-stress sub-
LDT microstructure less than ~ 20 m beneath the detachment. The resulting composite microstructure displays Regime 2 deformation with
relict 50 um size grains overprinted by dynamic recrystallization to a grain size of ~ 15 um. (f) Attenuated fold in sub-detachment Marble
Wash calc-mylonites, with a geometry comparable to the winged inclusions found in ultramylonites of the Ruby Mountains—East Humboldt
Range footwall (Fig. 7e; view to NE). (g) Brittle—ductile deformation in calcareous units directly beneath the NSRD formed during transition
through the BDT from ductile to brittle conditions during cooling and exhumation (view to W). (h) Folded and disrupted gouge zone along
the NSRD, representing the final step in the exhumation path (view to N).

western side has a grain size up to several hundred microns
and annealed microstructures that predate a suite of 37 Ma

is significantly weaker and largely restricted to shear bands.
Quartzite units interbedded with the metapelites show similar

rhyolite dikes (Lee and Sutter, 1991), and is probably related
to Late Cretaceous metamorphism. These microstructures
have subsequently been overprinted by a small increment of
deformation, producing Regime 1 (BLG II) microstructures
with a dynamically recrystallized grain size of ~ 10 um (cor-
responding to a shear stress of ~45MPa), which we relate
to motion on the overlying NSRD (Fig. 6a).

Over a large part of the northern Snake Range, the imme-
diate footwall to the NSRD is dominated by a ~ 200 m thick-
ness of mylonitic quartzite characterized by Regime 2 (SGR)
microstructures, with oblique new grain-shape fabrics defin-
ing a top-E sense of shear (Fig. 7b and c) that postdates the
37 Ma dikes. Dynamically recrystallized grain sizes in these
rocks range from 50 to 20 um, corresponding to shear stresses
of 13-26 MPa, without any clear trend in position relative
to the NSRD. Related deformation in underlying metapelites
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microstructures to the mylonitic quartzite above, suggesting
that the bulk of the footwall represents sub-LDT deforma-
tion extending a significant distance into the footwall and not
directly related to the NSRD.

Close to the NSRD, however, a much narrower (~ 40 m)
zone of high-stress deformation is preserved. This is com-
monly represented by mica-bearing micro-shear bands that
overprint the earlier high-temperature, high-strain, low-stress
microstructure (Fig. 6d), or by Regime 2 and 3 deforma-
tion with relict grains overprinted by dynamic recrystalliza-
tion to smaller grain sizes (Fig. 6e). Dynamically recrystal-
lized grain sizes in these shear bands range from 15 to 5 pm,
though measurement of the finest grain sizes is difficult to
carry out rigorously, owing to the narrowness of the shear
bands. These grain sizes correspond to shear stresses in the
range 33-80 MPa.
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Table 1. Sample and field photo locations.

Figure ~ Sample number/ Latitude Longitude  Depth below
number field photo detachment
‘Whipple Mountains
Sa PW25 34.2925°N  114.4409° W 300m
5b Field photo 34.2906° N 114.4440° W 300m
Sc PWI152 34.2938° N 114.4534° W 300m
5d PW142 34.3684°N  114.3079° W 50m
Se Field photo 34.3190°N  114.3129°W 150m
5f PW142 34.3684°N  114.3079° W 50m
S5g Field photo 34.3681°N  114.3086° W 60 m
Sh Field photo 34.2883°N  114.2699° W <5m
Northern Snake Range
6a FFM280 39.3167°N  114.3061° W 250 m
6b FTa290 39.2865° N 114.1899° W 20m
6¢ FQu261 39.2032° N 114.0854° W 250m
6d FHa276 39.2474° N 114.0909° W 150m
6e FQu268 39.1963° N 114.0963° W 20m
o6f Field photo 39.4434°N  114.1331°W 100m
6g Field photo 39.1868° N 114.0962° W <5m
6h Field photo 39.3318°N  114.1381°W Om
Ruby Mountains—East Humboldt Range
Ta PE59 41.026°N  115.0917° W 400 m
7b PE60 41.026°N  115.0917°W 400 m
Tc PE62 40.8635°N  115.2470° W 50m
7d PE66 40.8644°N  115.2516°W 20m
Te Field photo 40.8644°N  115.2516°W 20m
7t Field photo 40.8635° N 115.2470° W 50m

We interpret these relationships to indicate that the rocks
on the western side of the range, which lay below the LDT
during Late Cretaceous to Eocene time, had already been
exhumed and cooled through the LDT by the time the de-
tachment was initiated. This is supported by the Eocene
40Ar /39 Ar ages from this side of the range. In the east, how-
ever, we see where the NSRD, accompanied by a zone of
detachment-related mylonite, soled into the LDT. The my-
lonitic schists and quartzites on this side of the range lay
below the LDT until they were captured and exhumed by
the NSRD. In parts of the footwall dominated by calcare-
ous marbles, such as Marble Wash in the NE corner of the
range, high-stress deformation associated with the NSRD
has resulted in extreme grain-size reduction and weaken-
ing, producing a zone of ultramylonite directly beneath the
detachment (Fig. 6f). In the Cove, in the southern part of
the range, competency contrasts between different calcare-
ous units capture brittle—ductile deformation formed when
the rocks passed through the BDT during cooling and ex-
humation (Fig. 6g). The NSRD itself is exposed as a brittle
gouge zone with disharmonic folds and structures indicat-
ing a top-E sense of shear, consistent with the dominant my-
lonitic fabric (e.g., in Smith Creek, Fig. 6h).

4.3 The Ruby Mountains-East Humboldt Range

The Ruby Mountains—East Humboldt Range (REHR) in
northeast Nevada (Fig. 1), like the northern Snake Range,
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exposes the deep roots of the Cordilleran thrust belt beneath
unmetamorphosed rocks of the Cordilleran miogeocline, sep-
arated by a complex set of detachments. The displacement di-
rection on the detachment system, however, is WNW (Lister
and Snoke, 1984) as opposed to ESE in the northern Snake
Range. It also exposes higher-grade rocks in its core, includ-
ing large volumes of migmatitic gneiss, and some tectonic
slices of Proterozoic and Archean crystalline rocks (Lush et
al., 1988; McGrew et al., 2000). In this respect, the REHR
appears to be transitional in character with the core com-
plexes in the northern USA and the Canadian Cordillera, sev-
eral of which have migmatitic cores (e.g., Brown and Mur-
ray Journeay, 1987; Parrish et al., 1988; Whitney et al., 2013
and references therein). From the deepest rocks exposed up-
wards, the REHR shows the following rheological elements:

1. Much of the northern REHR is occupied by an assem-
blage of Proterozoic and locally Archean crystalline
rocks, Neoproterozoic through Paleozoic metasedimen-
tary rocks, and Mesozoic to Paleogene granitoid rocks,
all of which have been metamorphosed to upper amphi-
bolite facies, accompanied by extensive partial melting
and the emplacement of a variety of dikes and minor in-
trusions (Henry et al., 2011; McGrew et al., 2000; Sul-
livan and Snoke, 2007). Peak metamorphic conditions
of <950 MPa and 800 °C were reached in Late Creta-
ceous time, followed by decompression of >200 MPa
and cooling in the Eocene (Hallett and Spear, 2014;
Henry et al., 2011; McGrew et al., 2000), before a final
phase of exhumation and cooling in the middle Miocene
(Colgan et al., 2010b). Peak metamorphism was accom-
panied by large-scale recumbent folding that is likely
to have contributed to crustal thickening (MacCready et
al., 1997; McGrew et al., 2000), but the present near-
isoclinal recumbent geometry of these folds may re-
flect subhorizontal shear and vertical shortening related
to the early stages of Eocene decompression (Henry et
al., 2011). Stretching lineations associated with these
folds are weak, trend ~ N-S, and have been interpreted
in terms of subhorizontal flow of lower crustal mate-
rial into the culmination that now forms the core com-
plex (MacCready et al., 1997). In view of the depths at
which these structures formed (~ 25-35 km), however,
it is unlikely that they are related to the present-day cul-
mination, which was defined by normal faulting during
the middle Miocene (Colgan et al., 2010b). Microstruc-
tures in these rocks (Fig. 7a) point to high-temperature,
distributed ductile deformation below the contempo-
rary LDT, followed by a limited high-stress overprint.
There is no evidence for significant strain localization
within this ~ 5 km thick sequence of gneisses, and al-
though they have experienced high strain, they are not
mylonites. As discussed below, it seems likely that the
high-grade deformation was over before 36 Ma, and
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hence predates initiation of the detachment by at least
15 million years.

2. The high grade core is cut by 29 Ma biotite monzo-
granite dikes that post-date the high-grade metamor-
phism and ductile deformation but pre-date extensional
exhumation (MacCready et al., 1997). At high struc-
tural levels, both the dikes and the surrounding gneisses
were affected by a relatively low-temperature ductile
overprint, which caused plastic deformation and dy-
namic recrystallization in quartz, accompanied by sig-
nificant grain-size reduction. Above Angel Lake in the
East Humboldt Range, this deformation produces a
composite microstructure (Fig. 7b) that dies out down-
wards over ~ 300 m. At Secret Pass, between the Ruby
and East Humboldt Ranges (Fig. 2c), several hun-
dred meters of mylonitic schist and gneiss formed in
this stage of deformation are exposed below the lower
of two detachments, and have a well-developed flat-
lying foliation, WNW-trending stretching lineation, and
top-WNW sense of shear (Henry et al., 2011). The
microstructure suggests deformation temperatures of
~500°C, with dynamic recrystallization of quartz to
grain sizes of 80—100 um (Fig. 7c), plastic deformation
of feldspar, and stable biotite. The dynamically recrys-
tallized grain size of the quartz in these mylonites cor-
responds to relatively low shear stresses of 7-9 MPa.

3. At Secret Pass, a zone of high-strain mylonite and ul-
tramylonite a few tens of meters thick lies between the
main detachment above (which separates it from un-
metamorphosed cover rocks), and a detachment below
(separating it from the zone of mylonitic schist and
gneiss; Henry et al., 2011). The lower detachment is
probably a splay from the main detachment, which has
excised part of the sequence. These rocks have dynam-
ically recrystallized quartz grain sizes of ~ 10 um, cor-
responding to shear stresses close to 80 MPa, and mi-
crostructures characteristic of Regime 1 of Hirth and
Tullis (1992). Feldspar is also recrystallized in por-
phyroclast tails. Together, the microstructure and min-
eral assemblage indicate that deformation occurred at
~ 400 °C. Quartz, feldspar, and sheet silicates are com-
monly well mixed, suggesting that the material may
have deformed by grain-size-sensitive creep involving a
large component of grain-boundary sliding. Sigma- and
delta-type tailed porphyroclasts are common (Fig. 7d),
and larger scale structures formed in the same way from
fragments of the pre-existing rock provide dramatic ev-
idence of the amount of strain sustained by the ultramy-
lonites (Fig. 7e).

4. The main detachment in the REHR formed under brit-
tle conditions and is marked by a zone of fault gouge
and sharp truncations of tilted bedding in the overly-
ing sedimentary sequences (Henry et al., 2011). Small-
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scale brittle to semi-brittle discontinuities within the
mylonites probably formed during the transition from
ductile to brittle deformation during cooling and ex-
humation (Fig. 7).

This structural sequence is consistent with those in both
the northern Snake Range and the Whipple Mountains, and
suggests progressive strain localization accompanying cool-
ing and exhumation, with higher overall levels of stress in
the younger, lower-temperature parts of the system. As noted
above, mylonitic deformation dies out downwards beneath
the detachment, and the bulk of the high-grade core (colored
blue in Fig. 2c) lacks both a mylonitic foliation and lineation.
This suggests that we are seeing the lower boundary of a lo-
calized zone of ductile deformation. The mylonites therefore
formed above the early Miocene LDT, and represent the duc-
tile downward extension of the brittle detachment. It appears
that there was insufficient displacement on the detachment to
exhume the LDT.

The high-grade gneisses in the core of the REHR formed
during Mesozoic Cordilleran contraction, followed by Paleo-
gene exhumation and cooling. The lack of evidence for strain
localization suggests that deformation happened well below
the LDT at that time, but the upper boundary has not been
preserved. The significantly different kinematics of deforma-
tion prior to the 29 Ma biotite monzogranite dike suite, and
the sharply different conditions of deformation between the
high-grade gneisses and the later mylonites, suggest that the
Paleogene stage of exhumation was not related to the detach-
ment.

As in the northern Snake Range, there is considerable de-
bate about the timing of initiation and motion on the main
detachment in the REHR. *°Ar / 3 Ar chrontours trend NNE
and young from 36 in the ESE to 21 Ma in the WNW
(Fig. 2¢), and have been interpreted to indicate eastward tilt-
ing of the footwall beneath the W-dipping detachment over
this period (McGrew and Snee, 1994). Low-temperature ap-
atite fission track and (U-Th)/He thermochronology, how-
ever, suggests that the main phase of detachment motion oc-
curred in the middle Miocene (Colgan et al., 2010a). Fol-
lowing the same logic as we applied to the northern Snake
Range, we suggest that the **Ar /3°Ar isochronal surfaces
formed subhorizontally during slow Paleogene cooling and
were subsequently tilted and cut off during exhumation along
the brittle detachment in the middle Miocene.

Our proposed evolution of the REHR can therefore be
summarized as follows: (1) high-grade gneisses in the core of
the range show high but distributed ductile strain, which oc-
curred before 36 Ma, below the contemporary LDT. This de-
formation predated emplacement of the 29 Ma monzogranite
sheets, and was unrelated to the regional detachment, the sub-
detachment mylonites, or the core complex itself. Stretching
lineations are weak with variable orientations, but generally
trend N-S. (2) The sub-detachment mylonites post-date the
monzogranite sheets, and stretching lineations trend WNW.
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Figure 7. Field and thin section photographs from the Ruby Mountains—East Humboldt Range. Locations are shown in Fig. 2c and listed in
Table 1. All images are oriented with WNW to the right. (a) Quartzite from Angel Lake exhibiting a composite microstructure of millimeter-
sized quartz grains with a high-temperature, sub-LDT microstructure and approximately 5 % dynamic recrystallization by subgrain rotation
to a grain size of ~ 20 um. (b) The high-temperature fabric is overprinted by a high-stress, probably detachment-related, shear band defined
by dynamic recrystallization through bulge nucleation with a grain size of ~ 5 um. This is analogous to the northern Snake Range sample in
Fig. 6d. (c) Mylonitic gneiss from below the lower detachment at Secret Pass exhibiting a composite microstructure with Regime 2 dynamic
recrystallization at the 100 um level followed by a weak high-stress overprint. Mica fish highlight the top-WNW sense of shear. (d) Mylonite
gneiss from beneath the main detachment at Secret Pass. The matrix shows full dynamic recrystallization of quartz to ~ 10 um, and extensive
fine-grained dynamic recrystallization in tails around feldspar delta-type porphyroclasts. (e) Ultramylonite beneath the main detachment at
Secret Pass with winged inclusions (Grasemann and Dabrowski, 2015). Similar features are found close to the detachment in the northern
Snake Range (Fig. 6e). Panels (d) and (e) were previously published in Platt et al. (2015). (f) Field photo of a small-scale brittle shear cutting
mylonitic gneiss at Secret Pass. The brittle slip surfaces follow the foliation, suggesting that deformation occurred close to the BDT. This is
comparable to similar observations in the Whipple Mountains (Fig. 5g).

By the time this deformation occurred, in the early to middle
Miocene, the gneisses had cooled and were too strong to de-
form in a distributed fashion when the detachment was initi-
ated. The LDT had effectively moved down through the crust
by this time, and the detachment-related mylonites formed
above the LDT. (3) The REHR therefore provides a useful
example of why we need to be careful in attributing deformed
rocks to a particular structural or rheological level, because
in an exhuming and cooling environment the LDT and the
BDT will move down through the crust.

5 Discussion

The structural analysis of three Cordilleran metamorphic
core complex footwalls presented here demonstrates that dis-
tinct rheological transitions are common to all three. This im-
plies that, despite complications of lithology or pre-existing
structure, core complexes offer a consistent window into the
rheological structure of the middle crust.

We relate our observations of two spatially and tempo-
rally distinct zones of ductile deformation in all three core
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complexes (high-stress mylonite and ultramylonite geneti-
cally related to the detachment, and high-strain, low-stress
rocks that formed in the middle to lower crust) to exhuma-
tion of the footwalls through two rheological transitions: a
localized—distributed transition (LDT) and a brittle—ductile
transition (BDT). We suggest that moderate- to high-angle
brittle normal faults in the upper crust persist as low-angle
ductile shear zones below the BDT in the middle crust, sol-
ing into the LDT at greater depths.

This interpretation is consistent with a number of observed
structural relationships. In the Whipple Mountains footwall,
the high-strain, low-stress mylonitic foliation departs from
the detachment on the western side of the range, resulting
in a “mylonitic front”. Above this mylonitic front, but below
the Whipple detachment, several high-stress localized ductile
shear zones are documented, consistent with exhumation of
the footwall from the LDT up through the BDT. In contrast,
on the eastern side of the range a ~200m thick mylonite
zone lying beneath and parallel to the detachment records
lower temperatures but higher stresses, and we interpret this
mylonite zone as a distinct entity, representing the down-dip,
ductile extension of the Whipple detachment below the BDT.
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In the northern Snake Range, we do not see the mylonite
zone depart from the detachment like it does in the Whipple
Mountains, but the strength of the mylonitic fabric decreases
from E to W and disappears completely in the NW part of
the range. Non-mylonitic rocks from the western side exhibit
high-temperature, low-stress microstructures that predate a
suite of rhyolite dikes dated at 37 Ma (Lee and Sutter, 1991),
whereas the rest of the range contains mylonitic schists and
quartzites with high-strain, intermediate-stress microstruc-
tures that postdate the dikes. We interpret this change in de-
formation style to reflect exhumation and preservation of a
mid-crustal LDT. Petrological evidence from rocks beneath
this LDT suggests that it was originally subhorizontal in the
middle crust, and was subsequently captured by the moder-
ately dipping brittle northern Snake Range décollement that
soled down into it.

The Ruby Mountains—East Humboldt Range shows a sim-
ilar structural sequence of high-grade rocks overprinted by
lower-temperature ductile deformation beneath the main de-
tachment, but there is no equivalent to the mylonitic front.
The mylonitic rocks in the REHR form a zone several hun-
dred meters thick beneath the detachment, and appear to be
related to the detachment. The lower boundary of the my-
lonites is the lower margin of a localized ductile shear zone
that represents the down-dip extension of the detachment, be-
low the BDT but above the LDT.

The differences among the three core complexes reflect
(1) variations in footwall lithological assemblage, which con-
trols the degree of strain localization during low-temperature
ductile deformation; (2) the thermal structure of the crust
during extensional deformation, which controls its rheolog-
ical behavior; and (3) the amount of exhumation, which ap-
pears to increase from the Whipple Mountains, through the
northern Snake Range, to the Ruby Mountains—East Hum-
boldt Range.

These rheological transitions are not just limited to the
Cordilleran metamorphic core complexes, and can be found
in other exposures of the exhumed middle-to-lower crust.
The Betic Cordillera in the western Mediterranean, for exam-
ple, hosts an intracontinental subduction complex in which
upper crustal rocks were buried and then exhumed from
depths of ~48-67km (Behr and Platt, 2012). A detailed
microstructural study of mylonitic metasedimentary units
within this complex by Behr and Platt (2013) indicates
that rocks were exhumed to the surface in two stages: an
early phase of exhumation along the top of the subduct-
ing slab from depths below the LDT (~50-25km), and a
late stage resulting from capture by a low-angle detachment
fault rooted in the brittle—ductile transition at ~ 10 km depth.
Mylonites formed during the first phase of exhumation be-
low the LDT record both coaxial and non-coaxial deforma-
tion defined by a high-temperature, high-strain, low-stress
microstructure dominated by pressure-solution creep that is
crosscut by the detachment. Once captured by the brittle de-
tachment, deformation was progressively concentrated into a
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narrow zone of highly localized moderate-to-high-stress mi-
crostructure defined by a relatively thin layer of mylonite and
ultramylonite that is genetically and geometrically related to
the detachment.

Why do we see these transitions in mechanical and rheo-
logical behavior through the crust? The BDT has long been
thought to mark a depth within the crust at which the stress
required for pressure-sensitive frictional deformation reaches
that required for temperature-sensitive ductile creep mecha-
nisms such as intracrystalline plasticity (e.g., Sibson, 1983).
In recent years, however, it has become clear that slip on
faults in the upper crust can occur at remarkably low val-
ues of static shear stress (e.g., Lockner et al., 2011). This
is supported by the evidence from core complexes that the
normal faults bounding them were active at very gentle dips
(e.g., Davis, 1988; Davis et al., 1980; Scott and Lister, 1992).
Behr and Platt (2014) suggested that the BDT may therefore
be controlled by the upper temperature limits of the weak-
ening processes affecting brittle faults, which include the
formation of gouge zones occupied by smectite clays with
very low frictional strengths, and/or decreases in the effect
of pore fluid pressure on fault weakening (e.g., Hirth and
Beeler, 2015). Observations from core complexes demon-
strate that the detachment faults are indeed occupied by clay-
rich gouge zones (Haines and van der Pluijm, 2008), but the
lowest level in the brittle fault zone may be occupied by cat-
aclastic breccias that lack clay and instead are cemented by
hydrothermal minerals such as quartz, albite, and epidote,
which have much higher frictional strengths (e.g., Selver-
stone et al., 2012). The occurrence of pseudotachylite veins
across the BDT also supports high frictional strength at this
level.

The LDT marks a level in the crust where ductile strain
localization becomes weak or absent. The width of a duc-
tile shear zone is an indicator of the degree of localization,
and at the LDT the width becomes greater than the scale
at which we can observe it (multiple kilometers), and may
extend to the lower crust or the Moho. Our observations
suggest that this transition may be related to microstruc-
tural processes within the shear zone. At low temperatures,
crystal-plastic deformation in quartz and brittle deformation
in feldspar and micas cause substantial grain-size reduction,
and hence a transition into grain-size-sensitive creep. The
latter includes processes such as dislocation-accommodated
grain-boundary sliding (DisGBS; e.g., Hirth and Kohlstedt,
2003), and dislocation creep assisted by dynamic recrystal-
lization (DRX creep; Platt and Behr, 2011a). These can re-
sult in several orders of magnitude of weakening (defined by
the increase in strain rate at a given stress) and hence sub-
stantial strain localization. At temperatures of around 500 °C,
the shear stress required for dislocation creep is much lower
(<10 MPa; Platt and Behr, 2011a), hence the dynamically re-
crystallized grain size is much greater (> 100 um; Stipp and
Tullis, 2003), and the transition to grain-size-sensitive creep
does not occur. The position of the LDT will be sensitive to
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rock type, water content, and the externally imposed rate of
tectonic deformation.

6 Conclusions

Two distinct rheological transitions have been identified in
the footwalls of three Cordilleran metamorphic core com-
plexes: a localized—distributed transition (LDT) and a brittle—
ductile transition (BDT). Their common occurrence suggests
that they are ubiquitous features of the crust. As the footwalls
are exhumed to the surface, they pass through first the LDT
and then the BDT, resulting in the development of two zones
of ductile deformation: (1) a broad zone of high-strain rock
that formed in the middle crust below the LDT, overprinted
by (2) arelatively narrow zone of high-stress mylonite that is
spatially and genetically related to the brittle detachment. In
some examples (e.g., the Whipple Mountains) the LDT and
the underlying high-strain rocks are spatially separate from
the detachment, although they were subsequently exhumed
along it. The two zones of ductile deformation show distinct
microstructural assemblages, reflecting different conditions
of temperature and stress during deformation, and show su-
perposed sequences of microstructures reflecting progressive
exhumation, cooling, and strain localization.

7 Data availability

The data used to calculate the strain rate vs. depth and shear
zone width vs. depth plots in Fig. 3 were obtained from Behr
and Platt (2011), Hirth et al. (2001), Platt and Behr (2011b),
and Rybacki et al. (2006). U-Pb zircon data for the Chambers
Wells dikes are provided in Table S1. All sample and field
locations referred to in the paper are listed in Table 1.

The Supplement related to this article is available online
at doi:10.5194/se-8-199-2017-supplement.
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