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B ABSTRACT

Strain localization across the brittle-ductile transition is a fundamental
process in accommodating tectonic movement in the mid-crust. The tectoni-
cally active Cordillera Blanca shear zone (CBSZ), a ~200-km-long normal-sense
shear zone situated within the footwall of a discrete syn-convergent exten-
sional fault in the Peruvian Andes, is an excellent field laboratory to explore
this transition. Field and microscopic observations indicate consistent top-
down-to-the-southwest sense of shear and a sequence of tectonites ranging
from undeformed granodiorite through mylonite and ultimately fault breccia
along the detachment.

Using microstructural analysis, two-feldspar and Ti-in-quartz (TitaniQ)
thermometry, recrystallized quartz paleopiezometry, and analysis of quartz
crystallographic preferred orientations, we evaluate the deformation condi-
tions and mechanisms in quartz and feldspar across the CBSZ. Deformation
temperatures derived from asymmetric strain-induced myrmekite in a subset
of tectonite samples are 410 + 30 to 470 + 36 °C, consistent with TitaniQ tem-
peratures of 450 + 60 to 490 + 33 °C and temperatures >400 °C estimated from
microstructural criteria. Brittle fabrics overprint ductile fabrics within ~150 m
of the detachment that indicate that deformation continued to lower-tempera-
ture (~280-400 °C) and/or higher-strain-rate conditions prior to the onset of
pervasive brittle deformation. Initial deformation occurred via high-tempera-
ture fracturing and dissolution-precipitation in feldspar. Continued subsolidus
deformation resulted in either layering of mylonites into monophase quartz
and fine-grained polyphase domains oriented subparallel to macroscopic
foliation or the interconnection of recrystallized quartz networks oriented
obliquely to macroscopic foliation. The transition to quartz-controlled rheology
occurred at temperatures near ~500 °C and at a differential stress of ~16.5 MPa.
Deformation within the CBSZ occurred predominantly above ~400 °C and at
stresses up to ~71.4 MPa prior to the onset of brittle deformation.

H INTRODUCTION

One of the most important long-standing problems in tectonics is the lo-
calization of strain during the transition from ductile to brittle deformation in
the lithosphere (Kirby, 1983; Carter and Tsenn, 1987; Rutter et al., 2001; Platt

and Behr, 2011a; Sullivan et al., 2013; Spruzeniece and Piazolo, 2015). Deforma-
tion mechanisms and the relative roles of temperature, strain rate, and fluids
in localizing strain can vary widely along the brittle-ductile transition (BDT).
Crustal-scale shear zones are ideal settings for quantifying deformation condi-
tions and discerning the mechanisms facilitating strain localization along the
BDT. However, many such examples have protracted and complicated histories,
making it difficult to discriminate the relative timing of ductile and brittle behavior
(Singleton and Mosher, 2012; Cooper et al., 2017). As crustal strength along the
BDT is contingent upon lithology and tectonic regime (Sibson, 1983; Carter and
Tsenn, 1987), it is important to describe naturally occurring deformation in a
range of geologic environments. Although previous work on crustal-scale shear
zones near the BDT in granitoids is extensive (Simpson, 1985; Fitz Gerald and
Stlinitz, 1993; Stlinitz and Fitz Gerald, 1993; Tsurumi et al., 2002; Ree et al., 2005;
Pennacchioni et al., 2006; Behr and Platt, 2011; Zibra et al., 2012; Singleton and
Mosher, 2012; Wintsch and Yeh, 2013; Sullivan et al., 2013; Columbu et al., 2015;
Spruzeniece and Piazolo, 2015; Wehrens et al., 2016), studies of young and/or
currently active extensional shear zones are less common (Bessiere et al., 2018).

Rock strength along the BDT can be affected by variables that influence
brittle deformation, including fluid pressure, strain rate, effective pressure,
and mineralization along failure surfaces (Byerlee, 1978; Brace and Kohlstedt,
1980; Carter and Tsenn, 1987), and those that influence ductile deformation,
such as temperature, activity of water (Kirby, 1980; Tullis and Yund, 1980; Yund
and Tullis, 1980), interconnectedness of minerals (Wintsch and Yeh, 2013),
differential stress, lithology, deformation mechanism, and preferred mineral
orientations (Rutter, 1986; Carter and Tsenn, 1987; Behr and Platt, 2011; Platt and
Behr, 2011b; Cooper et al., 2017). Experimental studies have constrained many
of these factors (Tullis and Yund, 1991, 1987, 1980; Hirth and Tullis, 1992, 1994;
Heilbronner and Tullis, 2006; Stiinitz and Tullis, 2001; Holyoke and Tullis, 2006;
Holyoke and Kronenberg, 2010; Stipp and Tullis, 2003), providing a framework
for studying “natural laboratories” (e.g., Lloyd et al., 1992; Hirth et al., 2001;
Stipp et al., 2002a, 2002b; Wells et al., 2005; Behr and Platt, 2011, 2014; Gottardi
and Teyssier, 2013; Sullivan et al., 2013; Spruzeniece and Piazolo, 2015; Viegas
et al., 2016; Rahl and Skemer, 2016).

The tectonically active Cordillera Blanca shear zone (CBSZ), an ~200-km-
long normal-sense shear zone in the Peruvian Andes, occurs almost entirely
in the granodioritic Cordillera Blanca batholith (Atherton and Sanderson, 1987;
Petford and Atherton, 1992; McNulty et al., 1998), which was emplaced at
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14-5 Ma (U-Pb zircon; Mukasa, 1984; McNulty et al., 1998; Giovanni, 2007). This
granodioritic intrusion is the predominant lithology in the exhumed footwall
of the Cordillera Blanca detachment normal fault, which is the expression
of the upper, brittle portion of the CBSZ and has been active since ca. 5 Ma
(Bonnot, 1984; Giovanni, 2007). Tectonic fabrics progress from undeformed
granodiorite in the core of the batholith in the east, through mylonites and
ultramylonites toward the west, culminating in cataclasite and breccia along
the detachment surface. The CBSZ is an excellent case study of the BDT, as
the relatively simple deformation history and consistent lithology facilitate
comparison of fabrics, deformation mechanisms, and deformation conditions
at different structural levels across the BDT.

We present new data characterizing mid-crustal deformation within the
CBSZ including deformation temperatures of quartz and feldspar, quartz crys-
tallographic preferred orientations (CPOs), flow stress, and microstructural
relationships relating to changing deformation mechanisms. Previous work
describes the transition from magmatic to subsolidus tectonic fabrics in the
CBSZ (Petford and Atherton, 1992), but no constraints on ductile deformation
conditions are presently available. An additional motivation for this study is to
offer the first quantitative constraints on ductile to brittle deformation condi-
tions within the CBSZ and evaluate the deformation mechanisms that facilitate
the fabric transition described by Petford and Atherton (1992). In this study, we
present data supporting early deformation by high-temperature fracturing in
a feldspar-controlled framework followed by predominantly quartz-controlled
rheology, with at least local polyphase-controlled rheology within layered
mylonites. Our results indicate that deformation during exhumation produced
overprinting fabrics reflecting changes in deformation mechanisms and an
increase in strain rate. Strain localized from an ~450 m thick plastic shear zone
to an ~150 m thick brittle fault zone along a discrete detachment fault.

B GEOLOGIC BACKGROUND AND SAMPLE DESCRIPTIONS

Subduction along the Andean margin of South America began by at least
the Jurassic and cycled between steep— and shallow-to—flat slab subduction
until its present configuration (James, 1971; Jordan et al., 1983; Ramos, 1999).
The Cordillera Blanca range is situated above the Peruvian flat-slab segment
of the present margin (Gutscher et al., 1999; McNulty and Farber, 2002), within
the central-eastern Cordillera Occidental along the western margin of the
Marandén fold-and-thrust belt (Fig. 1). West of the Cordillera Blanca lies the
Cordillera Negra, a 54-15 Ma volcanic arc related to normal subduction along
the Peru-Chile trench (Petford and Atherton, 1992; Scherrenberg et al., 2014,
2016). Beginning at ca. 15 Ma, magmatism migrated eastward, culminating
in the intrusion and crystallization of the Cordillera Blanca batholith from 13.7
+0.3 Mato 5.3+ 0.3 Ma (U-Pb zircon; Mukasa, 1984; Giovanni, 2007) and erup-
tion of the associated Yungay and Fortaleza ignimbrites between 8.7 + 1.6 and
4.5 + 0.2 Ma (“°Ar/*°Ar biotite; Bonnot, 1984; Giovanni et al., 2010) and between
6.2+ 0.2 and 4.9 + 0.2 Ma, respectively (K-Ar biotite; Wilson, 1975; Cobbing et
al., 1981). These events mark the last episode of arc magmatism in this region
(Cobbing et al., 1981; Bonnot, 1984; Mukasa, 1984; Petford and Atherton, 1996;
McNulty et al., 1998; McNulty and Farber, 2002; Giovanni, 2007; Giovanni et al.,
2010). Crustal shortening associated with convergence of the South American
and Nazca plates also migrated inboard, east of the Marandn massif, to the
present Subandean fold-and-thrust belt (Fig. 1).

The Cordillera Blanca range is cored by the granodiorite-leucogranodio-
rite Cordillera Blanca batholith (Atherton and Sanderson, 1987; Petford and
Atherton, 1992). Batholith emplacement is estimated at ~300 MPa (McNulty
and Farber, 2002) and >200 MPa (Petford and Atherton, 1992) from mineral
assemblages in the pelitic contact aureole, and at 90 + 10 MPa to 260 + 30
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MPa at 720-800 °C from recent amphibole thermobarometry of batholith rocks
(Margirier et al., 2016). The batholith cooled rapidly at 200 °C/m.y. until ca. 4 Ma
and subsequently cooled at 25 °C/m.y. from 4 to 0 Ma (Margirier et al., 2015).
Extension along the Cordillera Blanca detachment initiated at ca. 5 Ma (Bonnot,
1984; Giovanni, 2007), accommodating 12-15 km of normal-sense displace-
ment (Giovanni et al., 2010). A series of glacially and fluvially incised ravines
(quebradas) cut across the Cordillera Blanca nearly orthogonal to strike of the
range (Wise and Noble, 2003), providing exposure of the full ductile-to-brittle
fabric gradient developed in the CBSZ (Fig. 2). Fault scarps along the detach-
ment truncate glacial moraines, offsetting moraine crests by ~2-70 m (Bonnot
et al., 1988; Schwartz, 1988; Siame et al., 2006). The most recent faulting is
bracketed by detrital charcoal in colluvium between 2440 + 1060 and 750 + 80
“C yr B.P, and by positioning of pre-Incan structures relative to fault scarps
at 1500-2000 yr B.P. (Schwartz, 1988). The hanging wall comprises Jurassic
to Cretaceous sediments, Eocene-Pliocene volcanics, and Miocene-Pliocene
sediments of the Lloclla Formation (Cobbing et al., 1981; Petford and Atherton,
1992; Giovanni et al., 2010; Margirier et al., 2015). Hot springs issue along the
main detachment system and along steeply dipping faults and inferred syn-
thetic faults proximal to the shear zone (Newell et al., 2015).

We present data from samples collected in Quebrada Gatay (Fig. 2) and
describe CBSZ deformation relative to structural depths below the exposed
detachment surface. Quebrada Gatay samples (Table S1 in the Supplemental
Files') were collected across the ductile-to-brittle fabric transition and are
mostly leucogranodiorite, with a small number from quartz veins oriented
parallel to foliation and phyllites presumably from a lens of the Jurassic Chi-
cama Formation host rock. Supplemental information is available in Tables
S1-S2, Figures S1-S2, and Text S1-S3 (footnote 1).

B METHODS

Thirty-two (32) samples were collected from Quebrada Gatay in July 2013
and were cut into thin sections perpendicular to foliation and parallel to lin-
eation (X-Z sections). We used optical petrography, electron backscatter dif-
fraction (EBSD) analysis, and electron probe microanalyzer (EPMA) analysis
to evaluate microstructures, quartz CPOs, deformation temperature, and flow
stress across the fabric progression from undeformed granite to ultramylonite
and cataclasite.

Deformation Temperatures
Two-Feldspar Geothermometry
Deformation temperatures were estimated for samples with asymmetric

strain-induced myrmekite (ASIM) using two-feldspar thermometry of coex-
isting feldspars within the symplectite (Simpson and Wintsch, 1989; Langille

et al., 2010). ASIM develops when aqueous Na* is concentrated at high-stress
sites along K-feldspar grain boundaries (Fig. 3A; Simpson and Wintsch, 1989).
High strain facilitates the reaction (Simpson and Wintsch, 1989; Tsurumi et al.,
2002; Menegon et al., 2008):

K-feldspar + Na* — Na-feldspar + quartz+K*. (1)

The resulting ASIM microstructure comprises a K-feldspar porphyroclast im-
pinged by asymmetrically distributed albite-oligoclase lobes that grow par-
allel to the maximum incremental shortening axis and contain vermicular
quartz. K-feldspar recrystallizes as tails in low-strain sites (Fig. 3A; Simpson
and Wintsch, 1989).

We derive ASIM deformation temperatures using chemical compositions
from along the interface of the K-feldspar porphyroclast and the Na-feldspar
myrmekitic lobe (Fig. 3B; Langille et al., 2010). Mineral compositions were
obtained using the Cameca SX-100 EPMA at the University of Tennessee-
Knoxville (UTK; Knoxville, Tennessee, USA) by spot analysis at 15 keV, 10 nA,
5 um spot size, and 30 s counting time. X-ray maps (Na, K, Si, and Fe) were
made at 15 keV, 20 nA, 50 ms dwell time, and 1 pm spot size to evaluate com-
positional zoning in porphyroclasts and myrmekite lobes and to characterize
matrix phases. Multiple lobes from individual ASIM-bearing porphyroclasts
were analyzed to determine the average deformation temperature. Tempera-
tures were calculated using the two-feldspar thermometer (Stormer, 1975;
Whitney and Stormer, 1977):

7973.1-16,910.6 X, »r +9901.9X2 - +(0.11 — 0.22X,, 4 +0.11X2 ;. )(10P
_ ab, ab, ab, ab, , (2)

{-1 .9872In( @} 6.48-21.58X, o +23.72X% . —8.62X3 AF}

ab, PL

where X, or is normalized molar concentration of albite in alkali feldspar, Pis
pressure (MPa), and o, is the activity of albite in plagioclase. Because shear
sense from ASIM is consistent with shear sense from other indicators, tem-
peratures derived from ASIM are assumed to be deformation temperatures
(Simpson and Wintsch, 1989; Langille et al., 2010). Temperatures were calcu-
lated at 100 MPa and 300 MPa pressures and are presented here calculated
at 300 MPa with errors of the 20 standard deviation of feldspar compositions
propagated through the thermometer. Reported temperatures and errors do
notinclude the 50 °C error from the thermometer. Mineral compositions used
for thermometry calculations are reported in Table S2 (footnote 1).

Titanium-in-Quartz (TitaniQ) Geothermometry

Titanium-in-quartz (TitaniQ) thermometry utilizes the log-linear relationship
between increasing Ti concentration in quartz with increasing temperature
(Wark and Watson, 2006). Established as a reliable thermometer in igneous and
volcanic systems when pressure and Ti activity (or,) are constrained, TitaniQ
has also been increasingly used in greenschist facies shear zones to determine
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Figure 2. Three-dimensional digital ele-
vation model, derived from 90 m Shuttle
Radar Topography Mission data obtained
from http://www.viewfinderpanoramas
.org/dem3.html, with overlain geologic
map (Giovanni et al., 2010) of the Cordil-
lera Blanca. Quebradas (ravines) are la-
beled along the west side of the range. The
~200-km-long Cordillera Blanca detachment
forms the upper boundary of the Cordillera 77°30'W
Blanca shear zone.

Figure 3. (A) Schematic diagram of strain-induced myrmekite (af-
ter Simpson and Wintsch, 1989). Inset shows the principal strain
ellipse. Orientation of normal stress (c,) relative to myrmekite
from Simpson and Wintsch (1989). Bt—biotite; Kfs —potassium
feldspar; Mym —myrmekite; Fsp—feldspar; Olg—oligoclase (red);
Qz—quartz. Albite-oligoclase myrmekite lobes grow toward the
center of the host porphyroclast. Lobes are concentrated at high-
strain sites, shown relative to S-C mylonitic fabric. (B) X-ray com-
positional map of major element compositions of asymmetric
strain-induced myrmekite microstructure. Surrounding matrix is
recrystallized quartz (white), biotite (blue), and K-feldspar (green).
Black lines denote locations of spot analysis transects for use in
thermometry calculations. Arrow notation indicates trend and
plunge of lineation, with arrow pointing down-plunge.
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deformation conditions (e.g., Kidder et al., 2013). Some debate occurs regarding
the reliability of TitaniQ in different dynamic recrystallization regimes, though
there is general agreement that TitaniQ is reliable under conditions required
for grain-boundary migration (GBM) recrystallization (Thomas et al., 2010; Behr
et al., 2011; Grujic et al., 2011; Thomas and Watson, 2012; Kidder et al., 2013;
Nachlas et al., 2014; Cross et al., 2015). Recent experimental evidence suggests
that Ti concentrations are efficiently re-equilibrated during recrystallization
by grain boundary formation and migration (Nachlas et al., 2018). Because
high-temperature and/or low-strain-rate conditions tend toward preserving Ti
concentrations on the order of 10-100 ppm, concentrations can be determined
on an EPMA for quartz exhibiting GBM (high-temperature and/or low-strain-rate)
recrystallization microstructures (Behr et al., 2011; Grujic et al., 2011; Nachlas et
al., 2014, 2018). Samples without GBM recrystallization microstructures were not
considered for analysis in this study due to the likelihood that Ti concentrations
would be below the detection limit of the EPMA at UTK, or otherwise may be
preserving inherited Ti concentrations from higher-temperature deformation
(i.e., Grujic et al., 2011). Although Nachlas et al. (2018) suggested that Ti should
be re-equilibrated for recrystallized quartz even at low temperatures, resolving
possible inherited concentrations versus recrystallized Ti concentrations would
require higher-precision instrumentation.

Cathodoluminescence (CL) imaging was conducted prior to EPMA analyses.
CL imaging details and EPMA conditions for TitaniQ analyses are provided in
Text S1 (footnote 1). Temperatures were calculated using the thermobarometer
of Thomas et al. (2010):

60,952 +1741(P /100)

T(°C)= :
1.520 - Rx InXgg +Rx Inoiy,,

—273.15, (3)

where Pis pressure (MPa), R is the gas constant, xﬁgz is the concentration of
Ti in quartz (ppm), and 0w, is the TiO, activity, and the thermobarometer of
Huang and Audétat (2012):

4 035
logTi(ppm) = ~0.27943 x % ~660.53 (%) +5.6459, (4)

where T is temperature (Kelvin) and P is pressure (MPa). TiO, activity for
silicic igneous rocks can be difficult to constrain (Huang and Audétat, 2012),
although for most igneous and metamorphic rocks, ar, is above ~0.5, and
in silicic melts, typically above ~0.6 (Hayden and Watson, 2007). Activity can
be further constrained by presence of ilmenite or titanite (o0, 0.7-0.8) (Ghent
and Stout, 1984; Peterman and Grove, 2010).

Quartz Crystallographic Preferred Orientations (CPOs)

Quartz CPOs were obtained using EBSD on the field emission gun-scanning
electron microscope at the Imaging and Chemical Analysis Laboratory (ICAL) at
Montana State University (Bozeman, Montana, USA). Analyses were conducted
at 20 Pa and 20-30 kV, and Kikuchi band diffraction patterns were collected for

quartz for 75 reflectors using Oxford Instruments HKL Channel 5 Flamenco
software (ver. 5.5). Step sizes ranged from 1.5 to 5 ym depending on minimum
grain size observed under petrographic microscope. Pole figures of quartz c-
and a-axis orientations were constructed using the MTEX toolbox (Bachmann
et al., 2010) for MATLAB. Details on raw EBSD data processing are provided in
Text S2 (footnote 1). EBSD was applied to eight representative samples in in-
terconnected quartz-rich domains as far away from other phases as possible to
minimize potential effects from pinning. CPO pole figures are lower-hemisphere
projections of c- and a-axes using one point per grain, where grains are defined
using at least eight pixels and a critical misorientation of 10°, contoured at 7.5°
half-width (see Text S2 [footnote 1] for details). Fabric strength was evaluated
using the M-index of Skemer et al. (2005) and the J-index of Bunge (1982).

Flow Stress

Differential stresses were estimated using recrystallized grain-size piezom-
etry, where differential stress and recrystallized grain size are inversely related
by the following expression (Twiss, 1977; Stipp and Tullis, 2003):

d=pc™. (5)

Differential stresses were calculated using the piezometer calibration of Stipp
and Tullis (2003), modified after Holyoke and Kronenberg (2010), where d is
the root mean square (RMS) of the grain-size distribution,  is an empirically
derived constant (3640 um/MPa™), ¢ is differential stress, and m is an experi-
mentally derived stress exponent (-1.26). These values were compared to the
recent “sliding-resolution” piezometer calibration for EBSD-derived grain sizes,
where  and m are 104%2+°5' and -1.59 + 0.26, respectively (Cross et al., 2017b).
Grain-size distributions (Fig. S1 [footnote 1]) were derived from EBSD analysis
on representative quartz-rich domains from mylonitic granodiorite and mylonitic
quartz veins, where grain size was defined as the diameter of an equivalent-area
circle. Errors on differential stress estimates are the standard deviation relative
to RMS for the grain-size distribution propagated through the piezometer.

Bl RESULTS
Mesoscale Observations

Mean foliation from Quebrada Gatay strikes 167°+ 5° and dips 23° + 5°, and
mean stretching lineation trends toward 239° + 6°, plunging 24° + 6° (Fig. 4A).
The detachment surface exposed at Quebrada Gatay (Fig. 4A) strikes ~150° and
dips ~26° based on a series of three-point problems solved using Google Earth.
Data from structural positions between 150 and 300 m below the detachment
are sparse due to steep terrain and vegetative cover. An injection complex of
leucogranodiorite veins intrudes into a host rock (shale) lens 130-150 m below

Hughes et al. | Deformation along the Cordillera Blanca shear zone
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Figure 4. Field photos from the south side
of Quebrada Gatay. (A) Detachment surface
looking to the southeast. Inset: stereonet
of poles to foliation (black diamonds, N =
33), mean foliation plane (black great cir-
cle), stretching lineations (red circles, N =
33), and mean detachment surface derived
from Google Earth (gray great circle). Large
symbols are Fisher mean vectors with 95%
confidence intervals. (B) Injection complex
of leucogranitic veins into a lens of Juras-
sic Chicama Formation shale. Outcrop in
view is ~8 m tall. (C) Ultramylonitic folia-
tion with feldspar sigma clasts indicating
dextral (top-to-the-southwest) shear and
asymmetric folding. Peruvian two-sol piece
(~2.4 cm diameter) for scale. (D) Biotite-rich
domain above a foliation-parallel quartz
vein. (E) Pervasive southwest-dipping fo-
liation across the Cordillera Blanca shear
zone. White circles mark elevation. UG —
undeformed granite; PM—protomylonite;
M—mylonite; UM—ultramylonite.
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the detachment surface (Fig. 4B). Localized zones of mylonite to ultramylonite
from 5 to 50 cm thick occur at structural positions as deep as 385 m below
the detachment within otherwise undeformed to protomylonitic granite (Fig.
4C). Quartz veins 10-60 cm thick occur parallel and subparallel to foliation
throughout the shear zone (Fig. 4D). A progression in fabric from undeformed
granodiorite to ultramylonite with consistent SSW-dipping foliation is observed
(Fig. 4E) and is the basis for interpretations of deformation mechanisms and
conditions during shear zone evolution.

Microstructural Observations

Observed microstructures can be divided based on interconnected phases
into feldspar, quartz, mica, and polyphase domains. These domains are spa-
tially variable such that the rheological framework may be controlled by either
quartz, feldspar, mica, or a combination thereof.

Feldspar

Within ~150 m of the detachment, throughgoing features such as fractures,
microfaults, and cataclasite cut across feldspar and adjacent phases (Fig. 5A,
Table 1). At structurally high positions, feldspar porphyroclasts are commonly
fractured and filled with quartz and/or K-feldspar. These fractures tend to be
isolated to feldspar porphyroclasts and do not extend into surrounding phases.
Some feldspar fragments are rotated with respect to the other fragment(s) within
the original porphyroclast, forming V-shaped pull-apart structures (Fig. 5B; i.e.,
Fukuda et al., 2012; Hippertt, 1993; Samanta et al., 2002). Undulose extinction
and deformation lamellae are common within plagioclase porphyroclasts.

Fine-grained feldspar aggregates occur in layered mylonitic to ultramy-
lonitic samples at structural depths from 430 to 111 m. Finely recrystallized
grains mantle porphyroclasts and form tails on 6- and &-type feldspar por-
phyroclasts that deflect into quartz + feldspar shear bands (Fig. 5C). Within
these samples, myrmekite commonly has formed along high-strain sites of
K-feldspar porphyroclasts as well as within fine-grained plagioclase-K-feld-
spar aggregates (Fig. 5D).

Interconnected networks of feldspar porphyroclasts or phenocrysts occur
below 350 m. At 350 m, mylonitic samples contain interconnected plagioclase
phenocrysts that exhibit bulging recrystallization at feldspar-feldspar grain
boundaries (Fig. 5E) and contain biotite at triple junctions (Fig. 5F). Biotite also
occurs in low-strain sites of boudinaged plagioclase where interconnected
quartz and interconnected feldspar coincide. Plagioclase boudins are relatively
symmetrical, are tapered yet connected, and have concave-faced boundaries
(Fig. 5G). Weakly deformed samples at the deepest structural positions are
characterized by interconnected networks of K-feldspar and plagioclase phe-
nocrysts that exhibit intragranular fractures (Figs. 5H, 51). Recrystallization has
occurred along plagioclase grain boundaries and along intragranular fractures

within plagioclase and K-feldspar phenocrysts (Fig. 5l). Large (~500 um) myr-
mekite lobes have grown into K-feldspar phenocrysts (Fig. 5J).

Quartz

Quartz domains occur primarily either as interconnected networks sur-
rounding other phases or as monophase aggregates in layered mylonites.
Quartzcommonly displays grain-shape fabrics that define S-planes and exhib-
its dynamic recrystallization microstructures spanning the range of character-
istic grain-boundary microstructures described by Stipp et al. (2002a, 2002b;
Fig. 6). Distribution with respect to structural depth of quartz recrystallization
microstructures, along with that of feldspar microstructures discussed above
and microfabrics including interconnected phase, inferred quartz crystallo-
graphic slip systems, and deformation temperatures discussed in the following
sections, are summarized in Figure 7.

In the upper ~150 m of the shear zone, ductile fabrics including bulging
(BLG) and subgrain rotation (SGR) recrystallization microstructures in quartz
are overprinted by brittle fabrics (Figs. 6A-6D; Table 1). Serrated grain bound-
aries and fine recrystallized grains characteristic of BLG recrystallization (Stipp
et al., 2002b) occur in samples that also contain polygonal subgrains and new
rotated grains within quartz porphyroclasts, characteristic of SGR recrystal-
lization (Stipp et al., 2002a; Fig. 6E). Samples within the upper ~150 m of the
shear zone that exhibit only ductile fabrics contain microstructures indicative
of SGR recrystallization or a combination of BLG and SGR.

Samples from deeper than ~150 m below the detachment preserve ductile
deformation in quartz and lack evidence for throughgoing brittle deformation.
Quartz in most samples at these positions exhibits dominant SGR recrystal-
lization microstructures, large grains with amoeboidal grain boundaries and
commonly undulose extinction indicative of grain boundary migration (GBM)
recrystallization (Stipp et al., 2002a), or both SGR and GBM recrystallization mi-
crostructures (Figs. 6F-6J). Two samples from 384 to 386 m below the detach-
ment record a combination of BLG and SGR recrystallization in quartz (Fig. 6l).

At structurally deep positions, quartz forms discontinuous lenses and/or
fills fractures in feldspar phenocrysts (Figs. 5H, 6J, 6K). Structurally deepest
positions preserve large amoeboid quartz grains characteristic of GBM re-
crystallization microstructures within isolated quartz pockets at the interstices
between feldspar phenocrysts (430 m; Fig. 5H). Planar, orthogonal subgrain
boundaries indicative of chessboard extinction in quartz occur at deepest
structural positions (446 m; Figs. 5H, 6K).

Microfabrics
Microfabrics described here refer to the interconnected phase(s) present

as well as which phases define S-, C-, and C’-surfaces and which of these
surfaces is prominent within the foliation.

Hughes et al. | Deformation along the Cordillera Blanca shear zone
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Figure 5. Representative images of feldspar
microstructures. Images are cross-polarized
light (XPL) photomicrographs unless other-
wise noted. Labels denote trend and plunge
of lineation, with arrow pointing down-
plunge, and structural depth below the
Cordillera Blanca detachment (in meters);
arrowhead indicators are specified be-
low as (color). Bt—biotite; Fsp—feldspar
(undifferentiated); Kfs—K-feldspar;
Mym —myrmekite; Pl—plagioclase; Qz—
quartz; Wm—white mica. (A) Cataclasite
including internally deformed plagioclase
clasts (white) and dynamically recrystal-
lized quartz (red) in biotite-rich (left) and
biotite-poor (right) quartz-feldspar matrix.
(B) Fractured plagioclase phenocrysts with
small offset (red) and V-pull-apart structure
with quartz infill (yellow). Patchy extinction
is present near the offset fracture (white).
(C) Dynamically recrystallized plagioclase
(red), creating a core-mantle structure.
Recrystallized feldspar tail deflects into a
quartz-rich shear band; grain size of quartz
and plagioclase decreases with deflection
into the shear band (yellow). Subgrain ro-
tation (SGR) and grain-boundary migration
(GBM) recrystallization microstructures
are present in the adjacent quartz domain.
(D) Interconnected domain of recrystallized
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plagioclase and K-feldspar (white) adj
to quartz domain exhibiting GBM recrys-
tallization microstructure. K-feldspar por-
phyroclasts contain recrystallized tails and
asymmetric strain-induced myrmekite (red).
Myrmekite is also present in recrystallized
plagioclase + K-feldspar matrix (yellow).
(E) New grains formed by bulging recrys-
tallization in plagioclase (red). (F) Back-
scattered electron (BSE) image of inter-
cor ted plagioclase d biotite, and
quartz along triple junctions (red). Biotite
occupies grain boundaries between pla-
gioclase phenocrysts (yellow). K-feldspar
is hosted as inclusions within phenocrysts
and as fracture fill (white). (G) BSE image
of boudinaged plagioclase within quartz
matrix (red). Biotite and quartz occupy
dilatant sites in pinch-and-swell structure
(yellow). (H) Wedge-shaped K-feldspar
fracture filled with quartz exhibiting chess-
board extinction (CB) that is continuous
crystallographically with quartz within a
plagioclase fracture (yellow). Image is ro-
tated 90° counterclockwise from X-Z orien-
tation. (l) Recrystallized plagioclase along
K-feldspar grain boundaries and fractures
(red). GBM recrystallization microstructure
is present in interstitial quartz. (J) Myrme-
kite growth into K-feldspar, with white mica
along the initial K-feldspar grain boundary.
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TABLE 1. MICROSTRUCTURAL OBSERVATIONS WITH RESPECT TO STRUCTURAL DEPTH

FOR ALL QUEBRADA GATAY SAMPLES, CORDILLERA BLANCA SHEAR ZONE

Sample Rock type*  Fabrict  Structural depth Microstructures$ Rheological
(m) domain*
Quartz Feldspar
CB13-71a gd cat 0 BLG, SGR P, FR,D DX
CB13-71b gd cat 0 BLG, SGR P, D, FR DX
CB13-77a gd myl 92 BLG, SGR D, B, FR C,D
CB13-77b p sch 93 BLG, SGR, U T, DRX —**
CB13-77c qv umyl 94 SGR P FR, T D
CB13-72a gd myl 111 SGR, BLG M, ASIM, E, FR, D, P C,DE,F
CB13-72b gd myl 111 BLG, SGR P T, PA FR, F C,DF
CB13-73a gd cat 126 BLG, SGR T DX
CB13-73b gd cat 126 BLG. SGR, PT PT D, EX
CB13-74a gd cat 131 SGR, BLG D, P DX
CB13-74b p sch 131 GBM, SGR D, P, T, BD, K -
CB13-81 p sch 131 GBM T, DRX -
CB13-82 gd myl 131 SGR, GBM ASIM, P, T, DRX, PA, D, K D, EF
CB13-79 gd pmyl 134 GBM, SGR DRX, ASIM C,DF
CB13-80a gd umyl 134 SGR N.A.T E
CB13-80b p sch 134 GBM, SGR N.A. -
CB13-75 gd myl, br 146 BLG, SGR ASIM, D, P, B, K, PA, FR D, FX
CB13-76 gd myl 149 SGR, BLG D, T, PA DX
CB13-78 gd myl 152 BLG, SGR ASIM, D, P, T, PA, FR C,DF
CB13-83 gd myl 171 SGR, GBM ASIM, D, U, DRX, T, FR CF
CB13-84 gd myl 232 GBM ASIM, F, U, DRX, FR C EF
CB13-53 gd myl 304 GBM M, DRX, ASIM, F F
CB13-85 gd myl 312 SGR ASIM, D, DRX, M, F, FR CF
CB13-59 gd myl 350 GBM BD, BLG B
CB13-58 gd myl 354 SGR, GBM M F
CB13-55b gd pmyl 369 GBM M, ASIM, U, BLG C FE
CB13-55¢ gd umyl 369 SGR ASIM, U, DRX, PA, T C, G
CB13-57a gd myl 384 BLG, SGR DRX, T, PA D,E FG
CB13-57b qv umyl 385 BLG N.A. D
CB13-57¢ qv umyl 386 SGR, BLG N.A. D
CB13-56 p sch 390 GBM T -
CB13-55a gd pmyl 430 GBM, SGR BLG, M, FR, ASIM, U A F
CB13-54a gd wd 446 CB, GBM BLG, M, FR A

Note: Summary table of sample descriptions, results, and interpreted rheological domains.

*gd—granodiorite; p—pelite; qv—quartz vein.

tbr—breccia, cat—cataclasite, myl—mylonite, pmyl—protomylonite; sch—schist; umyl—ultramylonite, wd—weakly
deformed.

SASIM—asymmetric strain-induced myrmekite; B—bookshelf feldspar; BD—boudinage; BLG—bulging recrystallization;
CB—chessboard extinction; D—deformation lamellae; DRX—dynamic recrystallization; E—exsolution; F—flame
perthite; FR—fractured; GBM—grain-boundary migration recrystallization; K—kinked; M—myrmekite (non—strain
induced); P—patchy extinction; PA—pull-aparts; PT—pseudotachylyte; SGR—subgrain rotation recrystallization; T—
feldspar tails; U—undulose extinction.

*Rheological domains A—F from Figure 11 for granodiorite and quartz veins prior to throughgoing brittle overprinting,
which is denoted by X.

**—, not applicable (pelite lithology)

N.A.: not applicable (no feldspar present)

GEOSPHERE | Volume 15 | Number 4

Hughes et al. | Deformation along the Cordillera Blanca shear zone



http://geosphere.gsapubs.org

CB13-71b 16°5270° |0 m AlCB13-77¢ 15°<231° [94m [ T & e BJCB13-73b 19°5236° | 126 mpday 5= C
'_&;. G, : L el g SGR b SG_R : 5 5 : : QZ

D Figure 6. Cross-polarized light photomicro-
graphs of quartz microstructures. Labels
denote trend and plunge of lineation, with
arrow pointing down-plunge and structural

b : depth below the Cordillera Blanca detach-

k4 3 ¢ ment (in meters); arrowhead indicators
0z " il S Bt/ ~ e & 1 2 ’Q are specified below as (color). Bt—biotite;
’ 500 um 100 um ' . S % e 1000 um Chl—chlorite; Fsp—feldspar (undifferen-

CB13-76 18°€245° ; R DICB13-78 30°205° “WME [CB13-53 39°—250°|304m F| tiated) Kis—K-feldspar; Pl—plagiocl
149 m > Y ; 15 m . ; - - Qz—quartz; Wm—white mica. Quartz re-
. 3 v z . 3 L B crystallization microstructures: BLG—bulg-
, W : 2 ing; SGR—subgrain rotation; GBM—grain
5 : y p ) - BLG = 3 Q p* 0 boundary migration. (A) Microfaults trun-
3 . : . S . . - cating mylonitic foliation at high angles.
: 5 Mylonitic fabric records SGR and BLG re-

7 a g ; crystallization in quartz. (B) Quartz SGR
Pl e g + 4 ’ 9T ; overprinted by fluid inclusion planes (red)
T {t oriented subparallel to shear bands (yellow).
2 < - (C) Pseudotachylyte injection vein (yellow)
A n ¥ ¢ ; and pseudotachylyte layer oriented paral-
o~ E Y lel to mylonitic foliation (white), containing

3 s b " - . ,, y deformed mylonitic clasts and plagioclase
500 um g b &2 > Pl S 200 um 500 um ' feldspar grains (red). Relative orientation

= v - f lonitic S-C fabric sh t
CB13-85 26°<253°|312m GJCB13-59 25°<241°]350m - wigfa® THJ|CB13-57a 36°—>247°| 384 m a8 a8 | | Lote (D) Quarts SGR with graim-shape fab-

e N Pl B $o - Ehy . ey i ¥ Wm/4 O ric (GSF), truncated by cataclasite with
3 o : N - ¥ N 2 = = 2 3 biotite-rich matrix (yellow) and mylonitic
“""_i 3 ke 5 R X e Z- P’I R, po i clasts (red). (E) BLG and SGR recrystalliza-

R F 5 T . e : tion in quartz and SGR in quartz affected

e . » \ N 5 sk , A E SGR by nearby feldspar porphyroclasts (lower
3 1 . l BM . P ] e - part of image). Biotite-rich shear band is

i : “ Ty i QzP - present (red). (F) GBM in quartz domains

; X 3 : adjacent to recrystallized feldspar. Some

& r % 2 E & quartz grains are pinned at feldspar-quartz
’ 9 . < i i 3 e Ly grain boundaries (red). (G) SGR in quartz.
. B, - . ? : ; & Sl K (H) GSF in quartz exhibiting GBM recrystalli-
et Py - . & 4 5 . ' % - ¥ 'P" A zation microstructure. (1) BLG (red) and SGR
. . 4 : ;. et in quartz. White mica forms fish and shear
Bt 200 um i g A e 3] 1000 um. 7 bands (yellow). (J) Quartz exhibiting GBM,
CB13-55a 24°>231°|430 m . J [CB13-54a 32°192°| 446 m{tgm. e K deflecting into fine-grained quartz-feldspar-
> i QZs ¢ ¥ mica shear bands (yellow). Myrmekite (red)
i ¢ . grows into K-feldspar porphyroclasts and
4 ; porr -~ : b within matrix. Recrystallized feldspar occurs
y an ¥y 'y 4 - i along plagiocl and K-feldspar porphyro-
. "{j-_ % clast edges (white). (K) Orthogonal subgrain
2 boundaries forming chessboard extinction

: (CB) in quartz.

T

500 pm

GEOSPHERE | Volume 15 | Number 4 Hughes et al. | Deformation along the Cordillera Blanca shear zone



http://geosphere.gsapubs.org

Microscopic Fabric
I:l Interconnected quartz

% Banded Mylonite

T(Q) Quartzslip Micro- Microstructures
300 400 . 500 600
0 T T T T T T T VZZ771 T— 3@‘0 0
P =300 MPa
50 T - 150
g pxr M P
= 1001 + P 3 T 100
5 o %
IS ——Che4— o—— Trg.q-»%
= P
S 1501 T pxr o3 u"“- 150
[}
S — oy \@«){'9 _
2 2004 T + 200
o
[ I E‘ B0 B
i 06% U @ Figure 7. Summary figure of microstructural
= 2501 T 3 T 250 analysis, geothermometry, and quartz crys-
% tallographic preferred orientation results
o at increasing structural depths below the
© Cordillera Blanca detachment. Quartz slip
© 4 4- -+
5 3007 % — @q ﬂ@(\-\] 300 systems: p—prism <a>; r—rhomb <a>; w—
.bz — \6%0@@ weak. Deformation temperature (7) errors
> are as reported in Table 2. Error bars for
g 3504 ——0—r—8— + P . — 4 350 average asymmetric strain-induced myrme-
l_e,‘ - p+r  c—— kite (ASIM) temp es do not include the
p+r Qﬁ@ +50 °C error on the thermometer. P—pres-
p\x r | ——— H@"(‘ sure; TitaniQ— Ti-in-quartz thermometer;
4004 T 3 +400 otmz—Ti activity; BLG—bulging recrystalli-
zation; SGR—subgrain rotation recrystalli-
—— w O% ‘(1@ zation; GBM—grain-boundary migration re-
450 H==8— L450 crystallization; CB—chessboard extinction.
O
. , g ¥ C
Deformation temperature estimates | |
Quartz
ASIM TitaniQ
- A Tof all lob ‘ro2 e T OE&&? o>de) 88 h=
verage [ or all lobes S QO & 2 .x2 .x2 & @ O .x& o
9 @ 08 | thomaset N KOXONE Q'é DN & N c‘g“o’ &>
& Lowest Tlobe 05 & & N S A SN N SIS
—@—i 0. al. (2010) L& 8 P T LS EXE NG
< Highest T lobe 0.2 & bo‘@ 5@%’(\4‘Q’ RS .\<}° v § S0
Huang and ‘-»Q’Q b&%&c N &\@é'é & Qo°° &
N & 0 S 3
—a— < 3 & & & &
Audétat (2012) & S\ & A
L L ° ) J
Throughgoing Feldspar

Mica-defined S-C Mylonite
Throughgoing brittle deformation

D Interconnected feldspar: feldspar phenocryst framework
I:l Interconnected feldspar: fine recrystallized grains + porphyroclasts

GEOSPHERE | Volume 15 | Number 4

Hughes et al. | Deformation along the Cordillera Blanca shear zone



http://geosphere.gsapubs.org

GEOSPHERE | Volume 15 | Number 4

S-C mylonites. S-C mylonites are broadly characterized by prominent in-
terconnected quartz domains with S-planes defined primarily by quartz grain-
shape fabrics and mica. Type | S-C fabrics as described by Berthé et al. (1979)
and Lister and Snoke (1984), where S-surfaces anastomose into and out of
C-surfaces and C’-surfaces, are relatively well developed (Figs. 8A, 8B), and
type Il S-C fabrics, which contain prominent C-surfaces defined by tails of
sheared mica fish and S-surfaces defined by quartz grain-shape fabrics (Fig.
8C), are observed in the CBSZ. Quartz in S-C mylonites surrounds isolated
feldspar porphyroclasts that contain ASIM or are fractured with quartz infill
(Fig. 8C). Biotite or white mica shear bands in some cases have become inter-
connected, enveloping feldspar porphyroclasts and dynamically recrystallized
quartz clasts (Fig. 8D).

Banded mylonites. Banded mylonites comprising interlayered monophase
aggregates of quartz or feldspar and polyphase aggregates of feldspar + quartz
+ mica up to ~1500 um thick (Figs. 8E-8I) are observed between 111 and 430 m
structural depth (Fig. 7; Table 1). Boundaries between layers tend to align with
mesoscopic foliation, which are typically the most prominent foliation surfaces
(Fig. 8E). Fine-grained feldspar + mica bands alternate with monomineralic
quartz layers containing microstructures characteristic of SGR and/or GBM
recrystallization (Figs. 8F, 5D). Quartz + feldspar domains exhibit relatively
equant grain shapes and grain sizes smaller than those of either feldspar or
quartz monophase domains, and occur as continuous bands up to ~500 um
thick (Fig. 8G). Domains of finely recrystallized quartz + feldspar + mica appear
to originate at plagioclase or K-feldspar porphyroclasts and extend into bands
up to ~1.5 mm thick that are continuous at the thin-section to hand-sample
scale (Fig. 8H). Fine-grained aggregates contain plagioclase with more albitic
composition than porphyroclasts intermixed with K-feldspar, quartz, and biotite
(Fig. 8l). K-feldspar occupies dilatant sites and triple junctions within quartz
aggregates and between plagioclase grains (Fig. 8l).

Deformation Temperatures
Two-Feldspar Geothermometry

Deformation temperatures derived from ASIM for six samples from struc-
tural depths of 134 m to 446 m below the detachment range from 410 + 30 °C
to 470 + 36 °C (Table 2; Fig. 7). Temperatures do not vary systematically with
structural depth and instead overlap within the 50 °C error of the thermometer.

TitaniQ Geothermometry

Deformation temperatures at structural depths from 134 to 446 m are be-
tween 451 + 60 and 489 + 33 °C, using the Thomas et al. (2010) TitaniQ geo-
thermometer, assuming o0, of 0.5 and 300 MPa pressure. This assumption
is made based on the absence in samples of a Ti-bearing phase other than

biotite that is in clear equilibrium with quartz. Ti-bearing phases such as rutile
and/or ilmenite are present only in three analyzed samples and were either
along cleavage planes in biotite or within fractures that cut across recrystal-
lized grain boundaries. The assumed activity of 0.5 is in line with Ti activities
determined by geochemical modeling for granitoids of similar composition
at similar pressures to the those of the CBSZ (Huang and Audétat, 2012) as
well as experimentally grown quartzites where rutile is present but sparse
(>200 um between grains; Nachlas and Hirth, 2015). Ti activities as low as
0.2 have been reported in some plutons as well as volcanic rocks with similar
compositions to the Cordillera Blanca batholith (Huang and Audétat, 2012;
Kularatne and Audétat, 2014). Temperatures are ~70 °C hotter for oo, of 0.2
and ~30 °C cooler for an activity of 0.8 (Table 2). Temperatures estimated from
the Huang and Audétat (2012) TitaniQ calibration range from 520 + 66 °C to
574 + 30 °C. These values are within 10 °C of temperatures estimated using
the Thomas et al. (2010) calibration for Otrio, of 0.2 (Fig. 7, Table 2). TitaniQ
thermobarometry demonstrates a slight decrease in temperature at decreas-
ing structural depths (Fig. 7). However, this systematic variation is not readily
observed with ASIM thermometry (Fig. 7, Table 2). Conservatively, deforma-
tion temperatures from TitaniQ thermobarometry are between 451 + 60 °C
and 574 + 30 °C. TitaniQ temperatures for the CBSZ should be received with
caution because, in addition to the uncertainty regarding ox;o, in the CBSZ, the
measured Ti concentrations are at or near the detection limit of ~11 ppm for
all samples (see Text S3 [footnote 1] for additional details).

Quartz CPOs

Quartz CPO patterns indicate predominant prism <a> and rhomb <a> slip
(Fig. 9). Most samples from 94 m to 380 m from the detachment show slightly
elongated y-maxima characteristic of dominant prism <a> slip with subsidiary
rhomb <a> slip. Samples at 384 m and 430 m below the detachment had weak
CPOs with M-indices <0.07. CPO strength otherwise appears uncorrelated with
structural depth or slip system. At 152 m and 369 m, a- and prism-normal-axes
do not form the six maxima expected for <a> slip and are instead smeared
into three dispersed maxima.

Flow Stress

Differential stress, hereafter referred to as “stress’; estimates (Table 3) range
from 16.5 + 13 MPa to 71.5 + 36 MPa using the Holyoke and Kronenberg (2010)
piezometer, measured at 350 m (sample CB13-59) and 149 m (sample CB13-
76), respectively (Fig. 10). The structurally highest sample, CB13-77c (94 m),
yields a stress of 40.0 + 22 MPa. The highest stress of 71.5 + 36 MPa is from
the deepest sample that contains throughgoing brittle overprinting of ductile
fabrics (sample CB13-76, 149 m). Intermediately positioned sample CB13-78 (152
m) records the next highest stress of 64.3 + 26 MPa. Sample CB13-59 (350 m)
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Figure 8. Photomicrographs of microfabrics. Images are cross-polarized light (XPL) unless otherwise noted. Labels denote trend and plunge of lineation, with arrow pointing
down-plunge and structural depth below the Cordillera Blanca detachment (in meters); arrowhead indicators are specified below as (color). Bt—biotite; Fsp—feldspar (undif-
ferentiated); Kfs—K-feldspar; Pl—plagioclase; Qz—quartz; Wm—white mica. (A) Plane polarized light (PPL) image of type | S-C mylonite. S-surfaces anastamose in and out of
C-surfaces. C’ bands are defined by biotite and finely recrystallized quartz and feldspar. (B) Type | S-C mylonite. S-surfaces defined by mica fish and quartz anastamose into
C-surfaces. (C) Type Il S-C mylonite. S-surfaces are defined by biotite fish fabric and quartz grain-shape fabric (GSF). Biotite tails define C-surfaces. (D) White mica + biotite
shear bands deflecting around recrystallized quartz and plagioclase porphyroclasts. GSF in quartz porphyroclast is aligned with S-plane defined by micas. (E) PPL image of
banded mylonite with biotite-rich and biotite-poor, quartz-rich layers. (F) Compositionally banded mylonite with discontinuous mono- and polyphase layers. Monophase layers
consist of quartz (white) or white mica (yellow); polyphase layers consist of quartz + plagiocl + K-feldspar (blue), K-feldspar + plagiocl (red), or white mica + quartz +
plagioclase + K-feldspar (green). SGR—subgrain rotation. (G) Banded mylonite with continuous quartz layers and feldspar + quartz + biotite (white) layers deflecting around
fractured (red) and partially recrystallized (yellow) plagioclase porphyroclasts. Quartz exhibits oblique GSF (yellow dashed lines). (H) Recrystallization along rim of K-feldspar
and plagioclase grains and within tails. Tails disaggregate into fine-grained biotite + quartz + plagioclase + K-feldspar matrix (red). (I) Backscattered electron (BSE) image of
intermixed fine-grained polyphase matrix. K-feldspar occupies dilatant sites between plagioclase and quartz grains (red). Biotite and K-feldspar occupy grain boundaries and
triple junctions (yellow). Black is result of holes and/or poor polish.
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TABLE 2. CALCULATED DEFORMATION TEMPERATURES WITH RESPECT TO STRUCTURAL DEPTH, CORDILLERA BLANCA SHEAR ZONE

Temperature (°C)

TitaniQ* ASIM
Thomas et al. (2010) Huang and| Average* Highest-T Lowest-T  N**
Sample Structural depth Ti NS | Activity 0.2 Activity 0.5  Activity 0.8 A(;g%é;t lobe lobe
(m) (ppm)?
CB13-79 134 8 + 6 34 516 + 71 451 = 60 421 + 55|520 + 66 | 450 = 24 461 434 4
CB13-78 152 —ft - - - - - 440 + 15 446 429 3
CB13-84 232 1M1+ 4 N 542 + 32 472 + 26 441 + 24|544 + 29410 = 30 429 399 3
CB13-59 350 14 + 7 59 |563 + 47 489 =+ 39 456 + 36|563 = 43 - - - -
CB13-55¢ 369 - - - - - - 440 + 46 467 416 4
CB13-55a 430 13 £ 12 12 556 + 118 484 + 99 452 + 92|557 + 110|470 + 36 502 435 14
CB13-54a 446 14 + 6 53 [563 + 40 489 + 33 456 + 30(574 + 30| 460 =+ 28 474 441 4
Note: TitaniQ—Ti-in-quartz; ASIM—asymmetric strain-induced myrmekite; T—temperature; activity—Ti activity.
*Error shown is Ti concentration uncertainty propagated through the thermometer.
20 standard deviation.
SNumber of points analyzed.
*Error is 20 standard deviation of temperatures from all measured lobes.
**Number of myrmekite lobes analyzed. Number of points analyzed per lobe varies between samples (see Table S2 [text footnote 1]).
t1—, not determined.
TABLE 3. PALEOPIEZOMETRIC AND STRAIN RATE ESTIMATES, CORDILLERA BLANCA SHEAR ZONE
Structural Grain size Differential stress** Temperature Strain rate
Sample depth RMS* 1ostd.dev.! Std.ems N HKA101t ST038 c17# TitaniQ*™*  ASIM TitaniQt™t  ASIMITT TitaniQsss  ASIMSSS
(m) (um) (Hm) (Hm) (MPa) (MPa) (MPa) (°C) (°C) (s7) (s7) (s7) (s™)
CB13-77¢c 94 23.5 12.3 0.47 687 400 + 22 546 + 35 619 =+ 25 i - - - - -
CB13-76**** 149 11.3 5.7 0.26 482 715 + 36 976 + 59 981 =+ 38 451 + 60 450 +24 25x10" 26x10" 36x10" 35x10™
CB13-78 152 12.9 5.4 0.14 1586 643 + 26 87.9 x 43 902 = 27 - 440 + 15 - 1.0x 107 - 1.6x 107
CB13-59 350 7.7 44.9 3.3 185 165 = 13 225 + 19 307 =+ 17 489 + 39 - 26x10™ - 3.5x 10" -
CB13-55¢ 369 18.6 9.0 0.3 907 482 + 23 658 + 38 717 = 26 - 440 + 46 - 3.0x 107" - 5.1 x 107"
CB13-57a 384 15.3 7.2 0.2 1269 56.3 + 26 769 x 43 812 =+ 29 - - - - - -
CB13-57¢c 386 14.3 6.7 0.22 977 503 + 27 81.0 = 45 846 =+ 30 - - - - - -
CB13-55a 430 30.9 141 0.72 380 321 = 14 439 =+ 24 520 = 18 484 +99 470+ 36 37x10" 14x10" 43x10" 28x10"™

Note: TitaniQ—Ti-in-quartz; ASIM—asymmetric strain-induced myrmekite.

*Root mean square (RMS) of the grain-size distribution.

16 standard deviation of the grain-size distribution.

SStandard error of the grain-size distribution.

*Number of grains within the population used for paleopiezometry.

**Errors are 1c standard deviation of grain size propagated through the piezometer. Average of stress error above and below RMS (from low and high grain-size errors, respectively) is reported.

tStress calculated using the Stipp and Tullis (2003) piezometer modified by Holyoke and Kronenberg (2010).

$5Gtress calculated using the Stipp and Tullis (2003) piezometer.

*Stress calculated using the Cross et al. (2017b) sliding piezometer calibration.

***TitaniQ temperatures calculated at pressure of 300 MPa, o, (TiO, activity) = 0.5.

ffCalculated using wet quartz flow law of Hirth et al. (2001), ¢ = Af;,6"10C%""), where log(A) = —11.2 MPa /s, (n is the stress exponent, = 4), Q = 135 = 15 kJ/mol;m = 1;n = 4; R = 8.314 x 107
kJ/mol-K; fy,o is water fugacity, assuming water pressure is lithostatic at pressure = 300 MPa, calculated using the fugacity calculator: https://www.esci.umn.edu/people/researchers/withe012/fugacity.htm
(Sterner and Pitzer, 1994).

$88Calculated using wet quartz flow law for prism <a> slip from Tokle et al. (2019), following the same equation as Hirth et al. (2001), but where A = 1.75 x 10-2MPa ~/s; Q = 125 + 15 kJ/mol; m = 1;
n =4, with R, T and fy,, as in the Hirth et al. (2001) flow law.

##— not determined.

****Temperatures derived from nearby sample CB13-79 (134 m).
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Figure 9. Quartz crystallographic preferred
orientations (CPOs). (A) Orientation of
quartz CPO pole figures relative to shear
plane and X-Z thin section, with key to la-
bels for panel C. J-index (Bunge, 1982) and
M-index (Skemer et al., 2005) indicate fabric
strength. N—number of grains. (B) Sche-
matic ¢- and a-axis pole figures of quartz
CPOs for different quartz slip systems with
changing temperature (T), strain rate, and
H,O conditions (after Passchier and Trouw,
2005). (C) Equal-area lower-hemisphere
pole figures of quartz ¢- (0001), a- {2110},
and prism-normal- {1010} axes. All plots are
one point per grain, contoured at 1 m.u.d.
(multiple of uniform distribution) intervals,
using a 7.5° half-width. Orientation of fig-
ures relative to X-Z plane, and labels are
asinA.
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yields the lowest stress estimate of observed samples, 16.5 + 13 MPa. Further
below the detachment, sample CB13-55¢ (369 m) yields a stress of 48.2 + 23 MPa.
Stresses calculated at lower structural positions are 56.3 + 26 MPa and 59.3 + 27
MPa, from samples CB13-57a (384 m) and CB13-57¢ (386 m), respectively. The
lowest structural position analyzed (sample CB13-55a, 430 m) yields a stress
of 32.1 + 14 MPa. Stress estimates using the Stipp and Tullis (2003) and Cross
et al. (2017b) calibrations range from 22.5 + 19 to 97.6 + 59 MPa and 30.7 + 17
to 98.1 + 38 MPa, respectively and are within error of those calculated using
the Holyoke and Kronenberg (2010) calibration (Fig. 10, Table 3). In summary, a
consistent gradient in stress as a function of structural depth is not observed;
rather, the highest stresses are observed at intermediate structural positions
near 150 m where the deepest throughgoing brittle overprinting is observed.

H DISCUSSION
Quartz CPOs

It is important to note that CPOs may be inherited from earlier deformation.
Strong preexisting growth CPOs in quartz veins have been shown to influence
CPOs of quartz veins deformed at lower temperatures, where quartz initially
grew in an orientation favorable for easy slip at high temperatures (e.g., prism
<a> slip at >500 °C) (Pennacchioni et al., 2010). Grains were oriented unfavor-
ably for basal <a> slip when temperatures decreased during deformation such
that even at relatively low temperatures, strong CPOs indicative of prism <a>
+ rhomb <a> slip were preserved (Toy et al., 2008; Pennacchioni et al., 2010).

Previous work also suggests that oriented grain growth during submagmatic
flow may influence later CPO development during subsolidus deformation
(Zibra et al., 2012). We thus consider the possibility that strong CPOs at po-
sitions nearer to the detachment may be inherited from early deformation
at relatively high temperatures where prism <a> slip was initially favored,
or from oriented grain growth during submagmatic flow. The weak fabric in
the deepest sample analyzed for EBSD (sample CB13-55a, 430 m) resembles
an elongate y-axis maximum expected for prism <a> + rhomb <a> slip that
is seen in stronger CPOs at structurally higher positions (Fig. 9). Although
this could suggest some degree of inheritance from a preexisting CPO in
the weakly deformed granodiorite, ASIM and TitaniQ estimates suggest that
deformation for most of the CBSZ occurred at temperatures above ~400 °C,
which is consistent with temperatures where prism <a> and rhomb <a> slip
are expected to occur more readily than basal <a> slip (Law et al., 1990; Toy
et al., 2008). CPO inheritance is a possibility in the CBSZ but is not required
to explain our data.

Deformation Mechanisms
Feldspar

Fracturing. Feldspar exhibits fracturing throughout most of the CBSZ
(Fig. 7). At structurally higher positions, fractures occur predominantly in pla-

gioclase porphyroclasts that are surrounded by quartz and/or fine-grained
feldspar + quartz + mica domains. At structurally deep positions, K-feldspar
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and plagioclase phenocrysts form an interconnected framework that features
inter- and intragranular fractures.

Previous studies have documented fracturing at submagmatic to subsol-
idus conditions in networks of load-bearing interconnected feldspar (Rosen-
berg, 2001; Zibra et al., 2012; Bessiere et al., 2018). Syn-magmatic fractures in
granitoids are characterized by K-feldspar and plagioclase films along grain
boundaries at high angles to foliation planes and by fractures filled with at
least one phase that would crystallize from a residual melt (Rosenberg, 2001).
These characteristics are consistent with those described by Bouchez et al.
(1992) for submagmatic fractures at melt fractions between 0.10 and 0.30.
Submagmatic fractures are described as those: (1) that transect single grains,
(2) that are filled with a phase that is crystallographically and compositionally
continuous inside and outside of the fracture, and (3) whose filling phase is
expected to crystallize from the residual melt (Bouchez et al., 1992). Within the
CBSZ, fractures satisfying these criteria occur at structurally deep positions,
where quartz exhibiting the same orientation extends from a wedge-shaped
pocket into an adjacent narrow fracture (Fig. 5H, 446 m). The amount of melt
required to produce submagmatic fractures has been debated. Melt fractions
of 0.3-0.5 had been argued to be required for the formation of throughgoing
melt-filled fractures (Arzi, 1978; Paterson et al., 1989), though further inves-
tigation into the experimental work from whence these values were derived
suggest that melt-filled fractures could be produced at lower melt fractions,
potentially as low as 0.07 (Rosenberg and Handy, 2005).

Although quartz crystallization would be consistent with the third crite-
rion above as set forth by Bouchez et al. (1992), other evidence for magmatic
deformation or submagmatic deformation, such as imbricated feldspar phe-
nocrysts, is not observed in the CBSZ. The wedge-shaped nature of the quartz
exhibiting chessboard extinction is consistent with some degree of rotation
of the fractured K-feldspar (Hippertt, 1993), which must have occurred at or
above the temperature required for chessboard extinction in quartz (~630 °C;
Kruhl, 1996), placing it in the field of high-temperature subsolidus deformation.
Alternatively, the quartz exhibiting chessboard extinction may have been late-
stage melt filling a pocket between plagioclase and K-feldspar porphyroclasts,
with submagmatic fracturing occurring at the melt-porphyroclast interface of
the melt pocket at a low melt fraction, still near the boundary between sub-
magmatic and subsolidus conditions (Paterson et al., 1989). In either scenario,
evidence for the role of fracturing in feldspar deformation at high temperatures
is observed at deepest structural positions within the CBSZ.

Dislocation creep versus cataclastic flow. Deformation experiments on
plagioclase single crystals with no initial microstructure other than growth
twins suggest that feldspar experiences complex semi-brittle cataclastic flow,
where brittle processes (i.e., microfracturing) and plastic processes (i.e., de-
formation twinning via dislocation climb) are interdependent (McLaren and
Pryer, 2001). The coincidence of deformation lamellae with fractured feldspar
porphyroclasts and undulose extinction within the upper ~180 m of the CBSZ
may suggest the activity of this type of semi-brittle flow. These microstruc-
tures are also consistent with those described for cataclastic flow by Tullis

and Yund (1987). In their albite aggregate deformation experiments, Tullis and
Yund (1987) described characteristic microstructures of cataclastic flow that
include undulatory and/or patchy extinction and flattening, grain-scale faults
with small offset, and microcracks. The authors noted that patchy undulose
extinction, which has also been interpreted to represent dislocation creep
(Tullis and Yund, 1977), is typically caused by microcrack arrays and crushed
zones visible at the submicron scale.

Evidence for the activity of dislocation creep in feldspar is also observed
within the CBSZ. Dynamic recrystallization in feldspar can produce relatively
small, rounded, and undeformed feldspar porphyroclasts (Tullis and Yund,
1985). During dislocation creep in feldspar, recrystallization is primarily ac-
commodated by migrating grain boundaries (Tullis and Yund, 1987), produc-
ing grain-boundary bulges and small strain-free recrystallized grains (Stiinitz
et al., 2003) characteristic of BLG recrystalliztion microstructures. Additional
related microstructures can include undulatory extinction in relatively equant
grains and augen surrounded by a fine-grained matrix at relatively high strains.
Undulose extinction due primarily to dislocation creep sweeps continuously
across a grain, as opposed to the patchy undulose extinction that can result
from dislocation entanglement (Hirth and Tullis, 1992) or cataclastic flow (Tullis
and Yund, 1987). Fine, equant, relatively strain-free, recrystallized grains oc-
cur along the margins of porphyroclasts, grain boundaries, and fractures,
commonly extending out into tails under high strains (Tullis and Yund, 1985).

Within the CBSZ, fine recrystallized feldspar occurs at a wide range of struc-
tural depths (92-446 m; Table 1; Fig. 7). As these microstructures may be formed
by either cataclastic flow or dislocation creep, interpreting deformation mech-
anisms by singular microstructures alone is difficult. Here, interpretation of
the activity of dislocation creep in feldspar is limited to samples where grain-
boundary bulges can be observed (i.e., Fig. 5E) and where undulatory extinction,
if present, is continuous across grains rather than patchy. If patchy undulose
extinction occurs, especially if coinciding with kinked or bent twins or cleavage
planes, or pull-apart-type fractures, the prominent deformation mechanism is
interpreted to be cataclastic flow. Under these considerations, dislocation creep
in feldspar likely occurred at relatively deep structural positions (350 m to 446
m), suggesting deformation temperatures above ~450 °C (Yund and Tullis, 1980),
consistent with ASIM-derived temperatures of 440 + 46 to 470 + 36 °C and TitaniQ
temperatures of 484 + 99 to 489 + 39 °C (Thomas et al. [2010] calibration; Otrio,
= 0.5) for the same structural positions (Fig. 10). Alternatively, cataclastic flow
likely occurred at structural positions above ~350 m. This relationship may be
oversimplified, as a cataclastic overprint (in feldspar) could reduce evidence for
dislocation creep, but also more simply because of the similarity of microstruc-
tures between cataclastic flow and dislocation creep (i.e., Tullis and Yund, 1987).

Quartz

Dislocation creep. Recrystallization microstructures and CPOs can be used
to distinguish between prominent deformation mechanisms (Hirth and Tullis,
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1992; Stipp et al., 2002b). Recrystallized quartz CPOs mainly show patterns
indicative of dominant prism <a> slip with variable lesser contributions of
rhomb <a> slip, which is consistent with quartz dislocation creep at 94-386 m
below the detachment surface (Fig. 9). Previous studies suggest that tempera-
ture is the primary contributing factor to activating different slip systems in
quartz aggregates, with the transition from basal slip to prism slip occurring
at high temperatures (Tullis et al., 1973; Mainprice et al., 1986; Morales et al.,
2011). Above ~500 °C, prism <a> occurs as the dominant slip system, and at
increasingly high temperatures of ~600 °C, slip in the <a> direction gives way
to dominant prism [c] slip (Mainprice et al., 1986; Schmid and Casey, 1986;
Kruhl, 1996; Passchier and Trouw, 2005). However, transitions between dom-
inant slip mechanisms inferred from quartz CPOs may also be affected by
changes of strain rate and/or the activity of water within the shear zone (Fig.
9; Mainprice and Paterson, 1984; Stipp et al., 2002b; Mancktelow and Pennac-
chioni, 2004; Law, 2014; Morales et al., 2014). Excluding the weak fabrics of
samples CB13-57a and CB13-55a (384 and 430 m, respectively), quartz CPOs
indicate predominant activity of prism <a> slip and rhomb <a> slip, which
are consistent with dislocation creep in quartz at >400 °C (Schmid and Casey,
1986; Stipp et al., 2002a, 2002b; Stiinitz et al., 2003).

Grain-boundary sliding. Weak CPOs at 384 and 430 m depth, as well as
dispersed a-axis maxima at 1562 m and 369 m depth, may suggest the activity
of other deformation mechanisms, such as diffusion creep and/or grain-bound-
ary sliding (GBS) (Bestmann and Prior, 2003; Wightman et al., 2006; Cross et
al., 2017a) or relatively low amounts of accumulated strain (Lister and Hobbs,
1980; Toy et al., 2008). Diffusion creep is unlikely in coarse-grained quartz ag-
gregates (Rutter and Brodie, 2004), such as those in sample CB13-55a (430 m).
The weak CPO in sample CB13-55a more plausibly reflects relatively low strain,
which is within reason for its deep structural position (430 m) relative to the
detachment fault. This relationship is consistent with weak CPOs at positions
structurally removed from the main detachment and/or shear zone in other
natural settings (Haertel et al., 2013; Haertel and Herwegh, 2014) or in low finite
strains in numerical models (Keller and Stipp, 2011; Lister and Hobbs, 1980).

The weak CPO at 384 m (sample CB13-57a) and the dispersed a-axis pat-
terns at 152 and 369 m depth (samples CB13-78 and CB13-55c, respectively)
may reflect GBS. Dispersed CPO patterns are often attributed to GBS (Jiang
et al., 2000; Bestmann and Prior, 2003; Storey and Prior, 2005; Warren and
Hirth, 2006; Cross et al., 2017a). Microstructures such as four-grain junctions,
square or rectangular grain shapes, alignment of multiple grain boundar-
ies parallel to foliation, and recrystallized grains smaller than subgrains are
thought to be indicative of GBS (Halfpenny et al., 2012; Miranda et al., 2016;
Rahl and Skemer, 2016). CPOs of sub-populations at 384 m (sample CB13-57a)
show that the weak c-axis maxima derive mainly from relict grains and that
recrystallized grains have dispersed orientations (Fig. S2 [footnote 1]). In this
sample, four-grain junctions associated with square grain shapes and align-
ment of edges across multiple grains also occur within the finer recrystallized
population (Fig. S2). These observations, in addition to the dispersion of the
CPOs in the fine-grained recrystallized quartz population, are consistent with

the activity of GBS in quartz (Bestmann and Prior, 2003; Halfpenny et al., 2006;
Wightman et al., 2006; Gan et al., 2007; Kilian et al., 2011; Cross et al., 2017a).

Polyphase Domains

Microstructural observations suggest that polyphase quartz + feldspar
+ mica domains may be promoted by phase mixing via GBS, dynamic re-
crystallization, and pressure-solution creep. Precipitation of soluble phases
such as K-feldspar or quartz in dilatant openings, such as in recrystallized
porphyroclast tails or pull-apart zones in fine-grained aggregates, has pre-
viously been interpreted to represent GBS (Behrmann and Mainprice, 1987;
Kilian et al., 2011; Platt, 2015). At least local GBS is supported by K-feldspar in
dilatant sites and at triple junctions within quartz aggregates and between pla-
gioclase grains (Fig. 8l; e.g., Stuinitz and Tullis, 2001; Fusseis et al., 2009; Oliot
et al., 2014; Menegon et al., 2015; Spruzeniece and Piazolo, 2015; Czaplinska
et al., 2015; Viegas et al., 2016). Disaggregation of dynamically recrystallized
feldspar porphyroclast tails into polyphase quartz + plagioclase + K-feldspar
+ biotite domains (Fig. 8H) is consistent with microstructures inferred to form
from precipitation in dilatant openings following dynamic recrystallization in
porphyroclast tails, where rotation of grains opens up pore space that is sub-
sequently filled by K-feldspar (Kilian et al., 2011; Platt, 2015).

Strain Rates

Strain rates derived from the wet quartz flow law of Hirth et al. (2001) are
2.6 x 10710 2.6 x 10?2 57" using stresses derived from the Holyoke and Kronen-
berg (2010) piezometer and temperatures from TitaniQ (o, = 0.5) and ASIM
thermometry. Similar strain rates of 3.5 x 10 to 3.6 x 10" s' are obtained
using the new quartz flow law for prism <a> slip (Tokle et al., 2019) (Table 3).
Strain rates increase to 3.1 x 107"% to 9.4 x 10-'? using the Cross et al. (2017b)
piezometer. Highest calculated strain rates (2-9 x 102 s7') are from ~150 m
below the detachment, near the position of the deepest throughgoing brittle
overprint. Displacement of 12-15 km along the detachment since ca. 5 Ma
(Bonnot, 1984; Giovanni, 2007; Giovanni et al., 2010) yields a time-averaged slip
rate of 2.4-3 mm/yr. If it is assumed that the width of the shear zone between
a given sample and the detachment was active during shear zone evolution,
shear zone widths prior to onset of brittle deformation were between ~450 m
and ~150 m. These widths correspond to time-averaged strain rates from 1.7
to 6.3 x 10-"* s7' for 450 and 150 m widths, respectively, under the assumption
that strain rate = velocity / width (Platt and Behr, 2011b). Despite uncertainties in
temperature and stress values, strain rates estimated from individual samples
generally agree with the time-averaged strain rate for the CBSZ.

Use of ASIM temperatures in the quartz flow law requires a simplified as-
sumption that myrmekite formation and quartz deformation are coeval. TitaniQ
temperatures at oo, = 0.5 overlap with ASIM temperatures within error (Fig. 7;
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Table 2), supporting the use of ASIM temperatures as an approximation of de-
formation temperatures in quartz for strain rate calculations when quartz-based
temperature data are unavailable. ASIM temperatures are broadly consistent
with temperatures >400 °C inferred from quartz CPOs as well as temperatures
expected for SGR recrystallization (400-500 °C; Stipp et al., 2002a), and are
within error of the transition to GBM recrystallization at strain rates of ~10-2s™'
(480-530 °C; Stipp et al., 2002a). TitaniQ analyses were selectively conducted
on samples with GBM recrystallization microstructures, which at strain rates
of ~10-"? s~" occur at temperatures >500 °C (Stipp et al., 2002a). ASIM tem-
peratures and TitaniQ temperatures for these samples, while in agreement
with each other at oy, = 0.5, are below the expected range from Stipp et al.
(2002a). Deformation experiments suggest that one-order-of-magnitude vari-
ation in strain rate has a similar effect on recrystallization microstructure to
a 200 °C shift in temperature, and that an increase in water content changes
recrystallization microstructures in a similar matter to an increase in tempera-
ture (Stipp et al., 2006).

Shear Zone Evolution

Based on overprinting relationships and structural position relative to the
detachment fault, we propose a conceptual model for the evolution of the
CBSZ during post-magmatic cooling. In this model, initial deformation in the
CBSZ was accommodated by high-temperature feldspar fracturing. Continuing
subsolidus deformation occurred at temperatures above ~400 °C through vary-
ing contributions of dislocation creep in feldspar, dislocation creep in quartz,
cataclasis in feldspar, and at least locally by GBS in polyphase aggregates
composed of quartz + feldspar + mica. The evolution of these mechanisms
in the CBSZ does not follow a single progression. Rather, our data support
a conceptual model where banded mylonites and/or interconnected quartz
domains formed as a result of multiple deformation mechanisms that likely
reflect changes in temperature, strain rate, and presence of fluids prior to the
onset of throughgoing brittle deformation (Fig. 11).

Initial Deformation

Earliest deformation occurred via fracturing and neocrystallization of K-feld-
spar and plagioclase and dislocation creep in quartz (Fig. 11A). Chessboard
extinction in quartz within submagmatic, intragranular K-feldspar fractures
(Figs. 5H, 11A) represents the onset of subsolidus deformation at >630 °C (Kruhl,
1996). Quartz with chessboard extinction and large grains with amoeboid
grain boundaries and undulose extinction indicative of GBM recrystallization
are common within isolated pockets at the interstices between feldspar phe-
nocrysts. As such, these quartz domains are interpreted to be passive markers
of deformation conditions, and rheology is inferred to be controlled by the
interconnected network of feldspar phenocrysts.

Grain-Size Reduction

Grain-size reduction of the feldspar network occurred by dislocation creep
in plagioclase, recrystallization to fine-grained feldspar or feldspar + quartz
along intragranular fractures in K-feldspar phenocrysts, and myrmekite growth
(Figs. 5l, 5J, 11A). BLG recrystallization occurs along fractures and the rims
of magmatic plagioclase and K-feldspar grains (Fig. 5E, 5l), suggesting that
deformation was partially accommodated by dislocation creep in feldspar
during early stages of shear zone evolution. Dissolution along plagioclase and
K-feldspar fractures facilitated by aqueous fluids is inferred from the crystalliza-
tion of finer-grained, more sodic feldspar grains along these sites (Fitz Gerald
and Stinitz, 1993; Fusseis and Handy, 2008; Viegas et al., 2016). At structurally
deep positions within the CBSZ, prominent myrmekite growth along K-feldspar
boundaries that is associated with white mica and quartz (Figs. 5J, 11A) also
supports the role of fluids in early grain-size reduction of the load-bearing
feldspar network (Menegon et al., 2006; Ree et al., 2005; Tsurumi et al., 2002).
The presence of white mica and quartz along the inferred original K-feldspar
edge supports myrmekite growth facilitated by a local addition of water, where
excess K+ is released and myrmekite and muscovite are formed at the expense
of K-feldspar following the reaction (Phillips et al., 1972):

3KAISIi,Oq CaAl,Si,0,
i . +H,0—>
NaAlSi,O, NaAlSi,O,
alkali calcic water
feldspar plagioclase
CaAlSi,0, . .
2NaAISi,0, +6Si0, +KAI, (AlSi;)0,,(OH), +K,0 . (6)

more sodic  quartz muscovite

plagioclase

Collectively, these observations suggest a role of fluids in promoting grain-
size reduction via fracturing, recrystallization, and myrmekite formation within
an initially interconnected network of feldspar phenocrysts at >400 °C within
the CBSZ.

Interconnection of Quartz Domains

Quartz deformed by dislocation creep in interconnected networks around
other isolated phases at a wide range of structural depths in the CBSZ (Fig. 7).
The transition from a coarse-grained feldspar network to interconnected quartz
network (Fig. 11B) is preserved at 350 m structural depth (i.e., sample CB13-59,
Figs. 5BE-5G, 6H), where quartz exhibits GBM recrystallization microstructures
and plagioclase is boudinaged. The tapered, relatively symmetric nature of
plagioclase boudins suggests that quartz was less competent than feldspar,
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Figure 11. Schematic line drawings summarizing evolution of deformation mechanisms and related microstructures in the Cordillera Blanca shear zone. Arrows denote possi-
ble microstructural progressi labeled with pr facilitating change in microstructure. Gray arrows denote transitional microstructures and processes. Abbreviations:
F—feldspar, Q—quartz; htf—high-temperature fracturing; ssf—subsolidus fracturing; disc—dislocation creep; rot—rotation; rx—reaction to Na-rich plagioclase; ff—fracture fill;
cc—cataclasis; Mrxn—myrmekite-forming reaction; CB—chessboard extinction; GBM —grain-boundary migration recrystallization; BLG —bulging recrystallization; SGR—subgrain
rotation recrystallization; ASIM—asymmetric strain-induced myrmekite; GSF—grain-shape fabric; GBS —grain-boundary sliding; Dil—dilation. Scale bars are approximate. For
clarity, grain sizes of quartz in D are depicted as slightly larger than actual. See text for details.
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and flowed into boudin necks (Goscombe et al., 2004). As plagioclase within
this sample also exhibits BLG recrystallization (Fig. 5E), deformation at the
transition from a coarse-feldspar network to a quartz network is consistent with
the model for a two-phase system in which both rheological phases deform
viscously (i.e., Handy et al., 1999, their figure 1b). In the CBSZ, this transition
occurred under relatively low stress (16.5 + 13 MPa in quartz) near ~500 °C, at
the lowest strain rate estimated for individual samples, ~3 x 107" s~". Similar
differential stresses are reported for extensional mylonitic granitoids exhib-
iting microstructures indicative of GBM recrystallization in quartz and plastic
deformation in feldspar in the core (10-16 MPa) and mylonitic front (~16 MPa)
of the Whipple Mountains metamorphic core complex (California, USA) in the
North American Cordillera (Behr and Platt, 2011; Cooper et al., 2017).

Deformation within interconnected quartz domains proceeded predomi-
nantly by dislocation creep. GBM, SGR, or SGR + GBM recrystallization micro-
structures in quartz occur at structural positions deeper than ~150 m below
the detachment (Fig. 11C), whereas SGR + BLG recrystallization microstruc-
tures primarily occur at structural positions shallower than ~150 m (Fig. 11D),
with the exception of a relatively narrow zone at ~385 m depth (Fig. 7). These
microstructures are accompanied by quartz CPOs that mainly show strong
fabrics indicative of prism <a> slip and subsidiary rhomb <a> slip, consistent
with quartz dislocation creep at >400 °C. The shift in GBM to BLG recrystalli-
zation microstructures in addition to SGR microstructures at ~150 is likely due
to increasing strain rate. This microstructural transition is often attributed to
decreasing temperature, where GBM recrystallization occurs above ~500 °C,
and BLG recrystallization occurs below ~400 °C (Stipp et al., 2002b). However,
estimated deformation temperatures in the CBSZ are consistently >400 °C
and within ~70 °C of each other, suggesting that temperature is likely not the
main contributing factor in microstructural evolution. Furthermore, a change in
temperature alone would not explain the narrow zone of BLG recrystallization
microstructures near ~385 m depth, as temperature changes would be expected
to be of relatively large scale due to pluton cooling and/or exhumation of the
shear zone along the detachment. Although strain rate could only be derived for
a limited number of samples, strain rates estimated for samples near the ~150 m
microstructural transition with differential stresses of ~70 MPa (3 x 102s™"; sam-
ples CB13-76, CB13-78) are an order of magnitude higher than those estimated
in deeper positions, supporting the role of strain rate in shear zone evolution.
Strain rate estimates near ~150 m in the CBSZ are similar to the upper range
of those calculated for the Ruby Mountains core complex (Nevada, USA; 10"
to 1073 s") at similar differential stresses (~64 MPa) (Hacker et al., 1990).

Layering of Banded Mylonites

Layering of banded mylonites (Fig. 11E) occurs at depths ranging from
430 m to 111 m (Fig. 7). Formation of layered mylonites in granitoids has previ-
ously been attributed to reaction weakening associated with myrmekite forma-
tion and recrystallization of myrmekite (Ishii et al., 2007; Menegon et al., 2008)

or to cataclastic deformation in feldspar (Pryer, 1993; Hippertt, 1998; Viegas et
al., 2016). Unlike with myrmekite formation, development of banded mylon-
ites by cataclastic deformation can occur solely through brittle breakdown of
feldspar with no reaction products (Viegas et al., 2016). The deepest banded
mylonite (sample CB13-55a, 430 m) records a transition from a coarse-grained
feldspar network (Figs. 11A, 11B) to banded mylonite (Fig. 11E) at ~470 °C and
moderately low stress (32.1 + 14 MPa), corresponding to a strain rate of ~1 x
10"% s7'. In this sample, K-feldspar porphyroclasts with asymmetric strain-in-
duced myrmekite have recrystallized tails that deflect into feldspar-rich layers.
This transition, in addition to the abundance of myrmekite within the CBSZ
along K-feldspar porphyroclasts and also within feldspar C-bands (Figs. 7, 8D),
suggests that myrmekite reaction, rather than cataclastic deformation, was the
main process that contributed to layering of banded mylonites within the CBSZ.

Development of polyphase domains within banded mylonites (Fig. 11F;
i.e., sample CB13-55¢, 369 m) may be promoted by dilation and precipitation
accompanied by GBS. Dissolution and precipitation in polyphase domains
within this sample are inferred from K-feldspar filling dilatant sites between
fine recrystallized quartz as well as from biotite and K-feldspar at quartz and
plagioclase triple junctions. K-feldspar dissolution is reasonable in this sce-
nario considering the abundance of myrmekite within the CBSZ (Fig. 7) and
the excess K,O produced in the myrmekite-forming reaction (Equation 6; Ishii
et al., 2007). This type of behavior and microstructure is consistent with dis-
aggregation of monophase domains by dynamic recrystallization, dissolution
and precipitation in dilatant sites opened by rotation, and GBS (Kilian et al.,
2011; Platt, 2015). Quartz domains also support a possible role of GBS, as the
CPOs show smeared a-axes with three dispersed maxima, consistent with the
activity of GBS (Cross et al., 2017a). Polygonal subgrains consistent with SGR
recrystallization in quartz with a strong y-maximum c-axis orientation indicate
that dislocation creep with preferential prism <a> slip was also active, perhaps
suggesting that quartz deformation at least locally was accommodated by a
combination of GBS and dislocation creep, or DisGBS (i.e., Miranda et al., 2016).

B CONCLUSIONS

1. The Cordillera Blanca shear zone (CBSZ) preserves an ~450-m-thick
extensional shear zone characterized by undeformed granite in the core
of the Cordillera Blanca batholith and increasingly mylonitized fabrics
toward the western margin of the batholith. Brittle deformation occurs
in the uppermost ~150 m, as evidenced by pseudotachylyte, fault brec-
cia, and cataclasite, and culminates in a moderate- to low-angle normal
detachment fault.

2. Deformation along the CBSZ was initiated at near-solidus conditions
above ~630 °C in weakly deformed granodiorite at the structurally low-
est position relative to the discrete detachment fault, and continued to
subsolidus conditions by fracturing of feldspar phenocrysts, dislocation
creep, and neocrystallization of fine-grained feldspar along with growth
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of myrmekite. Initial interconnection of quartz domains occurred at
temperatures near 500 °C under low stress (16.5 + 13 MPa). Layering of
mylonites at structurally deep positions occurred at 470 + 50 °C where
quartz recrystallized via grain-boundary migration and subgrain rota-
tion processes during deformation by dislocation creep. Myrmekite
growth contributed to the formation of banded mylonites with quartz
monophase and quartz + feldspar + mica polyphase domains. Disso-
lution and precipitation in dilatant sites may also have played a role in
formation of layered mylonites and at least locally contributed, along
with grain-boundary sliding, to formation of fine-grained, mixed quartz
+ K-feldspar + Na-feldspar + biotite domains.

3. Quartz deformed predominantly by dislocation creep between 400 and
500 °C, producing strong crystallographic preferred orientations indic-
ative of prism <a> slip and rhomb <a> slip. Variations in differential
stress estimates despite similar deformation temperatures across the
shear zone suggest that strain rate, rather than temperature, may have
been more important in shear zone evolution for the CBSZ.

4. Throughgoing brittle fabrics overprint ductile quartz-rich fabrics within
the upper ~150 m. Differential stresses from the CBSZ are consistent with
estimates from granitoids in other extensional settings such as the Ruby
Mountains and Whipple Mountains core complexes in the North Amer-
ican Cordillera. The highest differential stress in the CBSZ was recorded
by the deepest sample within the shear zone to preserve a throughgoing
brittle overprint of ductile fabrics, indicating that within the CBSZ, rocks
have a strength of at least 71.5 + 36 MPa at the ductile to brittle transition.
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