
1.  Introduction
The crustal- to lithospheric-scale shear zones that accommodate relative plate motions play a major role 
in generating seismic hazard, influencing the evolution of orogens, and controlling the distribution of ore 
deposits, and are fundamental in enabling plate tectonics (Cox et al., 2006; Handy et al., 2007). Understand-
ing the time period and conditions over which such structures are active is thus vital for quantifying the 
rheology of the lithosphere, modeling deformation, reconstructing the tectonic evolution of regions, and 
determining the economic prospectivity of areas (Huntington & Klepeis, 2018; Oriolo et al., 2018). Howev-
er, estimating the pressure-temperature-time (P-T-t) conditions of deformation in large-scale shear zones 
remains challenging for several reasons: (a) deformation occurs over a range of different P-T conditions, 
which vary both spatially (with depth) and temporally (as material is advected, either by the fault zone itself 
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Plain Language Summary  Major shear zones deform material over a wide range of 
conditions, from low pressures and temperatures near the Earth's surface, where rocks are brittle, to 
high pressures and temperatures in the deep crust, where they are ductile and flow like warm toffee. The 
age and conditions of deformation can be estimated using mineral chemistry. However, this is difficult 
where rocks have been deformed over a range of conditions at different times. It is especially challenging 
in granite, which commonly lacks traditionally used minerals. In studying the Simplon Shear Zone, we 
overcome these challenges by carefully investigating its structure to untangle the deformation stages; by 
using the chemistry of quartz and phengite to estimate deformation conditions, both of which occur in 
granite; and by linking our temperatures to a published cooling history, to determine when our samples 
were deformed. We show that exposed rocks deformed between ∼490°C at 6.7 kbar (∼25 km depth) 
approximately 24.5 Myr ago, and ∼305°C at 1.5 kbar (∼6 km) approximately 11 Myr ago. Subsequent 
deformation was taken up by brittle faulting. Our estimates compare well to independent constraints and 
alternative approaches.
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or by movement on other structures); (b) many mineral thermobarometers and chronometers reflect the 
conditions and timing of metamorphic mineral growth or magma emplacement, rather than deformation 
(Anderson, 1996; Anderson et al., 2008; Steffen & Selverstone, 2006); (c) mineral thermochronometers yield 
insight into when their host rock cooled through a specific temperature (Reiners et al., 2018; Stockli, 2005), 
but these “cooling ages” do not necessarily reflect when that specific volume of rock was undergoing defor-
mation (Oriolo et al., 2018); and (d) much of the continental crust comprises rocks with a granitic to ton-
alitic composition (Rudnick & Gao, 2014; Wedepohl, 1995), and fewer thermobarometers are available in 
these high-variance compositions than for rocks with a low-variance pelitic or basaltic composition (Ander-
son, 1996; Anderson et al., 2008; Caddick & Thompson, 2008; Massonne, 2015; White et al., 2014).

The aim of this study is, therefore, to investigate how the P-T-t conditions of deformation vary within Sim-
plon Shear Zone (SSZ) in the central Alps, a normal-sense shear zone developed predominantly in meta-
granite. It is well documented that the exposed footwall underwent deformation at a range of P-T conditions 
during exhumation and cooling (Campani et al., 2010a; Haertel et al., 2013; Mancktelow, 1985), and the 
P-T-t conditions of peak metamorphism are constrained (Baxter & DePaolo, 2000; Vance & O'Nions, 1992). 
In addition, there is a significant body of thermochronological data bracketing the time window of defor-
mation (Campani et al., 2010b; Grasemann & Mancktelow, 1993), but scarce absolute, unambiguous ages of 
syn-kinematic petrochronological phases that can be linked to deformation at specific conditions.

We overcome the challenges outlined above by combining careful microscopy with mineral chemistry, 
whole-rock geochemical modeling, and thermochronological data, and test this approach by comparing our 
results to independently derived P-T-t constraints. Whole-rock compositions are used to model the expected 
Si content of phengite and Ti content of quartz over a range of conditions, because both vary as a function of 
pressure and temperature (Massonne & Schreyer, 1987; Thomas et al., 2010; Wark & Watson, 2006). These 
models are compared to the measured Si in phengite and Ti in quartz that, based on their microstructure, 
chemistry, and textural relations, appear to have been re-equilibrated together during deformation. This 
approach has recently been used to estimate deformation conditions in metapsammites from the Moine 
Thrust in Scotland (Lusk & Platt, 2020). It benefits from using minerals typically present in rocks of granit-
ic or similar compositions, and which are commonly involved in deformation over a wide P-T range and 
thus have the potential to re-equilibrate to reflect deformation conditions (Ashley et al., 2014; Bestmann 
& Pennacchioni, 2015; Grujic et al., 2011; Nachlas et al., 2018; Santamariá-López et al., 2019). In addition, 
incorporating the bulk-rock chemistry allows us to model the TiO2 activity (aTiO2), a key constraint required 
to use Ti-in-quartz thermometry (Ashley & Law, 2015; Thomas et al., 2010), as well as the Si content of 
phengite, which in addition to pressure and temperature, is sensitive to bulk composition (Massonne & 
Schreyer,  1987; Massonne & Szpurka,  1997). By comparing our calculated deformation temperatures to 
thermochronometers with similar cooling temperatures, at comparable positions within the SSZ footwall, 
we also link each sample to an age of deformation.

2.  Geological Setting
2.1.  The Simplon Shear Zone

The Simplon Fault Zone is a crustal-scale, low-angle, ductile-to-brittle, normal-sense structure in the cen-
tral Alps (Figure 1), which accommodated orogen-parallel extension during collision between the European 
plate and the Adriatic indentor (Campani et al., 2010a; Mancktelow, 1985; Steck, 2008). It separates Upper 
Penninic nappes in the downthrown hanging wall, derived from the Brianconnais microcontinent and the 
Neo-Tethys Ocean basin, from lower Penninic nappes in the exhumed footwall, derived from the basement 
of the European passive margin (Mancktelow, 1985; Steck, 2008). This exhumed footwall forms the Toce 
Dome, the western portion of the regional Lepontine Gneiss Dome. Oligocene updoming was contempo-
raneous with peak Barrovian metamorphic conditions and distributed E-W-directed ductile extension, the 
later stages of which were synchronous with motion on the retrograde Simplon Fault Zone (Steck, 2008; 
Steck & Hunziker, 1994; Vance & O'Nions, 1992).

The Simplon Fault Zone comprises a broad zone of ductile mylonites extending several kilometers into the 
footwall (the Simplon Shear Zone, SSZ), which transition structurally upward into the brittle Simplon Line, 
a narrow cataclastic zone overprinting the ductile deformation (Mancel & Merle, 1987; Mancktelow, 1985). 
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Across the SSZ, metamorphic isograds are offset, and a distinct jump in thermochronological ages is ob-
served (Campani et al., 2010a). In the central part of the SSZ, mylonites dip approximately 25°–30° to the 
SW, and are associated with a variety of top-down-to-SW shear-sense indicators, including quartz CPOs, 
feldspar sigma clasts, oblique quartz grain shape fabrics, and shear bands (Mancktelow, 1985, 1987).

The SSZ is well studied, with over 170 years of publications (e.g., Bergemann et al., 2020; Gerlach, 1869; 
Schardt, 1903; Studer, 1851). A significant body of knowledge is thus available for the SSZ, including detailed 
structural mapping highlighting a zonation in the footwall, from a broad zone of rock deformed under am-
phibolite-facies conditions, through a narrowing zone of greenschist-facies mylonites, to the highly local-
ized brittle Simplon Line (e.g., Campani et al., 2014; Mancktelow, 1985, 1987); detailed accounts of quartz 
microstructure, recrystallization mechanisms, and Ti-in-quartz contents as they vary with distance into 
the footwall (Haertel et al., 2013; Haertel & Herwegh, 2014); and thermochronology and thermokinematic 
modeling, which has provided estimates on the timing and rates of exhumation (Campani et al, 2010a, 
2010b; Grasemann & Mancktelow, 1993).

2.2.  Footwall Zonation

Due to progressive strain localization with exhumation and cooling, deformed rock in the footwall shows a 
transition structurally upward from distributed deformation associated with peak amphibolite-facies met-
amorphism in the core of the Lepontine Dome, into a mylonite zone 1–2 km thick below the brittle fault, 
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Figure 1.  (a) Location of the study area, in the central European Alps. From Google Maps (accessed 2020). (b) 
Geological setting of the Simplon Shear Zone (SSZ). Adapted from Campani et al. (2010a) and the Tectonic Map of 
Switzerland (2005). A–A′ and B–B′ show the locations of the cross sections in Figure 2. (c) Stereoplots illustrating the 
moderate SW dip of both the earlier Sm and later Sm2 foliations in the central part of the SSZ, and their associated down-
plunge lineations.
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and then into a <10-m-thick zone of cataclastic rocks and gouge along the brittle Simplon Line (Campani 
et al., 2010a; Mancel & Merle, 1987; Mancktelow, 1985). This zonation is reflected by quartz microstruc-
tures, syn-deformation retrograde alteration mineralogy, and mineral-chemistry thermometry, with Ti-in-
quartz thermometry suggesting deformation temperatures of ∼560°C deep in the footwall to ∼350°C close 
to the brittle Simplon Line (Haertel et al., 2013). However, it is important to note that Haertel et al. (2013) 
assumed a constant aTiO2 of 1 and pressure of 4 kbar to calculate these temperatures; a lower, variable aTiO2 
(as may be expected in metagranites lacking significant rutile) and deformation over a range of pressures 
(typical of an exhuming system) would affect these estimates. Deformation occurred under relatively wet 
conditions (Mancktelow & Pennacchioni, 2004), with the syn-kinematic formation of quartz veins in the 
mylonitic footwall (Haertel et al., 2013).

2.3.  Timing, Rate, and Amount of Exhumation

Fission track, 40Ar/39Ar, and Rb/Sr dating provide constraints on the timing and rates of SSZ activity. 
Thermokinematic modeling of this data suggests that there was little relative displacement between foot-
wall and hanging wall before ∼18.5  Ma, during distributed ∼NE-SW stretching (Campani et  al.,  2010b; 
Grasemann & Mancktelow, 1993). Thereafter, deformation localized onto the discrete, yet still broad, duc-
tile SSZ, which between ∼18.5 and ∼14.5 Ma accommodated ∼1 mm/year of footwall exhumation rela-
tive to the hanging wall (Campani et al., 2010b), although an earlier study suggested a faster exhumation 
rate (Grasemann & Mancktelow,  1993). Both studies agree that relative footwall exhumation slowed to 
∼0.35 mm/year at ∼14.5 Ma, which continued until displacement ceased sometime between ∼3 Ma and 
the present. In addition, erosion is modeled as exhuming both the hanging wall and footwall by a constant 
∼0.36 mm/year. The total amount of footwall exhumation predicted by these models (∼21–27 km) is con-
sistent with peak metamorphic conditions of ∼519°C–612°C and ∼6.4–9.1  kbar in the core of the Toce 
Dome (Baxter & DePaolo, 2000; Vance & O'Nions, 1992), dated at ∼32.5–25 Ma by garnet U-Pb and Rb-Sr 
geochronology (Vance & O'Nions, 1992).

3.  Sampling
A total of 48 samples from two detailed transects (Figure 2) were characterized in terms of their microstruc-
ture, and analyzed in order to estimate the P-T-t conditions of deformation. The Gabi-Gondo and Zwisch-
bergen transects are located in the central part of the SSZ, where consistently down-dip lineations indicate 
predominantly normal-sense motion throughout the preserved history of the SSZ (Figure 1). The Gabi-Gon-
do transect extends from the brittle Simplon Line 7.6 km into the footwall (equivalent to 4.3 km structural 
distance from the ∼30°-dipping fault), with excellent exposure provided along the Simplon Road (SS33) 
between the towns of Gabi and Varzo. Exposure approaches 100% along the upper several kilometers of the 
transect, with the exception of the area immediately adjacent to the brittle fault itself, which is obscured by 
the narrow, forested Diveria river gorge. Material was sampled from the metagranites of the Monte Leone 
nappe, located in the footwall immediately below the brittle fault, metagranites that occur with marbles and 
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Figure 2.  Cross sections through the Gabi-Gondo (A–A’) and Zwischbergen (B–B’) transects. See Figure 1 for locations, and note the difference in scales. Black 
ticks indicate the locations of samples used in this study.
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calc-schists of the structurally underlying Lebendun nappe, and the metagranites of the structurally deepest 
Antigorio nappe. The Zwischbergen transect comprises a shorter but densely sampled section extending 
from the well-exposed brittle fault ∼1.5 km into the footwall (∼930 m structural distance). It comprises 
mostly Monte Leone nappe metagranites, with a small number of samples from the Lebendun and Antig-
orio metagranites. Exposure from the brittle fault through much of the Monte Leone nappe is excellent, 
occurring along the Grosses Wasser river upstream of a hydroelectric dam.

Along the studied transects, the metagranites comprise deformed granitic gneiss with variable proportions 
of quartz, plagioclase, alkali feldspar, and phengite; lesser but variable biotite and epidote; and minor to 
trace apatite, zircon, and fine-grained Ti-bearing phases (predominantly titanite and micron-scale Ti-rich 
phases included in fine-grained phengite, with rare trace rutile). Most samples are feldspar-rich, but some 
contain abundant phengite and display a micaceous or phyllonitic fabric. Toward the brittle fault and in 
late cross-cutting shear bands, some samples display minor to moderate retrogression of biotite to chlorite. 
Amphibole has not been observed, and minor garnet has only been observed in rare, more mafic samples.

4.  Methods and Results
4.1.  Macro- and Microstructure

Microstructural observations were made using optical and backscatter electron (BSE) microscopy, and fo-
cused on deformation features such as dynamic recrystallization and syn-kinematic neocrystallization, the 
relation between quartz and phengite, and evidence for structural overprinting. Because microstructural 
control is essential for analyzing quartz-phengite pairs equilibrated simultaneously, all observations and 
analyses were made on the same polished 1-inch-diameter round thin sections, cut perpendicular to the 
foliation and parallel to the lineation (in the X-Z plane of finite strain). All analyzed locations were carefully 
located with the aid of optical cameras inside the various instruments, and recorded on high-resolution 
photomicrographs of each thin section (Figure 3).

4.1.1.  Protomylonites

While the pre-SSZ protolith to the Monte Leone mylonites is not preserved in the study area, some sec-
tions of the Antigorio gneiss along the Gabi-Gondo transect display relatively weak deformation. These 
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Figure 3.  An example (sample TS-002) of the images on which all analytical locations were recorded. (a) 
Photomicrograph in plane-polarized light, labeled with the positions of Ti-in-quartz secondary ion mass spectrometry 
spot analyses, and overlain with an electron backscatter diffraction (EBSD)-derived map of recrystallized quartz grains, 
color coded by grain size (warmer colors = larger grains). White boxes show the locations of (b) and (c), backscatter 
electron images on which the locations of Si-in-phengite microprobe spots were recorded.
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protomylonites have a coarse-grained, isotropic to weakly foliated texture, with cm-scale subhedral mag-
matic feldspar grains, some of which display Carlsbad twinning (Figures 4 and 5). Weak SSZ deformation 
entails undulose extinction in quartz; minor- to moderate dynamic recrystallization of quartz by subgrain 
rotation recrystallization (SGR) or transitional SGR/unrestricted grain boundary migration (GBM); and the 
development of an incipient foliation defined by elongate quartz domains, weakly aligned biotite, and the 
breakdown of coarse feldspars into elongate lenses. Phengite is minor, and occurs as randomly oriented, me-
dium-grained laths associated with biotite, or as laths or anhedral patches within feldspar grains (Figure 5).

4.1.2.  Mylonites to Ultramylonites

The remainder of the samples comprise mylonitic- to ultramylonitic metagranite with moderate to intense 
SSZ-related strain. This is characterized by a moderate- to strong, gently SW-dipping foliation (Sm, sensu 
Campani et al. [2010a]), a weak to strong SW- or WSW-plunging lineation (Lm), and abundant down-dip 
normal-sense kinematic indicators (Figure 4).

In the fault-distal portions of the transects, where higher-T deformation is preserved (“high-T mylonites” 
in Figure 2), the Sm foliation is defined by weak gneissic compositional banding, smeared-out feldspar lens-
es, highly elongate quartz domains, and the preferred orientation of biotite and phengite laths (Figure 5). 
Lineations are weak, while millimeter- to centimeter-scale feldspar sigma clasts indicate a normal shear 
sense. Relict feldspar porphyroclasts display subgrain development and recrystallization/disaggregation 
into medium-grained neoblasts. In high-strain samples, where the coarse igneous assemblage is no longer 
recognizable, much of the rock comprises pervasively intermixed quartz and medium-grained feldspar. This 
is interpreted as the final stage in the recrystallization/disaggregation of coarse igneous feldspar, and the 
intermixing of it with recrystallized quartz. Where present in quartz-only domains, or in deformed veins 
parallel to the foliation, quartz displays undulose extinction and coarse-grained transitional SGR/GBM-like 
microstructures. Elsewhere, quartz grains appear pinned by feldspar and mica. Phengite occurs as euhedral, 
medium-grained laths parallel to the foliation (Figure 5).

Closer to the brittle fault, where moderate-T deformation overprints the high-T microstructures (“moderate-T 
mylonites” in Figure 2), Sm is defined by finer compositional banding, with elongate trains of feldspar grains 
that appear to be the disaggregated remnants of larger porphyroclasts, and sub-millimeter quartz lenses that 
anastomose between feldspar grains, along with the preferred orientation of phengite laths (Figures 4 and 5). 
A well-developed, fine quartz stretching lineation is observed. Narrow (centimeter to sub-millimeter wide) 
quartz veins orientated parallel to the foliation become increasingly abundant toward the brittle fault. Quartz 
displays subgrain development and medium-grained SGR recrystallization. Medium-grained phengite laths 
occur in narrow, semicontinuous lenses that anastomose around feldspar porphyroclasts. In some samples, 
narrow rims of fine-grained phengite are developed along the edges of these larger phengite laths, and appear 
closely associated with adjacent dynamically recrystallized quartz (Figure 6).

Closest to the brittle fault, where lower-T deformation has overprinted all earlier microstructures (“low-T 
mylonites” in Figure 2), the mylonites are finer grained. Feldspar-rich samples comprise abundant medi-
um-grained feldspar porphyroclasts in a fine-grained matrix of quartz, feldspar, and phengite, with the folia-
tion defined by elongated trains of feldspar porphyroclasts, narrow anastomosing quartz lenses, and narrow 
lenses of phengite (Figure 5). Samples richer in phengite have a strong phyllonitic fabric defined by abun-
dant coarse phengite laths. Small-scale shear bands are variably developed. These deflect the tails of feld-
spar sigma clasts and phengite mica fish, forming an S-C fabric consistent with SW-directed normal-sense 
shearing. These shear bands become increasingly well developed as the brittle fault is approached, until 
they merge to form a new, spaced foliation (Sm2, Figures 4 and 5). This younger, lower-T foliation dips more 
steeply than Sm, and is associated with fine quartz stretching lineations and rare minor chlorite. Quartz in 
foliation-parallel lenses and veins displays fine-grained bulging recrystallization (BLG) to SGR. Phengite 
occurs as lenses of fine-grained material, along the foliation or shear bands, or around the edges of larger 
phengite or feldspar porphyroclasts. These fine-grained masses may be rich in fine biotite and/or chlorite, 
and micron-scale Ti-rich inclusions (Figure 6).

4.1.3.  Departures From Zonation

Overall, the SSZ is characterized by a progressive zonation from high-T fabrics in the fault-distal footwall 
to low-T fabrics in the fault-proximal footwall. However, occasional departures from this trend do exist, in 
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Figure 4.  Field photographs from the study area. (a) The brittle fault (pale cream color) and immediate footwall (darker gray) on the Zwischbergen transect. 
(b and c) Feldspar sigma clasts and incipient shear bands in moderate-T mylonites, indicating top-down to SW normal-sense motion. (d) ∼SW-plunging quartz 
stretching lineations (Lm2) in low-T mylonites. (e) Coarse protomylonites with relict igneous feldspar crystals and a weakly developed foliation, cut by <mm-
wide brittle-ductile shear bands. (f and g) Moderate- to low-T mylonites exhibiting finer grain sizes and a well-developed, planar Sm foliation. (h) Low-T 
mylonite with a planar Sm foliation, curved into a spaced Sm2 foliation, with fine quartz stretching lineations on the Sm2 surface.
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Figure 5.  Representative photomicrographs from the Simplon Shear Zone footwall, crossed polars. Images are oriented such that shear sense is top to left. 
Protomylonites with relict igneous textures, and minor to moderate deformation: (a) Carlsbad twin in a large magmatic feldspar; (b) partial subgrain rotation 
recrystallization (SGR) recrystallization of coarse-grained, magmatic quartz; (c) phengite formed from the breakdown of feldspar. High-T mylonites: (d and e) 
pervasively deformed metagranite, with domains of coarse-grained quartz recrystallized by transitional SGR/grain boundary migration (GBM), disaggregated 
(recrystallized?) feldspar, and coarse laths of phengite defining a planar foliation; (f) quartz grain size may be limited by other phases, with quartz occurring 
in narrow lenses or as isolated grains. Moderate-T mylonites: (g) pervasively recrystallized quartz and feldspar, with feldspar-rich domains representing 
recrystallized porphyroclasts, outlined by biotite and phengite; (h and i) lenses of medium-grained SGR-recrystallized quartz, and coarse phengite and biotite 
laths anastomosing between feldspar grains. Low-T mylonites: (j and k) fine-grained bulging recrystallization (BLG)/SGR quartz in narrow, anastomosing 
lenses defining Sm (∼horizontal), and finer BLG/SGR-recrystallized quartz and fine-grained phengite in narrow shear bands defining Sm2 (dipping left); (l) 
fine-grained SGR-recrystallized quartz in a vein parallel to Sm, with fine-grained phengite wrapping a bright epidote porphyroclast. Narrow shear bands cutting 
higher-T microstructures: (m–o) fine-grained quartz recrystallized by BLG/SGR, and fine-grained phengite along discrete, narrow shear bands that dip more 
steeply than the earlier, higher-T Sm foliation. Broad, micaceous shear bands: (p and q) alternating domains of medium-grained SGR-recrystallized quartz and 
coarse phengite laths, with mica fish displaying undulose extinction; (r) although most feldspar in the broad shear bands has been replaced by white mica, relict 
feldspar is observed in some samples. Ph, phengite; Qz, quartz.



Geochemistry, Geophysics, Geosystems

the form of both shear bands (sub-millimeter- to meter-scale, lower-T shear zones that cut rock displaying a 
significantly higher-T fabric) and the abovementioned sections of protomylonites.

Shear bands range from sub-millimeter- to meter-wide structures. The sub-millimeter shear bands occur 
as isolated structures or in meter-scale clusters, and are most commonly observed in the high-T mylonitic 
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Figure 6.  Relict quartz and phengite co-existing with finer-grained, younger quartz, and phengite. Analytical spot positions are shown with circles 
(microprobe) or squares (secondary ion mass spectrometry), and colored according to their relative Si or Ti content (warmer colors = higher values). Images 
are photomicrographs taken in cross polarized light, unless otherwise stated. (a and b) Backscatter electron (BSE) images showing younger, fine-grained 
phengite with fine streaks of biotite and chlorite (pale gray) and Ti-rich phases (white), developed along the margins of older, coarser phengite with higher 
Si content. (c) Dynamically recrystallized, Ti-poorer quartz adjacent to Ti-richer, relict ribbon quartz. (d) A BSE image of fine-grained, Si-poorer phengite 
along the edge of relict, coarser, Si-richer phengite. (e and f) Relict, coarse quartz with undulose extinction and higher Ti, and fine quartz recrystallized by 
bulging recrystallization/subgrain rotation recrystallization (BLG/SGR) with lower Ti. (g) Lower Ti values associated with subgrain development and SGR 
recrystallization in quartz, although gently curved grain boundaries suggest a degree of subsequent grain boundary migration. (h) The adjacent coarse phengite 
lath displays fine-grained, Si-poorer phengite along its margin. BSE image.
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gneiss or protomylonites of the distal Gabi-Gondo transect. They deflect or cut the existing foliation and 
are characterized by fine BLG ± SGR recrystallization of quartz, fine-grained phengite, and occasional mi-
cron- to millimeter-scale brittle slip surfaces (Figure 5). Some are chloritic, with well-developed, fine chlo-
rite and/or quartz stretching lineations plunging SW. The meter-scale shear bands cut the protomylonites, 
and exhibit near-complete replacement of feldspar by phengite (Figure 5). They have a strong SW-dipping 
foliation, defined by alternating lenses of quartz and phengite. Quartz displays near-complete recrystalli-
zation by medium-grained SGR. Phengite occurs as coarse mica fish with undulose extinction, with minor 
fine-grained phengite along the edges of fish and as elongate tails, adjacent to recrystallized quartz. These 
shear bands are interpreted to have been associated with significant fluid flow, resulting in the hydration of 
feldspar to phengite.

4.1.4.  Overprinting and Composite Microstructures

It is important to note that much of the SSZ footwall has composite microstructures that reflect progressive 
overprinting at different conditions (Figure  6). Only the most distal samples display exclusively high-T 
deformation, without any subsequent overprinting. It is therefore essential that the phases used for ther-
mobarometry reflect deformation at the same time, under the same conditions. In samples with composite 
microstructures, this requires careful petrography.

4.2.  Si-in-Phengite

Phengite is an intermediate member of the muscovite-celadonite KAl2 [AlSi3O10](OH)2 – K(Mg,Fe2+)
(Fe3+Al)[Si4O10](OH)2 solid solution series. The strong pressure and lesser temperature dependence of 
phengite composition has been experimentally demonstrated over a wide range of conditions (3–55 kbar, 
350°C–1,100°C) and compositions/assemblages, with a higher Si content per formula unit (pfu) at higher 
pressures and lower temperatures (Massonne & Schreyer, 1987; Massonne & Szpurka, 1997). Subsequent 
thermodynamic calculations have confirmed this P-T dependence (Coggon & Holland, 2002). At higher 
grades, the relation breaks down, as the required limiting assemblage destabilizes; in particular, the disap-
pearance of biotite from granitic compositions above 20 kbar causes the Si content of phengite to become 
insensitive to pressure (Massonne, 2015). Lower water activity in the bulk rock, the presence of Fe, or an 
increased paragonite (Na) component will lower the Si content, although the effect of water activity is rel-
atively minor (Massonne, 2015; Massonne & Schreyer, 1987). In contrast, higher F correlates with a higher 
Si content (Massonne & Schreyer, 1987). It is therefore important to take the bulk composition into account 
when using Si-in-phengite thermobarometry (Massonne & Szpurka, 1997).

Massonne and Schreyer  (1987) noted that both experimental and natural phengite compositions appear 
to re-equilibrate sluggishly at new P-T conditions, and that its use as a thermobarometer is limited by its 
commonly observed lack of equilibration: many rocks contain compositionally zoned phengites or multiple 
generations of phengite with different Si contents (e.g., Santamaría-López et al., 2019). However, this can 
be a useful characteristic: if a specific generation of phengite can be reliably linked to another thermobaro-
metrically useful phase (such as garnet or quartz) representing local equilibrium at specific P-T-t conditions, 
that specific mineral pair can yield useful P-T information (Massonne, 2015).

4.2.1.  Microprobe Analyses

The composition of phengite and biotite were analyzed in situ with a Cameca SX-100 electron microprobe 
at the University of California, Santa Barbara, using a 5 μm spot size, 15–20 KV accelerating voltage, 10 nA 
current, and a counting time of 20 s on-peak and 10 s background on either side. Approximately five or 
more spots were analyzed on each grain (where large enough) or on a single cluster of grains (where grains 
were too small), and the results averaged to give a single composition with standard deviation for each 
phengite grain/cluster. Mineral formulae were calculated according to Deer et al. (2013), and Si content is 
reported as Si pfu, normalized to 11 O.

Individual spots with significantly higher Al, Ti, Mn, Na, Mg, Fe, Ca, Cr, or K are interpreted as having hit 
inclusions and excluded; to identify spots that hit quartz, outliers with significantly higher Si content were 
excluded. As an additional check, measured Si was plotted against Al + Mg + Fe. Analyses of pure white 
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mica are expected to fall on a straight line, representing muscovite-celadonite solid solution, and any spots 
that deviate significantly were considered contaminated and excluded.

BSE imaging, along with X-ray mapping and semi-quantitative spot analyses by energy-dispersive X-ray 
analysis, was conducted on a Tescan Vega-3 XMU scanning electron microscope (SEM) at the University of 
California, Los Angeles, to identify compositional populations within samples and zonations within grains. 
Because a number of samples contain multiple phengite populations, and some samples contain zoned 
phengite (typically the older, coarse grains), care was taken to use phengite in direct contact with dynami-
cally recrystallized quartz, interpreted to have been deformed simultaneously. In addition, using the average 
composition of several spots from different parts of large grains, or within clusters of fine grains, allows any 
natural zonations to be encompassed in the stated standard deviation of the population.

4.2.2.  Results

Results are available in Cawood and Platt (2020a) and summarized in Table 1, as the average Si pfu of each 
population. The Si content ranges from 3.069 to 3.290 pfu, with the highest Si in relict, coarse-grained phen-
gite, and the lowest in fine-grained phengite associated with dynamically recrystallized quartz, and com-
monly hosting micron-scale Ti-phase inclusions. In samples with multiple phengite populations, the older, 
coarser grains typically have higher Si contents than the younger, finer populations (Figure 6), suggesting 
the latter grew or equilibrated at different conditions.

4.3.  Ti-in-Quartz

The temperature dependence of the Ti content of quartz (TitaniQ) was experimentally calibrated by Wark 
and Watson  (2006), and subsequent experiments have quantified a lesser pressure dependence (Huang 
& Audetat, 2012; Thomas et al., 2010). We use the Ti-in-quartz thermobarometer calibration of Thomas 
et al. (2010), because it takes both pressure and aTiO2 into account; subsequent experiments have confirmed 
the reproducibility of those used for calibration (Thomas et al., 2015), and it is widely used (e.g., Ackerson 
et al., 2018; Ashley et al., 2013; Ashley & Law, 2015; Cavalcante et al., 2018; Grujic et al., 2020; Menegon 
et al., 2011), allowing our data to be compared to that in the literature. However, we note that debate regard-
ing calibrations for the Ti-in-quartz thermobarometers is ongoing (see e.g., discussion in Nachlas and Hirth 
[2015]), and some have suggested that temperatures derived using the Thomas et  al.  (2010) calibration 
appear too low (Ashley et al, 2013, 2014; Grujic et al., 2011).

It is important for this study that the P-T conditions indicated by the quartz Ti content reflect those of defor-
mation, and not of the original magmatic or hydrothermal quartz formation. Since the first application of 
TitaniQ to quartz mylonites (Kohn & Northrup, 2009), numerous studies on both experimental and natural 
materials have found that dynamic recrystallization of out-of-equilibrium quartz resets its Ti content (e.g., 
Grujic et al., 2011; Haertel et al., 2013; Nachlas & Hirth, 2015; Nachlas et al., 2014, 2018). Of these, the earli-
er studies suggested that only recrystallization by GBM fully resets the Ti content (Grujic et al., 2011; Haer-
tel et al., 2013), while later work advocates that BLG, SGR, and GBM are all able to reset it, at least partially 
(Ashley et al., 2014; Nachlas et al., 2014, 2018). Furthermore, Ti-in-quartz appears to be more readily reset 
by retrograde deformation, during which Ti is expelled from the recrystallizing material, and less easily 
reset during prograde recrystallization that requires Ti uptake (Negrini et al., 2014). This may explain the 
failure of Grujic et al. (2011)'s lower-T SGR and BLG samples to have re-equilibrated during short-duration, 
prograde heating by contact metamorphism, as these authors themselves noted.

4.3.1.  SIMS Analyses

The Ti content of quartz was analyzed in situ by secondary ion mass spectrometry (SIMS) on a Cameca IMS 
6f at Arizona State University, using a spot size of ∼5 μm (∼20 μm for several preliminary samples), current 
of approximately 2.2–3.5 nA, accelerating voltage of 9,000 V, and primary ion beam of 16O−. Samples were 
coated in gold, and each spot was subjected to a 5-min pre-sputter to remove surface contamination, and 
then analyzed for 25–30 cycles, during which the 27Al, 30Si, 40Ca, 48Ti, and 49Ti were measured. The spectra 
were monitored to ensure that Ca and 48Ti were resolved. Doped-glass standards from the University of 
Edinburgh (Gallagher & Bromiley,  2013) with known 48Ti concentrations of 0, 100, and 500 ppm were 
analyzed immediately before and after each session, and used to reduce the data. At least five spots were 
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analyzed on each grain (where grains were large enough) or on a single area of recrystallized grains (where 
grains were too small), and the results averaged to give a single Ti value for each population. The standard 
deviation for the spots in each population is reported and reflects the natural variability; this value is con-
sistently larger than the error on individual spots.
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Figure 8.  (a) Isopleths of TiO2 activity (aTiO2), modeled using the bulk rock composition. (b) Isopleths of Ti-in-quartz (ppm), calculated from the modeled aTiO2, 
P, and T according to Thomas et al. (2010). (c) Isopleths of Si-in-phengite (per formula unit) extracted from the Pheng(HP) activity model. (d) The intersection 
of Ti and Si isopleths that correspond to the Ti and Si contents measured in quartz and phengite, respectively, yielding a single P-T (gold star). Isopleths are 
shown for the measured Ti and Si values (green) ± 2 standard deviations, with warmer colors for higher values. The shaded area corresponds to the P-T 
uncertainty stemming from the uncertainty in measured Ti and Si contents.

Figure 7.  Pseudosections representative of the Simplon Shear Zone metagranites. (a) TS-051, a low-T mylonitic granite with high Si, moderate Fe, low Ca, 
low Na, and high K; and (b) TS-054, a moderate-T mylonitic granite with lower Fe, higher Ca and Na, and lower K. The stability fields of phengite and the Ti-
rich phases titanite, rutile, and ilmenite are shown. Stars indicate the deformation P-T conditions calculated from Ti-in-quartz and Si-in-phengite (see text for 
explanation), with the shaded areas representing the error. Gold, latest deformation; orange, relict; red, oldest relict.
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Figure 9.  (a) Deformation P-T conditions of samples from the Simplon Shear Zone, estimated using the Ti-in-quartz calibration of Thomas et al. (2010) and Si-in-
phengite from the solution model of Powell and Holland (1999). (b) Our P-T estimates compared to estimates for all samples made using alternative methods (see 
text for details). Independent estimates of peak metamorphic conditions provide an upper P-T limit on possible deformation conditions, while the onset of brittle 
deformation in quartz provides a lower limit. Peak P-T: BD, Baxter and DePaolo (2000); H, Haertel et al. (2013); TS, this study; VO, Vance and O'Nions (1992). 
Brittle-ductile transition in quartz: S, Stipp et al. (2002).
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Contaminated spot analyses or individual cycles with anomalously low Si or high Al, Ca, or Ti were exclud-
ed. Several samples were investigated with cathodoluminescence (CL), to distinguish different populations 
or zonations. Most samples display extremely faint luminescence (Figure  S1), with no clear distinction 
between dynamically recrystallized and host grains. This may reflect the generally low Ti contents (see 
Section 4.3.2). In some samples, narrow CL-darker zones correspond to grain boundaries or late fractures 
(Figure S1a). Analytical spots were thus placed to avoid grain boundaries and fractures where possible, and 
care was taken to only use dynamically recrystallized quartz in apparent microstructural equilibrium with 
analyzed phengite, for P-T determinations. Furthermore, using the average Ti content of several spots from 
different areas within large grains, or within populations of small grains, allows any natural zonations to be 
encompassed in the stated standard deviation.

4.3.2.  Results

Results are available in Cawood and Platt (2020b) and summarized in Table 1, and range from 0.711 to 6.625 
ppm Ti. The lowest Ti values are observed in fine-grained (<25 μm diameter) dynamically recrystallized 
quartz with an SGR or transitional BLG/SGR microstructure, within fault-proximal mylonites and narrow 
cross-cutting shear bands. The highest values occur in relict, coarse (>120 μm) grains or ribbons. Dynami-
cally recrystallized quartz typically has a lower Ti content than unrecrystallized, relict grains, and younger 
recrystallized populations typically have lower Ti than the older recrystallized populations they overprint 
(Figure 6).

4.4.  Geochemical Modeling

4.4.1.  Bulk-Rock Composition by XRF

Bulk-rock composition was analyzed by X-ray fluorescence (XRF) at the California Institute of Technology, 
using a 4-kW Zetium Panalytical analyzer. Samples were prepared by manually removing any late cross-cut-
ting veins and weathered rinds before crushing a representative quantity of rock between sheets of thick 
plastic, and grinding in an agate mill. All metals were avoided during the preparation process to minimize the 
risk of Ti contamination. Powdered samples were dried before determining loss on ignition, and then fused 
with an LiT/LiM/LiI flux to create glass pellets for XRF analysis. The USGS standards RGM-2 (rhyolite) and 
GSP-2 (granodiorite) yielded compositions comparable to their accepted values. All samples yielded totals 
between 98.9 and 100.4 wt%, including trace elements. Data are available in Cawood and Platt (2020c).

4.4.2.  Pseudosection Modeling Parameters

Using the bulk-rock compositions, P-T phase diagrams (pseudosections) were generated for each sample 
using Perple_X (Connolly,  2005, version 6.8.3, source updated 12 June 2018, downloaded from perplex.
ethz.ch on 13 June 2018) for the range 0.1 or 1–9 kbar and 100°C–700°C and the system SiO2-TiO2-Al2O3-
MgO-MnO-FeO-Fe2O3-CaO-Na2O-K2O-H2O. The measured bulk-rock chemistry was adjusted to match this 
11-component system by (a) reducing CaO according to the assumption that all measured P, together with 
the corresponding amount of CaO, was bound in ideally composed apatite; and (b) recalculating the meas-
ured FeO content, so that 4%–5% of the measured Fe was presented as Fe2O3. This resulted in the modeled 
mineral assemblages better reflecting the observed assemblages, most of which contain epidote but lack 
magnetite or hematite. The adjusted compositions are provided in Table S1.

We used the thermodynamic dataset of Holland and Powell (1998) as revised in 2004 (database hp04ver.
dat), together with the CORK fluid equation of state for water (Holland & Powell, 1991), and the following 
solution models: Chl(HP) for chlorite (Holland et al., 1998); Pl(h) (Newton et al., 1980) and San (Wald-
baum & Thompson, 1968) for feldspar; Pheng(HP) for potassic phengite, restricted to allow a maximum of 
50 mol% paragonite component (Powell & Holland, 1999); Mica(M) for sodic phengite, restricted to allow a 
maximum of 50 mol% phengite component (Massonne, 2010); Bio(HP) for biotite (Powell & Holland, 1999); 
and Ep(HP) for epidote and the ideal mixing model IlGkPy for ilmenite (Holland & Powell, 1998).

Saturation with pure H2O was assumed, with no CO2. Water saturation is a valid assumption for samples closer 
to the brittle fault, where quartz veins are abundant and the mineral assemblage involves hydrous retrograde 
phases such as phengite and chlorite, and is supported by previous studies (Haertel et al., 2013; Mancktelow & 
Pennacchioni, 2004). However, it is uncertain if this assumption is valid for samples further into the footwall, 
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where veins are rare and a high-T assemblage is preserved. The assumption of a pure H2O fluid is considered 
valid because minor calcite-bearing veinlets are typically only observed very close to the brittle fault.

4.4.3.  Pseudosection Modeling Results

Selected pseudosections are shown in Figure  7. The pseudosections for all samples are similar, with 
quartz, feldspar, phengite, biotite, epidote, and titanite stable at moderate T (∼280–400°C) and a wide 
range of P (∼1–7.5 kbar). Phengite is stable over most of the investigated P-T range for the majority of 
samples, being present in lawsonite-jadeite-bearing assemblages at low T and high P, and feldspar-bio-
tite-epidote assemblages at moderate P-T, but disappearing from feldspar-biotite-aluminosilicate assem-
blages at high T. Ti-rich phases include rutile at low P-T and again at moderate to high T, titanite (sphene) 
over a broad range of low to moderate P-T, and ilmenite at moderate to high T. Note that the Pheng (HP) 
solution model for potassic white mica does not include Mn, which may occur in natural phengites; the 
pyroxmangite that is predicted by the models is not observed in our samples, and likely reflects the mod-
el's response to this “excess” Mn (Massonne, 2015). The same may be true for the modeled riebeckite.

4.4.4.  Calculating Ti-in-Quartz and Si-in-Phengite Isopleths

In addition to pressure and temperature, the Ti-in-quartz thermobarometer is dependent on aTiO2 (Thomas 
et al., 2010; Wark & Watson, 2006). Previous studies have assumed bulk-rock aTiO2 based on the presence 
of Ti-bearing accessory phases: aTiO2 = 1 in the presence of rutile or anatase (Ghent & Stout, 1984; Haer-
tel et al., 2013), aTiO2 = 0.7 with ilmenite (Menegon et al., 2011), or aTiO2 = 0.8 or 0.95 in ilmenite-bearing 
metapelites and amphibolites, respectively (Chambers & Kohn, 2012). However, aTiO2 may vary drastically 
as a function of bulk composition and mineral assemblage (Ashley & Law, 2015). We therefore model aTiO2 
for each sample in Perple_X using our bulk-rock chemistry, according to the method outlined by Ashley and 
Law (2015). This allows us to calculate aTiO2 for our full range of modeled P-T conditions, illustrated by iso-
pleths in Figure 8a. Using the calibration of Thomas et al. (2010), we then use these aTiO2 values to calculate 
equilibrium Ti-in-quartz values over the full P-T range (Figure 8b). Isopleths of constant Si-in-phengite con-
tent are illustrated in Figure 8c, extracted directly from the Pheng(HP) solution model (e.g., Massonne, 2015).
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Figure 10.  Thermochronology of the Simplon Shear Zone footwall, plotted as cooling ages against distance from the brittle Simplon Line. Curves linking 
each mineral system are labeled with that system's approximate cooling temperature, from Campani et al. (2010b). The location of sample TS-054 and the 
temperature of its youngest pervasive deformation are overlain on the plot, to illustrate how these values are used to read off the approximate time when 
TS-054 experienced that temperature. Thermochronology data were compiled by Campani et al. (2010b), from Baxter et al. (2002), Campani et al. (2010a), 
Hetherington and Villa (2007), Hunziker and Bearth (1969), Jager et al. (1967), Purdy and Jager (1976), Soom (1990), and Wagner et al. (1977). AFT, apatite 
fission track; Bio, biotite; Ms, muscovite; ZFT, zircon fission track.
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The P-T dependence of Si in phengite, and of Ti in quartz, is clearly visible in Figure 8. Titanium activity 
is ∼1 when rutile is stable, is lower in the high-T region of ilmenite stability, and is highly variable in the 
titanite stability field, ranging from ∼0.8 to <0.1. The modeled Ti-in-quartz values show a strong increase 
with T, and a weak decrease with P. At T above ∼230°C, the positive correlation between Si-in-phengite and 
P, and negative correlation with T, is observed, as predicted experimentally (Massonne & Schreyer, 1987; 
Massonne & Szpurka, 1997). However, at low T and higher P, Si-in-phengite increases with both P and T.

4.5.  P-T of Deformation

The intersection of the modeled Si and Ti isopleths that match the measured Si- and Ti- in phengite and 
quartz, respectively, yields a single P-T condition for each sample (Figure 8d). These results are summarized 
in Table 1 and Figure 9. There are several contributions to uncertainty in these P-T estimates, including the 
precision of the analytical instruments, the natural compositional heterogeneity within each quartz and 
phengite population, the Ti-in-quartz thermobarometer calibration, the estimation of aTiO2, the phengite 
solution model, and the thermodynamic dataset. This can translate into significant errors. However, all 
samples were analyzed with the same instruments at the same working conditions, and P-T conditions were 
estimated using the same approach; therefore, uncertainty stemming from these sources will be systematic 
and constant across the dataset (e.g., Cooper et al., 2010; Vance & O'Nions, 1992; Worley & Powell, 2000). 
As a result, when comparing the relative P-T conditions of samples within our dataset (Figure 9a), the only 
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Figure 11.  P-T paths derived from samples with both relict- and younger quartz-phengite pairs, overlain on a 
representative pseudosection (TS-054), and color coded by age. Error bars reflect the total quantified uncertainties. 
Taking these into account, the black arrow shows a general P-T path for the Simplon Shear Zone footwall, from 
∼24.5 to ∼11.5 Ma. The black stippled line is a P-T path modeled by Campani et al. (2010b, their model A1), based 
on thermochronological data. A and B represents different conditions experienced by the same rock at different 
times (temporal variations in P-T, due to exhumation), whereas B–D represent deformation at different conditions 
experienced by different parts of the SSZ footwall at approximately the same time (spatial variation in P-T). Peak P-T-t: 
BD, Baxter and DePaolo (2000); TS, this study; VO, Vance and O'Nions (1992).
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sources of uncertainty are the analytical error and the natural compositional heterogeneity. The natural 
heterogeneity is consistently larger than the analytical error, which can thus be disregarded.

However, in order to compare our P-T data to estimates made using alternative calibrations or approach-
es, or to independently constrained P-T conditions (Figure 9b), the total uncertainty must be taken into 
account. Significant uncertainty exists regarding aTiO2 and the phengite solution model, but this is not yet 
quantifiable, and is discussed later. Uncertainty in the Ti-in-quartz calibration stems from the fit of the 
experimental data to the resulting thermobarometer equation (Thomas et al., 2010). Although an error of 
±25°C and ±1.2 kbar is commonly attributed to this thermobarometer, this applies only to the propagation 
of the input T (or P) uncertainty through the equation for calculating P (or T), and does not include the 
uncertainty in the thermobarometer equation itself. We therefore report the total quantified error in our T 
estimates (in Table 1, and in the text), as the uncertainty resulting from the natural compositional hetero-
geneity plus the error in each of our T estimates due to the fit of the calibration parameters (from Thomas 
et al., 2010).

Taking all quantified uncertainties into account, the estimated P-T conditions range from 300 + 73°C/−98°C 
at 0.7 + 1.0/−0.7 kbar in a late, millimeter-scale shear band, and 304 + 51°C/−53°C at 1.5 + 0.7°C/−0.7 kbar 
in mylonites proximal to the brittle fault, to 444 +  70°C/−72°C at 4.7 +  1.3/−1.2 kbar in mylonites far 
into the footwall, and 490 +  50°C/−51°C at 6.7 +  0.6/−0.6 kbar preserved in relict assemblages within 
moderately proximal mylonites. Two outliers are not considered in this summary (327 + 79°C/−110°C at 
0.1 + 1.6/−0.1 kbar and 443 + 59°C/−92°C at 7.6 + 3.4/−4.0 kbar), due to anomalously large errors stem-
ming from large variations in the measured Si-in-phengite.

The modeled mineral assemblages at the estimated P-T conditions of equilibration match the observed as-
semblages well, typically comprising quartz, Na-rich plagioclase, phengite, biotite, and epidote, with minor 
to trace titanite, and K-feldspar in some samples. The aTiO2 at the P-T of equilibration ranges from 0.28 to 
1.00, with most values falling in the range 0.3–0.5.

4.6.  Effective Bulk Composition

Note that our approach assumes that the entire bulk composition is available during deformation and 
re-equilibration of quartz and phengite. However, some components, such as Na and Si, may remain se-
questered in relict grains and porphyroclasts (such as large albite grains or relict high-Si phengite), remov-
ing them from the effective bulk composition. To evaluate the potential effects of this on our P-T estimates, 
we re-calculated the P-T for sample TS-054 (abundant coarse-grained feldspar, relict high-Si and younger 
lower-Si phengite, Figure 6), using a bulk composition from which we had removed the equivalent of 3 wt% 
high-Si phengite K(Al1.5Mg0.5)(Al0.73Si3.27O10)(OH) and 15 wt% albite NaAlSi3O8. Considering only the error 
from compositional heterogeneity, this yielded P-T conditions of 402 + 28°C/−28°C at 2.5 + 1.0/−0.9 kbar 
for the most recently equilibrated quartz-phengite pair, which is well within the sample-specific error of 
our original estimate (396 + 23°C/−27°C at 2.2 + 0.9/−0.9 kbar). The impact of relict phases altering the 
effective bulk composition on our P-T estimates is thus considered negligible.

4.7.  Alternative Thermobarometers and Calibrations

We investigated several alternative thermobarometers, as summarized in Figure 9.

4.7.1.  Quartz C-Axis Opening Angles

For dynamically recrystallized quartz, the angle between the “limbs” on a C-axis pole figure is strongly 
temperature dependent (Faleiros et al., 2016; Law, 2014), although a lesser pressure dependence has also 
been suggested (Faleiros et al., 2016). We use the empirically derived thermobarometer equation of Faleiros 
et al. (2016), intersected with our modeled and measured Si-in-phengite, to estimate the P-T of deformation.

Crystallographic orientation measurements were obtained for domains of dynamically recrystallized quartz 
by electron backscatter diffraction (EBSD), using a JEOL-7001F SEM operated at low vacuum, equipped 
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with a Hikari EBSD detector and EDAX OIM software, at the University of Southern California Core Center 
of Excellence in Nano Imaging. Probe-polished samples were further polished in colloidal silica, and ana-
lyzed at 20–25 kV accelerating voltage, 15 mm working distance, 70° specimen tilt, and a step size of 0.75–
8 μm. Angles were measured on C-axis pole figures following Law (2014) and Faleiros et al. (2016). Data are 
available in Cawood and Platt (2020d). Dynamically recrystallized grain sizes and their interpretation will 
be presented in a later publication.

4.7.2.  Biotite Composition

We investigated the P-T conditions indicated by the intersection of our modeled and measured Si-in-phen-
gite with our modeled and measured biotite Mg number (Mg/Fe + Mg). Biotite composition was analyzed 
by microprobe together with that of phengite, as detailed above.

4.7.3.  Alternative Ti-in-Quartz Calibration

Here we calculate P-T in the same way as described above, but use the Ti-in-quartz thermobarometer cali-
bration of Huang and Audetat (2012). Note that this expression does not take aTiO2 into account.

4.7.4.  Alternative Si-in-Phengite Equation

The previous approaches have all relied on the same Pheng(HP) solution model. As an alternative, we esti-
mate deformation P-T using the equation of Caddick and Thompson (2008), intersected with our modeled 
and measured Ti-in-quartz values. Their equation is based on the Coggon and Holland  (2002) phengite 
solution model, but was developed for metapelites.

4.8.  Age of Deformation

The metagranites of the SSZ footwall lack phases suitable for petrochronology, such as notable monazite or 
deformed titanite. We therefore use the location and estimated deformation temperature of each sample to 
link it to existing thermochronological data.

Thermochronological data for the central portion of the SSZ footwall is presented in Figure 10. Different 
mineral thermochronological systems reflect cooling through different temperatures. All points from the 
same system (reflecting the same temperature) are linked by a curve; these curves represent approximate 
isothermal lines, showing when the currently exposed rocks of the footwall were at the same temperature. 
Shadows behind each curve illustrate the error in the cooling ages used. The closure temperatures for each 
system are from Campani et al. (2010b). These authors used thermochronology data for the SSZ to model 
its T-t history during exhumation, and calculated closure temperatures for the various systems using pub-
lished diffusion parameters and cooling rates that they iteratively adjusted with their modeled T-t paths. To 
estimate the timing of deformation of a sample, its distance from the brittle fault is plotted on the x-axis. To 
determine its y-co-ordinate, the x-co-ordinate is traced vertically upward until it intersects the isothermal 
curve representing the temperature we have estimated for that sample's deformation. The corresponding 
age for this point is then read off the y-axis. If a sample was deformed at a temperature not exactly matched 
by the cooling temperature of one of the thermochronometer systems, its y-co-ordinate was estimated based 
on the thermochronometers with the most similar temperatures. This approach suggests that our highest 
P-T samples preserve deformation from ∼24.5 Ma, whereas a lower P-T sample was overprinted at ∼11.5 Ma. 
Error in these age estimates stems from error in the compiled thermochronological data (average 2 standard 
deviation of ±2 Ma), sample locations (assigned ±20 m), and our T estimates (average total quantified error 
of +60°C/−63°C). We thus assign an error of ±5 Ma to our age estimates, but it is important to remember 
that this may be a minimum value.

4.9.  P-T-t Paths

Most samples display incomplete overprinting by subsequent deformation, and in some, relict quartz-phen-
gite pairs can be reliably distinguished from quartz-phengite pairs related to later, overprinting deformation. 
For these samples, the P-T conditions of both the earlier and subsequent deformation were estimated, yield-
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ing two or three points on a P-T path (Figure 11). Together, these P-T paths illustrate the overall retrograde 
P-T path experienced by the SSZ footwall during shearing and exhumation. Compared to the path modeled 
by Campani et al. (2010b), our path is significantly steeper, possibly reflecting exhumation outpacing cool-
ing. Our path is also more consistent with retrograde conditions following on from peak metamorphism at 
∼32.5–25 Ma (Vance & O'Nions, 1992).

4.10.  Peak Metamorphic Conditions

To provide an additional constraint on the maximum possible P-T conditions of deformation, multi-equilib-
rium thermobarometry was used to estimate the peak metamorphic conditions in the SSZ footwall, using 
Thermocalc version 3.33 (Powell & Holland, 1988, updated 2009) and following the “average P-T” approach 
of Powell and Holland (1994). We investigated sample TS-026 from the northern region of the SSZ foot-
wall, a metapelite cut by narrow, diffuse amphibole-bearing bands. The metapelitic parts have the peak 
metamorphic assemblage quartz-garnet-plagioclase-staurolite-biotite-ilmenite-rutile-calcite-kyanite, with 
minor retrograde chlorite and muscovite.

The compositions of biotite, garnet, ilmenite, feldspar, and staurolite were measured on a JEOL JXA-8200 
microprobe at the University of California, Los Angeles, using a 5 μm spot size, 15 KV accelerating voltage, 
10 nA current, and a counting time of 20 s on-peak and 10 s background on either side. Data are available 
in Cawood and Platt (2020e). Using XH2O (proportion of H2O to CO2) of 0.6 (after Vance & O'Nions, 1992), 
we calculate peak metamorphic conditions of 584°C ± 21°C at 8.2 ± 0.7 kbar, which compares well with 
previous estimates (Figure 9).

5.  Discussion
5.1.  Do These P-T-t Values Represent Deformation Conditions?

We observe lower Ti in both SGR- and BLG/SGR-recrystallized quartz, compared to relict coarser quartz 
grains and ribbons (Figure 6). This supports previous findings that GBM, SGR, and BLG are all able to at 
least partially reset quartz Ti contents (Ashley et al., 2014; Nachlas & Hirth, 2015; Nachlas et al., 2014, 2018), 
and is in contrast to the conclusions of Grujic et al. (2011), that Ti content is only modified by GBM, and 
of Haertel et al. (2013), that Ti content is only modified by GBM and BLG. However, most of our samples 
that recrystallized by SGR also display evidence for some degree of grain boundary migration, in the form 
of gently curved grain boundaries. Thus it remains unclear whether the movement of dislocations during 
subgrain formation and SGR recrystallization alone is able to reset Ti contents (cf. Ashley et al., 2014), or 
whether it is the subsequent migration of grain boundaries within the recrystallized aggregate that allows 
Ti re-equilibration.
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Figure 12.  A cartoon illustrating how the P-T of deformation varies both temporally (from A to B) and spatially (B and C) in an exhuming shear zone such as 
the Simplon Shear Zone. Adapted from Haertel (2012) and Handy et al. (2007).
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Similarly, in most samples with both older, coarse-grained phengite laths and younger clusters or rims of 
fine-grained, syn-kinematic phengite, the younger phengite has lower Si contents. This is consistent with 
the findings of previous studies that have used multiple generations of phengite to elucidate P-T conditions 
over time (e.g., Massonne, 2015; Santamaría-López et al., 2019). Our P-T-t estimates therefore reflect defor-
mation conditions.

5.2.  Are These P-T-t Conditions Accurate?

5.2.1.  Our Data Versus Independent Constraints on Deformation P-T-t

Our maximum reliable P-T value (490 + 50°C/−51°C at 6.7 + 0.6/−0.6 kbar) is consistent with deformation 
during retrograde conditions, subsequent to peak metamorphism at ∼491–612°C and ∼6.4–9.6 kbar (Fig-
ure 9, based on multi-equilibrium thermobarometry and Raman spectroscopy, from this study; Baxter & 
DePaolo, 2000; Haertel et al., 2013; Vance & O'Nions, 1992). Our minimum reliable T (300 + 73°C/−98°C) 
is consistent with the transition from viscous to brittle behavior in quartz occurring at ∼280–300°C (Stipp 
et al., 2002; Stöckert et al., 1999). In contrast, the deformation P of our shallowest samples (0.2 + 1.2/−0.2 
to 0.7 + 1.0/−0.7 kbar, equivalent to depths of ∼1–2.8 km) is significantly less than typical estimates for 
the depth of the brittle-ductile transition, although taking the uncertainty into account does allow for these 
estimates to be up to 1.4 and 1.7 kbar, respectively. Ductile mylonitization at shallow depths is, however, 
possible in areas with steep geothermal gradients, such as in regions of active extension, where exhuma-
tion outpaces cooling. For example, temperatures of ∼300–350°C have been estimated to occur at only 
∼1.31 kbar in the Walker Lane region of the western United States (Zuza & Cao, 2020).

Our estimates for the timing of shearing are also consistent with independent constraints: our oldest rel-
ict deformation is indirectly dated at ∼24.5 Ma, consistent with deformation following ∼32.5–25 Ma peak 
metamorphism (Vance & O'Nions,  1992). Several studies have dated brittle fracturing, vein filling, and 
gouge formation in the SSZ footwall to ∼16.5–5.7 Ma, based on the ages of hydrothermal monazite in fis-
sures, vein-hosted muscovite, and gouge illite (Bergemann et al., 2020; Hetherington & Villa, 2007; Pettke 
et al., 1999; Zwingmann & Mancktelow, 2004). However, the transition from viscous to frictional deforma-
tion in the exposed footwall was likely diachronous from north to south. In the central part of the SSZ, the 
oldest evidence for brittle faulting is 11.6 ± 1 Ma muscovite in gold-bearing quartz veins (Pettke et al., 1999), 
consistent with our estimates for the most recent mylonitization occuring at ∼11.5 Ma. Importantly, the 
ages discussed here for comparison were not part of the thermochronology compilation used to deduce our 
ages.

We therefore consider our estimates to be reasonably accurate, as they are well matched by independent 
constraints.

5.2.2.  Our Data Versus Alternate Methods for Estimating P-T

Compared to P-T estimates based on alternate methods and calibrations, our values are similar or lower 
(Figure 9). Several factors may have affected our estimates, including contamination of spot analyses; a 
too-large beam size that failed to resolve fine grains from Ti-bearing phases along grain boundaries; failure 
of the analyzed portions of phengite or quartz grains to have fully re-equilibrated during deformation; in-
correctly identifying coeval and syn-kinematic phengite and quartz; incorrect assumptions regarding aTiO2; 
or issues with the phengite activity model or the Ti-in-quartz calibration. However, care was taken to avoid 
contamination and exclude contaminated data; although analytical spots in fine-grained quartz covered 
several grains, the occurrence of Ti-bearing phases along grain boundaries would result in higher-than-ex-
pected Ti, rather than the lower-than-expected values we found; failure of originally high-T phengite and 
quartz to fully re-equilibrate would similarly yield higher-than-expected values; and careful petrography 
strongly supports our interpretations of which phengite-quartz pairs represent coeval deformation.

Regarding the estimation of aTiO2, Ashley et al. (2014) show that migrating grain and subgrain boundaries 
promote removal of Ti from quartz during retrograde deformation by creating short pathways for Ti diffu-
sion, but that the effective composition regulating this re-equilibration is highly localized (controlled by the 
distance over which Ti can diffuse on the timescale of deformation, estimated at <10 radial μm in 1 Myr). 
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Thus the local effective aTiO2 may be significantly lower than that of the bulk rock, due to the difficulty in 
moving Ti through the full volume of deforming material. Indeed, re-calculating the P-T for sample TS-
054 with aTiO2 artificially decreased by 0.4 yields ∼420°C at 2.5 kbar, compared to the originally estimated 
∼395°C at 2.2 kbar. However, it remains unclear if this phenomenon is responsible for our lower-than-ex-
pected P-T estimates, and if so, by how much the modeled bulk aTiO2 should be adjusted to account for it.

Regarding Ti-in-quartz calibrations, numerous studies have reported that temperatures estimated with the 
Thomas et al.  (2010) calibration are ∼80°C–100°C lower than those estimated with the Huang and Au-
detat (2012) calibration (e.g., Ashley et al., 2013; Cavalcante et al., 2018; Grujic et al., 2011), and we ob-
serve the same here. However, some of these studies found that the lower estimates derived from Thomas 
et al. (2010) better matched independent T constraints (Ashley et al., 2013; Cavalcante et al., 2018), where-
as other concluded that they were truly too low (Grujic et al.,  2011; Nachlas and Hirth, 2015). Our P-T 
estimates based on the Thomas et al.'s (2010) calibration are consistent with retrograde deformation after 
peak metamorphism (Figure 9b), whereas our estimates using the Huang and Audetat's (2012) calibration 
suggest that a number of samples record peak metamorphic conditions, which is not supported by micro-
structural and textural evidence. We therefore consider Thomas et al. (2010) to be the calibration of choice. 
However, recent experimental work does suggest that an updated version of this calibration would yield 
higher T (J. Thomas, personal communication, 2020). The Pheng(HP) solution model has been successfully 
employed in geobarometry studies in both micaceous schist and metagranitic rocks (Massonne, 2015; Mas-
sonne et al., 2017).

The true uncertainty in our P-T estimations therefore remains unquantified. However, as discussed above, 
our estimates are closely bracketed by independent constraints on the maximum and minimum P-T-t con-
ditions of retrograde, ductile deformation, within the quantified uncertainty levels. These quantified un-
certainties take analytical error, compositional heterogeneity, and the Ti-in-quartz calibration fit into ac-
count, and range from +42°C/−43°C to +87°C/−115°C for different samples. However, because the same 
analytical and modeling procedures were applied to all samples, only the sample-specific error needs to be 
considered when comparing deformation conditions within our dataset. This ranges from +11°C/−13 to 
+55°C/−83°C, and +0.4/−0.4 to +3.4/−4.0 kbar.

5.3.  Spatial and Temporal Variations in Deformation P-T-t in Crustal-Scale Shear Zones

Our results show that the SSZ footwall preserves evidence for retrograde deformation during exhumation, 
from just below amphibolite-facies conditions (∼490°C, 6.7 kbar at ∼24.5 Ma) to lower greenschist-facies 
conditions (∼300°C, 0.7 kbar at ∼12 Ma in a narrow shear band, and ∼305°C, 1.5 kbar at ∼11.5 Ma in 
mylonites closer to the fault). Exhumation was accommodated by a kilometer-scale ductile shear zone, in 
which progressive localization with decreasing P-T allowed the preservation of older, relict textures further 
into the footwall, as subsequent deformation at lower grades overprinted an increasingly narrow zone (Fig-
ure 12). This phenomenon has been well documented in both normal- and thrust-sense shear zones that 
experienced exhumation during deformation (e.g., Behr & Platt, 2011; Cooper et al., 2017; Haertel, 2012; 
Handy et al., 2007; Lusk & Platt, 2020).

However, it is important to note that the deformation conditions preserved in rocks now exposed at surface 
were not experienced simultaneously: material further into the footwall has experienced a greater amount 
of total exhumation, and preserves deformation that occurred at higher P-T and longer ago, whereas mate-
rial closer to the brittle fault has experienced less total exhumation, and has undergone overprinting over 
a wider range of P-T conditions, with the final preserved stage of mylonitization occurring at lower T, shal-
lower depths, and more recently.

This is typical of crustal-scale shear zones, which display both (a) evolution of P-T conditions experienced 
by any specific volume of rock, as activity on the shear zone advects it upward or downward, and (b) si-
multaneous deformation over a wide range of P-T conditions, from the high P-T of the lower crust or litho-
spheric mantle, to the low P-T of the upper crust. The former is less important in predominantly strike-slip 
faults, where little vertical motion occurs, but even strike-slip-dominated faults may have some component 
of dip slip, causing material advection and thus a change in P-T conditions of deformation. In the SSZ, (a) 
is reflected by points A and B in Figures 11 and 12, with sample TS-054 experiencing significantly different 
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P-T conditions at different times, as it underwent exhumation and cooling. In contrast, (b) is illustrated by 
points B, C, and D, which represent different samples that were deformed at different conditions at approx-
imately the same time, due to their different positions within the SSZ footwall.

6.  Conclusions
By combining two mineral-chemistry thermobarometers that are reset by deformation (Si-in-phengite and 
Ti-in-quartz) with modeled bulk-rock aTiO2 and compiled thermochronology, we have determined the P-T-t 
of deformation for a number of metagranitic samples extending into the footwall of the normal-sense SSZ, 
despite a dearth of commonly used thermobarometers (such as garnet) and petrochronometers (such as 
monazite). Careful microscopy allowed us to identify phases deformed and re-equilibrated simultaneously, 
despite a long history of structural overprinting. This work highlights both the wide range of conditions 
over which deformation occurs in crustal-scale shear zones, and the evolution of conditions as seen by a 
single sample over time. Our estimates for the range of P-T conditions during deformation are bracketed 
by independent constraints on peak metamorphic conditions at the upper end, and the frictional-viscous 
transition in quartz at the lower end. This supports our methodology and results in general, despite the 
as-yet-unconstrained uncertainty stemming from modeling of aTiO2 and Si-in-phengite.

Data Availability Statement
Datasets generated and used in this study are available at Cawood and Platt (2020a, 2020b, 2020c, 2020e), 
with license CC BY-SA 4.0, and Cawood and Platt (2020d), with license CC BY 4.0. Thermochronological 
data used in this study are compiled in Campani et al. (2010b).
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