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A B S T R A C T   

We use microstructural, electron backscatter diffraction (EBSD), and crystal vorticity axis (CVA) analyses to 
evaluate the effects of quartz Dauphin�e twinning on strain localization. We compare a granodiorite mylonite and 
a tonalite mylonite from the Grebe Shear Zone, a mid-crustal transpressional shear zone in Fiordland, New 
Zealand. EBSD analysis reveals identical quartz grain boundary migration dynamic recrystallization micro
structures in both samples, with abundant Dauphin�e twinning only in the granodiorite mylonite. Bulk CVA 
patterns further distinguish the untwinned and Dauphin�e-twinned samples, indicating a transition from simple 
shear-to pure shear-dominated transpression, respectively. The quartz CVA pattern from the Dauphin�e-twinned 
sample indicates that twinned and untwinned grains record a transition from simple shear-to pure shear- 
dominated deformation, respectively. Pole figures of the Dauphin�e-twinned sample reveal high-temperature 
slip systems in the untwinned and Dauphin�e-twinned grains. We conclude that Dauphin�e twinning formed 
early in transpression, and rendered the twinned grains less deformable relative to the untwinned grains over 
time. The effectiveness of Dauphin�e twinning in localizing strain is therefore strongly influenced by its timing 
relative to the evolving shear zone kinematic deformation geometry.   

1. Introduction 

High temperature quartz deformation is rarely preserved in naturally 
deformed rocks (e.g. Stipp et al., 2002), though many experimental 
studies exist on this topic (Cross et al., 2017; Hirth and Tullis, 1992; 
Mainprice et al., 1986; Minor et al., 2018; Morales et al., 2011; Stipp 
et al., 2010; Stipp and Tullis, 2003). In addition, few studies exist that 
investigate how Dauphin�e twins affect dynamic recrystallization (DRX) 
at high temperatures (>600 �C) (Mainprice et al., 1986; Pehl and Wenk, 
2005; Piazolo et al., 2005; Tullis et al., 1973; Tullis and Tullis, 1972). 
The study of Dauphin�e twinning is important because of the potential for 
Dauphin�e twinning to be used as a paleostress indicator, especially given 
the difficulty in applying grain size piezometry to grain boundary 
migration (GBM) DRX microstructures. Dauphin�e twinning, described as 
a 180� rotation about the c-axis (Rahl et al., 2018; Thomas and Wooster, 
1951; Tullis and Tullis, 1972), allows the positive and negative rhombs 
and <a> directions to be exchanged without changing [c] (Rahl et al., 
2018; Thomas and Wooster, 1951; Tullis and Tullis, 1972). Natural and 

experimental studies both conclude that Dauphin�e twinning allows large 
strains to be accommodated due to the twins’ ability to switch between 
the positive and negative <a> directions (Lloyd, 2004; Menegon et al., 
2011; Morales et al., 2014; Pehl and Wenk, 2005; Wenk et al., 2007, 
2006). Furthermore, quartz has anisotropic elastic properties resulting 
in the pole to the z-plane being twice as stiff as the pole to r-plane (Rahl 
et al., 2018; Wenk et al., 2009). This results in a competence contrast 
between the more deformable r-twin and less deformable z-twin, with 
the r-twin bands being the preferred site for dynamic recrystallization 
(Menegon et al., 2011). Studies of naturally deformed rocks have mainly 
focused on Dauphin�e twinning in rocks that underwent subgrain rota
tion (SGR) dynamic recrystallization (Lloyd, 2004; Menegon et al., 
2011; Morales et al., 2011). The interaction between Dauphin�e twins 
and grain boundary migration (GBM) in quartz is an under-studied 
process in naturally deformed rocks (Neumann, 2000; Piazolo et al., 
2005) that is likely to play a significant role in how strain localizes and is 
maintained in middle and lower crustal shear zones. 

In this study, we investigate the role of Dauphin�e twins in strain 
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localization processes at high temperatures (>600 �C) where quartz 
microstructures are consistent with GBM DRX. We build on the work of 
Menegon et al. (2011) by analyzing samples that have deformed via 
GBM rather than SGR, and we build on the work of Neumann (2000) and 
Piazolo et al. (2005) by further exploring the migration of twins and 
their effect on rock microstructure. Fiordland, New Zealand, provides an 
ideal location to investigate such deformation due to a network of 
exhumed shear zones that expose middle and lower crust (Allibone 
et al., 2009a; Klepeis et al., 2004; Marcotte et al., 2005; Schwartz et al., 
2017; Scott, 2013; Scott et al., 2011). These zones provide the oppor
tunity to analyze how deformation processes vary with crustal depth. 
We specifically focus on middle crust samples from the northern, 
along-strike extension of the Grebe Shear Zone (Allibone et al., 2009b), a 
mid-crustal shear zone in this network (Schwartz et al., 2017; Scott 
et al., 2009a,b, 2011; Scott, 2013). 

We analyze two representative mylonites, a tonalite mylonite and a 
granodiorite mylonite, which differ primarily by composition, but also 
in the intensity of quartz Dauphin�e twin development. The granodiorite 
mylonite has prevalent Dauphin�e twinning while the quartz in the 
tonalite mylonite is nearly untwinned. These two samples provide a 
comparison of the role that Dauphin�e twinning plays in strain localiza
tion. We show that Dauphin�e twinning initially accommodated strain, 

but these grains became less deformable over time as GBM promoted 
growth of other grains more favorably oriented for deformation relative 
to the Dauphin�e-twinned grains. 

2. Geologic background 

During the Early Cretaceous, New Zealand was part of the conver
gent boundary along eastern Gondwanaland, and subduction produced 
a narrow belt of magmatism forming the Median Batholith (Mortimer 
et al., 1999). The median batholith was built in two installments, 
forming the inboard and outboard arc rocks (Allibone et al., 2009a; 
Schwartz et al., 2017). Crustal-scale shear zones developed near the 
boundary between the outboard (Carboniferous-Early Cretaceous) and 
inboard (Early to Late Cretaceous) Median Batholith (Scott et al., 2011). 
This boundary is largely marked by the Indecision Creek Shear Zone in 
the lower crust (Klepeis et al., 2004; Marcotte et al., 2005) and the Grebe 
Shear Zone (GSZ) in the middle crust. The GSZ was active from 129 to 
116 Ma (Buritic�a et al., 2019; Scott et al., 2011) during a period of 
contraction and transpression (Marcotte et al., 2005; Allibone and Tul
loch, 2008; Scott et al., 2011; Klepeis et al., 2016), where the rocks were 
deformed under amphibolite conditions. The GSZ is mostly developed 
within Darran Suite rocks (230-136 Ma), which includes the Hunter and 

Fig. 1. Simplified geologic map of Fiordland, New Zealand, modified after Scott et al. (2011), Rattenbury and Isaac (2012), Klepeis et al. (2016), and Buritic�a et al. 
(2019). The dashed box encloses the field area for this study. The white stars indicate the location of samples used in this study, and the white circles indicate 
geochronology samples used to constrain the age of fabric development in the northern extension of the Grebe Shear Zone (Buritic�a et al., 2019). 
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Murchison Intrusives (Allibone et al., 2009a; Scott et al., 2011), and it is 
also developed in small Carboniferous-aged plutons found within the 
Darran Suite (Rattenbury and Isaac, 2012). The Darran Suite and 
Carboniferous plutons are compositionally and texturally heteroge
neous, ranging from gabbro to granite and undeformed to foliated, 
respectively (Allibone et al., 2009a). 

The samples used in this study were collected along the north shore 
of South Fiord in Lake Te Anau, within a mid-crustal shear zone that is 
the along-strike northern extension of the GSZ (Allibone et al., 2009b) 
(Fig. 1). The distributed shear zone (~5 km) separates the Hunter and 
Murchison Intrusives, and contains laterally continuous (3–15 m), 
high-strain zones that grade from mylonite to ultramylonite. The Lake 
Te Anau mylonites formed in response to Cretaceous transpression 
(125-116 Ma) along the GSZ, with Zr-in-titanite temperatures from six 
samples indicating deformation temperatures of 610–660 �C (Buritic�a 
et al., 2019). Pressure estimates are not available for the Te Anau 
mylonites, but average pressures for Darran Suite rocks exposed ~20 km 
south of the Te Anau mylonites range from ~5 to 6 kbar (Scott et al., 
2009a,b), corresponding to the middle crust. The Te Anau mylonitic 
foliations primarily strike SW and dip moderately to steeply NW, with 
lineations plunging shallowly to moderately towards the SSW. The lin
eations steepen from west to east across the shear zone. We have 
selected two high-strain samples from this shear zone that display dif
ferences in the relative amount of Dauphin�e twinning, and we target 
these for microstructural and electron backscatter diffraction (EBSD) 
analysis. ‘insert Fig. 1’. 

Our two samples are a garnet-bearing muscovite tonalite mylonite 
(17NZ41B) and a biotite granodiorite mylonite (17NZ42) within the Te 
Anau mylonites, which we refer to as the untwinned quartz sample and 
the Dauphin�e-twinned quartz sample, respectively (see Supplemental 
Fig. SP1 for hand sample photos). S–C fabric development shows pre
dominantly sinistral shear sense indicators in plagioclase porphyr
oclasts, indicating top-to-the-NE sense of shear. The untwinned sample 
(tonalite mylonite) is from an unnamed Carboniferous suite of plutons 
(Buritic�a, 2018) (Fig. 1), and has a mylonitic fabric oriented at 185�, 70�

NW and a lineation of 19�/186� SW. A nearby sample (17NZ44) with 
similar mineralogy and microstructures yielded a U–Pb zircon age of 
342.8 � 2.5 Ma (Buritic�a et al., 2019). The Dauphin�e-twinned sample 
(granodiorite mylonite), also part of the unnamed Carboniferous suite 
(Buritic�a, 2018), has a mylonitic fabric oriented at 201�, 81� NW; this 
sample has a U–Pb zircon age of 354.3 � 7.8 Ma (Ringwood, 2018). A 
nearby sample (17NZ43A) has a U–Pb zircon age of 344.0 � 7.6 Ma 
(Ringwood, 2018), and titanite aligned with the mylonitic fabric of this 
nearby sample provided a U–Pb age of 123.2 � 9.6 Ma and a 
Zr-in-titanite temperature of 608 � 6 �C (Buritic�a et al., 2019), consis
tent with the timing and temperature conditions of GSZ deformation 
(Buritic�a et al., 2019). Furthermore, these temperatures and the pressure 
estimates (5–6 kbar) indicate that the quartz deformed within the α-field 
of quartz. Both samples were cut perpendicular to the foliation and 
parallel to the lineation for microstructural and EBSD analysis. 

3. Methods 

3.1. Light microscopy 

The mineral phases and deformation microstructures were identified 
using a Nikon Eclipse 50iPol polarizing microscope and a Leica MZ8 
macroscope. After a thorough analysis of each sample utilizing plane 
and cross-polarized light, locations were selected for further micro
structural analysis via EBSD. 

3.2. EBSD 

EBSD data were collected at University of California San Diego using 
a ThermoFisher Apreo S LoVac scanning electron microscope (SEM) 
equipped with an Oxford Instruments Symmetry EBSD detector and 

AZtec EBSD acquisition software. Ultra-polished samples were analyzed 
under low vacuum conditions. Beam maps were generated to charac
terize the deformation microstructures and determine the crystallo
graphic orientation of grains. For this study, we constructed an EBSD 
map from each sample (the untwinned quartz and Dauphin�e-twinned 
quartz samples), focusing on the recrystallized quartz bands. The 
working conditions for each map are shown in Table 1. ‘insert Table 1’. 

We used the MTEX toolbox (v. 5.1.1) for MATLAB to post-process the 
EBSD data and create maps (Bachmann et al., 2010; Hielscher and 
Schaeben, 2008). In all maps, we define the grain boundaries as having 
�10� of misorientation, and we specify a minimum number of 10 pixels 
to define a grain. We identify Dauphin�e twins as having a 60� �1.5�

rotation around the c-axis (Lloyd, 2004; Menegon et al., 2011; Stipp and 
Kunze, 2008). We use phase maps to visualize mineral distribution, and 
inverse pole figure (IPF-Z) maps to show grain orientations relative to 
the foliation pole. The mis2mean maps calculate the misorientation 
angle between each pixel in a grain relative to the grain’s mean orien
tation, and we use these maps as a measure of intragrain crystal 
distortion. The kernel average misorientation maps calculate the 
average misorientation between each pixel and its nearest neighbors, 
and we use these maps to visualize the location of low-angle (�2�) 
misorientations that contribute to intragrain distortion in the grains. 

We used the MTEX software to plot crystallographic preferred 
orientation (CPO) data and crystallographic vorticity axis (CVA) data. 
We plot CPO data in lower hemisphere, equal area pole figures, and we 
contoured the pole figures using an Orientation Distribution Function 
(ODF) and a half width of 10�. The contour density of crystallographic 
orientations is indicated by multiples of uniform distribution (m.u.d). 
We plot the CPO data in either the kinematic reference frame or the 
vorticity normal reference frame based on the CVA results (Giorgis et al., 
2016). We use CVA analysis to interpret the kinematic deformation 
geometry of the shear zone. CVA analysis uses rotation statistics to 
calculate the dispersion axes of grains from EBSD-derived crystallo
graphic orientations with the goal of defining an aggregate vorticity axis 
that places constraints on deformation kinematics that are independent 
of the foliation and lineation orientation (Michels et al., 2015). We used 
the open-source CVA analysis code available on GitHub (https://github. 
com/zmichels/CVA) to construct CVA plots. We completed CVA analysis 
for both the untwinned and Dauphin�e-twinned samples, making plots 
for the bulk sample (all minerals together) and for the constituent 
minerals (biotite, muscovite, plagioclase and quartz), and we display the 
CVA data in lower hemisphere, equal-area projections. 

4. Results 

4.1. Untwinned quartz sample (17NZ41B) microstructures 

4.1.1. Microstructures from light microscopy 
Light microscopy reveals the development of deformation micro

structures in plagioclase and quartz. Fine-grained plagioclase (45%) and 
coarser-grained quartz (35%) are separated into bands (Fig. 2a) within 
an S–C mylonite (Supplemental Fig. SP2) where the muscovite that has 
minor alteration to chlorite is associated with the C-shears, and the 
slightly coarser quartz grains are associated with domains exhibiting the 
S-fabric. Muscovite and chlorite form anastomosing bands, separating 
the plagioclase and quartz bands, containing grains at variable orien
tations to foliation (Fig. 2b). Fine-grained plagioclase (average grain 
diameter <20 μm) has bulging grain boundaries that are pinned by 
muscovite grains (Fig. 2c). Rare plagioclase porphyroclasts are fairly 
altered to sericite (Fig. 2d), but are shown to exhibit undulose extinction 
and local subgrain development, with fine-grained plagioclase present 
along rims. Quartz bands are nearly monomineralic and composed of 
completely recrystallized grains that range from fine to coarse-grained 
(6–700 μm, ~115 μm average). Quartz grains exhibit GBM recrystalli
zation microstructures including undulose extinction and limited sub
grain development, and have grain boundaries that range in shape from 
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lobate to straight. Quartz grain boundaries are pinned by minor in
clusions of both calcite (Fig. 2e) and muscovite grains (Fig. 2f). A quartz- 
rich band within this S–C mylonite sample was selected for detailed 
EBSD analysis (Fig. 2a). ‘insert Fig. 2’. 

4.1.2. EBSD data from the untwinned quartz sample 
EBSD maps confirm the presence of dynamic recrystallization mi

crostructures in plagioclase and quartz (Fig. 3). The phase map shows 
that the plagioclase domains are closely associated with muscovite 
(Fig. 3a). Plagioclase, calcite, and muscovite form pinning microstruc
tures in quartz. In plagioclase, the bulging grain boundaries of larger 
grains and the small, equant recrystallized grains along their grain 
boundaries indicates BLG recrystallization (Fig. 3b). The quartz IPF-Z 
orientation map confirms the presence of GBM DRX microstructures 
observed with light microscopy, and reveals the presence of minor 
Dauphin�e twinning (Fig. 3c). Though there is no overall dominant 
orientation of quartz grains, there are clusters of similarly-oriented 
grains separated by a few interstitial grains of different orientations 

termed ‘island grains’ in Stipp et al. (2002) (Fig. 3c). Rare subgrains are 
most common within the coarser, lobate-shaped grains (Fig. 3c). The 
IPF-Z map shows that the Dauphin�e-twinned grains have twins that 
range in color from brownish-purple to cream, indicating that the 
twinned grains are oriented with either an r-pole or z-pole parallel to the 
foliation normal. The quartz mis2mean map (Fig. 3d) reveals an overall 
low amount of intra-grain crystal plasticity in the grains, though intra
grain variations in mis2mean values define the locations of subgrains 
within coarser grains. The KAM map shows many grains with fewer 
low-angle misorientations forming convex lobes into grains with higher 
density of misorientations (Fig. 3e). ‘insert Fig. 3’. 

4.2. Dauphin�e-twinned quartz sample (17NZ42) microstructures 

4.2.1. Microstructures from light microscopy 
Light microscopy analysis of plagioclase and quartz shows extensive 

recrystallization of both minerals. The quartz (35%) and plagioclase 
(50%) bands (Fig. 4a) are separated by bands of biotite and minor 

Table 1 
SEM working conditions used for EBSD data collection.  

Sample Sample Type Step Size 
(μm) 

Accelerating Voltage 
(kV) 

Emission Current 
(μA) 

Working Distance 
(mm) 

Raw Indexing Rates of EBSD 
map (%) 

Untwinned Quartz Sample 
(17NZ41B) 

tonalite mylonite 2.50 20 84.52 28.8 91.3 

Dauphin�e-twinned Quartz Sample 
(17NZ42) 

granodiorite 
mylonite 

3.70 20 75.17 27.83 93.4  

Fig. 2. Photomicrographs of the untwinned quartz 
sample in cross-polarized light. a) Characteristic 
banding of quartz and plagioclase with the location 
of the EBSD map outlined in red. b) Muscovite in 
variable orientations separating plagioclase and 
quartz. c) Recrystallized plagioclase pinned by 
muscovite. d) Altered plagioclase porphyroclast 
with subgrains (red arrows). e) Quartz grains pin
ned by calcite (red arrow). f) Quartz grains pinned 
by muscovite (red arrow). Qtz ¼ quartz, Plag ¼

plagioclase, Grt ¼ Garnet, Ms ¼ Muscovite Cc ¼

Calcite. (For interpretation of the references to 
color in this figure legend, the reader is referred to 
the Web version of this article.)   
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muscovite (15%) that contain grains oriented parallel and oblique to 
foliation (Fig. 4b). The quartz domains align with the S-shears and the 
biotite and muscovite domains align with the C-shears in the fabric 
(Supplemental Fig. SP3). Plagioclase is fine-grained (~50 μm average 
diameter), and within the plagioclase-rich domains, the fine grains are 
pinned by interstitial quartz and biotite (Fig. 4c). Plagioclase 

porphyroclasts are not common (see supplemental Fig. SP3), but 
porphyroclast-shaped domains of recrystallized plagioclase both with 
relict porphyroclast cores and without relict cores (Fig. 4d) are present. 
In contrast, the recrystallized quartz is fairly coarse-grained compared to 
plagioclase, but with highly variable grain sizes (9–1000 μm, ~230 μm 
average). The quartz grains commonly show distinctive microstructures 

Fig. 3. EBSD maps of quartz and plagioclase bands in the untwinned quartz sample. a) White arrows in the phase map highlight pinning microstructures in quartz 
due to minor calcite, plagioclase, and muscovite. b) The plagioclase IPF-Z map shows larger grains with bulging grain boundaries surrounded by smaller, equant 
grains. c) The quartz IPF-Z map highlights the presence of minor Dauphin�e twinning and rare subgrains. Examples of island grains are shown with black arrows. The 
encircled area shows cross-cutting relationships between a grain with lots of subgrains (light pink) and a grain without subgrains (dark pink) that cuts it; these grains 
are also referred to in Fig. 8 d) The mis2mean map shows overall low intra-grain crystal plasticity, and the grains with a relatively higher mis2mean value (black 
arrows) contain subgrains. The island grains (black arrows) have low values of intragrain misorientation. The encircled area shows cross-cutting relationships be
tween a grain with higher amounts of intragrain misorientation cut by a grain with lower intragrain misorientation. The white arrows show contrasts in intragrain 
misorientation across twin boundaries. e) the kernel average misorientation map reveals grains with fewer low-angle misorientations forming convex lobes into 
grains with a higher density of misorientations indicated by black arrows. (For interpretation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.) 

Fig. 4. Photomicrographs of the Dauphin�e-twin
ned sample in cross-polarized light. a) Character
istic fabric with coarse-grained quartz and fine- 
grained plagioclase forming compositional bands. 
The red box indicates the area of EBSD analysis. b) 
Biotite with variable orientations at the interface 
between quartz- and plagioclase-rich bands. c) 
Fine-grained, recrystallized plagioclase pinned by 
muscovite and quartz. d) Porphyroclast-shaped 
region of recrystallized plagioclase grains that 
show undulose extinction and subgrain develop
ment. e) Quartz pinned by biotite (red arrow). f) 
Quartz pinned by altered plagioclase (red arrow). 
g) Quartz grain showing chessboard extinction and 
the development of subgrains (red arrows). Qtz ¼
Quartz, Plag ¼ Plagioclase, Bt ¼ Biotite. (For 
interpretation of the references to color in this 
figure legend, the reader is referred to the Web 
version of this article.)   

C. McGinn et al.                                                                                                                                                                                                                                



Journal of Structural Geology 134 (2020) 103980

7

of GBM recrystallization, including interpenetrating lobate grain 
boundaries, undulose extinction, some subgrain development, and grain 
boundary pinning by biotite (Fig. 4e), muscovite, and plagioclase 
(Fig. 4f). In addition, chessboard extinction patterns are observed 
(Fig. 4g). Domains of recrystallized quartz grains exhibiting these 
distinctive microstructures were targeted for EBSD analysis (Fig. 4a). 
‘insert Fig. 4’. 

4.2.2. EBSD data from the Dauphin�e-twinned quartz sample 
EBSD maps confirm the presence of dynamic recrystallization mi

crostructures in plagioclase and quartz (Fig. 5). The phase map reveals 
alternating domains of recrystallized plagioclase and quartz, where the 
grain size of quartz is generally larger than that of plagioclase. (Fig. 5a). 
Micas are associated with the plagioclase domains, with most grains 
oriented parallel to foliation, and a small proportion oriented oblique or 
at high angles to foliation. The plagioclase IPF-Z map shows host-control 
relationships between relict and commonly twinned porphyroclast cores 
and their surrounding elongate-to equant-shaped recrystallized grains, 
consistent with microstructures produced by subgrain rotation recrys
tallization (SGR) (Fig. 5b). The quartz IPF-Z map confirms the presence 
of the optically observed GBM microstructures and reveals the presence 
of prevalent Dauphin�e twinning. The IPF-Z map reveals ‘island grains’ 
(stars in Fig. 5c), but no dominant color suggesting a preferred orien
tation of quartz grains. However, the Dauphin�e twins tend to be oriented 
obliquely or normal to the foliation. Grains with minor or absent twin
ning have convex lobes that protrude into the Dauphin�e-twinned grains. 
The mis2mean map demonstrates that quartz has an overall low amount 
of intra-grain crystal plasticity, particularly in smaller grains (20–130 
μm in diameter) that have minor or absent twinning (Fig. 5d). The KAM 
map shows that grains with fewer lower angle boundaries have convex 
grain boundaries that protrude into grains with prevalent twinning, and 
into other grains having a greater density of low-angle boundaries. 
‘insert Fig. 5’. 

4.3. Crystallographic vorticity axis analysis 

Crystallographic vorticity axis (CVA) analysis for the untwinned 
quartz sample reveals distinct differences in the CVA geometry for the 
bulk sample and the individual minerals. For the untwinned quartz 
sample, the dispersion axes for the bulk sample (Fig. 6a) show a Y-axis 
maximum within a girdle along the Y-Z plane. The muscovite CVA plot 
(Fig. 6b) shows two maxima: a Y-axis maximum and a wide X-axis 
maximum. The quartz CVA plot (Fig. 6c) shows a Y-axis maximum 
within a girdle extending along the X–Y plane. The plagioclase CVA plot 
is most similar to the bulk CVA pattern, with a Y-axis maximum within a 
girdle along the Y-Z plane (Fig. 6d). ‘insert Fig. 6’. 

CVA analysis for the Dauphin�e-twinned quartz sample also shows 
differences in the CVA geometry for the bulk sample and the individual 
minerals, but the CVA geometry is also different compared to the 
untwinned quartz sample. The CVA bulk data plot shows a girdle of 
vorticity axes oriented oblique to the X–Y plane, with a broad maximum 
centered in the top right quadrant and extending towards the Y-axis 
(Fig. 6e). The biotite CVA plot (Fig. 6f) shows a girdle slightly oblique to 
the X–Y plane that contains a strong X-axis maximum on the primitive. 
The quartz CVA plot (Fig. 6g) is similar to the bulk CVA pattern in that 
there is a girdle of vorticity axes oriented oblique to the X–Y plane with a 
maximum in the top right quadrant, but the quartz pattern shows a 
higher density of axes within the girdle relative to the bulk pattern. The 
CVA pattern of the twinned quartz grains (Fig. 6h) shows an elongate 
maximum extending from the Y-axis to the upper right quadrant of the 
plot where it intersects a weak partial girdle oriented oblique to the X–Y 
plane. The CVA pattern of the untwinned quartz grains (Fig. 6i) shows a 
girdle oriented oblique to the X–Y plane, and it is much better developed 
relative to the CVA pattern of the twinned quartz grains. Within the 
girdle, there are 3 elongate maxima; the strongest one is centered in the 
top right quadrant near the Y-Z plane, and the two others lie 30-40� on 

either side of it. The plagioclase CVA pattern (Fig. 6j) shows a girdle 
oriented ~30� clockwise relative to the Y-Z plane, with an elongate 
maxima within it that extends from the Y-axis up towards the top right 
quadrant. 

4.4. Quartz crystallographic orientation data 

Pole figure plots for the untwinned quartz sample show a moderate 
crystallographic preferred orientation (CPO) in quartz that is best 
expressed in the c-axis and positive rhomb r {-1101} plots (Fig. 7a). The 
c-axis plot shows a partial girdle oriented ~60� counterclockwise from 
the Z-axis, and it contains a strong maximum between the Y and Z axes. 
The a-axis {-1-120} plot shows an irregular distribution of a-axis ori
entations and three maxima; in the upper hemisphere plot, there is a 
maximum parallel to the X-axis, and another in the upper left quadrant. 
In the lower hemisphere plot, there is a stronger maximum in the bottom 
left quadrant. The positive rhomb r {-1101} plot shows strong alignment 
of poles to {r} parallel to the Z-axis, which is the foliation normal di
rection. The negative rhomb z {01–11} plot shows three weak maxima 
that are oblique to the X, Y and Z axes. ‘insert Fig. 7’. 

Pole figure plots for the Dauphin�e-twinned sample reveal a CPO in 
quartz by the presence of a moderately strong fabric that is best 
expressed in the c-axis and negative rhomb z {01–11} plots (Fig. 7b). 
The c-axis plot showing all quartz grains has a strong maximum near the 
primitive, ~30� clockwise from the Z-axis. The a-axis {-1-120} plot 
shows an irregular distribution of a-axis orientations. The positive 
rhomb r {-1101} plot shows five weak maxima; none are parallel to the 
X, Y, and Z axes. The negative rhomb z {01–11} plot shows a moderately 
strong alignment of poles to {z} oriented sub-parallel to the X-axis, with 
a weaker maximum near the Y-axis. 

We show pole figures for a subset of twinned quartz grains within the 
Dauphin�e-twinned sample in Fig. 7c (see Supplemental Figure SP5 for 
map of subset selection). These grains show a CPO in quartz that is best 
expressed in the c-axis and negative rhomb z {01–11} plots. The c-axis 
shows a very strong maximum on the primitive, ~20� counterclockwise 
from the Z-axis. The a-axis plot shows two strong maxima in the upper 
hemisphere, both near the primitive, and oriented ~30� counterclock
wise from the X-axis. The lower hemisphere shows a maximum centered 
near the Y-axis. The positive rhomb r {-1101} plot shows three weak 
maxima with several other subordinate maxima; none are parallel to the 
X, Y, and Z axes, and there is an absence of fabric parallel to the Z-axis. 
The negative rhomb z {01–11} plot shows a strong alignment of poles to 
{z} oriented 10� clockwise from the X-axis, with two weaker maxima 
near the Z-axis and the Y-axis. 

We show pole figures for a subset of untwinned quartz grains within 
the Dauphin�e-twinned sample in Fig. 7d and e (see Figure Supplemental 
Fig. SP4 for map of subset selection). Because the twinned and 
untwinned grains are also distinguished by their distinct patterns in CVA 
plots (Fig. 6), we display the untwinned grains pole figure plots in 
different reference frames so that CPO patterns can be interpreted 
normal to the vorticity axis [i.e., Giorgis et al., 2016]. We plot the 
untwinned grains pole figures in both the kinematic and the vorticity 
normal reference frame, the latter of which is decoupled from the ki
nematic reference frame in pure shear dominated transpression (Fig. 6). 
In both reference frames, the grains show a CPO that is best expressed in 
the c-axis and negative rhomb z {01–11} plots. In the kinematic refer
ence frame (Fig. 7d), the patterns are similar to those of the bulk sample 
in Fig. 7b. The c-axis plot shows a weak cross-girdle fabric, with a 
maximum in the lower right quadrant, and another offset from the 
Y-axis. The a-axis {-1-120} plot shows three maxima, one along the 
primitive and ~45� counterclockwise from the Z-axis, and two weaker 
maxima in the upper right and lower left quadrants. The positive rhomb 
r {-1101} plot shows five weak maxima, with one maximum oriented 
~10� counterclockwise from the Z-axis. The negative rhomb z {01–11} 
plot shows a moderately strong alignment of poles to {z} oriented 
sub-parallel to the X-axis, with a weaker maximum in the lower half of 
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the figure, ~45� from the Y-axis and along the Y-Z plane, and a third 
maximum oriented near the Z-axis. In the vorticity normal reference 
frame (Fig. 7e), the c-axis plot shows a maximum in the lower left 
quadrant, and another on the primitive, ~15�counterclockwise from the 
Y-axis. The a-axis {-1-120} plot shows one weak maximum in the upper 
hemisphere and two weak maxima in the lower hemisphere that are 
aligned along the trace of a plane oriented ~10� counterclockwise from 
the Z-axis. The positive rhomb r {-1101} plot shows a weak and random 
pattern. The negative rhomb z {01–11} plot shows three weak maxima 
aligned along a trace of a plane oriented ~30� counterclockwise from 
the Y-axis. 

4.5. Maps of quartz r-pole and z-pole orientation relative to foliation and 
lineation 

In the untwinned sample, the positive rhomb r {-1101} pole figure 
indicates a preferred orientation of r-planes parallel to foliation 
(Fig. 7a), and the map of quartz grain r-pole orientation relative to 
foliation shows the spatial distribution of those grains (Fig. 8a). In this 
map, grains having an r-pole within 0-10� of the foliation pole are navy 
blue in color, representing the grains with r-planes parallel to foliation. 
Some navy grains are impinged upon by convex lobes of adjacent grains 
that have an r-pole at high angle to the foliation pole (Fig. 8a). In other 
locations, ‘island grains’ (compare Figs. 3c and 8a) with an r-pole at high 
angle to the foliation pole are impinged upon by navy grains. The grains 
containing twin boundaries are not dominantly navy blue in color; 
where twin boundaries separate a navy colored part of a grain from a 
different colored part of a grain, there is not a tendency for the navy side 
of the twin boundary to form a convex lobe into the adjacent color, 
either. ‘insert Fig. 8’. 

In the twinned sample, the negative rhomb z {01–11} pole figure 
indicates a preferred orientation of z-planes sub-perpendicular to folia
tion for the twinned grains population (Fig. 7c), and the map of quartz 
grain z-pole orientation relative to the lineation shows the spatial dis
tribution of these grains (Fig. 8b). In this map, the grains having a z-pole 
within 0-10� of the lineation are navy blue in color, and it is apparent 
that many of these navy grains are twinned (Fig. 8b). The negative 
rhomb z {01–11} pole figure also shows subordinate maxima near the Z- 
and Y-axes (Fig. 7c), and we show the spatial distribution of grains that 
correlate with these subordinate pole figure maxima by showing maps of 
z-pole orientation relative to the foliation pole and z-pole orientation 
relative to the Y-axis in Fig. 8c and d, respectively. In the z-pole relative 
to foliation pole map (Fig. 8c), the majority of navy blue grains are 
untwinned, and they protrude into and cut across Dauphin�e-twinned 
grains. In the z-pole relative to Y-axis map (Fig. 8d), the majority of the 
navy blue grains are twinned. 

(caption on next column) 

Fig. 5. EBSD maps of quartz and plagioclase bands in the Dauphin�e-twinned 
sample. a) Phase map showing abundant quartz and plagioclase, where 
plagioclase forms relict porphyroclasts. b) IPF-Z map of plagioclase showing 
host-control relationships between relict porphyroclast cores and the sur
rounding recrystallized grains. c) IPF-Z map of quartz showing an abundance of 
Dauphin�e twins, the presence of island grains (large twinned grain with white 
stars at lower right), and rare subgrains that are associated with coarser grains. 
d) Mis2mean map of quartz showing the overall low intra-grain crystal plas
ticity of quartz and the contrasts in misorientation across twin boundaries. 
White arrows indicate parts of twinned grains with lower intragrain misorien
tation. d) Kernel average misorientation map showing grains with fewer low- 
angle misorientations forming convex lobes into grains with a higher density 
of misorientation (indicated by arrows). 
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5. Discussion 

5.1. Microstructural development and dynamic recrystallization 

5.1.1. Untwinned quartz sample 
Microstructural observations via light microscopy and EBSD indicate 

crystal plastic deformation of both quartz and plagioclase, where strain 
is more prominently partitioned into dynamically recrystallized quartz. 
Plagioclase is moderately recrystallized based on the presence of finely 
recrystallized grains along the margins of coarser grains (Fig. 3b), sug
gesting recrystallization by a BLG recrystallization mechanism. In 
contrast, quartz displays classic GBM microstructures such as lobate 
grain shapes (Fig. 3a), grain boundary pinning (Fig. 2e, f, 3a), and ‘is
land’ grains (Fig. 3c), all of which indicate highly mobile grain bound
aries. The rapid movement of grain boundaries through grain interiors 
results in recovery and low intra-grain crystal plasticity (Fig. 3d) (e.g., 
Hirth and Tullis, 1992; Stipp et al., 2002). Efficient dynamic recrystal
lization of quartz resulted in strain partitioning into the essentially 
monomineralic S-fabric domains. We interpret the modally abundant 
quartz as a rheology-controlling, interconnected network of grains 
relative to the mixed zones of fine-grained plagioclase and micas that 

experience phase pinning. The competency contrast indicated by the 
different DRX mechanisms in quartz (GBM) and in plagioclase (BLG) 
suggests that quartz is the weaker phase and can accommodate strain 
through ease of recrystallization. The GBM recrystallization mechanism 
also helps explain the coarser grain size of quartz relative to plagioclase 
because driving force for recrystallization during GBM is driven by both 
strain energy and surface energy rather than strain energy alone (e.g., 
Platt and Behr, 2011; Stipp et al., 2002). 

5.1.2. Dauphin�e-twinned quartz sample 
Microstructural observations indicate crystal plastic deformation of 

both plagioclase and quartz, but with strain partitioning into quartz that 
is both dynamically recrystallized and extensively Dauphin�e twinned. In 
this sample, plagioclase porphyroclasts are rare because they are almost 
completely recrystallized, yet they are not disaggregated, and they 
retain their lens-like shapes (Fig. 5a and b). The presence of non- 
disaggregated, recrystallized porphyroclasts and some rare relict por
phyroclast cores indicates rheologic competence of plagioclase relative 
to the recrystallized quartz that makes up the monomineralic S-fabric 
domains. In the S-fabric domains, quartz displays similar GBM micro
structures to the untwinned quartz sample (Fig. 4e, f, 5a), and similarly, 

Fig. 6. Crystallographic vorticity axis (CVA) analysis of the untwinned and Dauphin�e-twinned quartz samples. Contoured pole figures are equal area, lower 
hemisphere projections with a 10� contour half width. CVA analysis results for the untwinned quartz sample are displayed for the (a) bulk sample and the individual 
minerals (b) muscovite (c) quartz and (d) plagioclase. The Dauphin�e-twinned quartz sample CVA data are displayed for the (e) bulk sample and the individual 
minerals (f) biotite (g) quartz (h) subset of Dauphin�e-twinned grains (i) subset of untwinned quartz grains, and (j) plagioclase. A key modified after Michels et al. 
(2015) shows example CVA data for the end members of simple shear-dominated transpression and pure shear-dominated transpression. See Supplemental 
Figure SP4 for the grains used in the twinned/untwinned quartz subsets of the Dauphin�e-twinned quartz sample. 
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we interpret quartz as being the rheology-controlling mineral relative to 
plagioclase porphyroclasts and mixed plagioclase-mica zones. However, 
the prevalent Dauphin�e twinning (Fig. 5a) indicates that deformation is 
accommodated in quartz in a way that is distinct from the untwinned 
quartz sample. 

5.2. Interpretation of kinematic deformation geometry 

The CVA plots show a distinct difference in the kinematic deforma
tion geometry for 1) the untwinned and Dauphin�e-twinned quartz 
samples, and 2) the constituent minerals within a given sample. The bulk 
CVA plot for the untwinned quartz sample (Fig. 6a) has a maximum that 

is consistent with simple shear-dominated transpression because the 
maximum clusters about the Y-axis, though it is strongly influenced by 
the strong plagioclase CVA pattern. Though the muscovite, quartz, and 
plagioclase CVA patterns all have maxima centered about the Y-axis also 
indicating simple shear-dominated transpression, the muscovite has an 
additional maximum that is centered on the X-axis, consistent with pure 
shear-dominated transpression. Similarly, the quartz CVA pattern forms 
a partial girdle along the X–Y axis that is also consistent with a transition 
towards pure shear-dominated transpression. In contrast, the bulk CVA 
pattern for the Dauphin�e-twinned sample is consistent with triclinic 
transpression because the vorticity axis maximum is oblique to the 
lineation. The bulk CVA pattern also appears to be transitional between 

Fig. 7. Contoured pole figures of quartz crystallographic preferred orientations in the untwinned quartz sample and the Dauphin�e-twinned quartz sample. Data are 
shown in the kinematic reference frame (a, b, c, d) and in the vorticity normal reference frame (e). a) Pole figure of quartz grain orientations from the EBSD map 
shown in Fig. 3 b) Pole figure of quartz grain orientations from the EBSD map shown in Fig. 5. The two subsets of (c) Dauphin�e-twinned grain orientations and (d) 
untwinned grain orientations have different CPOs. See Supplemental Figure SP4 for the location of grains used in the quartz subsets of the Dauphin�e-twinned 
quartz sample. 
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Fig. 8. EBSD maps of quartz bands in both samples showing the orientation of r- and z-poles relative to foliation and lineation. a) Map of the untwinned sample 
showing r-pole orientation relative to the foliation pole. Encircled region shows a grain with an r-pole sub-parallel to foliation pole being cut by a grain with an r- 
plane highly oblique to foliation pole. Island grains (black arrows) having r-poles at high angle to foliation pole are cut by and impinged upon by navy blue grains 
that have r-poles sub-parallel to foliation pole. White arrows show rare twin boundaries that separate navy blue parts of grains having r-poles sub-parallel to the 
foliation pole from the adjacent parts of the grains that have an r-pole oblique to foliation pole. b) Map of the Dauphin�e-twinned sample showing z-pole relative to the 
lineation. c) Map of the Dauphin�e-twinned sample showing z-pole orientation relative to the foliation pole. White arrows show where untwinned, navy blue grains 
cut or impinge upon Dauphin�e-twinned grains. d) Map of the Dauphin�e-twinned sample showing z-pole orientation relative to the Y strain axis. Each map includes a 
histogram showing the angular distribution of the orientations measured in degrees and the frequency with which it occurs as measured by number of pixels. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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simple shear-dominated and pure shear-dominated transpression 
(Fig. 6e), where the bulk pattern is strongly influenced by the strong 
biotite CVA plot (Fig. 6f) and the quartz CVA plot (Fig. 6g). In this 
sample, the biotite CVA pattern is consistent with pure shear-dominated 
transpression, the plagioclase CVA pattern is consistent with simple 
shear-dominated transpression, and the quartz CVA pattern is interme
diate between these two end members. A key point here is that the 
interpretation of 3D kinematic geometry from bulk CVA is more 
instructive when also viewed with constituent mineral CVA patterns 
because it yields insight into how simple and pure shear strain are 
partitioned between minerals. 

In both samples, the muscovite and quartz CVA patterns are key in 
understanding the difference in 3D kinematic geometry between the 
samples. In both samples, the micas record more pure shear-dominated 
transpression relative to quartz, indicating strong kinematic partitioning 
by phase. However, the untwinned sample’s muscovite and quartz CVA 
plots indicate that a greater degree of simple shear-dominated defor
mation was retained by this sample relative to the Dauphin�e-twinned 
sample where the biotite CVA pattern shows dominantly pure shear- 
dominated transpression and the quartz CVA pattern is transitional be
tween simple and pure shear-dominated transpression. We interpret the 
Dauphin�e-twinned sample as having accommodated more pure shear- 
dominated transpression relative to the untwinned sample. Given the 
abundance of Dauphin�e twins in the sample and the transitional nature 
of the quartz CVA fabric, we use the CVA patterns of the twinned and the 
untwinned grains within the sample (Fig. 6h and i) to explore the link 
between Dauphin�e twin development and kinematic strain partitioning. 

In the Dauphin�e-twinned sample, the subset of twinned grains shows 
a CVA pattern consistent with the dominance of simple shear-dominated 
transpression, whereas the subset of untwinned grains has a transitional 
CVA pattern between simple and pure shear-dominated transpressional 
end members. Combined with the microstructures in the EBSD maps that 
show twinned grains being cut by and impinged upon by untwinned 
grains, this implies that the simple shear-dominated CVA fabrics develop 
prior to the pure shear-dominated fabrics. This sequence of fabric 
development is consistent with how strain accumulates in transpres
sional shear zones due to late stage pure shear accumulating strain more 
efficiently than early stage simple shear (e.g., Czeck and Hudleston, 
2003; Fossen and Tikoff, 1993). 

We interpret the strain partitioning between quartz and mica as a 
function of progressive transpressional deformation, where the micas 
record later stage pure shear-dominated deformation relative to quartz 
that captures more of the transition from simple to pure shear- 
dominated transpression. We interpret the micas as a weaker phase 
relative to quartz and plagioclase, consistent with an experimental study 
from Holyoke and Tullis (2006) where muscovite was the weakest phase 
compared to a deforming plagioclase and quartz framework. As the 
weakest phase, the micas are most likely to record the most recent ki
nematic geometry of the shear zone, which helps explain why the mica 
CVA patterns differ from those of quartz. Given the evidence from the 
micas that pure shear-dominated transpression was likely the most 
recent kinematic geometry, we interpret the Dauphin�e-twinned grains as 
older microstructures associated with simple shear-dominated trans
pression, and we infer that they were less deformable relative to the 
untwinned grains that record pure shear-dominated transpression. We 
evaluate this interpretation further by close inspection of the pole fig
ures for the Dauphin�e-twinned and untwinned samples to compare the 
orientations of the twinned and untwinned grains. 

5.3. CPO patterns and slip systems 

The CPO patterns of the untwinned sample are consistent with high- 
temperature slip systems and with the completion of Dauphin�e twin
ning. In the c-axis pole figure for all of the quartz grains (Fig. 7a), the 
locations of the maxima indicate that prism [c] slip is predominantly 
active, with weaker activation of prism <a>. The asymmetry of the 

prism [c] pattern is consistent with dextral sense of shear. In the positive 
rhomb r plane {-1101} pole figure, the orientation of the strongest 
maximum is parallel to the foliation pole, indicating that a set of positive 
rhomb planes are parallel to foliation. This orientation is consistent with 
studies of Dauphin�e twinning that demonstrate that a set of r-poles 
become aligned normal to the foliation in response to compression 
(Menegon et al., 2011; Minor et al., 2018; Rahl et al., 2018). Though we 
observe this positive rhomb plane CPO pattern typically attributed to 
Dauphin�e twinning in our untwinned sample, we interpret its presence 
as an indication that Dauphin�e twinning has gone to completion in the 
sample such that the grains have been swept of nearly all twin 
boundaries. 

The CPO patterns of the Dauphin�e-twinned sample are more 
complicated to interpret. The pole figures derived from all quartz grains 
(Fig. 7b) are strongly influenced by the subset of twinned grains, so we 
consider the subsets of twinned and untwinned grains separately for our 
interpretations. In the subset of twinned grains (Fig. 7c), the c-axis 
pattern shows a maximum on the primitive that is oriented closer to the 
Z-axis relative to the positions of the maxima in the untwinned sample. 
This distinct difference in orientation implies the operation of basal <a>

slip instead of the higher-temperature prism <a> and [c] slip systems. In 
the positive rhomb r plane {-1101} pole figure, there is a fabric mini
mum at the Z-axis, which is markedly different than the untwinned 
sample. Another primary difference is observed in the negative rhomb z 
{01–11} pole figure, where the strongest maximum shows the alignment 
of a set of z-poles nearly normal to the foliation pole. The negative 
rhomb z planes are regarded as elastically stiffer (Minor et al., 2018; 
Ohno et al., 2006; Rahl et al., 2018), and grains oriented with the stiffer 
z rhomb planes orthogonal to the greatest principal stress direction 
would be well-oriented for twinning (Rahl et al., 2018). The subordinate 
maximum near the Z-axis is consistent with this orientation, but not the 
strongest maximum in the pole figure. However in transpressional 
deformation, the greatest principal stress direction is not necessarily 
normal to the foliation because of the combined simple and pure shear 
components of deformation. Instead, the negative rhomb z plane ori
entations in the twinned grains corresponding to the strongest maximum 
in the pole figure imply that there was a component of shortening par
allel to what is now the lineation direction. A component of shortening 
normal to the current Y-Z reference plane might also help explain the 
somewhat anomalous c-axis and negative rhomb z pole figure patterns in 
the twinned grain subset; if these CPO patterns were interpreted relative 
to an older foliation parallel to the Y-Z plane, the c-axis pole figure 
would be consistent with prism [c] slip with a sinistral sense of shear 
instead of the lower-temperature basal<a> slip system, and the twinned 
grains would have a z-plane optimally oriented for twinning. The higher 
temperature prism [c] slip system is consistent with the prism slip sys
tems we interpret in the untwinned sample, and it is also more consistent 
with the high-temperature GBM microstructures we observe in the 
sample that typically result from prism <a> or prism [c] slip (e.g., 
Langille et al., 2010). 

The untwinned grains subset in the Dauphin�e-twinned sample has a 
CPO pattern that strongly resembles that of the twinned grains subset 
(compare Fig. 7d and c, respectively). In particular, the positive rhomb r 
and negative rhomb z pole figures are remarkably similar in geometry to 
those of the twinned grain subset, though the strength of the strongest 
maximum in the negative rhomb z pole figure is subdued in the 
untwinned subset. However, the quartz CVA pattern of the untwinned 
grains shows a greater component of pure shear-dominated deformation 
relative to the twinned grains subset, which requires that the CPO data 
should be interpreted with respect to slip systems in the vorticity normal 
reference frame (see bottom of Fig. 6). This is distinct from the con
ventional kinematic reference frame only in the case of pure shear- 
dominated transpression [e.g., Michels et al., 2015; Giorgis et al., 
2016]. When viewed in the vorticity normal reference frame, the quartz 
c-axis pattern of the untwinned grains has a maximum on the primitive 
near the Y-axis that indicates prism [c] slip, (Fig. 7e), the highest 
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temperature slip system in quartz [e.g., Mainprice et al., 1986; Law, 
2014]. The asymmetry in the prism [c] pattern is consistent with sinis
tral sense of shear. 

5.4. Interpretation of quartz r-pole and z-pole orientation maps 

The map of r-pole orientation relative to foliation pole for the 
untwinned sample (Fig. 8a) shows that navy blue grains having an r- 
plane sub-parallel to foliation both cut and are cut by grains that are 
differently oriented, suggesting that there is temporal variability in the 
grains’ acquisition of this ideal orientation. These mutually cross-cutting 
relations also suggest that development of the positive rhomb r {-1101} 
CPO cannot be explained solely by the growth of navy blue grains at the 
expense of other, less ideally oriented grains. Additional insight is 
afforded by comparing the r-pole orientation map to the mis2mean 
EBSD map shown in Fig. 3d; ideally oriented navy blue grains are cut by 
less ideally oriented grains having lower intragrain misorientation, 
indicating that grain boundary mobility is a function of both strain en
ergy and crystallographic orientation. In addition, the rare Dauphin�e 
twin boundaries commonly separate parts of grains with contrasting 
intragrain misorientation, with a convex shape into the more misor
iented part of the grain. Yet, the side of the twin boundary that is less 
misoriented does not always correspond to an ideally oriented navy blue 
grain in Fig. 8b. Here, too, Dauphin�e twin mobility may be influenced by 
strain energy. We therefore attribute the positive rhomb r CPO in this 
sample to the nucleation of Dauphin�e twins in response to a component 
of shortening normal to the foliation. The twin boundaries then sweep 
through grains and go to completion to minimize strain energy, with the 
end result being that the grains retain the CPO but not many twin 
boundaries. 

The maps of z-pole orientation relative to the lineation and to the 
foliation pole for the twinned sample (Fig. 8b and c) highlight important 
differences in the deformability of the Dauphin�e-twinned and untwin
ned grains. In the z-pole orientation relative to lineation map (Fig. 8b), 
twinned grains feature prominently in the navy blue grain population, 
and as with the twinned grains in the r-pole map, the twin boundaries 
commonly juxtapose parts of grains that have different amounts of 
intragrain misorientation (compare Fig. 5d with Fig. 8b). Here, too, twin 
development also seems to be influenced by strain energy. Curiously, 
these twinned navy blue grains have their strongest negative rhomb z- 
pole maximum oriented parallel to lineation, indicating that this stiffer, 
less compliant direction is parallel to lineation. This z-pole orientation is 
inconsistent with the Dauphin�e twins forming from shortening normal 
to the foliation, as grains with their z-pole oriented normal to foliation 
would be more prone to twinning (Rahl et al., 2018). This suggests the 
shortening direction may have evolved since the time that the Dauphin�e 
twins formed in the grains with a z-pole parallel to lineation. Additional 
insight is gained from the z-pole orientation relative to the foliation pole 
map (Fig. 8c), where most of the navy blue grains are untwinned and are 
ideally oriented for nucleating Dauphin�e twins from shortening normal 
to the foliation. The paucity of Dauphin�e twins in the grains that are 
well-oriented for twinning suggests that twinning may have gone to 
completion in these untwinned grains. This interpretation is supported 
by an r-pole maximum near the Z-strain axis in the untwinned grains 
pole figure (Fig. 7d). Further, these untwinned grains that have a z-pole 
normal to the foliation cut and/or impinge upon the Dauphin�e twinned 
grains, demonstrating that the Dauphin�e twinning is an older micro
structure relative to the untwinned grains that impinge upon them. We 
interpret that the untwinned quartz could more easily accommodate 
deformation compared to the less deformable, Dauphin�e-twinned quartz 
grains. 

5.5. Conditions of GSZ deformation 

The dynamic recrystallization microstructures, inferred slip systems, 
and independent measures of temperature together are consistent with 

amphibolite facies GSZ shear zone deformation temperatures. GBM 
microstructures similar to the ones we observe in our samples are 
typically developed at temperatures ranging from 550�-650 �C in 
naturally deformed quartz [e.g., Stipp et al., 2002], and the c-axis pat
terns we observe in the pole figures are also correlative with GBM at 
high temperatures [e.g., Stipp et al., 2002; Law, 2014]. In particular, the 
transition from prism <a> to prism [c] slip is associated with temper
atures of ~630 � 30 �C (Fig. 8a) (Law, 2014; Stipp et al., 2002), and the 
appearance of the prism [c] maxima is attributed to very high temper
atures of deformation, typically in excess of 630–650 �C (Mainprice 
et al., 1986; Stipp et al., 2002). Though it has been shown that quartz 
CPO development is not solely a function of temperature and can vary 
with strain rate and water weakening (Heilbronner and Tullis, 2006; 
Law, 2014; Muto et al., 2011; Toy et al., 2008; Tullis et al., 1973), we 
note that there is overlap in the temperature estimates based on our 
samples’ microstructures and CPO patterns. In addition, the indepen
dent measures of deformation temperature from Zr-in-titanite ther
mometry of the Lake Te Anau mylonites yield temperatures of 610–660 
�C (Buritic�a et al., 2019). We therefore estimate that quartz fabric 
development in the Dauphin�e-twinned sample developed at ~610-660 
�C in the GSZ, consistent with the amphibolite facies temperatures 
interpreted by other independent thermometers (Scott et al., 2011). 

5.6. Dauphin�e twinning records progressive inclined transpression in the 
GSZ 

The Grebe Shear Zone is a transpressional shear zone, and our foli
ation and lineation measurements from the Lake Te Anau mylonites 
allow the further classification of the GSZ as a zone of inclined trans
pression. In inclined transpression, the foliation deviates from vertical 
and the lineations can range from horizontal to vertical in plunge (Czeck 
and Hudleston, 2003; Jones et al., 2004), all within a shear zone that has 
boundaries oblique to the shear zone foliation. Our untwinned sample 
has a more southern strike (185�), a shallower dip (70�), and a shallower 
plunge of lineation (19�) relative to the Dauphin�e-twinned sample. We 
reconcile the differences in these foliation and lineation geometries by 
interpreting the locations of the samples within the GSZ relative to the 
shear zone boundaries and the deflected shear zone foliation resulting 
from sinistral shear sense (Fig. 9). A key element of this model is that the 
untwinned sample lies close to the shear zone boundary, where the 
foliation makes a small angle with the shear zone boundary and the 
lineation approaches parallelism with the horizontal strike-slip simple 
shear component of motion. In contrast, the Dauphin�e-twinned sample 
lies closer to the middle of the shear zone strand where the trace of 
foliation is more oblique to the shear zone boundary and the lineation 
plunges more moderately. ‘insert Fig. 9’. 

The locations of the samples within the GSZ provides an explanation 
for the relative amounts of simple shear and pure shear deformation 
accommodated by the samples. In the untwinned sample, the lineation is 
almost strike-parallel, which makes the deformation tend towards end- 
member strike-slip strain, which would result in a nearly monoclinic 
strain symmetry (Jiang et al., 2001; Jones et al., 2004; Lin et al., 1998). 
The monoclinic strain symmetry is reflected in the bulk CVA pattern that 
shows simple-shear dominated transpression where the vorticity axis is 
perpendicular to lineation (Fig. 6a). In contrast, the Dauphin�e-twinned 
sample has a steeper and moderate plunge of the lineation, and in in
clined transpression, intermediate values of pitch are associated with 
more recognizably triclinic strain symmetry. This is reflected in the bulk 
CVA pattern that shows the vorticity axis oriented obliquely to lineation, 
and shows kinematic deformation geometry transitional between simple 
and pure shear-dominated transpression (Fig. 6e). The triclinic strain 
symmetry requires that all three axes of the finite strain ellipsoid have a 
component of vorticity and continuously change orientation during 
progressive inclined transpression. 

Progressive inclined transpression requires re-orientation of foliation 
and lineation in response to the progressive rotation of the finite strain 
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ellipsoid. The nature of the re-orientation is strongly dependent on strain 
path and can be highly variable, but for most strain paths the lineation 
pitch will change significantly, even with small amounts of shortening 
(Jones et al., 2004). The re-orientation of lineation is accompanied by 
re-orientation of foliation, resulting in partial to full overprinting of 
earlier fabric orientations. We see evidence for this in the twinned grains 
of the Dauphin�e-twinned sample in the form of z-pole orientations 
parallel to lineation and a low-temperature quartz slip system when 
viewed with respect to the current foliation and lineation orientations 
(Fig. 7c). The z-pole and c-axis fabrics in this subset of grains suggest that 
an earlier foliation oriented nearly orthogonal to the current foliation 
was overprinted with the aid of GBM recrystallization, leaving the 
anomalous CPO patterns in the twinned grains as the relict structural 
evidence. 

Our model invokes strain heterogeneity as a consequence of triclinic 
progressive inclined transpression to explain the differences in how the 
untwinned and Dauphin�e-twinned sample accommodate deformation. 
There is an element of similarity between our model and that of Good
win and Tikoff (2002) in that we recognize shear zone domains in which 
lineation orientation is different as a consequence of strain partitioning, 
but our models differ in three main ways. First, Goodwin and Tikoff 
(2002) assume monoclinic transpression where strain is partitioned into 
C-domains that have horizontal lineations and S-domains that have 
vertical lineations. In our model, our samples deform in triclinic inclined 
transpression, which tends to produce obliquely plunging lineations, 
though vertical and horizontal lineations are possible. A second differ
ence is that in the Goodwin and Tikoff (2002) model, strain partitioning 
into S- and C-domains requires that vertical and horizontal lineations 
develop coevally and maintain their orientation in the shear zone, but in 
progressive inclined transpression, there is a temporal evolution of 
lineation orientation. The last difference that we emphasize is that the 

Goodwin and Tikoff (2002) model proposes kinematic partitioning be
tween domains such that S- and C-fabrics and their respective vertical 
and horizontal lineations accommodate end-member pure and simple 
shear strains, respectively, whereas in our inclined transpression model 
the kinematic partitioning of strain does not manifest in spatial sepa
ration of end-member pure and simple shear deformation. Rather, a 
sample’s position within the inclined transpressional shear zone in
fluences the relative proportions of pure and simple shear deformation 
accommodated by the sample. In our model, the untwinned sample on 
the margins of the GSZ is dominated by more simple-shear deformation, 
whereas the Dauphin�e-twinned sample located within the middle of GSZ 
accommodates a greater component of pure shear shortening relative to 
the untwinned sample. 

We conclude that Dauphin�e twinning formed as a mechanical 
response to a component of pure shear shortening during the early stages 
of inclined transpression. In the untwinned sample, we interpret the 
current foliation as similar in orientation to the foliation in which 
Dauphin�e twins were formed and have since gone to completion. The 
nearly orthogonal angle between the sample’s foliation and the short
ening direction across the GSZ results in compression nearly orthogonal 
to the foliation, consistent with the CPO pattern showing r-pole maxima 
normal to the foliation (Fig. 9). This is similar to other studies of 
Dauphin�e twinning where a set of r-poles become aligned normal to the 
foliation in response to the compression (Menegon et al., 2011; Minor 
et al., 2018; Rahl et al., 2018). The foliation in the untwinned sample is 
also nearly parallel to the shear zone boundary and the lineation is 
gently plunging, indicating that a large amount of simple shear strain is 
resolved along the foliation, which is also reflected in the bulk CVA 
pattern that is consistent with simple shear-dominated transpression 
(Fig. 9). The Dauphin�e-twinned sample’s position within the GSZ and 
the obliquity of its foliation relative to the pure shear shortening 

Fig. 9. Schematic block diagram showing location of samples within the Grebe Shear Zone relative to the shear zone boundaries and relative to the form lines for the 
traces of shear zone foliation. The GSZ is a zone of inclined transpression that accommodates sinistral strike-slip motion and E-W shortening. The locations of both 
thin section billets relative to the local kinematic reference frame is indicated by the profiles parallel to lineation for each sample. The thin section billet cut parallel 
to lineation and perpendicular to foliation in the untwinned sample has a shallow dip to the SSW, whereas the thin section billet cut from the Dauphin�e-twinned 
sample has a more moderate dip to the SW. The untwinned sample thin section was cut from the downward-facing “underside” of the billet, explaining the apparent 
dextral shear sense in this sample; if the thin section was cut from the upward-facing side of the billet, the maps and microstructures would show sinistral sense 
motion. For the Dauphin�e-twinned sample, the thin section was cut from the up-facing “top side” of the billet, showing the sinistral sense of shear that is consistent 
with the shear sense in the GSZ. For each sample, a representative EBSD phase map, pole figure, and bulk CVA pattern to view these data with respect to the broader 
geographic and structural reference frame. Block diagrams modified after Jones et al. (2004). 
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direction (Fig. 9) suggests the likelihood of progressive fabric 
re-orientation during progressive inclined transpression, which is re
flected in the bulk CVA pattern indicating triclinic transpression. Evi
dence for an older foliation oriented at high angle to the present-day 
foliation includes anomalous z-pole and c-axis CPO patterns of Dau
phin�e-twinned grains that would be more likely to form in response to 
shortening and sinistral shear across a foliation oriented nearly parallel 
to the current Y-Z plane rather than the current foliation in the X-Z 
plane. These twinned grains are commonly cut or impinged upon by 
untwinned grains indicating the Dauphin�e twins are an older micro
structure developed during an earlier stage of inclined transpression. 
This older foliation was largely overprinted by the most recent foliation 
that defines the present-day X-Z plane in the sample. 

The partial overprinting of the Dauphin�e-twinned sample is partic
ularly useful for interpreting how progressive fabric reorientation is 
achieved. After the Dauphin�e twins formed, GBM DRX promoted folia
tion re-orientation, producing a population of untwinned grains that 
became well-oriented for deformation during the later stages of trans
pression. We interpret the untwinned grains in the Dauphin�e-twinned 
sample as evidence that some mechanical twins produced during early 
transpression became mobile and went to completion with the aid of 
GBM [e.g., Piazolo et al., 2005], and these grains are well-aligned for 
high-temperature prism [c] slip systems with respect to the current 
orientation of foliation when viewed in the vorticity normal reference 
frame. The changing orientation of the foliation made it possible for 
these grains to grow at the expense of extensively twinned grains with 
less compliant orientations of z-planes. The growth of well-oriented 
grains at the expense of those in unfavorable orientations has been 
shown to occur in other studies of GBM in quartz (Little et al., 2015) and 
in ice (Qi et al., 2017). We conclude that GBM helped strain become 
partitioned into the untwinned grains in the later stages of transpression. 

The relative deformability of the untwinned and Dauphin�e-twinned 
grains in the Dauphin�e-twinned sample can be integrated with the CVA 
pattern interpretations to understand temporal variations in kinematic 
geometry due to competence contrasts. We attribute the differences in 
the CVA patterns of the untwinned grains relative to Dauphin�e-twinned 
grains to be a result of the relative deformability of these grain pop
ulations. The Dauphin�e-twinned grains have a z-plane normal to the 
lineation (Fig. 7c), which makes them behave more rigidly compared to 
the untwinned grains (Fig. 7d and e). The untwinned grains that have an 
r-plane parallel to foliation have lower mis2mean values than many 
twinned grains (Fig. 5d) and are more deformable. When twinning goes 
to completion in the untwinned grains, they can easily accommodate the 
shift to pure shear-dominated transpression as recorded by the CVA 
pattern. We conclude that Dauphin�e twinning formed at the transition 
from simple shear to pure shear-dominated transpression; the twinned 
grains became less deformable with continued pure shear-dominated 
transpression, and as a result, the pure shear component of trans
pression was partitioned into untwinned grains. 

Strain localization was maintained along this part of the GSZ in large 
part through GBM DRX such that the untwinned grains accommodated 
the changing sense of kinematic deformation geometry. The vorticity 
axes of Dauphin�e twinned grains show that they preserve early simple 
shear-dominated transpression, but the Dauphin�e twinning developed in 
response to compression parallel to the current lineation, marking the 
onset of pure shear-dominated transpression. Continued accumulation 
of the pure shear component of transpression coincided with foliation re- 
orientation and continued GBM, producing the population of untwinned 
quartz grains in which twinning went to completion. Strain became 
largely partitioned into these untwinned quartz grains as they grew at 
the expense of Dauphin�e-twinned grains and continued to sustain 
deformation by GBM DRX, forming CVA patterns associated with late- 
stage, pure shear-dominated transpression. We conclude that the ease 
of recrystallization in these more deformable grains acted to maintain 
localization of the shear zone. 

There are three major implications of our work: 1) the effectiveness 

of Dauphin�e twinning in promoting strain localization is strongly 
influenced by the timing of twin formation relative to an evolving ki
nematic deformation geometry during inclined transpression, 2) the 
dynamic recrystallization mechanism occurring in tandem with 
Dauphin�e twinning exerts a primary control on the effectiveness of 
strain localization, and 3) CVA analysis is a useful tool for understanding 
how strain is partitioned during progressive inclined transpression. 
Regarding implication #1, Dauphin�e twinning developed early in the 
development of the transpressional shear zone, and only those grains 
that had achieved twin completion, and were well-oriented with respect 
to the re-orienting foliation were able to accommodate further strain. 
These outcomes suggest that caution should be used when considering 
Dauphin�e twinning as a potential piezometer because the timing of 
twinning development is critical in relating stress estimates to shear 
zone evolution. Regarding implication #2, our work shows that GBM 
promotes strain localization in untwinned grains where twinning has 
gone to completion, rather than in grains where Dauphin�e twin micro
structures are well preserved. This is in striking contrast to the interplay 
of SGR and Dauphin�e twinning, where dynamic recrystallization pref
erentially occurs within narrow bands of preserved r-twins (Menegon 
et al., 2011). Thus the mobility of Dauphin�e twin boundaries during 
GBM is key in controlling strain localization, particularly in transpres
sional shear zones. Regarding implication #3, our work demonstrates 
the utility of CVA analysis in investigating how transpressional defor
mation is partitioned between different grain populations of an indi
vidual mineral phase, and between different minerals. Together, 
microstructural and CVA analysis reveal temporal variations in kine
matic deformation geometry that yield valuable insight into the evolu
tion of regional-scale shear zones. 

6. Conclusions 

Our microstructural, EBSD, CVA, and misorientation analyses of the 
untwinned quartz sample and Dauphin�e-twinned quartz sample reveal 
an evolution in the kinematic deformation geometry of the GSZ during 
inclined transpression, where the geometry evolved from simple shear- 
to pure shear-dominated transpression. In both samples, quartz under
went high-temperature deformation via GBM DRX. The similar CVA 
patterns of micas in both samples suggests similar behavior of these 
minerals within the shear zone, whereas the different quartz CVA pat
terns indicate that quartz accommodated the evolving 3D deformation 
geometry differently depending on the presence and mobility of 
Dauphin�e twins. The Dauphin�e-twinned grains record early simple 
shear-dominated transpression, and the untwinned grains in the 
Dauphin�e-twinned sample record late-stage pure shear-dominated 
deformation. CPO patterns indicate activation of prism <a> and prism 
[c] slip in the untwinned sample, and prism [c] slip in the Dauphin�e- 
twinned sample. The microstructures and quartz CPO patterns in both 
samples are consistent with the deformation temperatures determined 
by Zr-in-titanite thermometry (610�-660 �C) for other Lake Te Anau 
mylonites from the GSZ. Our work also demonstrates the utility of CVA 
analysis in interpreting how strain partitioning and microstructural 
development relates to temporal variations in kinematic deformation 
geometry of inclined transpressional shear zones. 
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