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A B S T R A C T

Kinematic analysis of ductile shear zones is an important method to interpret the dynamic evolution of many 
tectonic and magmatic processes on Earth, such as orogeny, rifting, and plutonism. Despite decades of study, 
kinematic vorticity analysis is an underutilized tool to interpret the dynamic drivers of shear zones. Determi
nation of the kinematic vorticity number (Wk) quantifies the relative contributions of pure- versus simple-shear 
strain in shear zones. Here we systematically investigated Wk from mylonitic shear zones associated with 
metamorphic core complexes (MCCs) developed across the central and southern North American Cordillera using 
electron backscatter diffraction (EBSD) data that allows consistent and reproducible results from a large number 
of recrystallized grains. We investigated samples from four distinct MCC systems and the structural aureole of a 
Cordilleran pluton to investigate their kinematics. We find that most MCC samples display pure-to-general-shear 
strain (average 70 % pure shear), consistent with significant bulk shear-zone shortening (>80 % shortening) 
observed in many of the MCC systems. Such strain patterns are remarkably similar to deformation observed 
around plutons that were forcefully emplaced as diapirs. To further validate and investigate these results, we 
constructed the Wk field of these geologic processes using numerical simulations to highlight that pure shear 
kinematics are more common with diapirism and coupled wallrock deformation compared with discrete 
detachment-involved normal fault systems. These observations support that buoyant doming can be a viable end- 
member process to form the investigated MCCs. Our results also suggest that pure shear deformation may be a 
diagnostic strain characteristic for diapir-like crustal processes, and therefore Wk analyses could be used to test 
similar processes like dome-and-keel models for Early Earth.

1. Introduction

Rock flow in ductile shear zones accommodates a variety of tectonic 
and magmatic processes. The kinematics and nature of such deformation 
are useful to interpret its driving dynamics. An important shear zone 
parameter is the relative contributions of pure shear versus simple shear 
(Fig. 1), which relates to whether a shear zone accommodates broad 
attenuation and shear-zone-normal shortening (i.e., pure shear) versus 
rotational strains (i.e., simple shear) that accommodate translation of 
rigid wallrock. As an example, interpretation of the dynamic drivers of 

metamorphic core complex (MCC) generation is critical for recon
structing extension across the North American Cordillera and under
standing the relative contributions of vertical versus horizontal 
advection during MCC formation (e.g., Whitney et al., 2013). In 
particular, whether MCCs accommodate simple shear strain via 
low-angle, high-displacement normal faulting (Davis, 1983; Lister and 
Davis, 1989; Wernicke, 1981) or local pure shear attenuation (Miller 
et al., 1983) remains debated (e.g., Levy et al., 2023; Martinez et al., 
2001; Tirel et al., 2008) (Fig. 2). Quantifying the kinematics of MCC 
shear zones can provide important insight into this debate.
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A quantitative parameter to characterize the relative contributions of 
pure shear versus simple shear is the kinematic vorticity number, Wk 
(Means et al., 1980) (Fig. 1). There have been numerous approaches and 
discussions on Wk analysis (e.g., Fossen and Cavalcante, 2017; Xypolias, 
2010), but use of this parameter to directly test concrete tectonic hy
potheses is rather limited (Long et al., 2019, 2016). Furthermore, the 
application of differing methods makes comparison of kinematic 
vorticity values across a geologic province challenging (Xypolias, 2010).

To advance our knowledge of shear zone vorticity and provide a 
practical application of vorticity analysis to quantitatively understand a 
geologic process, we examined the kinematic vorticity of strains related 
to vertical crustal advection in MCCs and pluton emplacement. We 
conducted vorticity analyses from several North American MCCs and use 
a classic Cordilleran pluton as a benchmark to test the hypothesis that 
MCCs formed by buoyant diapirism (e.g., Eskola, 1948) rather than 
detachment fault exhumation (e.g., Bartley and Wernicke, 1984; Wer
nicke, 1981). In addition to field geology, microstructure, and EBSD 
analysis, we employed 2D numerical simulations to generate Wk fields to 
constrain how different geologic processes result in differing Wk values. 
Our results reveal diagnostic strain characteristics that may be useful for 
evaluating ambiguous geologic processes in Earth’s history or improving 
petrochronology approaches to date ductile deformation (e.g., Miranda 
et al., 2023).

2. Kinematic vorticity

Shear zones often accommodate components of both coaxial and 
non-coaxial strain (Fig. 1). The relative contributions of rotational flow 

versus pure-shear stretching are quantified via the non-dimensional Wk, 
which is the ratio between the vorticity tensor W and the stretching 
tensor Ṡ components (Means et al., 1980; Truesdell, 1953). Starting with 
a 2D strain rate field: 
(

ε̇xx ε̇xy
ε̇yx ε̇xx

)

(1) 

Means et al. (1980) defined Wk as 

Wk =
w̅̅̅

̅̅̅̅
2Π

√ (2) 

where w is the magnitude of the vorticity vector derived from W and Π is 
the invariant second moment of Ṡ defined as 

Π = ε̇2
xx + ε̇2

yy +
1
2

[(
ε̇xy + ε̇yx

)2
]

(3) 

With 2D plane strain, Wk can vary from zero, with no rotational 
component (i.e., pure-shear) to infinity, which is rigid-body rotation 
(Fig. 1A). Most geological applications of vorticity analysis assume a 
constant shear zone area and restrict 0 < Wk < 1, where Wk=0 is pure 
shear and Wk=1 is simple shear, thus avoiding super simple shear (Wk >

1) and rigid-body rotation (Wk → ∞) (Fig. 1A). The relationship of Wk to 
the pure shear component is nonlinear, and Wk=0.71 reflects equal 
contributions of pure shear and simple shear (e.g., Law et al., 2004) 
(Fig. 1B): 

Fig. 1. Overview of kinematic vorticity number within shear zones. (A) Kinematic vorticity number (Wk) may vary from 0 (pure shear) to infinity (rigid-body 
rotation). For geologic shear zones, values from 0 to 1 are considered, which respectively involve attenuation or no attenuation of the shear zone width. (B) Plot 
showing the relationship between Wk and pure shear percentage (Law et al., 2004). The relationship is nonlinear and therefore this paper typically discusses the pure 
shear percentage. (C) Histogram plot showing Wk results compiled from Fossen and Cavalcante (2017) (green bars), our new generated data (blue bars), and a broad 
average from metamorphic core complexes (MCC) in the North American Cordillera. Note that our new data and the MCC averages are lower than the Fossen and 
Cavalcante (2017) compilation of mostly thrust and strike-slip shear zones, suggesting a significant difference for the MCC Wk.
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Pure shear % =
2
πcos−1(Wk) × 100 (4) 

Here, we quantify Wk using different microstructure-based methods on 
shear zone samples. Independent of Wk, the pure shear component of a 
shear zone can be further constrained by the attenuation of strata 
observed in shear zones. Simple-shear shear zones will not change their 
width, but the shear zone experiences vertical shortening when Wk < 1 
(Fig. 1A). Thus, an indirect test of Wk is the bulk attenuation of a shear 
zone (e.g., Fossen and Cavalcante, 2017).

3. Background geology

MCCs occupy a belt that stretches along the north-south strike length 
of the North American Cordillera from Mexico to southwest Canada (e. 
g., Coney, 1980; Zuza and Cao, 2023) (Fig. 3A). MCCs formed primarily 
in the Cenozoic and consist of detachment faults separating upper plate 
rocks that are neither ductilely deformed nor metamorphosed from a 
metamorphosed, commonly migmatitic lower plate. Prior to their gen
eration, east-dipping Farallon subduction beneath western North 
America is interpreted to have flattened and then steepened, leading to 
broad sweeps of late Cretaceous-Neogene volcanism (e.g., Copeland 
et al., 2017). This resulted in south-southwest sweeping 
Eocene-Oligocene volcanism from Idaho to southern Nevada and 
west-northwest sweeping Oligocene-Miocene volcanism across 
Arizona-California (Copeland et al., 2017; Humphreys, 1995). Exhu
mation of the MCCs associated with ductile shear zones occurred after 
these volcanic sweeps: exhumation of the north-central MCCs occurred 
in the Paleogene, with ages younging southward from Canada to 
southern Nevada (Whitney et al., 2013), whereas ductile exhumation of 
the southern MCCs occurred in the Oligocene-Miocene, younging 
west-northwest (Armstrong and Ward, 1991; Gans et al., 1989; Kon
stantinou et al., 2012; Zuza and Cao, 2023). The central MCCs were 
constructed in Neoproterozoic-Paleozoic passive margin strata whose 
original thicknesses are well documented, thus serving as benchmarks to 
quantify the magnitude of footwall attenuation. Central MCC footwall 
rocks were all strongly attenuated (>80 %) (Fig. 2D) (e.g., Lee et al., 
1987; Long et al., 2023; Zuza et al., 2022). Conversely, the southern 
MCCs developed in orthogneiss, thus making bulk finite strain evalua
tions of footwall attenuation impossible.

There are two broad end-member model groups of MCC formation 
(Fig. 2). The MCCs may have been generated during crustal extension 
via detachment faulting coupled with isostatic exhumation of footwall 
rocks (e.g., Bartley and Wernicke, 1984; Wernicke, 1981; Wernicke and 
Axen, 1988) (Fig. 2A) or via the thermally induced buoyant ascent of 
migmatitic or plutonic cores as gneiss domes (Fig. 2C) (Eskola, 1948; 
Konstantinou et al., 2012; Whitney et al., 2004). Extensional detach
ment fault MCC models predict simple shear kinematics across the lower 
plate shear zones (Davis, 1983), with limited shear zone attenuation, 
and footwall exhumation rates comparable to plate extension rates 
(Fig. 2A). An alternative possible version of the detachment fault model 
suggests that the brittle normal fault links downdip with a diffuse zone 
of pure shear attenuation (Lister and Davis, 1989), which may therefore 
predict a mix of pure- and simple-shear strains in the ductile penetrative 
shear zones (Fig. 2B). Conversely, buoyant doming models predict pure 
shear and shear-zone-normal shortening around the rising diapir, with 
lower plate exhumation at rates decoupled from regional plate kine
matics (e.g., Levy et al., 2023) (Fig. 2C).

Numerical simulations reveal that distinct differences in MCC style 
may reflect extension rates, thermal state, lower-plate viscosity, and 
abundance of partial melting (Rey et al., 2009). Slower extension with 
more partial melting leads to pure shear of the lower plate, whereas 
faster extension without melt favors simple shearing concentrated near 
the detachment fault (Rey et al., 2009). Therefore, the strain charac
teristics of the lower plate mylonites can help interpret MCC formation. 
Here we determined Wk from some Cordilleran MCCs (Fig. 3A) to better 
interpret their formation (Fig. 2).

We also examined the Papoose Flat pluton in the White Mountains, 
CA, to compare with the MCC shear zone kinematics (Fig. 3A). The ca. 
83 Ma pluton was emplaced into Cambrian stratigraphy (de 
Saint-Blanquat et al., 2001; Sylvester et al., 1978). The host rock strata 
on the northwest side of the pluton are strongly attenuated >90 % 
(Fig. 3B) parallel with the margin of the pluton (Sylvester et al., 1978). 
Such attenuation is of comparable magnitude to the mylonites exposed 
along the central belt of MCCs (Miller et al., 1983; Wells, 2001; Zuza 
et al., 2022) (Fig. 3B).

Fig. 2. Spectrum of competing end-member models for MCC development with corresponding shear zone kinematics across the shear zone (in the z direction), 
including shear strain (γ) and stretch (k). Other variables: u, vertical uplift; h, horizontal extension; ρ1, upper-plate density; ρ2, lower-plate density.
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4. Kinematic vorticity from natural samples

4.1. Methods

Samples were collected from the Ruby Mountain-East Humboldt 
Range (REHR) and Snake Range MCCs in the central belt, the Whipple 
Mountains and Catalina MCC in the southern belt, and the northern 
margin of the Papoose Flat pluton (Fig. 3A). Sampling focused on col
lecting quartz-rich, porphyroclast-poor rocks based on our choice of 
vorticity methods (discussed below) and to avoid the potential impacts 
of porphyroclasts and/or multiphase aggregates on quartz strain ge
ometry and rheology. Oriented thin sections were cut parallel to 
stretching lineations and the XZ plane for vorticity analysis. Sample 
location information, EBSD results, and kinematic vorticity parameters 
are in Table 1 and Supplemental Table S1. Sample preparation details 
are in the Supplemental Materials.

There are numerous methods to determine kinematic vorticity values 
from shear zones (Xypolias, 2010). We used electron backscatter 
diffraction (EBSD) datasets with a consistent MATLAB script to evaluate 
our samples (e.g., Levy et al, 2023) (supplied in the Supplemental Ma
terials). EBSD analyses allowed for rapid, large area acquisitions that 
captured information on grain shapes, intragrain- distortion to assess 
grain orientation spread (GOS) and the crystallographic vorticity axis 
(CVA) (Michels et al., 2015), and c-axis distributions (Fig. 4). EBSD data 
were acquired at the University of Nevada, Reno (Zuza et al., 2022; Levy 
et al., 2023).

With detailed EBSD datasets (step size ≤20 μm), we determined 
quartz c-axis distributions and verified shear kinematics. Next, we pri
marily used the oblique grain shape foliation technique kinematic 
vorticity method of Wallis (1995) (referred to herein as the δ-β method) 
to calculate Wk: 

Wk = sin(2(δ + β)) (5) 

where the sum of δ and β is the angle between the extensional instan
taneous stretching axis (ISA1) and shear plane. As with most kinematic 
vorticity methods, this approach is determining the time-averaged mean 

kinematic vorticity number, Wm. For consistency of terms throughout 
this paper, we still refer to these values as Wk. The δ and β values in a 
shear zone sample were calculated from the EBSD data: δ is the angle 
between the long axis of recrystallized quartz grains and the foliation, 
whereas β is the angle between the foliation and the normal of best-fit c- 
axis girdle (e.g., Xypolias, 2010). We determined the maximum of a 
kernel density estimate of the long axes of recrystallized quartz grains in 
polar coordinates, which is the mode. Although some studies determine 
the maximum δ value to approximate the ISA1 (e.g., Sullivan, 2008; 
Xypolias, 2010) based on the assumption that progressive strains will 
rotate the long axes of neoblastic quartz grains toward the finite strain 
shortening plane (Wallis, 1995), we prefer to follow the approach of 
Long et al. (2016, 2019), who used the mean δ value. EBSD data involves 
many more ellipse fits (e.g., >1000) than traditional microscope-based 
approaches, which provides better statistics on grain orientation. The 
grains are deforming contemporaneously and contiguously, which 
makes it unlikely that newly recrystallized grains will form at different 
orientations (e.g., greater δ values) than neighboring grains. Experi
ments also suggest that the oblique recrystallized grains should maintain 
an approximately constant orientation during progressive strains 
(Dell’angelo and Tullis, 1989). We validated this assumption by calcu
lating δ values for grains with a lower versus higher GOS from two 
quartzite mylonite samples from the northern Snake Range, which 
yielded overlapping results (Supplemental Materials). Thus, the older 
deformed grains (higher GOS) have not rotated relative to more recently 
recrystallized grains (lower GOS).

The EBSD-based δ-β method was employed over other vorticity 
methods for several reasons. First, this allowed us to apply the same 
method to samples from all study areas (Fig. 3A), while simultaneously 
acquiring other relevant microstructural parameters. Many of the 
analyzed samples were quartzite mylonites without porphyroclasts, thus 
limiting our use of porphyroclast-based methods (e.g., the rigid grain 
net, RGN method). The δ-β method captures late-stage instantaneous 
vorticity, which is most appropriate for studying the Cenozoic MCCs that 
may have experienced pre-Cenozoic deformation. Several other 
methods (e.g., RGN and calcite orientations) were used when applicable 
(see Supplemental Materials). The finite strain-β (Rxz-β) approach was 

Fig. 3. (A) Map of MCCs in the North American Cordillera (labelled MCCs discussed in this work) (modified from Zuza and Cao, 2023) and (B) bulk shear zone 
attenuation in MCCs and pluton-emplacement shear zones. Black arrows show stretching lineation orientation in each MCC.
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Table 1 
New vorticity results genreated in this study.

RGNb data PARc data

Sample ID Step size 
(μm)

Location Latitude Longitude Elevation 
(m)

Shear sense CVA 
deviation

Method δ β Wk Pure shear 
%

Wk Pure shear 
%

Wk Pure shear 
%

Ruby Mountains-East Humboldt Range
AZ 10–8-19 

(1a)
0.5 East Humboldt 

Range
40.83177 -115.14803 2251 top-west 16.8 δ-β 23 4.7 0.82 38.4 - - - -

AZ8–19–19(4) 5 East Humboldt 
Range

40.95701 -115.17796 2491 top-west 15.3 δ-β 20.8 2 0.71 49.3 - - - -

200,718–4* 5 East Humboldt 
Range

40.8635 -115.24592 1899 top-west 32.5 δ-β 12.3 0 0.42 72.7 - - - -

AZ 8–4-18 (3)* 5 East Humboldt 
Range

40.84163 -115.13982 2193 top-west 13.5 δ-β 2.8 4.4 0.25 84.0 - - - -

AZ 8–4-18 (1)* 5 East Humboldt 
Range

40.84158 -115.13997 2192 top-west 20.0 δ-β 15 0 0.50 66.7 - - - -

020619–2* 3 East Humboldt 
Range

40.86344 -115.24653 1894 top-west 15.8 δ-β 1.7 4 0.20 87.3 - - - -

AZ 6–30–20 (2)
*

3 East Humboldt 
Range

40.94923 -115.21765 2060 top-west 6.0 δ-β 4.7 1 0.20 87.3 - - - -

200,718–3a* 2 East Humboldt 
Range

40.86369 -115.24514 1901 top-west 37.0 δ-β 18.5 1.8 0.65 54.9 - - - -

020619_5* 5 East Humboldt 
Range

40.864 -115.24389 1906 top-west 16.0 δ-β 15.3 8.6 0.74 46.9 - - - -

020619–4* 2 East Humboldt 
Range

40.86456 -115.243 1906 top-west 18.8 δ-β 19 5.6 0.76 45.3 - - - -

020619–3* 2 East Humboldt 
Range

40.86433 -115.24258 1901 top-west 20.0 δ-β 17.3 7 0.75 46.0 - - - -

AZ 8–19–19 (2) 5 East Humboldt 
Range

40.95774 -115.1994 2231 top-west 10.0 δ-β, 
RGN

0.25 5 0.18 88.3 0.51 65.93 0.63 56.6

Northern Snake Range
DL-160,619–1 2 Marble Wash 39.44601 -114.158 2044 top-east 3.5 Calcite - - 0.2 85.0 - - - -
DL-160,619–3 20 Marble Wash 39.44552 -114.155 1973 top-east 20.0 Calcite - - 0.5 69.5 - - -
DL-160,619–5 2 Marble Wash 39.44451 -114.153 1959 top-east 15.5 Calcite - - 0.5 64.0 - - - -
DL-160,619–7 2 Marble Wash 39.44432 -114.152 1921 top-east 35.5 Calcite - - 0.4 77.0 - - - -
SR1 5 Hendry’s Creek 39.206426 -114.07357 1781 top-east 2.2 δ-β 5 3.70 0.30 80.7 - - - -
DL-150,619–5 3 Hendry’s Creek 39.21169 -114.086 1982 top-east 5.0 δ-β 7.25 1.6 0.30 80.3 - - - -
Papoose flat
AZ 6–4-21(2) 10 NW Papoose Flat -118.12796 37.029864 2494 top-north? 21.2 δ-β 6.75 2 0.30 80.6 - - - -
AZ 6–4-21(4) 10 NW Papoose Flat -118.12779 37.030256 2511 top-north 16 Calcite - - 0.2 90.0 - - - -
AZ 6–4-21(5) 5 NW Papoose Flat -118.12818 37.030748 2509 top-north? 21.4 δ-β 5.5 4.5 0.34 77.8 - - - -
Whipple Mountains
22-WD-02 5 Powerline road 34.358858 -114.28921 273 top- 

northeast
5.0 δ-β 12.25 1.2 0.45 70.1 - - - -

22-WD-05 5 Powerline road 34.366742 -114.29941 329 top- 
northeast

4.8 δ-β 10 4.3 0.48 68.2 - - - -

22-WD-09 5 Whipple Wash 34.329977 -114.30009 294 top- 
northeast

10.0 δ-β 2.5 7.9 0.36 76.9 - - - -

AZ 3–13–22 (2) 6 Powerline road 34.380022 -114.32831 283 top- 
northeast

1.8 δ-β 11.5 4.2 0.52 65.1 - - - -

AZ 3–13–22 (4) 6 Powerline road 34.376041 -114.32382 403 top- 
northeast

8.8 δ-β 1.25 5.75 0.24 84.4 - - - -

AZ 3–13–22 (5) 4 Powerline road 34.375878 -114.32171 302 top- 
northeast

9.2 δ-β 0.75 2.8 0.12 92.1 - - - -

AZ 3–13–22 (6) 4 Powerline road 34.36819 -114.30582 351 top- 
northeast

8.4 δ-β 11.25 3.2 0.48 67.9 - - - -

(continued on next page)
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Table 1 (continued )

RGNb data PARc data

Sample ID Step size 
(μm)

Location Latitude Longitude Elevation 
(m)

Shear sense CVA 
deviation

Method δ β Wk Pure shear 
%

Wk Pure shear 
%

Wk Pure shear 
%

W1 10 Powerline road 34.376319 -114.32306 397 top- 
northeast

11.0 δ-β, 
RGN

2.25 7.5 0.33 78.3 0.68 52.83 0.59 59.8

Catalina
AZ 2–10–23(3) 7 Molino Basin 32.340647 -110.73182 1505 top- 

northeast
12.3 δ-β 1.5 3.1 0.16 89.8 - - - -

AZ 2–10–23(4) 8 Molino Basin 32.337879 -110.68514 1423 top- 
northeast

33.8 δ-β 3.5 3.5 0.24 84.4 - - - -

AZ 2–12–23 (3) 5 Tanque Verde 32.252361 -110.66196 872 top- 
southwest

1.3 δ-β 0.25 6.8 0.24 84.3 - - - -

AZ 2–8-23(2) 4 Babad Do’ag 32.311506 -110.71676 1141 top- 
southwest

13.0 δ-β 21 6.9 0.83 38.0 - - - -

AZ 2–8-23(7) 5 Laramide(?) 
structure

32.455109 -110.78366 2498 top- 
northeast

35.5 δ-β 6 48 0.95 20.0 - - - -

AZ 2–10–23 (2) - Molino Basin 32.34882 -110.74705 1337 top- 
northeast

- RGN - - - - 0.52 65.2 0.46 69.6

AZ 2–10–23 (6) - Molino Basin 32.337901 -110.68305 1476 top- 
northeast

- RGN - - - - 0.4 73.8 0.59 59.8

AZ 2–10–23 (8) - Molino Basin 32.342318 -110.68386 1391 top- 
northeast

- RGN - - - - 0.32 79.3 0.41 73.1

AZ 2–8-23 (5) - Babad Do’ag 32.367711 -110.71863 2007 top- 
southwest

- RGN - - - - 0.32 79.3 0.41 73.1

* Data from Levy et al. (2023)
b Rigid-grain net
c Porphyroclast aspect ratio
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not used because such strain-based approaches may be less robust due to 
the sensitivity to β value and reliance on finite strain estimates (e.g., 
Xypolias, 2010), which are problematic due to the (1) fine recrystalli
zation of many of the mylonite samples and (2) potential for polyphase 
deformation in many MCCs.

Estimates of the δ and β angles are only valid if the thin section is cut 
perpendicular to the kinematic vorticity axis (Díaz-Azpiroz et al., 2019), 
in which case the thin section should present the vorticity normal sec
tion (VNS). To validate this, we employed CVA analyses (Michels et al., 
2015) for all analyzed samples. We calculated the deviation of the CVA 
axis from the sample Y-axis, CY, which is represented by the center of the 
stereonet plot (Fig. 5B).

4.2. Results

In the REHR, new vorticity data was collected to supplement existing 
data published in Levy et al. (2023). The ~1-km-thick REHR mylonitic 
shear zone developed within Proterozoic-Paleozoic passive margin 
stratigraphy and Mesozoic-Cenozoic intrusions. This shear zone verti
cally attenuates the stratigraphy >80 % (Fig. 3B). Quartzite samples and 
one deformed Oligocene granite were collected from the shear zone on 
the western flank of the East Humboldt Range with WNW-trending 
lineations (Levy et al., 2023; Zuza et al., 2022) (Fig. S1 in the 

Supplemental Materials). All samples display top-WNW shear sense 
(Fig. S6 in the Supplemental Materials)—determined via mica fish and 
asymmetric mantled porphyroclasts—and consist of recrystallized 
quartz that deformed at ~400–600 ◦C as determined via Ti-in-quartz 
thermometry (Levy et al., 2023) (Supplemental Table S1). CVA ana
lyses confirmed that samples were cut parallel to the VNS with most 
samples yielding CY values <20◦ (Fig. 5B). C-axis girdles were inclined 
gently west with β of 0–8.6◦ Best-fit ellipses on quartz grains showed 
long axes stretched northwest with δ values of 1.7–20.8◦ The resultant 
Wk values spanned 0.18–0.82 (88–38 % pure shear), with an average of 
0.51 (Fig. 5A). Rigid-grain analyses from the deformed granite sample 
yielded Wk of 0.51–0.63 (66–57 % pure shear) (Fig. 5A).

The northern Snake Range shear zone vertically attenuates 
Proterozoic-Paleozoic passive margin stratigraphy by ~90 % (Fig. 3B) 
(Lee et al., 1987; Long et al., 2023; Miller et al., 1983). We analyzed two 
quartzite and four calcite-marble mylonite samples, collected from the 
eastern flank of the range (Fig. S2 in the Supplemental Materials). Lin
eations trend east and deformation kinematics are top-east from mica 
fish and asymmetric calcite grains (Fig. S6 in the Supplemental Mate
rials). Sample SR1 displayed a weak cross-girdle geometry in a scatter 
plot of c axes (Supplemental Materials), which was used to calculate an 
opening-angle thermometry deformation temperature of ~482 ± 50 ◦C 
(Supplemental Table S1) using the Faleiros et al. (2016) calibration. 

Fig. 4. Overview of EBSD data from newly analyzed samples, including kinematic vorticity parameters. Lower-hemisphere pole figures from each sample are shown, 
along with the β and δ fits. Most pole figures show contoured c-axis data, and a few show point scatter or orientation distribution functions (ODF) because they better 
conveyed the orientation of the c-axis girdle. Interpreted kinematics based on the EBSD data and petrographic observations. Sample data was flipped to keep 
geographic orientations consistent among samples from the same location. Opening angles were determined for thermometry for samples that displayed a cross-girdle 
c-axis distribution.
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Fig. 5. (A) Plot of kinematic vorticity results from this study, including data from Levy et al. (2023) from the Ruby Mountains-East Humboldt Range. RGN is rigid 
grain net. For the Catalina samples, shear zone location information is provided and discussed in the text: M—Molino Basin, T—Tanque Verde, B—Babad Do’ag, and 
L—Laramide(?) structure. (B) Plot of the deviation angle of the crystallographic vorticity axis (CVA) and sample Y axis, CY. (C) Compilation of kinematic vorticity 
number results from the North American metamorphic core complexes (MCCs), including new results from this study. Samples are generally arranged from north 
(left) to south (right). Locations: P—Pioneer; ARG—Albion-Raft River-Grouse Creek; REHR—Ruby Mountain-East Humboldt Range; S—Snake Range; W—Whipple; 
BR—Buckskin-Rawhide; C—Catalina. (D) Kernel density estimates for the central and southern MCCs showing a moderate bimodal distribution.
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CVA CY values for the quartzite samples were <5◦ and for the calcite 
samples were more variable at 3.5–35.5◦ (Fig. 5B). In the quartzite 
mylonites, c-axis girdles were inclined east with β values of 1.6–3.7◦ The 
δ values spanned 5–10.25◦ These values yield Wk values of 0.3–0.4 
(81–74 % pure shear) (Fig. 5A). In the calcite marbles, the inclined 
c-axes suggest Wk values of 0.2–0.5 (85–64 % pure shear) (Fig. 5A).

The mylonitic footwall of the Whipple Mountains detachment fault 
system consists of Proterozoic orthogneiss intruded by Mesozoic- 
Cenozoic intrusions. The shear zone does not have reliable indicators 
for the magnitudes of vertical attenuation. We collected and analyzed 
eight samples from the northeast part of the Whipple Mountains (Fig. S3 
in the Supplemental Materials). Stretching lineations trend northeast 
and all observed fabrics suggest top-northeast shear (Fig. S6 in the 
Supplemental Materials). We analyzed eight quartz-rich orthogneiss and 
schist samples. All showed CVA CY ≤11◦ (Fig. 5B). Opening angle 
thermometry from two samples confirmed deformation at temperatures 
of ~450 ± 50 ◦C (Supplemental Table S1) (Faleiros et al., 2016). Sam
ples yielded c-axis girdles that were inclined to the northeast with β 
values of 1.2–7.9◦ The δ values spanned 0.75–11.25◦ These values yield 
variable but pure shear dominated Wk values of 0.12–0.50 (92–67 % 
pure shear) (Fig. 5A; Table 1). Rigid-grain analyses from one porphyritic 
orthogneiss sample yielded Wk of 0.59–0.68 (60–53 % pure shear) 
(Fig. 5A).

The Catalina MCC involves deformed Proterozoic and Mesozoic- 
Cenozoic plutons, with no reliable indicators of vertical attenuation. 
Five samples were collected and analyzed for δ-β-based Wk analyses and 
four samples for rigid-grain Wk analyses. Sampling focused on several 
distinct shear zones in the Catalina Mountains, including the top- 
southwest Babad Do’ag and Tanque Verde shear zones on the western 
flank of the range, the top-northeast Molino Basin shear zone within the 
range interior (Spencer et al., 2022), and the top-east shear zone 
exhumed from beneath the MCC mylonites that are interpreted to 
represent older (Late Cretaceous-Eocene) Laramide structures 
(Bykerk-Kauffman and Janecke, 1987) (Figs. S4 and S6 in the Supple
mental Materials). Most CVA results from the Catalina samples show 
little deviation (<15◦) from CY. However, the two samples that dis
played some of the highest CY values at 33–35◦ (Fig. 5B) were from the 
top-northeast-east shear zones (i.e., Molino Basin and Laramide) that 
may have experienced complex kinematics.

The top-southwest Babad Do’ag and Tanque Verde shear zones 
showed a mix of kinematic vorticity results with Wk values from 
0.24–0.83 (84–38 % pure shear) (Table 1). The top-northeast Molino 
Basin shear zone yielded fairly low Wk values from the δ-β and rigid- 
grain methods of 0.16–0.57 (90–61 % pure shear) (Table 1). Lastly, 
the Laramide-aged (Late Cretaceous-Eocene) shear zone showed top- 
east simple shear kinematics (Wk = 0.95; 20 % pure shear) (Table 1).

Finally, for the Papoose Flat pluton, two quartz-rich samples and one 
calcite marble from the strongly attenuated (Fig. 3B) northwestern 
country rock were analyzed (Fig. S5 in the Supplemental Materials). The 
quartzose samples yielded Wk values of 0.30–0.34 (81–78 % pure shear) 
at temperatures of ~550 ◦C based on OA thermometry (Table 1 and S1; 
Figs. 4 and 5A). The analyzed calcite marble had a c-axis girdle that was 
<5◦ from vertical, which suggests >90 % pure shear (Wenk et al., 1987) 
(Fig. 5A).

5. Kinematic vorticity from numerical models

5.1. Methods

Numerical simulations were conducted to examine kinematic 
vorticity using the MATLAB-based MVEP2 thermo-mechanical modeling 
package (Kaus, 2010). The code uses nonlinear viscous flow laws (e.g., 
Ranalli, 1995). Simulations were conducted using either fixed rheolog
ical conditions or variable conditions that involve temperature-varying 
density and partial melting based on P-T conditions. The primary 

output results used in this work was the velocity field (v⇀). The 2D 
vorticity is the curl of v⇀, defined: 

vorticity = ∇ × v⇀ =

(
∂vy

∂x
−

∂vx

∂y

)

k̂ (6) 

where vy and vx are the velocity in the vertical and horizontal directions, 
respectively. The vorticity vector has the unit of s−1 and is the out-of- 
plane direction of k̂. The magnitude of vorticity describes the rota
tional nature of the flow, and the sign of the vorticity indicates the spin 
direction, with positive being counterclockwise. Wk can be calculated 
using Eq. (2) (Means et al., 1980; Tikoff and Fossen, 1995) to include the 
velocity field: 

Wk =

∂vy
∂x − ∂vx

∂y
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
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(
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∂x +

∂vy
∂y + 1

2

(
∂vx
∂y +

∂vy
∂x

)2
)√

√
√
√

(7) 

Since Wk generated in the numerical simulation is relative to a Eulerian 
grid in the model, which is an external reference frame and contains a 
component of rigid-body rotation, its absolute value can significantly 
exceed 1. To generate Wk values that are comparable to geological ob
servations (0 < Wk <1), we did not calculate Wk for regions where the 
internal strain rate was significantly lower than the background strain 
rate to focus on the “internal kinematic vorticity” of discrete shear zones 
that might be observed in geologic outcrops (Tikoff and Fossen, 1995). 
To evaluate rotation direction, we allow -1 < Wk < 1. We convert Wk to 
percentage of simple shear in the plots because the nonlinear nature of 
Wk (Fig. 1B) can be visually misleading (i.e., Wk >0.71 is > 50 % simple 
shear).

Benchmark tests involving 0 %, 50 %, and 100 % pure shear vali
dated the applicability of our numerical approach (Fig. S38 in the 
Supplementary Materials). The pure shear models generated a homog
enous Wk = 0 field, the simple shear models generated a homogenous 
Wk = 1 field, and models with equal parts simple- and pure-shear strain 
rates resulted in a homogenous Wk = 0.71 field (Fig. S38 in the Sup
plementary Materials).

We conducted three sets of numerical experiments. First, we gener
ated a buoyant diapir with fixed density and viscosity conditions to 
approximate a rising pluton or diapiric dome. Second, we generated a 
gneiss dome driven by basal heating and partial melting. Finally, we 
simulated regional extension with a weak seed fault, which resulted in a 
detachment-fault-type MCC.

5.2. Results

Following the benchmark simulations, the first set of numerical 
models involved a lower density (2600 kg/m3

; fixed 1018 Pa s viscosity) 
circular feature that buoyantly rose within the host rock (2800 kg/m3 

density) with a wet quartzite power law rheology (Ranalli, 1995) 
(~1019–1021 Pa s viscosity). The size and density of the diapir did not 
impact the broad patterns of Wk (Figs. S39 and S40 in the Supplemental 
Materials). The diapir rose rapidly in these simulations surrounded by a 
rim of pure shear (Fig. 6). The rising diapir generated two regions of 
extreme rotation along its flanks, where the rocks flowed downward and 
under the diapir (Fig. 6A). This resulted in local high Wk values due to 
the rotational flow around the diapir. The lower strain rates with high 
velocity in these domains suggests rigid-body rotation, hence greater Wk 
values. A profile across the top of the rising circle shows Wk values near 
0 % simple shear that varied up to ~25 % simple shear with both 
clockwise and counterclockwise rotations (Fig. 6B).

In the next simulation, the base of the crust was fixed at 800 ◦C to 
drive partial melting and diapirism (Fig. 7). This model generated three 
distinct diapirs that rose from the base of the model. Each diapir was 
rimmed by wallrock that experienced mostly pure shear strain, although 
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there were very distinct regions of significant rotation around the edge 
of the riding diapir head. These rotating regions yielded Wk values >>1 
and experienced rigid-body-like rotation. For a diapiric gneiss dome, the 
main mylonitic shear zones would form where strain rates are relatively 
high on top and marginal flanks of the rising diapir head. Therefore, we 
examined the kinematic vorticity values directly above and to the sides 
of these diapirs. The gneiss dome models generated Wk values that were 
mostly near 0 (0 % simple shear) (Fig. 7). There were some regions 
where simple shear strain was significant, which was where the rising 
diapir caused the wallrock to rotate around the diapir head (Fig. 7).

To simulate extensional detachment-fault-style MCCs, we conducted 
a series of numerical models that included horizontal stretching of the 
model domain (10−14 s−1 strain rate) (Fig. 8). The models involved a 
single temperature-dependent wet quartzite rheology with an inclined 
weak seed to initially focus upper-crustal faulting along a single 
detachment fault system (Rey et al., 2009). These models resulted in 
inclined discrete shear zones with the upward flow of a middle core. The 
highest strain rates (10−12–10−13 s−1) focused in the upper-mid crust 
shear zones. These shear zones were markedly different from the first 
series of diapir models in that they displayed predominately (>50 %) 
simple shear strain (Fig. 8).

Corollary experiments with varying diapir size, density, strain rates, 
and one model with contractional boundary conditions resulted in 
similar kinematic vorticity values when compared to our reference 
models (Figs. 6-8) (Supplemental Materials). Contractional boundary 
conditions generated a major reverse shear zone with simple shear ki
nematics (Supplemental Materials).

6. Discussion

6.1. Kinematic vorticity estimates

Most of the samples had CY values ≤ 20◦ (27 of 34 samples), con
firming that our analyses were performed within the VNS (Fig. 5B). Our 
new vorticity results yielded an average of 70 % pure shear (±16 %) 
(Fig. 5A). Average results from the rigid grain methods (67 % pure 
shear) were similar to the δ-β method (~70 % pure shear), which pro
vides confidence in our approach. There is no discernable trend in the 
data for significant variations of Wk for differing MCCs (Fig. 4A). 
Vorticity results from the MCC samples (average 69 % pure shear) are 
similar to, but slightly lower, than those from the Papoose Flat pluton 
(83 % average pure shear).

The Catalina MCC yielded the most diverse Wk estimates from the 
analyzed samples (Fig. 5A). This diversity correlates with the variety of 
shear zone kinematics inferred within the Catalina MCC system, 
including MCC-age shear zones with varying kinematics and interpreted 
Laramide structures (Bykerk-Kauffman and Janecke, 1987). The older 
Laramide structures are found at deep structural levels within the Cat
alina MCC, and have variable east-directed shear sense with both 
older-on-younger and younger-on-older juxtaposition relationships 
(Bykerk-Kauffman and Janecke, 1987). In this sense, variable shear zone 
kinematics are expected because each shear zone may have involved a 
differing finite strain history.

Our vorticity analyses can be compared against external geological 
constraints. Attenuated stratigraphy within the central MCCs requires 
significant shear-zone-normal shortening during deformation (Fig. 3B), 

Fig. 6. Simulation of a less dense sphere rising in a denser medium. (A) Graphical summary of results after 0, 0.2, and 0.5 Myr, including geometry, strain rate, and 
kinematic vorticity. Coloring is only to display kinematics and does not imply differing rheology. Note regions of rigid body rotation (super simple shear) along the 
flanks of the rising body. (B) Profile plot of kinematic vorticity vs distance for the three time intervals, based on the black-line profile in A. Note the y axis in B is 
simple shear percent. Gray dots are passive strain makers. Blue and yellow crust have the same properties and are merely used to differentiate upper vs mid- 
lower crust.
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which thus implies a significant component of pure shear strain. A 
simple-shear shear zone will maintain a constant width, whereas a pure- 
shear shear zone is vertically shortening and horizontally stretched 
(Fig. 1A). Therefore, the attenuation observed in the REHR, northern 
Snake Range, and Papoose Flat shear zones independently confirms a 
significant pure shear component to deformation that matches our Wk 
observations with >50 % pure shear for most samples. The southern 
MCCs do not have external constraints for shear zone attenuation, but 
the similar Wk values (Fig. 5) suggests they may have involved signifi
cant attenuation.

Compared to a global synthesis of predominately strike-slip and 
thrust shear zones, our results demonstrate that the MCC and pluton 
emplacement fabrics had significantly lower Wk values: our results had a 
median Wk of 0.39 versus Fossen and Cavalcante (2017)’s synthesis 
median of 0.68 (Fig. 1C). These differences imply that differing defor
mation regimes may intrinsically develop distinct shear zones.

The numerical simulations of buoyant diapirs suggest predominately 
pure shear deformation (>70 % pure shear) around the tops and sides of 
the rising domes (Figs. 6 and 7). Regions of super simple shear are found 
along the edges of the rising diapirs, where material flows around the 
edge of the diapir/domes. We argue the curviplanar rims of the rising 
diapir in the numerical models are most similar to the natural mylonitic 
shear zones examined in this work, which usually have a subhorizontal 
fabrics and exist as a shear zone carapace above a more ductilely 
deformed metamorphic infrastructure (e.g., Snoke, 1980). Therefore, 
the numerical simulations predict predominately general-shear to 
pure-shear deformation around diapir-driven deformational systems. In 
simulations with discrete shear zones akin to a discrete detachment 

faults, more simple shear kinematics were observed (Fig. 8). In these 
experiments, shear strains were concentrated in a weak shear zone, 
which effectively allowed rigid hanging wall and footwall rocks to shear 
past each other in a simple-shear shear zone.

6.2. Implications for metamorphic core complexes

MCC formation mechanisms can be tested via the Wk values of MCC- 
bounding shear zones (Fig. 2). Our results show that the MCC shear 
zones deformed via general shear (~69 % pure shear). Compiled 
vorticity data (Erskine et al., 1993; Levy et al., 2023; McFadden et al., 
2020; Singleton, 2011; Singleton et al., 2018; Sullivan, 2008; Yun, 2018) 
from the North American MCCs, filtered for similar methods (Supple
mental Materials), shows a broad pattern of general shear (Fig. 5C). The 
central MCCs show more pure shear strain (62 %) than the southern 
MCCs (47 % pure shear) (Fig. 5C). In detail, both domains reveal a 
moderate bimodal distribution (Fig. 5D). The Cordillera-wide mean 
values show 56±23 % pure shear, which overlaps the vorticity results 
from this study (i.e., 70±16 %) within uncertainty. Therefore, available 
results demonstrate that the North American MCC footwall rocks 
experienced general shear.

General-to-pure shear strain of the lower plate mylonites is not 
consistent with the traditional detachment fault model for MCC gener
ation (Fig. 2A). If brittle detachment faulting was directly linked with 
penetrative ductile shearing at depth, we would expect simple-shear- 
dominated fabrics that accommodate significant hanging wall trans
lation. Instead, these general shear strain characteristics may support 
one of two scenarios. First, the lower-plate mylonites may accommodate 

Fig. 7. Temperature dependent rheology and partial melting simulation of positively buoyant diapirs. A fixed 800 ◦C bottom boundary condition drives partial 
melting. (A) Graphical summary of results after 0.67, 0.75, and 0.82 Myr, including geometry, melt fraction, and kinematic vorticity. Note regions of rigid body 
rotation (super simple shear) along the flanks of the rising diapirs. (B) Profile plot of kinematic vorticity vs distance for the three time intervals, based on the black- 
line profile in A. Note the y axis in B is simple shear percent. Gray dots are passive strain makers. Blue and yellow crust have the same properties and are merely used 
to differentiate upper vs mid-lower crust.
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bulk attenuation downdip of a master detachment fault during regional 
extension (Lister and Davis, 1989). In this case, regional crustal exten
sion may lead to ductile stretching of the lower plate that kinematically 
linked upward with synchronous normal faulting in the upper crust 
(Fig. 2B). Alternatively, gneiss dome diapirism may have attenuated the 
surrounding wallrock to form the general shear mylonites (Zuza et al., 
2022; Levy et al., 2023) (Fig. 2C). Such crustal diapirs would have 
stalled in the upper crust, thus requiring later normal faults to exhume 
the ductile fabrics (Fig. 2C).

The geology of the central MCC belt can differentiate between these 
competing models. Here, Oligocene mylonites (e.g., Lee et al., 2017; 
Zuza et al., 2022) were temporally decoupled from Miocene detachment 
faulting associated with regional extension across the Great Basin (e.g., 
Colgan and Henry, 2009). Oligocene shearing did not generate 
syn-kinematic basins of substantial thickness (Konstantinou et al., 2012; 
Zuza et al., 2022), whereas Miocene extension generated widespread, 
thick syn-tectonic basins (e.g., Henry et al., 2011). The traditional 
detachment fault models (Fig. 2A and B) require a brittle normal fault to 
break the surface at the time of ductile shearing, and the lack of evidence 
for surface-breaking normal faulting tracked via low-temperature ther
mochronology or syn-kinematic basin sedimentation (see Zuza and Cao, 
2023 for a review) is at odds with these models.

The gneiss dome model predicts that lower plate MCC exhumation 
should correspond to a time of lower crust heating and partial melting to 
drive crustal diapirism. This model suggests that the crust was heated 
during post-flat-slab rollback, which led to a southwest-directed sweep 
of Eocene-Oligocene volcanism across the central MCC belt (Copeland 
et al., 2017; Humphreys, 1995) that temporally and spatially correlated 
with MCC exhumation (e.g., Konstantinou et al., 2012; Zuza and Cao, 
2023). Regional extension and brittle detachment faulting appears to 

have migrated northward from southern NV (ca. 20 Ma) to northwest 
Utah (<13 Ma) following the northward migration of the Mendocino 
triple junction (Colgan and Henry, 2009; Konstantinou et al., 2012; Zuza 
and Cao, 2023). These differing age trends caused by differing 
plate-boundary events explains the apparent decoupling between 
ductile shear fabrics and brittle extensional features. Therefore, we 
interpret that these age trends are more supportive of the buoyant dia
pirism model for MCC formation, especially in the context of the general 
shear observations reported in this study. However, we acknowledge 
this is still an unresolved issue, and our datasets may alternatively 
support the ductile attenuation and coupled detachment fault model 
(Fig. 2B).

The evolution of the southern MCC belt is more equivocal. These 
MCCs are typically interpreted as forming due to simple-shear- 
dominated detachment faulting (Davis, 1983; Wernicke and Axen, 
1988). Here, volcanism, ductile shearing, and regional extension occur 
on overlapping timescales, which makes disentangling their relative 
contributions challenging. The greater pure shear percentage for the 
central MCCs (62 %) than the southern MCCs (47 %) may not be sta
tistically significant (Fig. 5C), but it could suggest that the southern 
MCCs reflect a more hybrid style of MCC generation.

If the North American Cordillera MCCs are interpreted to have 
formed as buoyant domes, there are some important implications. First, 
this implies significant vertical advection of the middle-lower crust 
without requiring, and thus decoupled from, significant horizontal 
extension (Fig. 2). Ductile structures in the MCCs do not necessarily 
relate to the initiation of regional extension. Estimates of the magnitude 
of regional extension across the Basin and Range are reduced if mid- 
crust exhumation is caused by local instabilities and not regional 
normal faulting. The detachment faults in the central MCCs perplexingly 

Fig. 8. Simulation involving a weak initial shear zone to create a detachment-fault type metamorphic core complex. (A) Graphical summary of results after 0.1, 0.6, 
and 0.7 Myr, including geometry, stain rate, and kinematic vorticity zoomed into the black-box region in the top row. (B) Profile plot of kinematic vorticity vs 
distance for the three time intervals, based on the black-line profile in A. Note the y axis in B is simple shear percent. Gray dots are passive strain makers. Blue and 
yellow crust have the same properties and are merely used to differentiate upper vs mid-lower crust.
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do not involve significant stratigraphic omission (Miller et al., 1983; 
Zuza and Dee, 2023), which was problematic for models that invoked 
significant extension (Wernicke, 1981) but could simply reflect the 
faults slipping along a flat. Continent-scale reconstructions assume sig
nificant crustal stretching (>200 % strain) around the MCCs, which is 
propagated into reconstructions of pre-extensional crustal thickness (e. 
g., Bahadori et al., 2018). However, some field workers infer less 
extension around the MCCs (Miller et al., 1983; Zuza and Dee, 2023), 
which would lead to differing reconstructions. Paleogene mid-crust 
diapirism that was later reactivated by Miocene moderate-magnitude 
extension can explain these discrepancies. Finally, a gneiss dome 
model for the Cordilleran MCCs implies a more generic process of crustal 
diapirism that is similar to other orogenic gneiss domes (Whitney et al., 
2004), such as in the Himalaya (e.g., Wagner et al., 2010). Our results 
support that Cordilleran MCCs and gneiss domes share a similar for
mational mechanism that does not require regional extension and 

crustal thinning.
Kinematic vorticity data from other MCCs globally is limited, but a 

detailed study from a MCC system in North China yielded Wk values of 
0.04–0.58 (98–61 % pure shear) within the core of a gneiss dome 
complex, with local simple shear Wk values of ~0.8–1.0 (41–0 % pure 
shear) adjacent to the detachment faults (Zhang et al., 2023). This was 
interpreted to demonstrate how simple shear fabrics related to detach
ment faulting may overprint earlier pure shear fabrics related to buoyant 
doming. The bimodal distribution of Wk values in the Cordillera 
compilation (Fig. 5D) may reflect combined influence of simple-shear 
shear zones overprinting buoyant doming.

6.3. Kinematic vorticity analyses to interpret geologic processes

Our analyses suggest that hot, buoyant diapirism results in charac
teristic wallrock pure shear strain. The rise and dipairic emplacement of 

Fig. 9. Summary figure of results from this study, showing rotational flow ( ω→) versus stretching strain (Ṡ) in shear zones associated with (A) forceful pluton 
emplacement, (B) gneiss dome diapirism, (C) extension with detachment faulting, and (D) detachment faulting coupled with pure shear attenuation of the 
lower plate.
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a pluton represents a simple end-member of this process. The Papoose 
Flat pluton observations reveal >78 % pure shear strain and ~90 % 
wallrock attenuation. Another classic pluton-emplacement structure is 
observed around the Cretaceous Fanghsan pluton, China, where wall
rock stratigraphy is attenuated ~85 % (Fig. 3B) (He et al., 2009). Ki
nematic vorticity analyses from this pluton reveal predominately pure 
shear strain (Zhao and Cong, 2014). Therefore, buoyant diapirism 
exemplified by pluton emplacement appears to result in bulk shear zone 
attenuation and pure shear strain, which matches our numerical simu
lations (Fig. 6). MCC generation results in similar strain characteristics, 
including wallrock attenuation (>80 %) (Fig. 3B) and general-shear 
vorticity (Figs. 5 and 9). Conversely, detachment-fault kinematics may 
lead to simple shear flow characteristics (Figs. 8 and 9). The buoyant 
ascent of the mid-crust or hot plutons may uniquely generate 
pure-to-general-shear fabrics due to the combined impacts of crustal 
heating to enable rock flow and negligible simple shear strain imparted 
by the rising diapir (e.g., Burov et al., 2003) (Fig. 9). Conversely, 
detachment-style shear zones driven by horizontal stretching of the crust 
and significant hanging translation relative to the footwall leads to 
simple shear strain (Fig. 9).

Buoyant doming is common in a variety of tectonic settings (e.g., 
pluton emplacement, salt domes, dome-and-keel, gneiss domes). Here 
we suggest that kinematic vorticity analysis of such shear zones may be a 
diagnostic tool for their interpretation, in addition to traditional 
geologic mapping and pressure-temperature-time (P-T-t) evaluation. For 
example, Himalayan gneiss domes have previously been interpreted to 
have formed via contractional duplexing, large-scale normal faulting, or 
buoyant doming. However, kinematic vorticity analysis of Himalayan 
domes reveals general shear strain characteristics (48–69 % pure shear) 
that may imply buoyant doming that was synchronous with partial 
melting across the Himalaya (Wagner et al., 2010). This kinematic and 
dynamic interpretation would match Cordillera MCCs as discussed in 
this study.

Another example is the debate between vertical versus horizontal 
tectonics in Early Earth (Kusky et al., 2021; Webb et al., 2020), where 
dome-and-keel structures are interpreted as either buoyancy instabilities 
(Van Kranendonk et al., 2007) or heavily modified plate-tectonic (e.g., 
paleo-horizontal kinematics) features (e.g., Kloppenburg et al., 2001). 
We suggest that analysis of these ancient shear zones (Zuo et al., 2021) 
to compare against modern analogs such as buoyant diapirs or 
pluton-emplacement structures, may provide important insights.

6.4. Limitations and future directions

There are strengths and weaknesses of the various Wk methods (e.g., 
Xypolias, 2010), but we argue that the approach presented in this study 
provides an unbiased way to examine shear zone samples and compare 
results between different geologic provinces. Our approach using the 
supplied MATLAB script reduces user bias in selecting and outlining 
recrystallized grains or porphyroblasts. The δ-β method works with 
fine-grained recrystallized rock types that are common in many shear 
zones, without relying on large porphyroblasts (e.g., RGN) or relict 
phases for finite-strain analysis (e.g., Rxz-β).

A limitation of most vorticity methods is that they only consider a 2D 
flow pattern viewed within the VNS. Here we assumed 2D plane strain, 
which may overestimate Wk compared to a complete 3D vorticity flow 
field, but this overestimation is likely small (<0.05 Wk) (Tikoff and 
Fossen, 1995; Xypolias, 2010). Furthermore, we provide a metric to 
ensure that the Wk estimate is in the correct VNS reference frame 
through CVA analyses and the CY parameter.

Our numerical simulations calculated a bulk vorticity at every given 
model node, which may oversimplify shear-zone kinematics adjacent to 
relatively undeformed wallrock. Ductile shear zones operate primarily 
on the cm- to km- scale, and therefore individual shear-zone kinematics 
may differ from bulk vorticity estimated in these models. Furthermore, 
Wk observed in a sample is the internal kinematic vorticity, which does 

not reflect any external kinematics, such as rigid body rotation or 
translation. The models cannot completely deconvolve large-scale 
rotation from sample-scale vorticity. However, our approach of 
ignoring super simple shear (Wk > 1) and regions of low strain rate al
lows us to predict patterns of Wk that may be transferable to observed 
rock samples.

Vorticity-enhanced accessory phase petrochronology can provide a 
robust way to date ductile shear zones. Specifically, if deformation- 
induced dislocation creep can reset a U-Pb age (e.g., Gordon et al., 
2021; Moser et al., 2022; Odlum et al., 2022) and this deformation can 
be kinematically linked to the bulk fabric forming event via CVA ana
lyses (Miranda et al., 2023), one could extract reliable ages that are 
directly tied to a unique deformational event. This approach can help 
resolve multiple phases of deformation in complex settings. Here we 
have presented a method to quantify the relationship of the CVA with 
the sample Y axis (i.e., CY), and we suggest that future vorticity-based 
petrochronology efforts may similarly use this parameter to compare 
bulk and single-phase CVA axes to confirm similar kinematic conditions.

7. Conclusions

The kinematic vorticity of a shear zone may characteristically reflect 
its formation mechanisms. We sought to test the hypothesis that North 
American Cordillera MCCs formed due to buoyant diapirism by deter
mining Wk values from four distinct MCC systems and an analogous 
forcefully emplaced pluton. We introduce a method of Wk determination 
that incorporates high-resolution EBSD maps and the methods of Wallis 
(1995). Most of the analyzed samples displayed a mix of pure- and 
simple-shear kinematics (average 70 % pure shear). The significant 
component of pure shear strain is consistent with observations of bulk 
vertical shortening required by the attenuation of sedimentary rocks 
involved within the shear zones (~90 % vertical shortening). Numerical 
simulations of the Wk field confirm that buoyant diapirs lead to pure 
shear dominated deformation, whereas discrete normal-faulting alone 
leads to more simple shear.

We argue that buoyant diapirism was important for MCC generation, 
and these shear zones do not merely reflect simple shear strain due to 
major detachment faulting. As the middle crust buoyantly upwells, 
flanking shear zones are strongly attenuated leading to general-shear 
strain. This process may be analogous to diapiric pluton emplacement. 
We suggest our kinematic vorticity method may be used to test other 
tectonic processes where buoyant diapirism versus horizontal faulting is 
debated, such as debates regarding dome-and-keel versus plate tectonics 
in the Archean.
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