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Abstract 

The occurrence of ultramafic plutonic complexes in the upper continental crust is 

a puzzling geologic phenomenon given the density contrast between the pluton and the 

felsic-intermediate continental crust. The Emigrant Gap Complex (EGC) located in 

California is a Middle Jurassic ultramafic intrusive complex. Previous studies on the EGC 

focus on its igneous compositions. Yet, little study has been done on the contact aureole. 

To better understand the formation and emplacement processes of the EGC and how the 

upper crust responds to the intrusion of hot mafic/ultramafic magma, we conducted field 

mapping, finite strain, microstructural and Electron Backscatter Diffraction (EBSD) 

analyses in the country rocks. We found that the EGC develops an aureole of increasing 

temperature and deformation, starting from regional greenschist-facies cleavage >500 

meters away from the contact and culminating in a high-temperature (~700ᴈ) mylonitic 

shear zone at the contact. Field mapping reveals the presence of three zones in the 

aureole. The inner mylonite zone (0-50 m from the contact) has a moderately plunging 

(40°) lineation associated with a maximum of 70% contact-perpendicular shortening. 

Microstructures and quartz c-axis are indicative of deformation at ~700 ᴈ or higher. The 

outer mylonite zone (50-150 m from the contact) has a shallower plunging (20°) lineation 

associated with 60% shortening. Microstructures and quartz c-axis are indicative of 

deformation at >500-700 ᴈ. The outer aureole (150-500 m from the contact) has a 

horizontal lineation associated with 30-50% shortening. The deformation temperature in 

the outer aureole is ~400-500 ᴈ. We use a 1D thermal conduction model to constrain the 

timing of intrusion and country rock deformation. We estimated the magnitude of the 

differential stress causing the contact aureole deformation to be ~30-70 MPa based on 

flow laws. Our differential stress estimate is consistent with the independant stress 

calculation based on quartz paleo-piezometry. Such magnitude of differential stress 
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cannot be explained by the buoyancy force associated with a mafic or ultramafic magma 

body. Instead, we attribute the differential stress to the overpressure imposed on the 

viscous country rocks during the injection of magma into a magma chamber. Our result 

suggests the EGC was emplaced as a mafic magma that underwent fractional 

crystallization. Our study highlights the coupling between the structural, thermal and 

rheological evolutions in a contact aureole that can be used to constrain the formation and 

emplacement processes of an ultramafic intrusive complex. 
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1. Introduction 

Continental ultramafic plutons are rare but can be found in a variety of tectonic 

settings from subduction zones to rifts (Moores, 1973). Named after the belts of ultramafic 

plutons present in the Urals and Alaska, Ural-Alaska complexes are a type of continental 

ultramafic pluton that are primarily found in the batholiths of arcs, distinguishing them from 

ophiolitic ultramafic assemblages that are accreted onto continental margins (Ruckmick 

and Noble, 1959; Taylor, 1967; Guillou-Frottier et al., 2014, Fig. 1). Ural-Alaska complexes 

are generally small (<10 km) and are defined by their concentric zonation, with a core of 

dunite surrounded by clinopyroxenite which grades out into gabbro and diorite near the 

contact with country rock (Himmelberg and Loney, 1995 and references therein). Their 

ultramafic composition makes them stand out from predominantly intermediate-felsic 

continental arc magmatism. These ultramafic plutons, including the Ural-Alaska 

complexes, often contain valuable deposits of Platinum Group Elements (PGEs, Johan 

and Capri, 2002; Thakurta et al., 2008). Located in the mid-upper crust, Ural-Alaska 

complexes are commonly interpreted to have crystallized at the level of emplacement 

(Ruckmick and Noble, 1959; James, 1971; Villares et al., 2021). Yet, the formation and 

emplacement processes of Ural-Alaska complexes, especially whether they originate as 

mafic or ultramafic magmas and how ultramafic pluton emplaced into felsic-intermediate 

upper continental crust, are debated (Himmelberg and Loney, 1995; Burg et al., 2009; 

Guillou-Frottier et al., 2014) 

Many studies suggest that the formation of the Ural-Alaska complexes involves a 

mafic magma that produces the ultramafics at the emplacement depth through magma 

differentiation processes such as fractional crystallization and flowage differentiation, a 

density based process to differentiate crystals in a magma (James, 1971; Himmelberg 

and Loney, 1995 and references therein; Villares et al., 2021). In contrast, other studies 
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suggest that Ural-Alaska complexes can originate directly as ultramafic melts that 

ascended as a buoyancy-driven trans-lithospheric diapir based on numerical modeling, 

with intrusion timescales varying between 102-105 yr depending on the model (Gerya and 

Burg, 2007; Burg et al., 2009; Guillou-Frottier et al., 2014) and the in-situ fractional 

crystallization from a mafic melt is not required. While these studies mainly focus on the 

petrologic, geochemical, and geodynamic aspects of the ultramafic complexes, there has 

been a lack of detailed investigation on the structural, thermal, and rheological evolution 

of the country rocks of the ultramafic plutons (e.g., Saleeby, 1992; Burg et al., 2009). As 

demonstrated in studies on the emplacement of granitic plutons, plutons and their country 

rock form a coupled system in which heat transfer, stress, and deformation are linked 

processes across the magma and country rocks (e.g., Paterson and Fowler, 1993). 

Therefore, the contact aureoles provide insight into the formation and emplacement 

conditions of the Ural-Alaska complexes. 

The Emigrant Gap Complex (EGC), located in the northern Sierra Nevada, is a 

Middle Jurassic (~165 Ma), 2-10-km wide ellipsoidal plutonic complex that has been 

proposed as a Ural-Alaska complex (James, 1971). There are several previous studies 

focused on regional deformation (Girty et al., 1993; Girty et al., 1995; Yoshinobu, 1992) 

near the EGC, but to date no study has been performed on the EGC contact aureole 

regarding its strain, thermal, or rheological response to the EGC emplacement. In this 

study, we combined field mapping, finite strain analysis, microstructure, Electron 

Backscatter Diffraction (EBSD), and numerical modeling to investigate the physical 

conditions of EGC formation and emplacement by documenting the thermal, rheological 

and deformational history of the contact aureole. 
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Figure 1. Global Ural-Alaska complex distribution. The EGC is the only known Ural-Alaska complex 
in the Sierra Nevada. Adapted from Guillou-Frottier et al. (2014). 

 

2. Geology of Sierra Nevada arc and Emigrant Gap Complex  

The Sierra Nevada arc is a Mesozoic continental arc formed through the 

subduction of the Farallon oceanic plate under the North America continent (Dickinson, 

2004). The magmatism of the Sierra Nevada arc shows episodic activity with three 

magmatic flare-ups during the Late Triassic, Middle Jurassic, and Late Cretaceous, with 

intervening magmatic lulls (for a recent review of flare-ups see Chapman et al., 2021). The 

magmatism produced voluminous calc-alkaline volcanic rocks and granitoids that 

compose the upper and middle arc crust (e.g., Bateman, 1992; Ducea, 2001; Chapman 

et al., 2012). In addition to the arc magmatism, the western margin of North America also 

featured frequent terrane accretion since Early Paleozoic (e.g., Burchfield and Davis, 

1972; Sigloch and Mihalynuk, 2013). A major episode of the terrane accretion occurred in 
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the Middle Jurassic (Saleeby and Dunne, 2015). During this event, the Northern Sierra 

Terrane (NST) accreted onto the North American margin immediately before the Jurassic 

flare-up. The accretion induced a ~E-W contractional event in the upper plate that has 

been recognized as the Nevadan orogeny (Schweickert and Cowan, 1975; Saleeby and 

Dunne, 2015; Schweickert, 2015). While previously thought to be a single event, the 

Nevadan orogeny is now considered to be a drawn-out process of local accretion and 

orogenesis throughout the Early-Middle Jurassic (Schweickert, 2015). Sierra Nevada arc 

magmatism shut down around 80 Ma as the flat subduction migrated the volcanic front 

inland (e.g., Dickinson, 2004, Gianni and Luján, 2021). 

 

 

Figure 2. Geologic context of the EGC. A) Simplified geologic map of the northern and central 
Sierra Nevada. The EGC (white star) intruded the Northern Sierra Terrane (NST) at the contact 
between the Shoo Fly Complex (orange) with overlying upper Paleozoic-Mesozoic arc rocks 
(green). The Foothills suture (yellow) shows the boundary between obducted ophiolites and arc 
related rocks. It is located to the east of the Foothills Suture, separating a Mesozoic subduction. B) 
Simplified geologic map of the EGC and surrounding country rock based on the map of James 
(1971). The red box shows the study area (Figure 3). 
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The EGC is a ~50 km2 elliptical intrusive complex with patchy zonation located in 

the northern Sierra Nevada near Emigrant Gap, California. In contrast to other ultramafic 

belts exposed in the Sierra Nevada, which are associated with ophiolites (Moores, 1973, 

Fig. 2A), as evidenced by its contact aureole the EGC is a magmatic complex, defined by 

four ultramafic bodies near its center that are surrounded by coeval mafic and intermediate 

rocks near the margins (James, 1971, Fig. 2B). The ultramafics are mainly composed of 

dunite, olivine clinopyroxenite, and wehrlitic peridotite. The mafic and intermediate rocks 

consist of two-pyroxene gabbro, diorite, and granodiorite (James, 1971). The EGC mafic 

and intermediate rocks have been dated to 152-179 Ma (K-Ar plagioclase, biotite) by 

Drake et al. (1975) and ~164 Ma (U/Pb zircon) by Saleeby et al. (1989) and Girty et al. 

(1993). Recent U/Pb zircon ages show some felsic phases can be as young as ~157 Ma 

(Ryan-Davis et al., 2021). Yet, exact ages from the ultramafic bodies are unknown due to 

the difficulties of extracting conveniently datable minerals and further geochronology is 

needed to constrain the magmatic history of the EGC. Thermobarometry of clinopyroxene, 

olivine, and hornblende from a variety of plutonic rocks show shallow (1-4 kbar) 

crystallization depth at ~900-1,000 ᴈ (Ryan-Davis et al., 2021). The emplacement depth 

constraints from mineral barometry are consistent with the presence of andalusite in the 

contact aureole suggesting the EGC was emplaced at <10 km depth. 

The EGC intrudes the Northern Sierra Terrane, an accreted terrane located along 

the western margin of the Sierra Nevada Batholith (Fig. 2A). The Northern Sierra Terrane 

consists of the Shoo Fly Complex and overlying island-arc volcanic cover. The country 

rocks to the south of the EGC are the Shoo Fly Complex (Fig. 2B). To the west of the 

EGC, the country rocks were originally mapped as Jurassic Sailor Canyon formation by 

James (1971). The recent map of Harwood et al. (2014) re-interprets the country rock 

immediately east of the EGC as a Late Paleozoic volcanic-sedimentary package 
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consisting of the Mississippian Peale formation and the Permian Reeve Formation (Fig. 

3). The Late Paleozoic package consists of volcaniclastic rocks, sandstone, along with 

thin lenses of interbedded chert and carbonate. The Jurassic Sailor Canyon Formation 

and Tuttle Lake Formations outcrops further to the east of the Reeve Formation. The Sailor 

Canyon Formation is a marine argillite with interbedded sandstone, chert, and limestone, 

possibly representing Jurassic extension and subsidence (Busby-Spera, 1988), while the 

Tuttle Lake Formation is composed of mafic tuffs and breccias (Harwood et al., 2014). For 

the country rock stratigraphy we followed the interpretation of Harwood et al. (2014) and 

for the plutonic portion of the EGC we followed James (1971)ôs geologic map (Fig. 3). 

The country rocks have steep beddings and regional NNW-SSE to N-S-striking 

bedding-parallel foliations that were generated during polyphase deformation (e.g., 

Harwood et al., 2014; Tobisch and Fiske, 1982; Tobisch et al., 2000; Girty et al., 1995; 

Cao et al., 2015; Cao et al., 2016). These country rocks experienced greenschist facies 

metamorphism except within a few hundred meters of the contact where higher 

temperature deformation can be found. Limited gravity data indicate the EGC is likely 

vertical in structure and reaches a depth of 1.4-2.5 km (James, 1971). 

The contact aureole of the EGC is well exposed on the northeastern margin of the 

complex (Fig. 3). Regional ~N-S striking foliation is locally deflected into parallelism with 

the contact (Harwood et al., 2014, Fig. 4A). Porphyroblastic andalusite and cordierite, 

along with local hornfels facies metamorphism, indicate that the country rock underwent 

contact metamorphism associated with the EGC intrusion (James, 1971; Yoshinobu, 

1992; Girty et al., 1995). There is an antiform with axial planes that are subparallel to the 

contact, which we interpreted to be associated with emplacement of the EGC (James, 

1971, Fig. 3). As we discuss later in this paper, country rock is deformed ~500 m from the 

northeast contact, including a mylonitic shear zone within ~150 m of the contact.  
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Figure 3. Geologic map showing the eastern margin of the EGC at Cisco Butte. Structural 
measurements are representative for the area. The locations of the inner mylonite, outer mylonite, 
and outer aureole are indicated. Shear sense is indicated in white, and the fold of Fig. 4A is visible. 
Map modified based on James (1971) and Harwood et al. (2014). Universal Transverse Mercator 
coordinate system (UTM, NAD27 zone 11N) is used.  

 

3. Methods 

We conducted two transects (Transect A and B) across the contact aureole along 

the eastern margin of the EGC near Cisco Butte (Fig. 3). We recorded the lithology, 

measured the attitudes of the bedding the structural fabrics, and took photos for strain and 

kinematic vorticity analyses, and collected oriented samples for microstructural and EBSD 

analyses in Transect A. 
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3.1. Finite strain and Kinematic Vorticity analyses 

The deformed volcanic clasts in the country rock serve as good strain makers and 

the well-developed tectonic foliation and lineation provide a reference of the finite strain 

ellipsoid. High resolution photos of the X-Z and X-Y planes (or Y-Z plane) were taken at 

each outcrop. The X, Y, Z are the principal finite strain axes and the principal strain planes 

(X-Z, X-Y, and Y-Z) are identified based on tectonic foliation and lineation. For each 

measured outcrop, we used EllipseFit (Vollmer, 2018) to fit clasts using ellipses for two 

different principal strain planes. The lengths of the long and short axes of the fitting ellipses 

were obtained via the software and the ratio between the long and short axes were derived 

as the 2D finite strain on individual principal strain planes. 3D finite strain was calculated 

by setting Z=1 and back calculating the X and Y using the X/Z and X/Y (or Y/Z) ratios. We 

calculate the initial radius of the clast assuming an initially circular/spherical shape and 

that the volume of the clast is conserved during deformation since there is little evidence 

for volume loss processes (e.g., pressure solution) in the contact aureole: 

Ὑ Ѝὢẗὣẗὤ  ρ 

Strain of principal axes (‐) are calculated using the following equation where ὼ represents 

the X, Y, or Z-axis of a finite strain ellipsoid. 

‐
ὼ Ὑ

Ὑ
ρππϷ ς  

We also used octahedral shear strain ( , Nadai, 1963) to calculate 3D strain 

based on the following equation (Eq. 3).   

 
ρ

Ѝσ
             σ 

Where  ȟȟ are the natural strains ὰὲ  of the X, Y, and Z axes of the strain ellipsoid.  
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The finite strain in the country rocks also allow us to calculate the kinematic vorticity 

number, or Wk. The kinematic vorticity describes the nature of the rotational flow in a 

deformed rock (e.g., Tikoff and Fossen, 1995). In a 2D shear zone where area is 

conserved, and when the internal vorticity is only addressed, the Wk ranges from 0 to 1, 

representing different degrees of mixture of pure shear and simple shear (e.g., Tikoff and 

Fossen, 1995; Xypolias, 2010). Pure shear has Wk=0 whereas simple shear has Wk=1. 

Wk=0.71 represents the even intensity of pure shear and simple shear (Tikoff and Fossen, 

1995) There are many methods to determine the Wk (see review in Xypolias, 2010). Here 

we used the RXZ/ɗ method following Tikoff and Fossen (1995) and Xypolias (2010). RXZ is 

the strain ratio measured on the X-Z plane from our strain analysis, and ɗ is the angle 

between the trace of the foliation and boundary of the shear zone. We estimated the ɗ by 

taking the absolute value of the difference between the strike of the tectonic foliation and 

the strike of the contact in the study area (197°), which we interpreted to represent the 

shear zone boundary. Wk is calculated using the following equation (Eq. 4) (same as Eq. 

15 in Xypolias (2010).  

ὡ ÃÏÓÔÁÎ
ρ Ὑ ÔÁÎ—

ρ Ὑ ÔÁÎ—
 τ 

 

3.2. Microstructural analysis 

We collected oriented samples to analyze the mineralogy and microstructure of 

the country rocks. Regular thin sections were cut perpendicular to foliation and parallel to 

lineation. Based on observed brittle and ductile fabrics and patterns of dynamic 

recrystallization of different minerals (quartz, plagioclase), we determined the shear 

directions and estimated deformation temperature for each sample using a petrographic 

microscope. Three patterns of dynamic recrystallization: Bulging (BLG), Subgrain Rotation 
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(SGR), and Grain Boundary Migration (GBM) are distinguished for quartz and plagioclase 

(Stipp et al., 2002; Passchier and Trouw, 2005). We have used these patterns of dynamic 

recrystallization to help constrain the temperature of deformation. For quartz, we used the 

values of 300-400 ᴈ for BLG, 400-500 ᴈ for SGR, and 500-700 ᴈ for GBM. For 

plagioclase we have used values of 450-600 ᴈ for BLG and 600-750 ᴈ for SGR, and 

>800 ᴈ for GBM (Passchier and Trouw, 2005). 

 

3.3. Electron Backscatter Diffraction (EBSD) analysis 

We performed EBSD analysis on selected oriented thin section to constrain the 

crystal preferred orientations (CPO) and deformation temperature. Probe-grade polished 

thin sections were further polished for ~4 hours using a vibrational polisher with 0.02Ȥɛm 

colloidal silica suspension and then carbon coated. EBSD maps were collected with a 

Oxford NordlysMax EBSD detector on a JEOL 7100 FEȤSEM housed in the Mackay 

Microbeam Laboratory at the University of Nevada, Reno (see supporting information 

Table S1 for run details) as well as in the EBSD lab at UCSD where a FEI Aprea LoVac 

SEM with an Oxford Instruments Symmetry EBSD detector was used. Reconnaissance 

maps are made to cover a large thin section area using 5-10 ɛm step sizes. Smaller maps 

with 1-3 ɛm step sizes are made for focused areas. EBSD data were processed using the 

MTEX toolbox for MATLAB (Bachmann et al., 2010). CPO data is presented in a lower 

hemisphere stereonet projection using the sampleôs structural framework where lineation 

is oriented horizontally and foliation vertically.  

 We also conducted Crystallographic Vorticity Analysis (CVA, Michels et al., 2015) 

using the EBSD data. CVA is a grain-scale EBSD method that measures the bulk 

crystallographic orientation of individual grains and, by comparing it to distortions of the 

crystal lattice (e.g., subgrains, undulatory extinction), is able to calculate a vorticity axis 
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for each grain. It then combines all individual vorticity axes to calculate a bulk 3D 

crystallographic vorticity axis for a sample (Michels et al., 2015). We additionally filtered 

the data to only calculate CVA for grains with Grain Orientation Spread (GOS) >1°, which 

gives a more robust result by excluding potential noise (Zach Michels, personal 

communication 2022). EBSD .ctf files and MATLAB script used for CVA analysis can be 

found in the Supplementary Materials. 

 

 

Table 1. Locations, lithologies, microstructural observations, and estimated temperatures of 
deformation for each sample. All coordinates are in NAD27 UTM Zone 11N. Quartz SGR: 400-500 
°C, Quartz GBM: 500-700 °C, Plagioclase BLG: 450-600 °C, Plagioclase SGR: 600-750 °C, Quartz 
prism <a> slip: 500-700 °C, Quartz prism <c> slip: 700-750 °C (Passchier and Trouw, 2005, see 
text for details). 

 

4. Results 

4.1 Field observations and finite strain results 
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In order to facilitate discussion, we have divided the EGC contact aureole into three 

domains based on outcrop and thin section observations that show gradients of strain 

intensity and deformation temperature. We have termed these three zones the inner 

mylonite (<50 m from the contact), the outer mylonite (50-150 m), and the outer aureole 

(150-500 m) (Fig. 3, Fig. 4). Figure 4 shows the attitudes of bedding and tectonic fabrics 

in the field. The average foliation and lineation are calculated using the mean vector of the 

lineation and poles to foliation planes. 

 The inner mylonite zone, 0-50 m from contact, varies between a gradational and a 

sharp contact and is characterized by mylonitization developed at the contact between 

country rock and EGC rock (Fig. 5A). Most of the mylonite in this zone is developed in the 

volcaniclastic country rocks (Mpl unit). The EGC is only deformed along its eastmost 

margin within a ~2-5-m-wide zone where the alternative dark (mafic EGC phases) bands 

interfinger with the white (volcaniclastic rocks) bands. The mylonitic foliations strike ~SW 

and steeply dips to NW with an average dip of ~60° (Fig. 4B). Stretching lineation 

associated with the mylonitic foliation trends ~SW moderately plunging at 40-50° in 

average (Fig. 4B). Macroscopic S-C fabrics, asymmetrical („-clasts) as well as 

symmetrical clasts (‰-clasts) are observed on the sub-horizontal surface. For both field 

and thin section observations, we found there is no dominant shear direction in the inner 

mylonite zone: both sinistral and dextral shear indicators exist (Fig. 3). This is consistent 

with ‰-clasts found on outcrop and thin sections suggesting the bulk inner mylonite zone 

was likely subject to contact-perpendicular pure shear. 

Finite strain in the inner mylonite zone is represented by extreme (60-70%) 

stretching of volcaniclasts. The Flinn plot shows that the inner mylonite underwent mainly 

constrictional strain with only one sample plotting in the flattening field (Fig. 6B). Both 

octahedral shear strain and Z-axis shortening strain show some heterogeneity. The 
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octahedral shear strain ranges from 0.1 to 2 and the Z-axis shortening ranges from -40% 

to over -65% (Fig. 6C, D). 

 The outer mylonite, 50-150 m from the contact, is characterized by high strain (but 

less than in the inner mylonite) and protomylonite and ductilely deformed volcaniclastic 

rocks (Fig. 6D-F). Similar to the inner mylonite, the mylonitic or the tectonic foliation in the 

outer mylonite strikes SW and steeply dips at ~70° (Fig. 4B). The lineation in the outer 

mylonite strikes SW but dips more shallowly than the inner mylonite at ~20° (Fig. 4B). The 

protomylonite predominantly develops ‰ clasts, while asymmetric „ clasts indicative of 

sinistral SW shear also exist locally. Thin section scale observations show more 

ambiguous shear, indicating that there is no dominant sense of shear in this zone (Fig. 3).  

In the outer mylonite zone, finite strain shows constrictional style (Fig. 6B). The 

octahedral shear strain shows values between 1.25 and 2 and the Z-axis shortening 

ranges from 40-70% (Fig. 6C, D). 

The outer aureole, 150-500 m from the contact, is characterized by a low strain in 

the ductilely deformed volcaniclastic rocks (Fig. 6G). The foliation strikes SW and dips 

~60° (Fig. 4B). The lineation in the outer aureole is subhorizontal, with most lineations 

plunging <10° (Fig. 4B). The lineation in this zone trends either SW or NE with an average 

SW trend, similar to the other zones (Fig. 4B). We did not observe any asymmetric clasts 

that give shear sense in the outer aureole. 

Finite strain analysis shows constrictional deformation in the outer aureole (Fig. 

6B). The octahedral shear strain displays values of <0.25 farther than 300 m from the 

contact before increasing to ~1 near the outer mylonite. Z axis shortening shows a similar 

trend, starting from ~30% up to 300 m from the contact, where shortening proceeded to 

increase to ~60% at the boundary with the outer mylonite (Fig. 6D) 
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 Overall, the EGC contact aureole shows a predominance of strain in the general 

constrictional field with only one sample plotted in the general flattening field (Fig. 6B). 

The foliation of all three zones is approximately parallel, with all striking SW at ~60° dip. 

The lineation trends parallel to the SW in all three zones, but the plunge varies from near 

horizontal in the outer aureole to ~20° in the outer mylonite to ~40° in the inner mylonite. 

The octahedral shear strain is low and constant far from the contact at values of ~0.1 but 

starting 300 m from the contact begins to rise sharply, varying between 0.2->1 in the outer 

mylonite and 0.1 to almost 2 in the inner mylonite. Z-axis shortening shows similar results, 

but it displays a more linear increase trend from low shortening (~-30%) at 500 m from the 

contact to the maximum ~-67% at the contact. 

 

 

Figure 4: Structural orientations of the EGC contact aureole. A) Poles to cleavage and bedding. 
Cleavage is subparallel to bedding, and both show evidence of a fold, an antiform mapped ~500 m 
from the contact (Fig. 2C). The east hinge of the fold parallels the regional cleavage, while the 
western hinge parallels the contact. B) Bulk measurements of the three structural domains. All three 
domains parallel to each other, striking southwest subparallel to the contact. All bulk lineations 
trend southwest, but plunge varies from steep at the contact to nearly horizontal in the outer 
aureole. Mean cleavage determined by the mean vector of poles to cleavage, mean lineation 
determined by mean vector of lineation. Data from this study, James, 1971, and Girty et al., 1995. 
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Figure 5. Field photos (A) Mylonite between country rock (light color) and pyroxenite (dark color) 
located at the contact. Location of Fig. 5B is shown. (B) Zoomed image of the box in Fig. 5A 
showing a pyroxenite ‰ clast. (C) S-C fabric in the mylonite showing sinistral SW shear. (D) 
Tectonic foliation in the outer mylonite zone is defined by the deformed clasts. (E) XZ plane of the 
foliation. (F) Lineation of the foliation. (G) Tectonic foliation in the outer aureole is defined by 
deformed lapilli. The clasts are less deformed compared to the ones in the outer mylonite zone. (H) 
EGC dike intruding volcaniclastic country rock cross-cutting the bedding parallel foliation, located 
~1 km from the contact. (I) Quartzite layers in a marble unit shortened and folded perpendicular to 
the contact. 
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Figure 6. Finite strain analysis. (A) Examples of photos, one each from the XY and XZ planes, with 
ellipses overlaid for strain analysis. (B) Flinn diagram of deformed clasts in EGC contact aureole. 
All but one plot in the constrictional strain field. (C) Plot of strain magnitude vs distance from the 
contact. (D) Plot of percent shortening of the Z axis vs distance from the contact. Shortening starts 
at ~30% around 500 m from the contact and increases at a constant rate towards the contact. 
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Table 2. 3D strain data. X/Y ratio determined through strain analysis of XY plane. 
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Figure 7. Inner mylonite photomicrographs. (A) Plagioclase ‰ clast showing symmetrical tails 
consistent with outcrop observations. Taken from a country rock at the same location as Fig. 5A 
with the gypsum plate in. (B) Quartz, plagioclase, and poikiloblastic hornblende intermixed and 
deformed together. Quartz shows lobate boundaries indicative of GBM, while poikiloblastic 
hornblende includes quartz inclusions, XPL. (C) Plagioclase ‰ clasts in a matrix of hornblende and 
quartz deformed by GBM. Ribbons of quartz showing straight boundaries indicative of GBAR 
overprinting the mylonitic fabric, XPL. (D) Hornblende grains with quartz inclusions showing a 
poikiloblastic texture, PPL. (E) Quartz ribbons showing GBM stretched and sheared around 
plagioclase ‰ clasts, XPL. (F) S-C fabric with biotite defining the C planes and a quartz and 
plagioclase matrix defining the S planes showing dextral shear, gypsum plate in. 

 

 

Figure 8. Outer mylonite photomicrographs. (A) Ribbons of quartz showing GBM stretched and 
sheared around sericitized plagioclase porphyroclasts, XPL. (B) Hornblende ribbon, plagioclase 
phenocrysts show BLG and have a weakly developed SPO, quartz ribbons show GBM, XPL. (C) 
Hbl ‰ in a quartz and hornblende matrix, XPL. (D) Quartz ribbon showing GBM in a matrix of quartz 
and hornblende with other deformed hornblende clasts. Taken from the same sample as (E), XPL. 
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(E) Large relict hornblende grain with tails of smaller hornblende grains showing dextral shear. We 
interpret these smaller hornblende grains to be recrystallized from the larger relict grain, XPL. (F) 
Close up view showing many small biotite grains in a quartz matrix indicative of a hornfelsic texture, 
PPL. 

 

 

Figure 9. Outer aureole photomicrographs. (A) Plagioclase porphyroclasts showing BLG, XPL. (B) 
Quartz and plagioclase phenocrysts showing little to no SPO, XPL. (C) Closeup view of quartz 
crystals showing straight grain boundaries and triple junctions indicative of static recrystallization, 
gypsum plate. (D) Sample ~1 km from the contact showing no evidence of EGC related 
deformation, XPL. 

 

4.2. Microstructural Observations 

4.2.1. Inner Mylonite 

Thin sections in the inner mylonite zone show high deformation temperature (~700 

ᴈ) evidenced by dynamic recrystallization patterns of quartz and plagioclase. Shear sense 

in the thin section shows predominantly pure shear consistent with the outcrop 

observations. Some mafic rocks show the hornfelsic texture evidenced by small grains of 

hornblende and biotite as well as poikiloblastic texture in hornblende. Next, we describe 

some representative thin sections from this zone.  



20 
 

 

20EC-61B: 20EC-61B from the light-color sheared band coexisting with the 

sheared mafic pluton at the contact, presenting the volcaniclastic country rock involved in 

the shear zone (Fig. 5C). The sample mainly consists of quartz, plagioclase, and biotite 

with a mean grain size of ~70 ɛm. The macroscopic S-C fabric and mylonitic foliation at 

the outcrop (Figure 5C) is defined by the bands rich in biotite in the thin section along with 

the SPO (Shape Preferred Orientation) of recrystallized quartz and plagioclase. Weak 

„ grains of quartz and plagioclase show sinistral (SW) shear consistent with shear 

kinematics from outcrops (Figure 5C). The lobate grain boundaries of quartz suggest GBM 

recrystallization. Plagioclase is recrystallized predominantly by BLG and SGR. 

20EC-61C: 20EC-61C is the sheared pyroxenite at the contact (Fig. 5C). The 

macroscopic mylonitic fabrics are defined by aligned hornblende grains, which consist of 

80% of the minerals in the thin section. Hornblende also occurs as both ~80 ɛm in matrix, 

with a few larger relict grains displaying a poikiloblastic texture with quartz inclusions. In 

between the hornblende crystals are quartz and plagioclase grains of ~30 ɛm in size. In 

some quartz and plagioclase-rich layers, the quartz and plagioclase grains can be 100-

300 ɛm. The lobate grain boundaries between quartz, plagioclase, and hornblende 

suggest GBM recrystallization for all these phases (Fig. 7B). There are also aggregates 

of hornblende that could be caused by SGR recrystallization or high temperature 

cataclasite. Epidote and Fe oxide minerals also exist. 

20EC-15B: 20EC-15B is a sample of country rock taken at the contact from the 

lighter colored (country rock) bands in the mylonite between country rock and pyroxenite 

(Fig. 7A, Fig. 5A, B). This sample is composed of approximately 95% matrix and 5% 

porphyroclasts. Matrix mainly consists of ~30 ɛm fine-grained quartz and plagioclase with 

~5 ɛm anherdual hornblende and Fe oxide minerals scattered in the matrix. Smaller clasts 

are made by rounded plagioclase and occasionally epidote. A few large plagioclase 
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porphyroclasts can exceed several hundred ɛm in size. These large porphyroclasts are 

highly altered with sericite. Many of these large plagioclase porphyroclasts form ‰ clasts 

with symmetrical tails, indicative of pure shear deformation. The mylonitic banding is 

defined by alternating quartz and plagioclase rich layers that deflect around these 

plagioclase porphyroclasts. Quartz develops local small ribbons and displays loboid 

boundaries which is indicative of GBM. Some plagioclase porphyroclasts show BLG and 

SGR along the margins (Fig. 7A). 

20EC-62: 20EC-62 is a sample of the sheared meta-volcaniclastic rocks from the 

Peale formation taken about 0 m from the contact (Fig. 5C). The matrix is primarily 

composed of quartz and plagioclase along with interstitial hornblende and biotite. The 

matrix comprises about 80% of the sample with an average grain size of ~40 ɛm, while 

the plagioclase porphyroclasts form around 20% of the sample with an average grain size 

of ~100 ɛm. Some of the plagioclase porphyroclasts form ‰ clasts (Fig. 7C) and some 

have weak asymmetry suggesting both shear directions. Therefore, pure shear is 

indicated in this sample. Quartz is recrystallized by GBM, while plagioclase is 

recrystallized by both BLG and SGR (Fig. 7C). Some hornblende grains have a 

poikiloblastic texture with quartz inclusion (Fig. 7D).  

20EC-16: 20EC-16 is a sample of the metamorphosed volcaniclastic rocks (Peale 

formation) taken about 10 m from the contact with the EGC. It is composed of 50-400 um 

size quartz, biotite, and plagioclase. Biotite is aligned defining the schistosity. Many of the 

plagioclase grains are altered to sericite. Quartz shows loboid boundaries and pinning 

structures at quartz-biotite boundaries. These structures are indicative of quartz GBM. 

Intracrystal deformation of plagioclase is not clear due to intensive sericite alteration 

probably caused by hydrothermal alteration. 



22 
 

 

21EC-71A: 21EC-71A is a sample of the Peale formation taken about 30 m from 

the contact. The sample is composed of about 30% plagioclase porphyroclasts and 70% 

matrix. Porphyroclasts range from 100-1000 ɛm and the matrix mainly consists of ~40 ɛm 

fine-grained quartz and plagioclase with ~20 ɛm hornblende, biotite, and Fe oxide 

minerals scattered in the matrix. The mylonitic foliation is defined by the alternating ribbons 

of quartz and hornblende stretched between plagioclase porphyroclasts (Fig. 7E). 

Plagioclase porphyroclasts are mostly rounded, with some elongate parallel to foliation 

and show minor alteration with sericite. No tails showing shear sense were observed. 

Many plagioclase grains display BLG and minor SGR at their boundaries with the matrix. 

Quartz appears as both small matrix grains and as larger grains forming elongate ribbons 

parallel to shear. Both matrix and ribbon quartz show GBM. Similar to quartz, hornblende 

appears both as larger grains in ribbons wrapping the plagioclase clasts and smaller 

grains in the matrix.  

21EC-71B: 21EC-71B is from mafic clast in the volcaniclastic rock 30 m from 

contact. It shows narrowly spaced dextral S-C fabrics defined by biotite (Fig. 7F). The 

porphyroclasts consist of ~30% and they are made by <500 ɛm plagioclase grains. Many 

of the porphyroclasts show weak asymmetrical „ shape suggesting dextral shearing. The 

matrix (~70%) is mainly made by ~40 ɛm size plagioclase, quartz gains and Fe oxides. 

Quartz shows mobile boundaries (GBM recrystallization) evidenced by loboid shape, 

pinning and windows microstructure when it contacts with biotite. Plagioclase 

porphyroclasts predominantly show BLG and minor SGR recrystallization along the 

margins of the clasts. 

 

4.2.2. Outer Mylonite 
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Thin sections in the outer mylonite show high degrees of ductile deformation and 

dynamic recrystallization, but to a lesser degree than those from the inner mylonite. In the 

outer mylonite hornblende joins feldspar as a phenocrystic phase, with one sample (21EC-

72A) showing poikiloblastic hornblende (Fig. 8E). Quartz, biotite, and in some cases 

hornblende make up the matrix. Similar to the outer mylonite, quartz shows GBM while 

feldspar shows a mixture of SGR and BLG. Hornblende dynamic recrystallization indicates 

a deformation temperature of >650 ᴈ (Cao et al., 2007, 2010). Next, we describe in detail 

the thin sections of each sample from the outer mylonite used for EBSD. 

20EC-63A: 20EC-63A is from a more mafic meta-volcanic outcrop of the Peale 

formation taken 110 m from the contact. Hornblende aggregates forming the elongated 

ribbon define the stretched dark color clast in the sample. Individual hornblende grains in 

the ribbon display SPO paralleling the foliation (Fig. 8C). The hornblende ribbons-shaped 

clasts are composed of ~10% and have a grain size of up to 250 ɛm. The remaining 90% 

matrix consists of ~30 ɛm grain sized quartz, plagioclase, hornblende, and biotite. Some 

hornblende grains in the ribbon have a poikiloblastic texture with quartz inclusions. Quartz 

shows lobate grain boundaries indicative of GBM. 

20EC-63B: 20EC-63B is a sample of meta-volcaniclastic rock from the Peale 

formation taken 110 m from the contact (Fig. 5D, Fig. 3). It is composed of ~60% 

plagioclase porphyroclasts and 40% matrix of quartz, plagioclase, and biotite. The feldspar 

porphyroclasts have a grain size of 400-500 ɛm, while the grains in the matrix have an 

averaged grain size of ~40 ɛm. mm to cm size flattened dark color clasts are made by 

ribbon-shaped aggregates of hornblende with strong SPO (Fig. 8B). There are several 

hydrothermal veins, including a vein of clinozoisite that crosscuts one of the hornblende 

ribbons. The flattened quartz clasts are completely recrystallized via GBM. Some of the 

quartz aggregates and ribbons wrap around the plagioclase clasts (Fig. 8A). Plagioclase 
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porphyroclasts show predominantly BLG with minor SGR recrystallization. „ clasts of 

plagioclase show both weak dextral and sinistral shear. Hornblende has a very strong 

SPO. 20EC-63B and 20EC-64 have a similar mineralogical composition. 20EC-63B is less 

deformed and underwent lower deformation temperature evidenced by the preservation 

of larger, more euhedral plagioclase porphyroclasts with predominantly BLG 

recrystallization.  

21EC-72A: 21EC-72A is also from a mafic meta-volcanic rock of the Peale 

formation taken 140 m from the contact (Fig. 3). It is composed of 15% hornblende 

porphyroclasts (average grain size of ~70 ɛm) within a matrix mainly consisting of quartz, 

plagioclase, biotite, and hornblende of an average grain size of ~25 ɛm. Hornblende 

porphyroclasts develop „ and ‏ shape suggests either dextral or sinistral shear (Fig. 8E). 

Symmetrical ‰ hornblende clasts are also common suggesting pure shear kinematics. 

Hornblende porphyroclasts often have tails made by aggregates of smaller hornblende 

grains that can be either a result of dynamically recrystallization or high-T cataclastic flow 

(ref.) (Fig. 8E). Quartz mainly exists in the matrix but there are a few quartz ribbons 

composed of GBM and SRG recrystallized grains (Fig. 8D).  

21EC-72B: 21EC-72B is a tuffaceous sandstone within the Peale formation 140 m 

from the contact (Fig. 3). The sample is predominantly composed by quartz with an 

average grain size of ~30 ɛm. Numerous small anhedral grains of hornblende and biotite 

are indicative of hornfelsic texture (Fig. 8F). These hornblende and biotite grains are 

aligned defining the foliation. Quartz shows a mixture of lobate GBM boundaries and 

straight triple junction boundaries as a result of GBAR. 

 

4.2.3. Outer Aureole 
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The rocksô original volcaniclastic texture is clearly visible in the outer aureole (Fig. 

7G). Quartz and feldspar form phenocrysts within a matrix of quartz and biotite, with 

hornblende forming concentrations. Both quartz and plagioclase show dynamic 

recrystallization within ~300 m of the contact. Quartz shows GBM, while plagioclase shows 

BLG with some minor SGR. Hornblende shows no apparent deformation. Dynamic 

recrystallization dies out farther from the contact, however the presence of andalusite 

porphyroblasts in the contact aureole (James, 1971) indicates that this is likely due to a 

lack of shear causing dynamic recrystallization, not a drop in temperature. Therefore, we 

consider the background temperature to be ~400-500 ᴈ, even far from the contact. 

20EC-64: 20EC-64 is a meta-volcaniclastic rock of the Peale formation taken 230 

m from the contact. It is composed of ~40% plagioclase porphyroclasts and ~10% quartz 

clasts embedded in a matrix made by ~20 ɛm sized grains of quartz, plagioclase, biotite, 

hornblende, and Fe oxide minerals. Plagioclase porphyroclasts are ~500 ɛm showing 

predominantly BLG at their grain boundaries (Fig. 9A). Plagioclase porphyroclasts also 

show slight sericitization. Quartz displays lobate boundaries indicative of GBM. Foliation 

is defined by the weak SPO of plagioclase porphyroclasts. Most porphyroclasts are ‰ 

clasts suggesting pure shear deformation. 

20EC-59: 20EC-59 is a weakly metamorphosed volcaniclastic rock of the Peale 

formation taken 290 m from the contact. It is composed of ~50% ~400-2000 ɛm 

plagioclase and quartz phenocrysts embedded in a matrix of quartz, plagioclase, 

hornblende, biotite, and Fe oxide minerals (Fig. 9B). A few hornblende phenocrysts have 

partially retrograded to biotite. Plagioclase phenocrysts have shape and smooth boundary 

with limited BLG at their grain boundaries with the matrix and show slight sericitization. 

Quartz phenocrysts are euhedral in shape with shape grain boundaries. Internally, quartz 

phenocrysts show undulose extinction and subgrains. Some quartz phenocrysts also 
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show embayed texture. Matrix quartz is ~10 ɛm and displays lobate boundaries indicative 

of GBM. Foliation is defined by the strings of biotite and hornblende in the matrix wrapping 

the phenocrysts which have a symmetrical shape. 

20EC-58B: 20EC-58B is a sample of the Peale formation taken 390 m from the 

contact. It is almost entirely composed of quartz, with interstitial hornblende and small 

numbers of Fe oxide minerals. Quartz has a grain size of ~20 ɛm and displays straight 

grain boundaries with polygonal texture indicative of GBAR, along with triple junctions 

indicative of static recrystallization (Fig. 9C). 

 

4.2.4. Outside Aureole 

20EC-55A: 20EC-55A is a volcaniclastic rock of the Reeves formation taken 960 

m from the contact. It is composed of ~70% plagioclase, quartz, and hornblende 

phenocrysts along with a biotite-quartz matrix (Fig. 9D). Phenocrysts range in size from 

500-1000 ɛm. Essentially not deformed. Plagioclase shows minor sericitization. Biotite 

and quartz in matrix have a small grain size (~20 ɛm) and forms at the interstices between 

porphyroclastic grains.  
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Figure 10. EBSD data. The closest sample to the contact is at the top, with distance from contact 
increasing downward. Misorientation map key adapted from Neumann (2001) and Giorgis et al. 
(2016). 

 

4.3. EBSD Results 

4.3.1. Inner Mylonite 

20EC-61B (30 m from the contact): CPO of quartz c-axis shows two maxima at the 

edges. We interpret this to represent prism <c> slip. The two maxima at the edge show 

dextral shear, in contrast with sinistral shear observed in the thin section. The 

misorientation plot shows a high concentration at the [0001] axis along with a smaller 

concentration in between the [0110] and [1100] axes, which we interpret to represent 

primarily prism <a> slip along with a small amount of prism <c> slip. 

20EC-15B (0 m from the contact): CPO of quartz c-axis shows maxima located to 

the edges of the stereonet with a diffusive minor maximum in the center. We interpret this 

to represent predominantly prism <c> slip with a component of prism <a> slip. 

Asymmetrical distribution of the c axis maxima shows a dextral shear sense, in contrast 
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to the ambiguous shear sense observed in the thin section. The misorientation plot shows 

a maximum at the [0001] axis, representative of prism <a> slip, along with a smaller 

component in between the [0110] and [1100] axes, representative of prism <c> slip. 

20EC-14-1 (0 m from the contact): CPO of quartz c-axis shows two maxima at the 

edges with a maximum in the middle. We interpret this to represent predominantly prism 

<c> slip with a component of prism <a> slip. Asymmetrical distribution of the c axis maxima 

shows a sinistral shear sense. The misorientation plot shows a maximum at the [0001] 

axis, representative of prism <a> slip, along with a smaller component in between the 

[0110] and [1100] axes, representative of prism <c> slip. 

20EC-62 (30 m from the contact): CPO of quartz c-axis shows two maxima at the 

edges with a maximum in the middle. We interpret this to represent predominantly prism 

<c> slip. The two maxima at the edge show sinistral shear, in contrast with the lack of a 

dominant shear sense observed in the thin section. The misorientation plot shows a high 

concentration at the [0001] axis along with a smaller maximum in between the [0110] and 

[1100] axes, which we interpret to represent primarily prism <a> slip with a small amount 

of prism <c> slip. 

Samples from inner mylonite shows that quartz is deformed primarily through prism 

<c> slip, with a minor component of prism <a> slip. Shear kinematics from c-axis CPO 

show both sinistral and dextral shear consistent with field and thin section observations 

that the bulk deformation style in the inner mylonite is pure shear. Misorientation plots 

show a primary component of prism <a> slip, with a minor contribution of prism <c> slip. 

Outer Mylonite 

4.3.2 Outer Mylonite 

20EC-63B (110 m from the contact): CPO of quartz c-axis shows maxima both at 

the edges and the center. We interpret this to represent a mixture of prism <a> and prism 
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<c> slip. c axis maxima show an ambiguous sense of shear. The misorientation plot shows 

a dominant component at the [0001] axis and a small component in between the 01110 

and [1100] axes, representative of prism <a> slip with a marginal component of prism <c> 

21EC-72A (140 m from the contact): CPO of quartz c-axis shows two maxima 

located near the edges and one small maximum near the center. We interpret this to 

represent predominantly prism <c> slip with some prism <a> slip. c axis maxima show 

symmetrical pattern suggesting pure shear. The misorientation plot shows a heavy 

concentration at the [0001] axis, showing prism <a> slip, with only a small component in 

between the [0110] and [1100] axes, representing prism <c> slip  

 21EC-72B (140 m from the contact): CPO of quartz c-axis has a strong maximum 

near the center with no maxima near the edges. This is indicative of prism <a> slip with 

no prism <c> slip. The misorientation map shows a strong maximum at the [0001] axis 

showing prism <a> slip, with a minor concentration in between the [0110] and [1100] axes 

showing prism <c> slip. 

Samples from outer mylonite show that quartz prism <c> slip is still active for the 

samples closer to the contact. Lower temperature prism <a> slip is active for the three 

samples that are more distal from the contact. Shear kinematics from c-axis CPO show 

an ambiguous sense of shear.  

 

4.4. Kinematic Vorticity (Wk) and Crystallographic Vorticity Analysis (CVA) 

Figure 11 shows the Wk from different zones. The WK values for the outer and inner 

mylonite zones are mostly distributed near the WK=1 contour line suggesting 

predominately pure shear in nature. Four samples show smaller WK values (~0.7, ~0.5, 

and ~0.2). Since the WK = 0.71 contour line denotes the even components of simple and 

pure shears (Tikoff and Fossen, 1995), these four samples from the outer and inner 
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aureole are deformed via wrench-dominated transpression (Tikoff and Fossen, 1995). The 

predominant pure shear with local wrench-dominated transpression is consistent with 

symmetrical shear indicators found in outcrops and thin sections while simple shear can 

also be found in individual outcrops and samples as well as asymmetrical distribution of 

the quartz c-axis CPO. A few samples show smaller WK suggesting more pure shear in 

these samples and strain heterogeneity exists in the outer and inner mylonite. 

The outer aureole shows more heterogeneous WK values. The majority plot within 

the wrench-dominated transpression field (0.71<WK<1), but unlike the inner and outer 

mylonite they do not cluster near WK=1. Several samples also are plotted within the pure-

shear-dominated transpression field (0<WK<0.71). The CVA shows two end-member 

patterns (Fig. 11B). The first shows a ñbullseyeò, where the CVA maximum is in the middle 

of the stereonet, perpendicular to lineation. The second shows the CVA maxima are 

located on the edges (ñedgeò pattern), parallel to the lineation. The relationship between 

CVA and lineation provides additional kinematic information of the shear zone (Michels et 

al., 2015). 

For the samples from the inner mylonite zone, lineation plunges moderately on 

average at ~40Á (Fig. 4B). In such a case, both ñbullseyeò and ñedgeò CVA patterns 

suggest the CVA also plunges moderately. Since the CVA is oblique to the surface, these 

CVA patterns suggest the shear in these samples could be triclinic in nature (e.g., Lin et 

al., 1998). The ñbullseyeò CVA pattern indicates a component of lineation-perpendicular 

(~E-W) thrust shear (simple shear or wrench-dominated transpression) while the ñedgeò 

CVA pattern indicates a component of pure shear or pure shear dominated transpression 

(Tikoff and Fossen, 1995). For the samples from the outer mylonite zone, lineation plunges 

shallowly at ~20Á (Fig. 4B). The ñbullseyeò CVA pattern is indicative of strike-slip simple 

shear or wrench-dominated transpressional shear along the foliation plane (Michels et al., 
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2015; Tikoff and Greene, 1997). The ñedgeò CVA pattern is indicative of pure shear 

dominated transpressional shear along the foliation plane (Michels et al., 2015; Tikoff and 

Greene, 1997).  

Correlation between CVA and Wk exists. Samples 20EC-63B and 20EC-61B show 

ñbullseyeò CVA patterns, consistent with a dominance of simple shear based on their Wk 

numbers (Wk>0.95). 20EC-72B shows an ñedgeò CVA pattern, consistent with dominant 

pure shear (Wk=0.65). 20EC-71A (12um) shows a mixed ñbullseyeò and ñedgeò CVA 

pattern that is consistent with its Wk=0.75, suggesting a ~50%-50% split between simple 

shear and pure shear. 20EC-71A (5um) only shows a ñbullseyeò pattern that probably 

reflects the shear heterogeneity in a smaller thin section area under EBSD analyzed. The 

outlier is 20EC-62B. It shows an ñedgeò CVA pattern while its Wk is 0.95, a discrepancy 

that merits further investigation. 

The Wk numbers and CVA patterns from the inner and outer mylonite zone reveal 

the complex nature of the shear zone along the margin of the EGC pluton. Shear strain is 

heterogeneous in space with different degrees of combinations of pure shear and simple 

shear for local stations. Such observations are consistent with the existence of both 

symmetric and asymmetric („ and ‰  clasts in outcrops and thin sections. The steeper 

lineation of the inner mylonite likely indicates the inner mylonite had a higher pure shear 

strain than the outer mylonite (Tikoff and Greene, 1997). Overall, these observations 

suggest a bulk transpressional shear zone within ~150 m from the EGC contact, and shear 

strain is spatially heterogeneous and partitioned, and locally can be triclinic in nature.  
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Figure 11. Vorticity analyses. (A) WK as determined by the RXZ/Ū method (Tikoff and Fossen, 1995, 
Xypolias, 2010). The dark blue shaded area indicates the simple shear domain (WK > 0.71), while 
the light blue shaded area indicates the pure shear domain (WK < 0.71). RXZ was determined 
through strain analysis of the XZ plane (Fig 6) and Ūô was determined by taking the absolute value 
of the strike of the cleavage as compared to the strike of the Cisco Butte contact (197°). (B) CVA 
of the bulk sample as determined by the methodology of Michels et al., 2015. CVAs towards the 
center of the stereonet indicate simple shear, while CVAs towards the edge of the plot indicate pure 
shear (Michels et al., 2015). The CVA and WK data both show a majority of simple shear, but a 
significant component of pure shear in the mylonite associated with the EGC intrusion. 
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Figure 12. Integrating temperature of deformation and finite shortening. (A) Estimated range of 
deformation temperature vs distance from the contact. (B) Finite % shortening vs distance from 
contact. 3D Z Axis shortening, each individual 2D XZ plane shortening measurement, as well as 
average 2D ZX plane shortening are shown for each sample. Pre-EGC shortening is estimated to 
be ~30% based on samples >400 m from the contact. (C) Combining finite shortening and 
temperature estimates into one plot. Both shortening and temperature are low far from the contact 
and begin to rise at a similar rate >400 m from the contact. The red shaded area indicates the 
interpreted EGC contact aureole based on this data. 

 

5. Discussion 

5.1 Defining the contact aureole and incremental strain related to emplacement 
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Based on the microstructures and quartz c-axis CPO data, we can establish the 

deformation temperature profile in the country rocks. In the inner mylonite zone quartz 

CPO data indicates the dominance of the prism <c> slip, suggesting deformation at >700 

ᴈ but below the solidus (Passchier and Trouw, 2005) (Fig. 10). This high deformation 

temperature is supported by quartz GBM, and plagioclase SGR recrystallization. In the 

outer mylonite, quartz CPO shows a mixture of prism <a> and prism <c> slip, suggesting 

a slightly lower deformation temperature. Microstructures from the outer mylonite zone 

show quartz GBM recrystallization but plagioclase show BLG with minor SGR 

recrystallization. Combining the quartz c-axis CPO data and microstructures, we suggest 

deformation temperature is between ~650 and 700 C ᴈ (Passchier and Trouw, 2005). In 

the outer aureole, deformation temperature further decreases. While two samples closer 

to the contact still show quartz GBM and plagioclase BLG, the one sample furthest away 

from the contact show little evidence of dynamic recrystallization. Such microstructures 

suggest the outer aureole has a deformation temperature below 600 ᴈ. We plot 

temperature constraints versus distance in Figure 12. In the plots, we show the 

temperature ranges constrained from microstructures and quartz c-axis fabrics (Fig. 12A) 

as well as the median temperatures (Fig. 12C). Despite the uncertainties associated with 

temperature estimates, we show a clear temperature increasing trend toward contact. The 

deformation temperature >500 m from the contact is estimated to be 400-500 ᴈ based on 

the Sample 20EC-55A. Such 400-500 ᴈ signifies a regional greenschist facies 

temperature that is typical in the Sierra Nevada country rocks (e.g., Barton and Hanson, 

1989). Based on the deformation temperature profile constructed, we suggest the thermal 

aureole along the eastern margin of the EGC is about 400-500 m wide. This result is 

consistent with the presence of andalusite porphyroblasts within ~600 m of the contact of 
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the EGC (James, 1971), which indicates the deformation temperature in thermal aureole 

of the EGC was ~400-600 ᴈ at 2-3 kbar depth. 

We further integrated the finite strain data with the deformation temperature (Fig. 

12C). Here we choose to plot the Z-axis shortening strain because it facilitates the later 

contact-perpendicular shortening calculation. We plot both the apparent Z-axis shortening 

strain from the X-Z plane as well as the finite Z-axis shortening calculated from the 3D 

strain. We found that the average value from the apparent Z-axis shortening on the X-Z 

plane is very close to the Z-axis shortening derived from the 3D strain (Fig. 12B). 

Therefore, for a few outcrops where only the X-Z plane is available, the apparent Z-axis 

shortening serves a good approximation to the 3D strain.  

Temperature and finite shortening data show similar trends. Both are at their 

maximum at the contact with 70% shortening at an estimated >700 ᴈ, and they both drop 

linearly until 400-500 m from the contact, where they reach ~30% shortening and ~450 ᴈ. 

Data far from the contact show that both temperature and finite shortening are low and 

roughly constant (shortening hovering at about 30% and temperature estimated at ~450 

ᴈ).The deformation temperature and finite shortening strain profile suggest the thermal 

and structural aureoles are spatially coupled. Therefore, we defined the contact aureole 

of the EGC in the study area to be a ~500-m wide zone from the contact (Fig. 12C).   

Having analyzed finite strain, we next constrained the incremental strain related 

only to the intrusion of the EGC. The country rocks underwent greenschist facies 

metamorphism and foliation development prior to EGC intrusion (Girty et al., 1995), 

requiring us to subtract this previous strain from our finite strain analysis to constrain the 

incremental strain related to the EGC emplacement. Our field observation shows that the 

foliations in the contact aureole and outside the aureole have a similar orientation. 



36 
 

 

suggesting the EGC-emplacement strain and the older strain are more-or-less co-axial 

(Fig. 4A).  

To estimate the EGC-emplacement strain, we need to subtract the background 

strain from the finite strain. Here, we use the Z-axis shortening strain to perform the 

calculation. The EGC-emplacement strain (‐ ), older background strain (‐)and the finite 

strain (‐) should satisfy the following equation if we assume co-axial strain with no volume 

change: 

ρ ‐ ρ ‐ ρ ‐ υ 

This equation can be rearranged to express EGC-emplacement strain:  

‐
ρ ‐

ρ ‐
ρ φ 

Data from outside this area show Z-axis shortening strain of ~30% (‐=-0.3), consistent 

with the baseline from which strain increases at 500 m from the contact. Therefore, we 

estimate the background Z-axis shortening strain before EGC emplacement to be -30%. 

After such correction, the EGC-emplacement related strain is presented in Table 2. As we 

mentioned before, such strain correction assumes the co-axial strain. In reality, the attitude 

of the foliation is not perfectly identical in the field across different zones. Yet, the 

difference is smaller (less than ~10 degrees for strike and dip) and it does affect our first 

order estimate on the emplacement-related strain. The no volume changes can be justified 

by the lack of evidence of volume loss processes (e.g., pressure solution) in the outcrops 

which is typical for low-temperature slates (e.g., Cao et al., 2016)  

We use the ‐  to estimate the original width of the contact aureole (Ὀ) before 

the EGC emplacement. For every small segment (Ὠὼ) in the contact aureole up to 500 

meters from the contact, its original length (Ὠὼ) can be calculated using the emplacement 

strain ‐ (x):  
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Ὠὼ Ὠὼ

Ὠὼ
‐ ὼ χ 

Ὠὼ
ρ

ρ ‐ ὼ
Ὠὼ ψ 

The original width of the contact aureole (Ὀ ) is: 

Ὀ Ὠὼ
ρ

ρ ‐ ὼ
Ὠὼ ω 

In order to obtain a continuous ‐  with distance x, we linearly fit the Z-axis 

shortening strain vs. distance (see Supplementary Files for details). If there is multiple 

shortening strain data at one locality due to small-scale strain heterogeneity, we choose 

the highest emplacement strain, so the overall strain magnitude decreases with the 

distance. For π ὼ υππ m, the fitting result is: 

‐ ὼ πȢπρρὼ πȢυψρω ρπ 

Inserting the ‐ (x) into Eq. 10 and performing the integration, we get Ὀ  = 763 

m. The total shortened distance perpendicular to the EGC contact is 763-500 = 263 m. 

Therefore, the bulk shortening strain in the structural aureole (‐ ) is -34%  

We can also calculate the ratio between the aureole width and the pluton radius. 

In our study area, the EGC is about 2km, and the contact aureole is 500m. The ratio is 

500/2000 = 0.25. Such ~34% emplacement-related shortening strain, and 0.25 ratio 

between the aureole width and the pluton radius are consistent with the observations from 

other pluton-country rock systems (Paterson and Fowler, 1993). Paterson and Fowler 

(1993) shows that in most cases, the amount of materials transferred by ductile flow is in 

the range of 15-35%, and the ratio between the aureole width and the pluton radius is in 

the range of 0.1 to 0.4. It is noted that Paterson and Flower (1993)ôs conclusion is built 

upon the ñclassicò examples of granitic plutons emplaced as diapirs. The EGC in the study 

area appears as an ultramafic complex and it is likely originated as a mafic magma (see 
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later discussion). Despite such differences, we show that similar to the granitic pluton-

country rock systems, the ductile shortening of the country rocks can only partially 

accommodate the volume of the EGC. Other material transfer processes (e.g., syn-

emplacement faulting, folding, rigid country rock translation) are required to make room 

for the EGC (e.g., Paterson and Fowler, 1993; Paterson and Vernon, 1995). Future 

detailed mapping in the country rocks is required to better address the room problem. 

 

5.2. Thermal history of the contact aureole and duration of deformation 

 In order to constrain the timing of the emplacement-related deformation in the 

contact aureole, we conducted a 1D thermal modeling to track how the temperature in the 

contact aureole changes in space and time. The model represents a cross-section view 

of the EGC and its country rocks. The width of the EGC is set to 2 km (-2 km to 0 km) 

based on the width of the EGC in the study area. The ambient country rock temperature 

before the EGC emplacement is 400 ᴈ using the 40 ᴈ/km geothermal gradient in the 

upper crust in continental arcs (Rothstein and Manning, 2003) and the ~10km of EGC 

emplacement depth based on metamorphic facies and thermobarometry (James, 1971; 

Girty et al., 1995; Juliet Ryan-Davis et al., 2021). Using the rule of thumb of thermal 

conduction, the contact temperature equals approximately to the mean temperatures of 

magma solidus and country rocks shortly after pluton emplacement: 

Ὕ  
  

ρρ  

Ὕ   ς Ὕ  Ὕ   ρς 

The temperature estimated from microstructures and quartz c-axis CPO from rocks at the 

contact indicate ~700 ᴈ (Fig. 14A). Using the above equation, we get the initial 

temperature of the EGC to be 1000 ᴈ (Fig. 13). This magma solidus temperature based 

on microstructures and quartz CPO is consistent with the solidus temperature of between 
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900 ᴈ and 1000 ᴈ based on olivine, pyroxene, and hornblende thermometers (Ryan-

Davis et al., 2021) confirming the intrusion temperature of the EGC could have been 

~1000 ᴈ. Therefore, we use the 1000 ᴈ for the temperature of the EGC in the numerical 

model.  

In our model, constant thermal diffusivity ‖=ρπ  ά Ⱦί is used (Gerya, 2019). The 

left and right boundaries are constant temperature boundaries fixed to 400 ᴈ. Implicit finite 

difference method (FDM) is used to solve the thermal conduction equation (Eq. 13). The 

model has 10001 nodes distributed evenly in the x=50 km distance yielding a spatial 

resolution of 5 meters for ῳὼ. MATLAB script for modeling is presented in the 

Supplementary Files.  

‬Ὕ

‬ὸ
ὑ
‬Ὕ

‬ὼ
ρσ 

Figure 13 shows the temperature profiles after EGC emplacement. Only the central 

part of the model is shown. After EGC emplacement, the temperature of the contact is 

almost held constant at 700ᴈ for 0.005 Myr before beginning to fall (Fig. 13). 

To constrain the timing of the emplacement-related deformation in the contact 

aureole, we plot the median temperature estimate from microstructure and quartz c-axis 

CPO for each sample on the simulated distance vs. temperature plot. The result shows 

that temperature estimates at different localities can be achieved within 0.01 Myr. We 

therefore use the ῳὸ=0.01 Myr as the time interval for the contact aureole deformation. 

Note, the simulated temperatures are lower than the observation values for some samples 

<150 m from the contact, possibly reflecting that our temperature estimates for prism <c> 

slip are high or that local diking relating to EGC intrusion heated the area near the contact. 
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Figure 13: Model of EGC magma intrusion. (A) Central portion of the model showing a 1000 ᴈ 2 
km wide magma intrusion, the same diameter as the Cisco Butte body, and its temperature 
evolution over 0.01 Myr. (B) Zoomed in portion showing the right contact of the magma body with 
country rock with median deformation temperature overlain. 

 

5.3. Rheology of contact aureole and emplacement-related stress 

 To constrain the rheology of the contact aureole, we calculated the average strain 

rate of the emplacement-related deformation in the contact aureole. Strain rate at specific 

localities can be calculated using ‐  and the deformation duration constrained by the 

thermal modeling ῳὸ=0.01 Myr. 

‐
‐

ῳὸ
ρτ 

The shortening strain rate is ~10-12 s-1 (Fig. 14A). We also calculated ‐ using a timespan 

of 0.1 Myr, for reference (Fig. 14A). In this case, the shortening strain rate is ~10-13 s-1. 

Since the country rocks are intermediate-felsic volcanic and clastic sedimentary 

rocks, we applied a quartz flow law to estimate the differential stress the contact aureole 

underwent during intrusion. Such flow laws express differential stress as a function of 

strain rate, temperature, and material-dependent parameters: 

„
‐

ὃ
Å ρυ 
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Where „ is differential stress in MPa, ‐ is strain rate in ί , T is temperature in K, and A, 

n, and Q are material dependent constants. R is the gas constant (Ὑ ψȢσρττ ὐάέὰὑ ). 

In the above flow law, the water fugacity term is omitted since we did not constrain the 

water fugacity in this study. Differential stress decreases with water (Stipp et al., 2006). 

Therefore, our estimate represents an upper limit.  

Here we choose two quartzite flow laws to calculate the differential stress: the first 

one is the classic calibration from Hirth et al. (2001), and the second is from the newest 

calibrations done by Tokle et al. (2019), in which they compiled experimental and natural 

data to create two separate flow laws for basal <a> and prism <a> slip. The flow law of 

Hirth et al. (2001) has the constant values of ὃ φȢσ ὢ ρπ  ὓὖὥ Ⱦί, ὲ  τ, and ὗ

ρσυ ὯὐȾάέὰ, and the high n flow law of Tokle et al., 2019, which is optimized for prism <a> 

slip, has the constant values of ὃ ψȢπ ὢ ρπ  ὓὖὥ Ⱦί, ὲ  τ, and ὗ ρτπ ὯὐȾάέὰ. 

We then applied our observed temperature and strain rate values to the equation to 

estimate the range of differential stress. Based on our estimates for the mylonite zone, a 

temperature range of 500-750 ᴈ (Fig. 12A) and a strain rate range of 10-11-10-14 ί (Fig. 

14A) were chosen to make the plot (Fig. 14C, D).  

The two flow laws both returned similar results. The flow law of Hirth et al. (2001) 

estimates that the mylonite zone would have undergone ~30-70 MPa of differential stress 

with a 0.01 Myr intrusion (Fig. 14C) The high n flow law of Tokle et al. (2019) estimates 

that the mylonite zone would have gone ~30-70 MPa of differential stress with a 0.01 Myr 

intrusion (Fig. 14D). For comparison purposes, for 0.1 Myr intrusion time, the differential 

stress is ~10-40 MPa using both flow laws (Fig. 14C, D). 

To further constrain the differential stress related to the EGC emplacement, we 

applied quartz paleopiezometry for samples from the inner and outer mylonite zones 

because of the intermediate-felsic, quartz rich lithology. Paleopiezometry describes an 
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empirical relationship between the size of dynamically recrystallized grains and flow stress 

(e.g., Stipp and Tullis, 2003). Here, we chose the EBSD based paleopiezometer of Cross 

et al. (2017), which is consistent with the classic Stipp and Tullis (2003) calibration. In 

addition, the Cross et al., (2017)ôs calibration also has two advantages. First, the large 

number of grains measured by EBSD ensures a more accurate grain size distribution 

(Lopez-Sanchez and Llana-Funez, 2015). Second, Cross et al., (2017)ôs calibration 

differentiates between relict and recrystallized grains by measuring the orientation spread 

within each grain. Because recrystallized grains have a lower orientation spread, this 

ensures that only recrystallized grains are used for the piezometry calculation.  

To apply the quartz paleopiezometry, quartz-rich monomineral domains from 

samples are needed. Among our samples, we chose Sample 21EC-72B because it is 

composed almost entirely of quartz (Fig. SX). The remaining samples have polymineral 

matrixes that mostly consist of plagioclase and quartz. For those samples, we also 

tentatively applied the quartz paleopiezometry. The results from the polymineral samples 

are presented for comparison with the result from the quartz-rich monomineral sample 

(Fig. 14B). We calculated error bars based on the grain size measurement error returned 

by the Cross et al. (2017) methodology, with errors generally not exceeding ~150 MPa.  

The results of quartz paleopiezometry show that the quartz monomineralic sample 

records a differential stress of ~50 MPa at 140 m from the contact. The differential stress 

from the quartz monomineralic sample is similar to the stress estimates from polymineralic 

samples (~25-75 MPa) (Fig. 14B). Differential stress decreases approaching the contact, 

with the outer mylonite recording a differential stress of ~30-75 MPa and the inner mylonite 

recording a differential stress of ~25-60 MPa (Fig. 14C, D). The differential stress 

estimates from the quartz paleopiezometry and the flow law using intrusion time of 0.01 
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Myr are consistent with each other. The paleopiezometry (~25-75 MPa) calculates a range 

of differential stress which lies within the bounds of the 0.01 Myr flow laws (~30-70 MPa).  

 

 

Figure 14. Differential stress estimates. (A) Strain rate estimates based on 3D Z axis shortening 
(Fig. 6D) for a variety of intrusion times. (B) Paleopiezometry calculated using the methodology of 
Cross et al., 2017. While there is only one truly quartz rich sample (21EC-72B, Fig. 7), all samples 
fall within a similar range of approximately 30-80 MPa of differential stress. (C) Differential stress 
estimated using the quartz flow law of Hirth et al., 2001. (D) Differential stress estimated using the 
high n quartz flow law of Tokle et al., 2019. 
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Table 3. Paleopiezometry. Differential stress calculated using the sliding scale of Cross et al 
(2017). 

 

The differential stress recorded in the country rocks can also inform us of the 

emplacement process. As we show earlier, both flow law and paleopiezometry estimates 

show the country rocks within 140 m from the contact were deformed under a differential 

stress of 30-70 MPa. Next, we explore two end-member scenarios of the origin of the 

differential stress. First, we evaluate if the estimated magnitude of differential stress can 

be explained by the buoyancy stress of the magma. The buoyancy stress („ ) of a 

magma body imposing on the country rocks depends on the depensity difference and the 

size of the magma:  

„ ”  ” ὫὨ ρφ 
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g is the gravitational acceleration. d is the characteristic length scale of the magma body. 

” is the density of magma and its value varies as a function of melt fraction (M, π

ὓ ρ) (Gerya, 2019):  

” ρ ὓ” ὓ” ρχ 

For mafic magma, we used 2900 ὯὫȾά for solid pluton and 2600 ὯὫȾά for pure 

liquid magma (Gerya, 2019). Country rock of density of 2700 ὯὫȾά  is used for 

supracrustal sedimentary and volcanic rocks (Gerya, 2019). In Figure 15A, we vary the 

size of the magma body from 0 and 10 km. The mafic magma can only achieve positive 

buoyancy at ~67% melt fraction and beyond. However, even at the most extreme 

conditions (M = 1), the buoyancy stress of a mafic magma will never exceed 10 MPa, 

suggesting that the buoyancy stress itself is unlikely to account for the required differential 

stress (~30-70 MPa) (Fig. 15A). For ultramafic magma, since the density of pure liquid is 

the same as the country rock (2700 ὯὫȾά ), there is no positive buoyancy even if the 

magma was emplaced as a pure liquid phase.  

In summary, our calculation on buoyancy stress suggests that buoyancy alone is 

unable to account for more than ~3 MPa of differential stress based on the 2 km diameter 

of the Cisco Butte magma body. This is far below the estimated 30-70 MPa required to 

account for EGC intrusion, making buoyancy force at most a minor contributing factor. 

 The alternative origin of the differential stress is the magma overpressure. 

Overpressure occurs when new pulses of magma inject into the existing magma chamber. 

Such injection causes the expansion of the magma chamber that imposes stress on the 

country rocks immediately surrounding the magma chamber (Jellinek and DePaolo, 2003). 

In a simple scenario where the country rocks have a constant Newtonian viscous rheology, 

the overpressure related to the injection of magma into an existing chamber can be derived 

in the following way.  
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„ –  ‐ ρψ 

Next, we show that the strain rate can be linked with the magma influx rate (Q), which is 

the time derivative of the volume of the magma chamber ( ὠ): 

ὗ
Ὠὠ

Ὠὸ
ρω 

We approximate the shape of the magma chamber as a sphere with a radius of ὙȢ The 

volume of the magma chamber therefore is: 

ὠ ςπ 

We have: 

ὗ
Ὠὠ

Ὠὸ
τ“Ὑ

ὨὙ

Ὠὸ
ςρ 

Since the strain rate ‐ , and with Eq. (22), we can express ‐ as: 

‐
ὗ

σὠ
ςς 

Insert the ‐ expression to Eq. (22), we have: 

„ –  

ὗ

σὠ
ςσ 

Where –  is the wall rock viscosity, and ὠ is the volume of the magma chamber. Our 

overpressure equation is consistent with the one derived by Jellinek and DePaolo (2003) 

except a factor of two, which is not critical for the purpose of the order of magnitude 

estimate here. If we further assume a constant ὗ ὠȾῳὸ, the above equation can be 

simplified into: 

„
–  

σῳὸ
ςτ 

In the above equation, the „  is only related to the country rock viscosity and 

timespan of intrusion. The timespan of the intrusion is constrained by our thermal 

modeling. We constrained viscosity using the equation: 
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–  

„

‐
ςυ 

Where the viscosity of the country rock is a function of our calculated differential stress 

and strain rate. Figure 16 shows how overpressure varies with the country rock viscosity 

and intrusion timescale. For intrusion timescale of 0.01 Myr and country rock viscosity of 

1018-1020 ὖὥẗί, the overpressure varies between ~30-40 MPa (Fig. 15B), consistent with 

the differential stress estimates from paleo-piezometry and flow law (30-70 MPa), 

indicating that overpressure is the cause of country rock deformation. 

 

 

Figure 15. Intrusion related stress estimates. (A) Estimate of the buoyancy stress of a mafic 
magma. A mafic magma will have positive buoyancy with a melt fraction > 0.66. Buoyancy stress 
associated with the intrusion of a mafic EGC magma is unlikely to have exceeded 10 MPa. (B) 
Overpressure as a function of intrusion time scale and country rock viscosity. 

 

5.4. Formation and emplacement of the EGC constrained from contact aureole 

properties 

The origin of ultramafic Ural-Alaska complexes has been debated between 

between direct intrusion of an ultramafic magma (Ruckmick and Noble, 1959; Guillou-

Frottier et al., 2014) and the in-situ differentiation of a mafic magma (James, 1971; Villares 

et al., 2021). One of the testable predictions from the two contrasting models is that the 
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solidus temperatures of ultramafic and mafic magmas should differ. For mafic magma, 

studies show the solidus of the gabbroic plutons from the Mesozoic Sierra Nevada arcs 

are ~900-1000 ᴈ (e.g., Ratschbacher et al., 2018; Lewis et al., 2021). For ultramafic 

magma, the solidi of peridotite and pyroxenite are typically in the range of 1100-1200 ᴈ 

at ~2 kbar depending on the water content (e.g., Dasgupta, 2018; Elkins et al., 2019). For 

the EGC, the deformation temperature at the contact indicated by both styles of dynamic 

recrystallization and quartz c-axis CPO show ~700 ᴈ. Given a reasonable temperature of 

upper crustal rock at ~10 km depth (400 ᴈ), we estimate the magma temperature is about 

1000 ᴈ. The temperature is consistent with the results from the cpx-therometry (~900-

1000 ᴈ, Ryan-Davis et al., 2021). Therefore, based on the magma solidus temperature, 

we argue that the EGC was initially emplaced as a mafic magma.  

Here, we show a magma solidus temperature can be constrained from the 

deformation temperature in the immediate country rock given the thermal coupling 

between the pluton and the country rock. For the felsic-intermediate plutons, syn-intrusion 

ductile shear zone or mylonitic rocks are also commonly found at the pluton-country rock 

contact. In these cases, due to the lower temperature of the solidus of the felsic-

intermediate pluton (~700 ᴈ), the resulting deformation temperature in the country rock is 

also lower. For example, in the central Sierra Nevada, the Late Cretaceous Sierra Crest 

Shear Zone system sheared the eastern margin of several granitic plutons during their 

intrusion (e.g., Tikoff et al., 2005; Cao et al., 2015). The deformed country rocks were also 

at 2-3 kbar depth with ~400 ᴈ before pluton intrusion. A previous study shows that the 

deformation temperature of the ductile shear zone is ~400-500 ᴈ (Cao et al., 2015), close 

to the mean temperatures between pluton solidus and ambient country rocks. Therefore, 

we propose that syn-intrusion deformation temperature in the country rock at the contact 
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can be used as a ñpesos-thermometerò of pluton solidus if the ambient country rock 

temperature is known (Eq. 12).  

Injection of magma into an existing magma chamber has been evidenced by 

studies on petrology and geochemistry (e.g., Devine et al., 2003), geochronology (e.g., 

Miller et al., 2007), seismicity and geodetics (e.g., DôAuria et al., 2015), and numerical 

modeling (e.g., Bergantz et al., 2015; Le Mèvel et al., 2016). For example, Devine et al 

(2003) interprets rim ward increases in TiO2 in Ti-Fe oxides to represent heating of 

andesite by intruding basaltic magma, while Le Mèvel et al (2016) fit a numerical model of 

magma intruding due to overpressure to Interferometric Synthetic Aperture Radar (InSAR) 

data. Our study shows that we can provide an unique and independent way to constrain 

the process of magma injection using the structures and rheology of the country rocks. It 

is noted that the presence of a magmatic breccia in the northern part of the EGC where a 

pyroxenite unit was internally fragmented with diking of hornblende gabbro magma 

(James, 1971). We suggest the magmatic breccia reflects the magma injection into a 

semi-solidified magma chamber. Future studies are needed to investigate this breccia unit 

to understand the evolution of the EGC magma chamber.  

Finally, based on our field observations, analytical, and modeling results, we are 

able to depict the emplacement process of the EGC as well as the thermomechanical 

responses of the country rocks in the study area (Fig. 16). In the study area, the 2-km-size 

EGC magma was emplaced as a mafic magma into a warm, upper crust of the Sierra 

Nevada continental arc. The intrusion and emplacement process took a timescale of ~0.01 

Myr via potentially continuous injection of magma into a magma chamber. As a result of 

the injection, the size of the magma chamber expanded and overpressure was generated. 

The overpressure was imposed on the immediate country rocks ñpushingò and shearing 

the surrounding rocks in a ductile/viscous fashion with a differential stress of ~30-70 MPa. 
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At the same time, the mafic magma heated the country rock conductively, raising the 

temperature of the country rocks from 400 ᴈ to ~500-700 ᴈ in the contact aureole. The 

increase of the country rock temperature reduced the viscosity of the country rocks to 1018-

1020 PaS. Such reduced viscosity of the country rocks coupled with the overpressure allow 

the ductile deformation to take place under a fast strain rate (~10-12 ί ) generating the 

high-temperature (~700 ᴈ) mylonite at the contact. The country rocks in the contact 

aureole were also deformed in a ductile fashion with an increasing trend of strain toward 

the contact. The bulk contact-perpendicular shortening in the contact aureole is about -

34% suggesting the ductile flow can only partially accommodate the pluton volume. The 

country rock deformation also shows a nature of triclinic transpression. Within this triclinic 

transpressional shear zone, strain is heterogeneous and spatially partitioned into pure-

shear and simple-shear dominated localities. Within the magma chamber, fractional 

crystallization took place and ultramafic minerals settled in a less-dense magma before 

the magma was fully crystallized. We can estimate the crystal setting velocity using the 

simple Stokes velocity (Us): 

Ὗ
ς

ω

ῳ”

–
Ὣὥ ςφ 

ῳ” is the density difference between ultramafic minerals (e.g., Olivine) and the mafic 

magma. –  is the effective viscosity of the mafic magma. a is the radius of the crystal. ῳ” 

= 898 kg/m3 based on the density of Fo80 and mafic magma. Fo80 has a density of 3498 

kg/m3 and mafic magma has a density of 2600 kg/m3. –  varies between 50 and 102.5 Pas 

(Roman et al,. 2021). We get Us about 2x10-4-2x10-6 m/s. The setting time for olivines in a 

2-km-size chamber is 10-7-10-6 Myr. This time is less than the characteristic cooling time 

of the 2-km-size EGC in the study area. Our simple calculation suggests that it is 

thermodynamically feasible to form the ultramafic phases in a mafic magma chamber via 
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fractional crystallization. Independent from our geodynamic argument, James (1971) also 

suggested that the EGC was originated and emplaced as gabbroic melts that underwent 

fractional crystallization based on (1) Mg contents of olivine and diopside of the ultramafic 

rocks are suitable for early crystallized minerals from a mafic magma; (2) similar Mg/Fe 

ratios between pyroxenes in ultramafic and mafic phases, and (3) magmatic fabrics in the 

dunite that are interpreted as magmatic flow fabrics during crystal differentiation. Other 

studies have also suggested that Ural-Alaska complexes are formed through magma 

differentiation (e.g., Irvine, 1974; Himmelberg and Loney, 1995; Villares et al., 2021; Li et 

al., 2022). 

There are still questions to be answered to better understand the evolution of the 

EGC and its country rocks. Our study area is focused on the Cisco Butte portion of the 

bigger EGC complex, and geochemistry indicates that the Cisco Butte body to the north 

of Lake Valley Reservoir was formed by a distinct magma from the rest of the EGC (Ryan-

Davis et al, 2021). Therefore, it is unknown how emplacement and deformation conditions 

may vary among the country rocks in different parts of the EGC aureole. Ductile shortening 

in the EGC contact aureole can only account for a portion of the space required for the 

EGC, and more research into other space making processes (e.g., stoping, folding, 

faulting) is required to fully understand the EGC intrusion and intrusion of plutons more 

generally. 
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Figure 16. Final process cartoon. The EGC intrudes at <10 km depth within 0.01 Myr, causing 
magma overpressure. The country rocks within 500 m of the contact were deformed at 
temperatures of up to >700 ᴈ. Meanwhile, olivine and clinopyroxene are crystallizing in the magma 

chamber and settling out as cumulates, forming the ultramafics of the EGC. 
 

6. Conclusions   

 Based on the observed gradients of deformation temperature and finite strain in 

country rock, we conclude that the EGC contact aureole is ~500 m wide. Our estimated 

deformation temperatures suggest that the EGC heated country rock to >700 ᴈ at the 
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contact and the solidus temperature of the EGC magma to be ~1000 ᴈ. The solidus 

temperature suggests the EGC was emplaced as a mafic magma, not an ultramafic 

magma. Conductive modeling of the thermal history of the country rocks indicates that the 

EGC intruded within 0.01 Myr. Quartz flow laws and paleopiezometry both show that the 

country rocks were deformed at ~30-70 MPa. We proposed that the differential stress was 

caused by magma overpressure with a possible minor contribution of buoyancy. This 

study suggests that Ural-Alaska complexes originate as mafic magmas which underwent 

fractional crystallization to form the ultramafic phases. This study shows that the contact 

aureoles are a powerful tool to investigate the causes, physical conditions, and processes 

of magma emplacement. 

 

References 

Anderson, K., and Segall, P., 2011, Physics-based models of ground deformation and 
extrusion rate at effusively erupting volcanoes: Journal of Geophysical Research: 
Solid Earth, v. 116. 

Bachmann, F., Hielscher, R., Jupp, P.E., Pantleon, W., Schaeben, H., and Wegert, E., 
2010, Inferential statistics of electron backscatter diffraction data from within 
individual crystalline grains: Journal of Applied Crystallography, v. 43, p. 1338ï1355. 

Barton, M.D., and Hanson, R.B., 1989, Magmatism and the development of low-
pressure metamorphic belts: Implications from the western United States and 
thermal modeling: Geological Society of America Bulletin, v. 101, p. 1051ï1065. 

Bateman, P.C., 1992. Plutonism in the central part of the Sierra Nevada batholith, 
California (No. 1483). US Government Printing Office. 

Bergantz, G., Schleicher, J. & Burgisser, A. Open-system dynamics and mixing in 
magma mushes. Nature Geosci 8, 793ï796 (2015). 
https://doi.org/10.1038/ngeo2534 

Burchfield, B.C., Davis, G.A., 1972. Structural framework and evolution of the southern 
part of the Cordilleran orogen, western United States. Am. J. Sci. 272, 97ï118. 
https://doi.org/10.2475/ajs.272.2.97. 

Burg, J.-P., Bodinier, J.-L., Gerya, T., Bedini, R.-M., Boudier, F., Dautria, J.-M., 
Prikhodko, V., Efimov, A., Pupier, E., and Balanec, J.-L., 2009, Translithospheric 
mantle diapirism: geological evidence and numerical modelling of the Kondyor zoned 
ultramafic complex (Russian Far-East): Journal of Petrology, v. 50, p. 289ï321. 

Busby-Spera, C.J., 1988, Speculative tectonic model for the early Mesozoic arc of the 
southwest Cordilleran United States: Geology, v. 16, p. 1121ï1125. 

Cao, S., Liu, J., and Hu, L., 2007, Micro-and submicrostructural evidence for high-
temperature brittle-ductile transition deformation of hornblende: Case study of high-

https://doi.org/10.1038/ngeo2534
https://doi.org/10.1038/ngeo2534
https://doi.org/10.1038/ngeo2534
https://doi.org/10.2475/ajs.272.2.97
https://doi.org/10.2475/ajs.272.2.97
https://doi.org/10.2475/ajs.272.2.97


54 
 

 

grade mylonites from Diancangshan, western Yunnan: Science in China Series D: 
Earth Sciences, v. 50, p. 1459ï1470. 

Cao, S., Liu, J., and Leiss, B., 2010, Orientation-related deformation mechanisms of 
naturally deformed amphibole in amphibolite mylonites from the Diancang Shan, SW 
Yunnan, China: Journal of structural geology, v. 32, p. 606ï622. 

Cao, W., Paterson, S., Memeti, V., Mundil, R., Anderson, J., and Schmidt, K., 2015, 
Tracking paleodeformation fields in the Mesozoic central Sierra Nevada arc: 
Implications for intra-arc cyclic deformation and arc tempos: Lithosphere, v. 7, p. 
296ï320. 

Cao, W., Paterson, S., Saleeby, J., and Zalunardo, S., 2016, Bulk arc strain, crustal 
thickening, magma emplacement, and mass balances in the Mesozoic Sierra 
Nevada arc: Journal of Structural Geology, v. 84, p. 14ï30. 

Chapman, A.D., Saleeby, J.B., Wood, D.J., Piasecki, A., Kidder, S., Ducea, M.N. and 
Farley, K.A., 2012. Late Cretaceous gravitational collapse of the southern Sierra 
Nevada batholith, California. Geosphere, 8(2), pp.314-341. 

Chapman, J.B., Shields, J.E., Ducea, M.N., Paterson, S.R., Attia, S., and Ardill, K.E., 
2021, The causes of continental arc flare ups and drivers of episodic magmatic 
activity in Cordilleran orogenic systems: Lithos,, p. 106307. 

Cross, A., Prior, D., Stipp, M., and Kidder, S., 2017, The recrystallized grain size 
piezometer for quartz: An EBSD-based calibration: Geophysical Research Letters, 
v. 44, p. 6667ï6674. 

Dasgupta, R., 2018. Volatile-bearing partial melts beneath oceans and continentsï
Where, how much, and of what compositions? Am J Sci 318, 141ï165. 
https://doi.org/10.2475/01.2018.06 

DôAuria, L. et al., 2015, Magma injection beneath the urban area of Naples: a new 
mechanism for the 2012-2013 volcanic unrest at Campi Flegrei caldera: Scientific 
reports, v. 5, p. 1ï11. 

Devine, J., Rutherford, M., Norton, G., and Young, S., 2003, Magma storage region 
processes inferred from geochemistry of Fe-Ti oxides in andesitic magma, Soufriere 
Hills Volcano, Montserrat, WI: Journal of Petrology, v. 44, p. 1375ï1400. 

Dickinson, W.R., 2004. Evolution of the North American cordillera. Annu. Rev. Earth 
Planet.   Sci., 32, pp.13-45. 

Drake, R., Bowman, H.R., & Hebert, A.J. (1975). Chronology of the O B James Pluton 
(LBL--4000). Tsang, C.F. (Ed.). United States 

Ducea, M., 2001. The California arc: Thick granitic batholiths, eclogitic residues, 
lithospheric-scale thrusting, and magmatic flare-ups. GSA today, 11(11), pp.4-10. 

Elkins, L.J., Bourdon, B., Lambart, S., 2019. Testing pyroxenite versus peridotite 
sources for marine basalts using U-series isotopes. Lithos 332ï333, 226ï244. 
https://doi.org/10.1016/j.lithos.2019.02.011 

Gerya, T.V., and Burg, J.-P., 2007, Intrusion of ultramafic magmatic bodies into the 
continental crust: numerical simulation: Physics of the Earth and Planetary Interiors, 
v. 160, p. 124ï142. 

Gerya, T. (2019). Introduction to numerical geodynamic modelling. Cambridge 
University Press.(Jellinek and DePaolo, 2003) 

Gianni, G.M., and Luján, S.P., 2021, Geodynamic controls on magmatic arc migration 
and quiescence: Earth-Science Reviews,, p. 103676. 

Girty, G.H., Hanson, R.E., Girty, M.S., Schweickert, R.A., Harwood, D.S., Yoshinobu, 
A.S., Bryan, K.A., Skinner, J.E., and Hill, C.A., 1995, Timing of emplacement of the 
Haypress Creek and Emigrant Gap plutons: Implications for the timing and controls 

https://doi.org/10.2475/01.2018.06
https://doi.org/10.2475/01.2018.06
https://doi.org/10.2475/01.2018.06


55 
 

 

of Jurassic orogenesis, northern Sierra Nevada, California: Geological Society of 
America Special Papers, v. 299, p. 191ï202. 

Girty, G., Yoshinobu, A., Wracher, M., Girty, M., Bryan, K., Skinner, J., McNulty, B., 
Bracchi, K., Harwood, D., and Hanson, R., 1993, U-Pb zircon geochronology of the 
Emigrant Gap composite pluton, northern Sierra Nevada, California: Implications for 
the Nevadan orogeny. 

Guillou-Frottier, L., Burov, E., Augé, T., and Gloaguen, E., 2014, Rheological conditions 
for emplacement of Ural-Alaskan-type ultramafic complexes: Tectonophysics, v. 
631, p. 130ï145. 

Himmelberg, G.R., and Loney, R.A., 1995, Characteristics and petrogenesis of 
Alaskan-type ultramafic-mafic intrusions, southeastern Alaska: US Government 
Printing Office, v. 56. 

Hirth, G., Teyssier, C., and Dunlap, J.W., 2001, An evaluation of quartzite flow laws 
based on comparisons between experimentally and naturally deformed rocks: 
International Journal of Earth Sciences, v. 90, p. 77ï87. 

James, O.B., 1971, Origin and emplacement of the ultramafic rocks of the Emigrant 
Gap area, California: Journal of Petrology, v. 12, p. 523ï560. 

Jellinek, A.M., and DePaolo, D.J., 2003, A model for the origin of large silicic magma 
chambers: precursors of caldera-forming eruptions: Bulletin of Volcanology, v. 65, p. 
363ï381. 

Johan, Z., and L. J. Cabri. "Alaskan-type complexes and their platinum-group element 
mineralization." The geology, geochemistry, mineralogy and mineral beneficiation of 
platinum-group elements 54 (2002): 669-719. 

Lewis, M.J., Bucholz, C.E. & Jagoutz, O.E. Evidence for polybaric fractional 
crystallization in a continental arc: Hidden Lakes mafic complex, Sierra Nevada 
batholith, California. Contrib Mineral Petrol 176, 90 (2021). 
https://doi.org/10.1007/s00410-021-01844-y 

Li, Q.-W., Zhao, J.-H., Zhou, M.-F., and Gao, J.-F., 2022, Mafic-ultramafic intrusion 
formed by multi-stage evolution of hydrous basaltic melts: Bulletin, v. 134, p. 526ï
544. 

Lin, S., Jiang, D., and Williams, P.F., 1998, Transpression (or transtension) zones of 
triclinic symmetry: natural example and theoretical modelling: Geological Society, 
London, Special Publications, v. 135, p. 41ï57. 

Lopez-Sanchez, M.A., and Llana-Fúnez, S., 2015, An evaluation of different measures 
of dynamically recrystallized grain size for paleopiezometry or paleowattometry 
studies: Solid Earth, v. 6, p. 475ï495. 

Le Mével, H., Gregg, P.M., and Feigl, K.L., 2016, Magma injection into a long-lived 
reservoir to explain geodetically measured uplift: Application to the 2007-2014 unrest 
episode at Laguna del Maule volcanic field, Chile: Journal of Geophysical Research: 
Solid Earth, v. 121, p. 6092ï6108. 

Michels, Z.D., Kruckenberg, S.C., Davis, J.R., and Tikoff, B., 2015, Determining vorticity 
axes from grain-scale dispersion of crystallographic orientations: Geology, v. 43, p. 
803ï806. 

Miller, J.S., Matzel, J.E., Miller, C.F., Burgess, S.D. and Miller, R.B., 2007. Zircon 
growth and recycling during the assembly of large, composite arc plutons. Journal of 
Volcanology and Geothermal Research, 167(1-4), pp.282-299. 

Moores, E., 1973, Geotectonic significance of ultramafic rocks: Earth-Science Reviews, 
v. 9, p. 241ï258. 

https://doi.org/10.1007/s00410-021-01844-y
https://doi.org/10.1007/s00410-021-01844-y
https://doi.org/10.1007/s00410-021-01844-y


56 
 

 

Passchier, C. W., & Trouw, R. A. (2005). Microtectonics. Springer Science & Business 
Media. 

Paterson, S.R., and Ducea, M.N., 2015, Arc magmatic tempos: gathering the evidence: 
Elements, v. 11, p. 91ï98. 

Paterson, S.R., and Fowler Jr, T.K., 1993, Re-examining pluton emplacement 
processes: Journal of Structural Geology, v. 15, p. 191ï206. 

Paterson, S.R., and Vernon, R.H., 1995, Bursting the bubble of ballooning plutons: A 
return to nested diapirs emplaced by multiple processes: Geological Society of 
America Bulletin, v. 107, p. 1356ï1380. 

Ratschbacher, B.C., Keller, C.B., Schoene, B., Paterson, S.R., Anderson, J.L., Okaya, 
D., Putirka, K. and Lippoldt, R., 2018. A new workflow to assess emplacement 
duration and melt residence time of compositionally diverse magmas emplaced in a 
sub-volcanic reservoir. Journal of Petrology, 59(9), pp.1787-1809. 

Roman, D., Soldati, A., Dingwell, D.B., Houghton, B.F., and Shiro, B., 2021, 
Earthquakes indicated magma viscosity during K\=\ilaueaôs 2018 eruption: Nature, 
v. 592, p. 237ï241. 

Rothstein, D.A., and Manning, C.E., 2003, Geothermal gradients in continental 
magmatic arcs; constraints from the eastern Peninsular Ranges Batholith, Baja 
California, Mexico: Geological Society of America Special Papers, v. 374, p. 337ï
354. 

Rudnick, R. L., et al. "Composition of the continental crust." The crust 3 (2003): 1-64. 
Ruckmick, J.C., and Noble, J.A., 1959, Origin of the ultramafic complex at Union Bay, 

southeastern Alaska: Geological Society of America Bulletin, v. 70, p. 981ï1018. 
Ryan-Davis, Juliet, Bucholz, Claire, Sisson, Thomas, Tissot, Francois L.H., Druzhinina, 

Zhanna, Present, Theodore M., Field, Petrologic and Geochemical Evidence for 
Upper-Crustal Ultramafic Cumulate Fractionation to Generate Intermediate Plutons 
at Emigrant Gap, Sierra Nevada, California, Geological Society of America Connects 
2021, T24, doi: 10.1130/abs/2021AM-370122 

Saleeby, J.B., 1992, Age and tectonic setting of the Duke Island ultramafic intrusion, 
southeast Alaska: Canadian Journal of Earth Sciences, v. 29, p. 506ï522. 

Saleeby, J., Shaw, H., Niemeyer, S., Moores, E., and Edelman, S., 1989, U/Pb, Sm/Nd 
and Rb/Sr geochronological and isotopic study of northern Sierra Nevada ophiolitic 
assemblages, California: Contributions to Mineralogy and Petrology, v. 102, p. 205ï
220. 

Saleeby, J., Dunne, G., 2015. Temporal and tectonic relations of early Mesozoic arc 
magmatism, southern Sierra Nevada, California. In: Geological Society of America 
Special Papers. Geological Society of America, pp. 223ï268. 

Schweickert, R.A., and Cowan, D.S., 1975, Early Mesozoic tectonic evolution of the 
western Sierra Nevada, California: Geological Society of America Bulletin, v. 86, p. 
1329ï1336, doi: 10.1130/0016-7606(1975)862.0.CO;2. 

Schweickert, R.A., 2015, Jurassic evolution of the Western Sierra Nevada metamorphic 
province: Late Jurassic Margin of LaurasiaðA Record of Faulting Accommodating 
Plate Rotation: Geological Society of America Special Paper, v. 513, p. 299ï358. 

Sigloch, K., Mihalynuk, M.G., 2013. Intra-oceanic subduction shaped the assem- bly of 
Cordilleran North America. Nature 496, 50ï56. https://doi.org/10.1038/ nature12019. 

Stipp, M., StuÈnitz, H., Heilbronner, R., and Schmid, S.M., 2002a, The eastern Tonale 
fault zone: a ñnatural laboratoryòfor crystal plastic deformation of quartz over a 
temperature range from 250 to 700 C: Journal of structural geology, v. 24, p. 1861ï
1884. 

https://doi.org/10.1038/
https://doi.org/10.1038/


57 
 

 

Stipp, M., Stünitz, H., Heilbronner, R., and Schmid, S.M., 2002b, Dynamic 
recrystallization of quartz: correlation between natural and experimental conditions: 
Geological Society, London, Special Publications, v. 200, p. 171ï190. 

Stipp, M., and Tullis, J., 2003, The recrystallized grain size piezometer for quartz: 
Geophysical Research Letters, v. 30. 

Stipp, M., Tullis, J., and Behrens, H., 2006, Effect of water on the dislocation creep 
microstructure and flow stress of quartz and implications for the recrystallized grain 
size piezometer: Journal of Geophysical Research: Solid Earth, v. 111. 

Survey, C.G., Harwood, D.S., Fischer, G.R., Hanson, R.E., Saucedo, G.J., Little, J.D., 
Watson, S.E., OôNeal, M.D., and Gutierrez, C.I., 2014, Geologic Map of Part of 
Eastern Placer County, Northern Sierra Nevada, California: California Geological 
Survey, California Department of Conservation. 

Taylor JR, Hugh P. "The zoned ultramafic complexes of south-eastern Alaska, Part 4." 
Ultramafic and related rocks (1967): 96-118. 

Thakurta, J., Ripley, E.M., and Li, C., 2008, Geochemical constraints on the origin of 
sulfide mineralization in the Duke Island Complex, southeastern Alaska: 
Geochemistry, Geophysics, Geosystems, v. 9. 

Tikoff, B., and Fossen, H., 1995, The limitations of three-dimensional kinematic vorticity 
analysis: Journal of Structural Geology, v. 17, p. 1771ï1784. 

Tikoff, B., and Greene, D., 1997, Stretching lineations in transpressional shear zones: 
an example from the Sierra Nevada Batholith, California: Journal of Structural 
Geology, v. 19, p. 29ï39. 

Tikoff, B., Davis, M.R., Teyssier, C., Blanquat, M. de S., Habert, G., and Morgan, S., 
2005, Fabric studies within the Cascade Lake shear zone, Sierra Nevada, California: 
Tectonophysics, v. 400, p. 209ï226. 

Tobisch, O. T., Fiske, R. S., Saleeby, J. B., Holt, E., & Sorensen, S. S. (2000). Steep 
tilting of metavolcanic rocks by multiple mechanisms, central Sierra Nevada, 
California. Geological Society of America Bulletin, 112(7), 1043-1058. 

Tobisch, O. T., & Fiske, R. S. (1982). Repeated parallel deformation in part of the 
eastern Sierra Nevada, California and its implications for dating structural events. 
Journal of Structural Geology, 4(2), 177-195. 

Tokle, L., Hirth, G., and Behr, W.M., 2019, Flow laws and fabric transitions in wet 
quartzite: Earth and Planetary Science Letters, v. 505, p. 152ï161. 

Villares, F., Blanco-Quintero, I.F., Reyes, P.S., Proenza, J.A., Cartagena, R., Lázaro, 
C., and Garcia-Casco, A., 2022, Petrogenesis of the Tampanchi Ultramafic-Mafic 
Complex (Ecuador): Geodynamic implications for the northwestern margin of South 
America during the late Cretaceous: Gondwana Research, v. 105, p. 514ï534. 

Vollmer, F. W. (2018). Automatic contouring of geologic fabric and finite strain data on 
the unit hyperboloid. Computers & Geosciences, 115, 134-142. 

Xypolias, P., 2010, Vorticity analysis in shear zones: a review of methods and 
applications: Journal of structural Geology, v. 32, p. 2072ï2092. 

 Yoshinobu, A.S., 1992, Dynamothermal intrusion-related metamorphism in the aureole 
of the shallowly emplaced (<3 kbar) Emigrant Gap composite pluton, northern Sierra 
Nevada, California [senior thesis]: San Diego, California, San Diego State University, 
30 p. 

  



58 
 

 

Supplementary Materials 
S.1. Linear fit of shortening vs distance 
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S.2. Paleopiezometry data 
The Cross et al., 2017 paleopiezometry methodology is calibrated for quartz rich 

samples. Here we present the data for our sample 20EC-72B, the one quartz rich 

sample we performed paleopiezometry on. The GOS spread shows a sharp turn and the 

histogram shows a clear divide between relict and recrystallized grain sizes, both of 

which should be present for effective application of the paleopiezometer. While this is 

our one quartz rich sample, the GOS spread and histogram look similar for our other 

polyphase samples. 
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S.3. Computer codes 
S.3.1. Diagrams code 
To run copy text and paste into preferred Python IDE (e.g. Spyder, Jupyter) 
""" 
Python script to make plots for Leuchter et al., 2022 
Please put the compiled data xlsx file in the same folder/path of this script; 
 
Created by Ethan Leuchter, University of Nevada, Reno, 6-13-22 
If you have questions please contact eleuchter@nevada.unr.edu 
""" 
 
import pandas as pd 
import matplotlib.pyplot as plt 
import seaborn as sns 
import numpy as np 
import matplotlib.lines as mlines 
from matplotlib import colors 
 
def flinnDiagram(file): 
    #Makes Flinn diagram 
    #Input compiled excel file 
     
    data = pd.ExcelFile(file).parse(u"3D", skiprows = 27, usecols = "A:P") #Puts Flinn 

diagram data into Pandas dataframe 
 
    #Plots Flinn diagram 
    plt.figure() 
    #Different markers by distance from contact 
    for i in range(len(data["Distance from Contact (m)"])): 
        if data["Distance from Contact (m)"][i] > 149: 
            plt.plot(data["LN(Y/Z)"][i], data["LN(X/Y)"][i], marker = "d", mfc = "#0a12eb", 
                     mec = "w", zorder = 10, ls = "", ms = 10, mew = 0.4) 
        elif data["Distance from Contact (m)"][i] < 51: 
            plt.plot(data["LN(Y/Z)"][i], data["LN(X/Y)"][i], marker = "d", mfc = "#990f14", 
                     mec = "w", zorder = 10, ls = "", ms = 10, mew = 0.4) 
        else: 
            plt.plot(data["LN(Y/Z)"][i], data["LN(X/Y)"][i], marker = "d", mfc = "#286c0e", 
                     mec = "w", zorder = 10, ls = "", ms = 10, mew = 0.4) 
             
    #mlines for custom legend 
    aur = mlines.Line2D([0], [0], markerfacecolor = "#0a12eb", markeredgecolor = "w", 

marker="d", 
                        linestyle = "", mew = 0.4) 
    outM = mlines.Line2D([0], [0], markerfacecolor = "#286c0e", markeredgecolor = 

"w", marker="d", 
                         linestyle = "", mew = 0.4) 
    inM = mlines.Line2D([0], [0], markerfacecolor = "#990f14", markeredgecolor = "w", 

marker="d", 
                        linestyle = "", mew = 0.4) 
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    #Legned 
    plt.legend(handles = [aur, outM, inM], labels = ["Outer Aureole", "Outer Mylonite", 

"Inner Mylonite"], 
               loc = "lower center", fancybox = False, framealpha = 1, edgecolor = "None") 
     
    #Plot parameters 
    plt.gca().set_aspect('equal') 
    plt.xlabel("ln Y/Z") 
    plt.ylabel("ln X/Y") 
    plt.xlim(0, 1.7) 
    plt.ylim(0, 1.7) 
    plt.xticks([0.0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6]) 
    plt.axline([0, 0], slope = 1, c = "0.3", linewidth = 1) 
    plt.tick_params(axis = "both", width = 0, color = "w") 
    plt.savefig("Flinn Diagram.pdf", bbox_inches = "tight") 
    plt.show() 
     
def calcWk(file, strike): 
    #Plots Wk using Rxz/Theta method (Tikoff and Fossen, 1995, Xypolias, 2010) 
    #Inputs: 
        #file: file with strike data 
        #strike: estimated strike of edge of shear zone 
     
    data = pd.ExcelFile(file).parse(u"Wk Estimate", usecols = "B:E") #Pd dataframe of 

strike data 
    data["Theta Prime"] = np.absolute(strike - data["Mylonitic foliation strike"]) 

#Calculates theta prime from strike data 
 
    #Uses theoretical values to create colormap and contours of Wk values 
    thetap = np.linspace(0, 91, 1000) #theoretical theta prime values 
    r = np.linspace(1, 13, 1000, endpoint = True) #theoretical Rxz values 
    mesht, meshr = np.meshgrid(thetap, r) #meshes them for calculation 
    meshtheta = mesht * (np.pi / 180) #converts theta prime to radians 
    #Eq 15 from Xypolias, 2010 
    numerator = 1 - meshr * (np.tan(meshtheta)) ** 2 
    denominator = (1 + meshr) * np.tan(meshtheta) 
    wk = np.cos(np.arctan(numerator / denominator)) + 0.00001 # add 0.00001 so wk = 

1 contour shows up 
     
    #Creates contours of Wk values 
    ar = np.arange(0, 1, 0.2) 
    divnorm = colors.TwoSlopeNorm(vmin = wk.min(), vcenter = 0.71, vmax = 1.5) 
    plt.pcolormesh(meshr, mesht, wk, shading = "auto", cmap = "Blues", zorder = 0, 

norm=divnorm) 
    contour = plt.contour(meshr, mesht, wk, levels = ar, colors = "k", linewidths = 0.75) 

#contours of 0.2, 0.4, 0.6, 0.8, 1 values 
    even = plt.contour(meshr, mesht, wk, levels = [0.71], colors = "k", linewidths = 0.8) 

#contour of 0.71 value 
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    #Lables contours 
    fmt = {} 
    strs = [str(i)[:3] for i in ar] 
    manual_locations = [(7.5, 85), (7.5, 75), (10, 60), (10, 50), (11, 15), (10, 4), (9.5, 2), 

(9, 1)] 
    for l, s in zip(contour.levels, strs): 
        fmt[l] = s 
    plt.clabel(contour, inline = True, fmt = fmt, fontsize = "small", manual = 

manual_locations) 
     
    fmt = {} 
    strs = ["0.71"] 
    manual_locations = [(7, 50), (7, 10)] 
    for l, s in zip(even.levels, strs): 
        fmt[l] = s 
    plt.clabel(even, inline = True, fmt = fmt, fontsize = "small", manual = 

manual_locations) 
     
    #Plots recorded values 
    #Different markers for different distances from contact 
    for i in range(len(data["Distance from Contact (m)"])): 
        if data["Distance from Contact (m)"][i] > 149: 
            plt.plot(data["XZ Aspect Ratio"][i], data["Theta Prime"][i], marker = "^", mfc = 

"#0a12eb", 
                     mec = "w", zorder = 10, ls = "", ms = 10, mew = 0.4) 
        elif data["Distance from Contact (m)"][i] < 51: 
            plt.plot(data["XZ Aspect Ratio"][i], data["Theta Prime"][i], marker = "^", mfc = 

"#990f14", 
                     mec = "w", zorder = 10, ls = "", ms = 10, mew = 0.4) 
        else: 
            plt.plot(data["XZ Aspect Ratio"][i], data["Theta Prime"][i], marker = "^", mfc = 

"#286c0e", 
                     mec = "w", zorder = 10, ls = "", ms = 10, mew = 0.4) 
             
    #mlines for customm legend 
    aur = mlines.Line2D([0], [0], markerfacecolor = "#0a12eb", markeredgecolor = "w", 

marker="^", 
                        linestyle = "", mew = 0.4) 
    outM = mlines.Line2D([0], [0], markerfacecolor = "#286c0e", markeredgecolor = 

"w", marker="^", 
                         linestyle = "", mew = 0.4) 
    inM = mlines.Line2D([0], [0], markerfacecolor = "#990f14", markeredgecolor = "w", 

marker="^", 
                        linestyle = "", mew = 0.4) 
     
    #custom legend 
    plt.legend(handles = [aur, outM, inM], labels = ["Outer Aureole", "Outer Mylonite", 

"Inner Mylonite"], 
               loc = "upper right", fancybox = False, framealpha = 1, edgecolor = "k") 
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    #plot parameters 
    plt.ylim(0, 90) 
    plt.ylabel("$\Theta$'") 
    plt.xlabel("R$_{XZ}$") 
    plt.tick_params(axis = "both", which = "both", direction = "in", left = False) 
    plt.savefig("Wk.svg", bbox_inches = "tight") 
    plt.savefig("Wk.pdf", bbox_inches = "tight") 
    plt.show() 
     
def compareShort(file1, file2): 
    #Plots 2D and 3D shortening data 
    #Inputs files wiht 2D and 3D shortening data, can be combined into one file 
     
    threeD = pd.ExcelFile(file1).parse(u"3D", skiprows = 27, usecols = "A:L") #3D 

shortening dataframe 
    twoDAll = pd.ExcelFile(file1).parse(u"2D") #All 2D shortening measurements 

dataframe 
    twoDMean = pd.ExcelFile(file2).parse(u"Shortening", skiprows = 11, usecols = 

"A:G") #Mean 2D shortening measurements for each sample dataframe 
 
    #Drops first row of dataframes 
    twoDAll = twoDAll.drop(0) 
    threeD = threeD.drop(0) 
 
    threeD["Z axis"] = threeD["Z Axis Shortening"] * -100 #Converts 3D shortening into 

positive percent 
     
    #Plots shortening data 
    #Different plot for each dataframe 
    plt.figure() 
    sns.scatterplot(data = twoDAll, x = "Distance from Contact (m)", y = "%Shortening",  
                    facecolor = [(0.882, 0.882, 0.882, 0.5)], edgecolor = "#717171",  
                    marker = "o", s = 50, zorder = 0, linewidth = 0.3) 
    sns.scatterplot(data = twoDMean, x = "Distance from Contact (m)", 
                    y = "Percent Finite Shortening", facecolor = "#C2C2C2",  
                    edgecolor = "#333333", marker = "o", s = 50, zorder = 5, linewidth = 0.7) 
    thrD = sns.scatterplot(data = threeD, x = "Distance from Contact (m)", 
                           y = "Z axis", marker = (4, 0), facecolor = "#ffd9d9", 
                           edgecolor = "#cf0000", s = 100, zorder = 5, linewidth = 1) 
     
    #Legend 
    thrD.legend(labels = ["Finite XZ Plane Shortening", 
                          "Average Finite XZ Plane Shortening", 
                          "Finite Z Axis Shortening"], bbox_to_anchor = (1, 1), frameon = 

False) 
    
    #Vertical lines and text noting divides between different zones of aureole 
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    plt.vlines([50], ymin = 0, ymax = 1, linestyle = "dashdot", color = "#FF0000", 
transform = thrD.get_xaxis_transform(), zorder = 1, linewidth = 0.85) 

    plt.text(20, 0, "Inner Mylonite", rotation = 90, fontsize = "x-small", color = 
"#FF0000", zorder = 2) 

    plt.vlines([150], ymin = 0, ymax = 1, linestyle = "dashdot", color = "#008000", 
transform = thrD.get_xaxis_transform(), zorder = 1, linewidth = 0.85) 

    plt.text(120, 0, "Outer Mylonite", rotation = 90, fontsize = "x-small", color = 
"#008000", zorder = 2) 

    
    #Horizontal line denoting EGC background strain   
    plt.annotate("EGC Background \nStrain", (1200, 30), (1050, 45),  
                 arrowprops = dict(arrowstyle = "-", color = "k", shrinkB = 4, shrinkA = 0, 
                                   linewidth = 0.75)) 
    plt.hlines([30], xmin = 0, xmax = 1,  linestyle = (0, (1, 1)), color = "k",  
               transform = thrD.get_yaxis_transform(), zorder = 0, linewidths = 0.75, alpha 

= 0.7) 
     
    #Plot parameters 
    thrD.set_xlabel("Distance from Contact (m)") 
    thrD.set_ylabel("Finite % Shortening") 
    plt.tick_params(axis = "both", which = "both", direction = "in") 
    plt.yticks(np.arange(0, 90, 10)) 
    plt.savefig("Compare Shortening.pdf", bbox_inches = "tight") 
    plt.show() 
     
def tempShort(file1, file2): 
    #Plots 2D and 3D shortening data along with estimated mean temperature for each 

sample 
    #Inputs: files containing 2D and 3D shortening data along with temp estimates, can 

be one file 
     
    threeD = pd.ExcelFile(file1).parse(u"3D", skiprows = 27, usecols = "A:L") #3D 

shortening dataframe 
    twoDMean = pd.ExcelFile(file2).parse(u"Shortening", skiprows = 11, usecols = 

"A:G") #2D shortening dataframe 
    temp = pd.ExcelFile(file2).parse(u"Temp") #mean temp estimate dataframe 
     
    threeD = threeD.drop(0) #drops first row of dataframe 
     
    threeD["Z axis"] = threeD["Z Axis Shortening"] * -100 #Converts 3D shortening data 

to postive percent 
     
    #Plots 2d and 3D shortening and temp data in one graph 
    plt.figure() 
    #Different subplots for shortening and temp data 
    fig, ax = plt.subplots() 
    ax2 = ax.twinx() 
    temp = sns.scatterplot(data = temp, x = "Distance from Contact (m)", y = "Mid 

Temp (C)", 
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                    facecolor = "#e3a700", edgecolor = "w", marker = "^", s = 90, linewidth = 
0.5, ax = ax2) 

    sns.scatterplot(data = twoDMean, x = "Distance from Contact (m)", 
                           y = "Percent Finite Shortening", facecolor = "#C5C5C5", edgecolor = 

"#000000", marker = "o", s = 50, zorder = 10, linewidth = 1, ax = ax) 
    thrD = sns.scatterplot(data = threeD, x = "Distance from Contact (m)", 
                           y = "Z axis", marker = (4, 0), facecolor = "#F4CCD1", edgecolor = 

"#E01E1E", s = 75, zorder = 10, linewidth = 1, ax = ax) 
 
    #Legend, must make two separate custom legends for each subplot     
    temp.legend(labels = ["Median Estimated Temperature (\N{DEGREE SIGN}C)"], 

bbox_to_anchor = (1, 1), frameon = False) 
    thrD.legend(labels = ["Average Finite XZ Plane Shortening", 
                          "Finite Z Axis Shortening"], bbox_to_anchor = (1, 0.93), frameon = 

False) 
     
    #Vertical lines and text noting divides between different zones of aureole 
    plt.vlines([50], ymin = 0, ymax = 1, linestyle = "dashdot", color = "#FF0000",  
               transform = thrD.get_xaxis_transform(), zorder = 0, linewidth = 0.85) 
    plt.text(20, 400, "Inner Mylonite", rotation = 90, fontsize = "x-small", color = 

"#FF0000",  
             zorder = 0) 
    plt.vlines([150], ymin = 0, ymax = 1, linestyle = "dashdot", color = "#008000",  
               transform = thrD.get_xaxis_transform(), zorder = 0, linewidth = 0.85) 
    plt.text(120, 400, "Outer Mylonite", rotation = 90, fontsize = "x-small", color = 

"#008000", 
             zorder = 0) 
    
    #Horizontal line denoting EGC background strain   
    plt.annotate("EGC Background \nStrain", (1200, 30), (1050, 45),  
                 arrowprops = dict(arrowstyle = "-", color = "k", shrinkB = 4, shrinkA = 0)) 
    plt.hlines([30], xmin = 0, xmax = 1,  linestyle = (0, (1, 1)), color = "k",  
               transform = thrD.get_yaxis_transform(), zorder = 0, linewidths = 0.75, alpha 

= 0.7) 
     
    #Plot parameters 
    sns.set_style("ticks", {"xtick.direction" : "in", "ytick.direction" : "in"}) 
    thrD.set_xlabel("Distance from Contact (m)") 
    thrD.set_ylabel("Finite % Shortening") 
    temp.set_ylabel("Temperature (\N{DEGREE SIGN}C)") 
    thrD.set(xlim = (-75, 1575), ylim = (12.7, 73.9)) 
    temp.set(xlim = (-75, 1575), ylim = (385, 750)) 
    plt.savefig("Shortening and Temp.pdf", bbox_inches = "tight") 
    plt.show() 
     
def plotStrainRate(file): 
    #Plots strain rate for different timespans of EGC intrusion 
    #Input: file containing strain rate data 
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    data = pd.ExcelFile(file).parse(u"3D", skiprows = 27, usecols = "A:L") #strain rate 
dataframe 

     
    #Plots strain rates for different timespance of EGC intrusion 
    plt.figure() 
    plt.plot(data["Distance from Contact (m)"], data["0.1 Myr Strain Rate"], marker = "s", 

mfc = "#f6a1ff", mec = "k", mew = 0.5, ls = "") 
    plt.plot(data["Distance from Contact (m)"], data["0.01 Myr Strain Rate"], marker = 

"P", mfc = "#ffb778", mec = "k", mew = 0.5, ls = "") 
           
    #Vertical lines and text noting divides between different zones of aureole 
    plt.axvline(x = 50, linestyle = "solid", color = "#FF0000", zorder = 0) 
    plt.text(37, 1.3 * 10 ** -14, "Inner Mylonite", rotation = 90, fontsize = "x-small", color 

= "#FF0000", zorder = 0) 
    plt.axvline(x = 140, linestyle = "solid", color = "#008000", zorder = 0) 
    plt.text(127, 1.3 * 10 ** -14, "Outer Mylonite", rotation = 90, fontsize = "x-small", 

color = "#008000", zorder = 0) 
 
    #mlines for custom legend     
    zero1myr = mlines.Line2D([0], [0], markerfacecolor = "#f6a1ff", markeredgecolor = 

"k", marker="s", linestyle = "", mew = 0.5) 
    zero01myr = mlines.Line2D([0], [0], markerfacecolor = "#ffb778", markeredgecolor 

= "k", marker = "P", linestyle = "", mew = 0.5) 
     
    #custom legend 
    plt.legend(handles = [zero01myr, zero1myr], labels = ["0.01 Myr", "0.1 Myr"], 

frameon = False) 
     
    #Plot parameters 
    plt.yscale("log") 
    plt.xlabel("Distance from Contact (m)") 
    plt.ylabel("Strain Rate (s$^{-1}$)") 
    plt.ylim(10 ** -14, 10 ** -11) 
    plt.tick_params(axis = "both", which = "both", direction = "in") 
    plt.xticks(np.arange(0, 501, 100)) 
    plt.grid(which = "Major", axis = "y", linestyle = "solid", color = "#666666", alpha = 

0.3, linewidth = 1) 
    plt.savefig("Strain rate.pdf", bbox_inches = "tight") 
    plt.show() 
     
def plotTemp(file): 
    #Plots empty boxes showing range of temp estimates, can fill in boxes using 

Illustrator 
    #Input: file containing range of temp estimates 
     
    temp = pd.ExcelFile(file).parse(u"Temp") #temp estimate datafram 
     
    #Plots temp estimate range 
    plt.figure() 
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    temp = plt.bar(x = temp["Distance from Contact (m)"], height = temp["High Temp 
(C)"] - temp["Low Temp (C)"], 

                   bottom = temp["Low Temp (C)"], edgecolor = "k", facecolor = "w", width = 
20, zorder = 10) 

     
    #Vertical lines and text noting divides between different zones of aureole 
    plt.axvline([50], ymin = 0, ymax = 1, linestyle = "dashdot", color = "#FF0000", 

zorder = 1, linewidth = 0.85) 
    plt.text(20, 400, "Inner Mylonite", rotation = 90, fontsize = "x-small", color = 

"#FF0000", zorder = 1) 
    plt.axvline([150], ymin = 0, ymax = 1, linestyle = "dashdot", color = "#008000", 

zorder = 1, linewidth = 0.85) 
    plt.text(120, 400, "Outer Mylonite", rotation = 90, fontsize = "x-small", color = 

"#008000", zorder = 1) 
     
    #Horizontal lines and text noting different dynamic recrystallization/slip systems 
    plt.axhline(y = 400, linestyle = (0, (1, 10)), color = "k", zorder = 0) 
    plt.text(800, 410, "SGR", fontsize = "small", zorder = 0) 
    plt.axhline(y = 500, linestyle = (0, (1, 10)), color = "k", zorder = 0) 
    plt.text(800, 510, "GBM/Prism <a>", fontsize = "small", zorder = 0) 
    plt.axhline(y = 700, linestyle = (0, (1, 10)), color = "k", zorder = 0) 
    plt.text(800, 710, "Prism <c>", fontsize = "small", zorder = 0) 
     
    #Plot parameters 
    sns.set_style("ticks", {"xtick.direction" : "in", "ytick.direction" : "in"}) 
    plt.ylim(330, 770) 
    plt.xlabel("Distance from Contact (m)") 
    plt.ylabel("Estimated Deformation Temperature (\N{DEGREE SIGN}C)") 
    plt.savefig("Temp Plot.svg", bbox_inches = "tight") 
    plt.show() 
     
def paleopiezometry(file): 
    #Plots paleopiezometry data 
    #Input: file containing paleopiezometry data 
     
    piez = pd.ExcelFile(file).parse(u"Paleopiezometry", nrows = 11) #paleopiezometry 

dataframe 
    piez = piez.drop([0, 1]) 
 
    #Dictionaries to mark each sample whether its quartz rich or polymineralic 
    col = {"Poly" : "#96afff", "Qtz" : "#fa6464"} 
    mark = {"Poly" : "d", "Qtz" : "s"} 
 
    #Plots paleopiezometry data and error bars 
    plt.figure() 
    paleop = sns.scatterplot(data = piez, x = "Distance from Contact (m)", y = "Sliding 

Scale",  hue = "Mineralogy", style = "Mineralogy", palette = col, edgecolor = "k", 
markers = mark, s = 75, zorder = 10, linewidth = 0.4) 
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    plt.errorbar(piez["Distance from Contact (m)"], piez["Sliding Scale"], yerr = 
[piez["Plus Error"], piez["Minus Error"]], ls = "none", elinewidth = 0.75, ecolor = 
"#696969", capsize = 3.5, solid_capstyle = "round") 

 
     
    #Vertical lines and text noting divides between different zones of aureole 
    plt.vlines([50], ymin = 0, ymax = 1, linestyle = "solid", color = "#FF0000", transform 

= paleop.get_xaxis_transform(), zorder = 0) 
    plt.text(46, 5, "Inner Mylonite", rotation = 90, fontsize = "x-small", color = 

"#FF0000", zorder = 3) 
    plt.vlines([150], ymin = 0, ymax = 1, linestyle = "solid", color = "#008000", transform 

= paleop.get_xaxis_transform(), zorder = 0) 
    plt.text(146, 5, "Outer Mylonite", rotation = 90, fontsize = "x-small", color = 

"#008000", zorder = 3) 
 
    #mlines for custom legend 
    poly = mlines.Line2D([0], [0], markerfacecolor = "#96afff", markeredgecolor = "k", 

marker="d", linestyle = "", mew = 0.3) 
    qtz = mlines.Line2D([0], [0], markerfacecolor = "#fa6464", markeredgecolor = "k", 

marker="s", linestyle = "", mew = 0.3) 
 
    #Custom legend 
    plt.legend(handles = [poly, qtz], labels = ["Plagioclase-Quartz", "Quartz Rich"], 

frameon = False, bbox_to_anchor = (0.727, 1.02)) 
     
    #Plot parameters 
    plt.xlabel("Distance from Contact (m)") 
    plt.ylabel("Differential Stress (MPa)") 
    plt.tick_params(axis = "both", which = "both", direction = "in", right = True) 
    paleop.set(ylim = (0, 200)) 
    plt.savefig("Paleopiezometry.pdf", bbox_inches = "tight") 
    plt.show() 
     
def strainShort(file): 
    #Plots Z axis % shortening and Octahedral shear strain 
     
    data = pd.ExcelFile(file).parse(u"3D", skiprows = 27, usecols = "A:P") #shortening 

dataframe 
    data["Z Axis %"] = data["Z Axis Shortening"] * -100 #converts z axis shortening to 

positive percent 
     
    #Plots Z axis shortening 
    plt.plot(data["Distance from Contact (m)"], data["Z Axis %"], marker = "+", c = 

"#044f91", ls = "", ms = 10) 
     
    #Vertical lines and text noting divides between different zones of aureole 
    plt.axvline(x = 50, linestyle = "solid", color = "#FF0000", zorder = 0) 
    plt.text(37, 30, "Inner Mylonite", rotation = 90, fontsize = "x-small", color = 

"#FF0000", zorder = 0) 
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    plt.axvline(x = 140, linestyle = "solid", color = "#008000", zorder = 0) 
    plt.text(127, 30, "Outer Mylonite", rotation = 90, fontsize = "x-small", color = 

"#008000", zorder = 0) 
     
    #Plot parameters 
    plt.xlabel("Distance from Contact (m)") 
    plt.ylabel("Z Axis % Shortening") 
    plt.savefig("Z Axis Shortening.pdf", bbox_inches = "tight") 
    plt.show() 
     
    #Plots octahedral shear strain 
    plt.plot(data["Distance from Contact (m)"], data["Octahedral Shear Strain"], marker 

= "x", c = "#880491", ls = "", ms = 7) 
     
    # 
    plt.axvline(x = 50, linestyle = "solid", color = "#FF0000", zorder = 0) 
    plt.text(37, 1.5, "Inner Mylonite", rotation = 90, fontsize = "x-small", color = 

"#FF0000", zorder = 0) 
    plt.axvline(x = 140, linestyle = "solid", color = "#008000", zorder = 0) 
    plt.text(127, 1.5, "Outer Mylonite", rotation = 90, fontsize = "x-small", color = 

"#008000", zorder = 0) 
     
    #Plot parameters 
    plt.xticks(np.arange(0, 501, 100)) 
    plt.tick_params(axis = "both", which = "both", direction = "in") 
    plt.xlabel("Distance from Contgact (m)") 
    plt.ylabel("Octahedral Shear Strain") 
    plt.savefig("Strain Magnitude.pdf", bbox_inches = "tight") 
    plt.show() 
     
def main(): 
    flinnDiagram("Flinn Diagram.xlsx") 
    calcWk("Analyses and Estimates.xlsx", 197) 
    compareShort("Flinn Diagram.xlsx", "Analyses and Estimates.xlsx") 
    tempShort("Flinn Diagram.xlsx", "Analyses and Estimates.xlsx") 
    plotStrainRate("Flinn Diagram.xlsx") 
    plotTemp("Analyses and Estimates.xlsx") 
    paleopiezometry("Analyses and Estimates.xlsx") 
    strainShort("Flinn Diagram.xlsx") 
main() 
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S.3.2. Intrusion Models code 
To run copy text and paste into preferred Python IDE (e.g. Spyder, Jupyter) 
""" 
Python script to calculate and plot differential stress related to various 
models of EGC intrusion as well as settling time of olivine 
Please put the compiled data xlsx file in the same folder/path of this script; 
Values based on Cao et al., 2016 and Gery and Burg, 2007 
Equations based on Cao et al., 2016 and Gerya, 2019 
 
Created by Ethan Leuchter, University of Nevada, Reno, 6-13-22 
If you have questions please contact eleuchter@nevada.unr.edu 
""" 
 
import numpy as np 
import matplotlib.pyplot as plt 
 
def arrays(): 
    #Creates the arrays needed to calculate buoyancy stress of mafic and ultramafic 

magmas 
    #Need diameter of magma body and melt fraction 
    #Returns the diameter and melt fraction arrays 
     
    diameter = np.arange(0, 10001, 1) #up to width of entire EGC in m 
    m = np.arange(0, 1.01, 0.01) #melt fraction in percent 
    return m, diameter 
     
def calculation(rhoS, rhoL, fraction, diameter): 
    #Calculates the buoyancy force related to magma intrusion 
    #Inputs: 
        #rhoS: density of crystallized magma 
        #rhoL: density of liquid magma 
        #fraction: melt fraction array (from ultramafic/mafic function) 
        #diameter: diameter of magma body array (from ultramafic/mafic function) 
    #Returns buoyancy force in MPa 
     
    meshD, meshM = np.meshgrid(diameter, fraction) #meshes arrays for calculation 
    rhoM = (1 - meshM) * rhoS + meshM * rhoL #From Gerya 2019 
    return -((rhoM - 2700) * 9.81 * meshD) / 1000000 #2700 kg/m3 for upper crustal 

density, divide by 1000000 to convert from Pa to MPa 
 
def ultramafic(frac, diam): 
    #Plots buoyancy force related to ultramafic magma intrusion 
    #Inputs: 
        #frac: melt fraction array (from main function) 
        #diam: diameter of magma body array (from main function) 
         
    mpa = calculation(3300, 2900, frac, diam) #calculates MPa of ultramafic magma 

intrusion 
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    kmdiam = diam / 1000 #converts diam from m to km 
     
    #Plots MPa of ultramafic magma intrusion  
    pseudo = plt.pcolormesh(kmdiam, frac, mpa, shading = "auto", cmap = "viridis") 
    plt.xlabel("Diameter of Magma Body (km)") 
    plt.ylabel("Melt Fraction") 
    plt.title("Buoyancy Stress of Ultramafic Magma") 
    plt.colorbar(pseudo, label = "Buoyancy Stress (MPa)") 
    plt.savefig("Ultramafic Buoyancy.pdf", bbox_inches = "tight") 
    plt.show() 
     
def mafic(frac, diam): 
    #Plots buoyancy force related to ultramafic magma intrusion 
    #Inputs: 
        #frac: melt fraction array (from main function) 
        #diam: diameter of magma body array (from main function) 
     
    mpa = calculation(2900, 2600, frac, diam) #calculates MPa of ultramafic magma 

intrusion 
     
    kmdiam = diam / 1000 #converts diam from m to km 
     
    #Plots, contours, and labels MPa of mafic magma intrusion 
    #Plot MPa 
    pseudo = plt.pcolormesh(kmdiam, frac, mpa, shading = "auto", cmap = "PuBuGn") 
     
    #Contour and label MPa 
    ar = np.arange(0, 11, 2) 
    contour = plt.contour(diam / 1000, frac, mpa, levels = ar, colors = "k", linewidths = 

0.5) 
    fmt = {} 
    strs = [str(i) + " MPa" for i in ar] 
    manual_locations = [(7, 0.65), (7.65, 0.77), (8.15, 0.85), (8.75, 0.9), (9.3, 0.95)] 
    for l, s in zip(contour.levels, strs): 
        fmt[l] = s 
    plt.clabel(contour, inline = True, fmt = fmt, fontsize = "small", manual = 

manual_locations) 
     
    #Plot parameters 
    plt.xlabel("Diameter of Magma Body (km)") 
    plt.ylabel("Melt Fraction") 
    plt.tick_params(axis = "both", which = "both", direction = "in") 
    plt.colorbar(pseudo, label = "Buoyancy Stress (MPa)") 
    plt.text(1, 0.75, "Positive Buoyancy", bbox = dict(boxstyle = "square", fc = "white", 

ec = "k", lw = 0.25)) 
    plt.text(1, 0.55, "Negative Buoyancy", bbox = dict(boxstyle = "square", fc = "white", 

ec = "k", lw = 0.25)) 
    pseudo.set_clim(0, mpa.max()) 
    plt.savefig("Mafic Buoyancy.pdf", bbox_inches = "tight") 
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    plt.show() 
         
def overpressure(): 
    #Plots overpressure stress related to EGC intrusion 
    #Derived from Eq 9 Jellinek and DePaolo 2003 (see text for details) 
    #No inputs or outputs 
     
    viscosity = 10 ** (np.linspace(18, 20, 3000)) #viscosity array in Pas 
    time = np.linspace(1000, 1000000, 3000) #timespan of intrussion array in yr 
    meshvis, meshtime = np.meshgrid(viscosity, time) #meshes the arrays for plotting 
    stress = meshvis / (3 * meshtime) #calculates stress in MPa 
     
    log10stress = np.log(stress) #log 10 of stress 
     
    #Plots and contours MPa of overpressure stress 
    fig, ax = plt.subplots() #subplots to manually change y axis labels 
    #Plots MPa of overpressure stress 
    plt.pcolormesh(meshvis, meshtime, log10stress, shading = "auto", cmap = "BuGn", 

rasterized = True) 
     
    #Contours MPa of overpressure stress 
    contour = plt.contour(meshvis, meshtime, log10stress, [30, 35], colors = "k", 

linewidths = 0.5) 
    fmt = {} 
    strs = ["30 MPa", "35 MPa"] 
    for l, s in zip(contour.levels, strs): 
        fmt[l] = s 
    plt.clabel(contour, levels = [30, 35], inline = True, fmt = fmt, fontsize = "small")#, 

manual = manual_locations) 
     
    #Plot parameters 
    plt.colorbar(label = "Overpressure (MPa)") 
    plt.ylim(10 ** 3, 10 ** 6) 
    plt.xscale("log") 
    plt.yscale("log") 
    plt.xlabel("Country Rock Viscosity (Pa)") 
    plt.ylabel("Intrusion Time (Myr)") 
    #Manually set y axis labels 
    yticks = ax.get_yticks().tolist() 
    yticks[2:6] = ["0.001", "0.01", "0.1", "1"] 
    ax.set_yticklabels(yticks) 
    plt.tick_params(axis = "both", which = "both", direction = "in", zorder = 10) 
    plt.savefig("Wenrong Viscosity.svg", bbox_inches = "tight") 
     
    plt.show() 
     
def settling(): 
    #Calculates settling time of olivine crystals in magma chamber 
    #No inputs or outputs 
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    #Density of fayalite: 4.39 g/cm3 (mindat) 
    #Density of forsterite: 3.275 g/cm3 (mindat) 
    #EGC ~Fo 80 (James, 1971), use 3.498 g/cm3 for density 
     
    #Caclulate stokes velocity for olivine settling mu_s = (2/9)(delta_p/eta_m)ga^2 
    #Where delta_p is the density difference between olivine and mafic magma, eta_m 

is 
    #viscosity of mafic magma, and a is diameter of crystals 
    #eta_m is 0.31 PaS for diopside (Reid et al 2003), 
    #~50 mPas for fayalite (Spice et al., 2015), 
     
    settling_v = (2/9)*((3498-2600)/(350))*9.8*(0.002**2) 
    print("The velocity of Fo80 settling is " + str(settling_v) + " m/s") 
    settling_time = 2000 / settling_v #time in s for olivine to fall through 2 km thick 

chamber 
    settling_ma = settling_time / (3.15 * 10 ** 13) #settling time in ma 
    print("It takes "+ str(settling_ma) + " myr for olivine to settle")  
 
def main(): 
    #Main function 
    f, d = arrays() 
    ultramafic(f, d) 
    mafic(f, d) 
    overpressure() 
    settling() 
 
main() 
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S.3.3. Flow Laws code 
To run copy text and paste into preferred Python IDE (e.g. Spyder, Jupyter) 
""" 
A code that calculates differential stress for any user input flow law 
Calculates and plots differential stress, overlays user input strain rates 
Can be used to cross check flow law and independent strain rate calculations 
 
Created by Ethan Leuchter 4-14-22  
""" 
import numpy as np 
import matplotlib.pyplot as plt 
import pandas as pd 
import matplotlib.patches as mpatches 
 
#Dictionary of flow law names, connects input flow law to flow law values through 

nested dictionary 
#e.g. flowLawDict[flowLaw]["A"] returns A value of selected flow law 
#Dictionaries contain 3 keys: "A" for the A value, "n" for the stress exponent, 
#and "H" for the Activation Enthalpy (can also approximate Q) *1000 to convert to 

J/mol 
#Values taken from Table 1 in Lusk et al 2021 
flowLawDict = {"Paterson and Luan 1990" : {"A" : 6.5E-8, "n" : 3, "H" : 135 * 1000}, 
               "Luan and Paterson 1992" : {"A" : 4.0E-10, "n" : 4, "H" : 152 * 1000}, 
               "Gleason and Tullis 1995" : {"A" : 1.1E-4, "n" : 3, "H" : 223 * 1000}, 
               "Hirth et al 2001" : {"A" : 6.3E-12, "n" : 4, "H" : 135 * 1000}, 
               "Rutter and Brodie 2004" : {"A" : 1.2E-5, "n" : 2.97, "H" : 242 * 1000}, 
               "High T Fukuda et al 2018" : {"A" :1.0E-3, "n" : 3, "H" : 135 * 1000}, #For 

high T experiment, can approximate A as 3, need to figure out how to input actual 
value of 2.97 

               "Richter et al 2018" : {"A" : 3.1E-4, "n" : 1.9, "H" : 169 * 1000}, #H is median 
of listed value of 168-170 

               "Lu and Jiang 2019" : {"A" : 6.0E-15, "n" : 4, "H" : 132 * 1000}, 
               "High n Tokle et al 2019" : {"A" : 8.0E-12, "n" : 4, "H" : 140 * 1000}, #Uses 

high n (low stress, high temp) flow law, good for prism <a> 
               "Low n Tokle et al 2019" : {"A" : 5.4E-12, "n" : 2.7, "H" : 105 * 1000}, #Uses 

low n (high stress, low temp) flow law, good for basal <a> 
               "Low P Lusk et al 2021" : {"A" : 10 ** -9.30, "n" : 3.5, "H" : 118 * 1000}, 

#Uses low P (Greenschist Facies) calibration, recommended calibration 
               "High P Lusk et al 2021" : {"A" : 10 ** -7.90, "n" : 2, "H" : 77 * 1000}} #Uses 

high P calibration 
 
#Input variable to select flow law 
flowLaw = str(input("Please select flow law from the following list:\n" + 

"\n".join(flowLawDict.keys()))) 
 
#Checks if flowLaw has valid input 
if flowLaw not in flowLawDict: 
    import sys 
    sys.exit("Typo, please input desired flow law exactly as listed") 
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#Temp and strain rate parameters for flow law calculation 
temp = np.arange(550, 851, 1) + 273.15 #Array of desired temperature range in C 

and converts to K 
strainRate = 10 ** np.linspace(-10, -14, num = len(temp)) #Array of desired strain rate 

values, same length as temp array 
meshStrainRate, meshTemp = np.meshgrid(strainRate, temp) #Meshes the arrays for 

calculation 
 
#Calculates differential stress of selected flow law  
#Using form D=(E/A)^(1/n)*e(H/nRT) where D is differential stress, 
#E is input strain rate array, T is the input temp array in K 
#A, n, and H are from the input flow law 
#R is 8.3144 for gas constant 
mpa = (meshStrainRate / flowLawDict[flowLaw]["A"]) ** (1 / flowLawDict[flowLaw]["n"]) 

* \ 
        np.exp(flowLawDict[flowLaw]["H"] / (flowLawDict[flowLaw]["n"] * 8.3144 * 

meshTemp)) 
 
#Creates figure showing calculated MPa from 0-250 MPa with calculated strain rates 

overlain 
plt.figure() 
 
#Creates plot with strain rate on the x axis and temp in C on the y       
ar = np.arange(0, 251, 10) #array of 0-250 binned into 10s to create contourf plot 
 
#Creates a contourf plot of 0-250 MPa binned by 10s 
#Contours overlain to better divide bins 
#Converts temp to C 
pseudo = plt.contourf(strainRate, temp - 273.15, mpa, levels = ar, cmap = 

"cubehelix_r", zorder = 0, alpha = 0.9) 
contour = plt.contour(strainRate, temp - 273.15, mpa, levels = ar, colors = "k", 

linewidths = 0.7) 
 
#Creates boxes of different strain rate calculations for values within 200 m of the EGC 

contact 
#Input strain values 
tempStrain = pd.ExcelFile("Flinn Diagram.xlsx").parse(u"3D", skiprows = 27, usecols 

= "A:L") 
 
#Specify the location of the box (left, bottom), width, height 
#0.1 Myr intrusion time 
zero1 = tempStrain["0.1 Myr Strain Rate"].where(tempStrain["Distance from Contact 

(m)"] <= 150) 
zeroOne = mpatches.Rectangle((zero1.min(), 600), zero1.max() - zero1.min(), 
         750 - 600, fill = False, fc = "none", ec = "#f6a1ff", zorder = 10, lw = 1.75) 
plt.gca().add_patch(zeroOne) 
 
#0.01 Myr intrusion time 
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zero01 = tempStrain["0.01 Myr Strain Rate"].where(tempStrain["Distance from 
Contact (m)"] <= 150) 

zero0One = mpatches.Rectangle((zero01.min(), 600), zero01.max() - zero01.min(), 
         750 - 600, fill = False, color = "#ffb778", zorder = 10, lw = 1.75) 
plt.gca().add_patch(zero0One)   
   
#Plot Parameters   
plt.xscale("log") #x axis on log scale 
plt.xlabel("Strain Rate ($s^{-1}$)") 
plt.ylabel("Temperature (\N{DEGREE SIGN}C)") 
plt.title(flowLaw + " Flow Law") 
plt.xlim(10 ** -14, 10 ** -11) 
plt.ylim(550, 800) 
plt.tick_params(axis = "both", which = "both", direction = "in", zorder = 10) 
 
#Creates colobar 
plt.colorbar(pseudo, label = "Differential Stress (MPa)", drawedges = True) 
 
#Saves and shows figure 
plt.savefig(flowLaw + "Flow Law.pdf", bbox_inches = "tight") 
plt.show() 
 
#Calculate viscosity range for flow law 
#viscosity = stress / strain rate 
#viscTemp = np.arange(600, 751, 1) + 273.15 #Array of desired temperature range in 

C and converts to K 
viscStrainRate = 10 ** np.linspace(-11, -13, num = 1000) #Array of desired strain rate 

values, same length as temp array 
#meshViscStrainRate, meshViscTemp = np.meshgrid(viscStrainRate, viscTemp) 

#Meshes the arrays for calculation 
#mpa = (meshViscStrainRate / flowLawDict[flowLaw]["A"]) ** (1 / 

flowLawDict[flowLaw]["n"]) * \ 
        #np.exp(flowLawDict[flowLaw]["H"] / (flowLawDict[flowLaw]["n"] * 8.3144 * 

meshViscTemp)) 
mpa = np.linspace(25, 76, num = 1000) 
pa = mpa * 1000000 #converts MPa to Pa 
viscosity = pa / viscStrainRate 
 
print("The max viscosity is" + "{:e}".format(viscosity.max()),  
      "The min viscosity is" + "{:e}".format(viscosity.min())) 
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S.3.4. EGC 1D Thermal Model code 
To run copy text and paste into MATLAB 

% MATLAB script to simulation thermal evolution of EGC pluton-host rock 
% 
% v1: solve the 1D heat equation with an implicit finite difference scheme 
% v2: add chamber construction time and temperature tracers 
% v3: change x-resolution and plot scheme to show (1) T-t plot at x =100m 
% away from contact  and (2) T-x plot for the 0-1.5 km profile at t <=0.2 
% Myr 
 
% Wenrong Cao, UNR, wenrongc@unr.edu, 2021-11-23 
 
clear 
close all 
warning off 
 
% physical parameters 
 
L          =     50e3 ;     % length of the modeled domain   [m]  
Tmagma     =     1000 ;     %  Temperature of magma [C] 
Trock      =     400  ;     %  Temperature of coutry rock  [C] 
kappa      =     1e-6 ;     %  Thermal diffusivity of rock [m2/s] 
W          =     2e3    ;   %  Width of chamber  [m] 
Myr        =     3600*24*365.25*1e6; %  second per Myr 
dt         =     0.0001*Myr ;   % timesetp        [s] 
Tleft      =     400 ;  
Tright     =     400 ;       % end temperature is constant [C] 
 
% some time parameters 
 
simulation_time               = 0.101 ;       % [Myr], time for simulation   
 
chamber_construction_time     = 0 ;       % [Myr], time for chamber construction 
 
% set temperature tracers along the profile 
 
tracer_position =  0.01;             % [m]  
 
% ========================================== 
% Numerical parameters 
nx        =     10001;               % Number of gridpoints in x-direction , actually 10000 
intervals, 5 m gird. 
nt        =     simulation_time * Myr / dt;    % Number of timesteps to compute 
dx        =     L/(nx-1);          % Spacing of grid 
x         =     -L/2:dx:L/2  ;     % Grid 
% ========================================== 
 
% Setup initial temperature profile 
T                         =    ones(size(x))*Trock; 
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%T   (find(abs(x)<=W/2))   =    Tmagma;  
 
% shift magma location and right edge : x=0 
T   ( (x>=-W/2) & (x<=0) )   =    Tmagma;  
T                         =    T' ;  % reform T from row vector to column vector for calculation 
% figure (1) 
%  plot (x/1e3, T,'b','LineWidth',2); 
%  hold on 
 
% ========================================== 
% formulate matrix for numerical calculation  
% calculate s 
s        =      kappa*dt/dx^2; 
% calculate A matrix  
A        =      sparse (nx, nx);  
for i = 2: nx-1 
   A (i, i-1)      =     -s ;          % set diagnal  
   A (i,i)         =     (1+2*s); 
   A (i,i+1)       =     -s ; 
end 
A (1,1)            =     1 ;           % set upper and lower corner 
A (nx, nx)         =     1 ;  
% ========================================== 
 
time  = 0;  
 
for n  =1 :nt   % time step loop 
     
    t_Myr = time/Myr;  
     
    % give some construction time for the EGC, hold the magmatic 
    % temperature 
     
    if t_Myr < chamber_construction_time    
       T   ( (x>=-W/2) & (x<=0) )   =    Tmagma;         
    end 
     
 % plot initial temperature profile   
 
figure(1) 
 set (gcf,'Renderer', 'painters', 'Position', [100 100 1200 400])   
   
subplot(1,2,1) 
 if n==1 
       plot (x/1e3, T,'b','LineWidth',2); 
       hold on 
 end 
 
 if t_Myr == 0.0005||t_Myr ==0.001||t_Myr ==0.002||t_Myr ==0.005||t_Myr ==0.01 
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    plot (x/1e3, Tnew','LineWidth',2); 
       set(gca,'linewidth',1,'fontsize',12); 
       lgd1= legend ('Initial','0.0005 Myr','0.001 Myr','0.002 Myr','0.005 Myr','0.01 Myr'); 
       lgd1.LineWidth = 0.5; 
       lgd1.Location = 'northeast'; 
       lgd1.FontSize = 13; 
       lgd1.FontWeight = 'bold'; 
    ylim ([400 1150]) 
    xlim ([-5 5]) 
    xlabel ('Distance from contact [km]','fontsize',15); 
    ylabel ('Temperature [^oC]','fontsize',15); 
    %title (['Temperature evolution after ' , num2str(time/Myr), ' Myrs']) 
    grid on 
    pbaspect([1.5 1 1]) 
 end 
  
 
subplot(1,2,2) 
 if n==1 
       plot (x/1e3, T,'b','LineWidth',2); 
       hold on 
       tempData = readtable("C:\Users\ethan\OneDrive\UNR\Emigrant Gap\Structure 
Data\Rf Phi\Analyses and Estimates.xlsx", Sheet = "Temp") 
       distance = (table2array(tempData(:, "DistanceFromContact_m_"))) / 1000 
       midTemp = table2array(tempData(:, "MidTemp_C_")) 
       plot (distance, midTemp, "b*", 'MarkerSize', 15) 
 end 
 
 if t_Myr == 0.0005||t_Myr ==0.001||t_Myr ==0.002||t_Myr ==0.005||t_Myr ==0.01 
    plot (x/1e3, Tnew','LineWidth',2); 
       set(gca,'linewidth',1,'fontsize',12); 
       lgd1= legend ('Initial', '', '0.0005 Myr','0.001 Myr','0.002 Myr','0.005 Myr','0.01 Myr'); 
       lgd1.LineWidth = 0.5; 
       lgd1.Location = 'northeast'; 
       lgd1.FontSize = 13; 
       lgd1.FontWeight = 'bold'; 
    ylim ([400 800]) 
    xlim ([0-0.1 1+0.0001]) 
    xlabel ('Distance from contact [km]','fontsize',15); 
    ylabel ('Temperature [^oC]','fontsize',15); 
    %title (['Temperature evolution after ' , num2str(time/Myr), ' Myrs']) 
    grid on 
    pbaspect([1.5 1 1]) 
 end 
 
    Tnew           =     zeros (nx, 1);  
    Tnew           =     A\(T);        
    Tnew(1)        =     Tleft;  
    Tnew(nx)       =     Tright;  
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    % update temperature and time 
    T         =      Tnew;  
    time      =      time +dt ; 
 
 
%   % plot temperature of tracer vs. time 
%     ind = min(find (x>=tracer_position))  ; 
%     T_tracer = Tnew(ind); 
%      
%  subplot(1,2,2)      
%     plot (t_Myr, T_tracer','r.'); 
%     ylim ([400 1200]) 
%     xlim ([0 simulation_time]) 
%     xlabel ('Forward time [Myr]'); 
%     ylabel ('Temperature [^oC]'); 
%     title (['Temperature of tracer at ' , num2str(tracer_position/1e3), ' km']) 
%     set(gca,'FontSize',15) 
%     grid on 
%     hold on 
%     drawnow 
 
              
end 
     
 % save option    
  saveas(gcf,'EGC_cooling', 'png') 
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S.4. Excel spreadsheets 
S.4.1 Temperature estimates 
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S.4.2. WK calculation 

 
 

S.4.3. Paleopiezometry calculations 
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S.4.4. Flinn diagram calculations 

 

 
 

S.4.5. 3D shortening calculations 

 

 

S.4.6. All 3D shortening data 

 


