
 

 

 

ABSTRACT 

 

Title of Thesis: THE METAMORPHIC HISTORY OF A SUBDUCTED 

SLAB: NEW INSIGHTS FROM THE CATALINA 

SCHIST 

  

 Alexander Theodore Taylor, Master of Geology, 2023 

  

Thesis directed by: Professor Sarah Penniston-Dorland 

 Department of Geology 

 

Rocks exhumed from ancient subduction zone interfaces often contain both coherent 

terranes and block-in-matrix mélanges, but the relationship between these two 

endmembers and its implications for underplating have not been closely examined. The 

Catalina Schist is a Cretaceous paleosubduction complex on Santa Catalina Island 

(California) that contains an amphibolite facies mélange with an underlying unit of 

coherent amphibolite. In this thesis, I present a metamorphic history of the coherent 

amphibolite that is based on field and petrographic evidence and pressure-temperature 

estimates from Raman elastic barometry and trace element thermometry. Rocks from the 

coherent amphibolite record peak metamorphic conditions of 1.20 to 1.29 GPa and 665 to 

691 °C. This is consistent with several amphibolite mélange blocks, but the range of 

block conditions suggests that some upwards movement of the coherent amphibolite may 

have occurred at the subduction interface prior to the current juxtaposition of the two 

units.  
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Introduction 

Subduction is a fundamental component of Earthôs tectonic system. It is a process known 

to occur only on Earth (Stevenson, 2003) and it has shaped our planet in myriad ways. At 

the subduction zone trench, sediments can accrete to the overriding plate and contribute 

to the growth of continental crust (Clift and Vannucchi, 2004). The sinking of the 

downgoing plate, or slab, drives mantle convection and contributes to the overall motion 

of Earthôs plates (Stern, 2002). The slab releases fluids as it descends, and these fluids 

affect the long-term geochemistry of the mantle while also forming economic ore 

deposits and inducing melting beneath volcanic arcs (Grove et al., 2006; Sillitoe, 2010). 

Arc volcanoes play an important role in the growth of the continental crust while also 

posing significant hazards for nearby populations (Stern, 2002; Chaussard and Amelung, 

2014). The collision of the two plates generates abundant seismic events, including 

megathrust earthquakes, the largest earthquakes on Earth and the source of tsunamis 

(Bilek, 2010). Subduction is therefore a multifaceted process with both geologic-scale 

impacts and human-scale hazards, yet questions abound about its exact mechanisms, 

timescales, and controlling factors. 

Aside from geophysical studies, which have low resolution and require networks of 

instrumentation, the best way to study subduction is by looking at exhumed rocks. The 

subduction interface, or the boundary between the downgoing slab and overriding plate, 

is a zone of intense deformation, mineral transformations, fluid interactions, and seismic 

activity (Agard et al., 2018). The position of this zone is variable over time and space, 

and sometimes suites of rock are detached from the interface and avoid being subducted 

into the mantle. Eventually, through erosion, these suites of rock are returned to the 
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surface and studied as paleosubduction zones. They represent ñfossilizedò pieces of the 

subduction interface and are today found all over the world (Penniston-Dorland et al., 

2015). Paleosubduction zones offer a crucial look at the complex processes that are 

taking place in subduction zones today but are otherwise unobservable. 

Paleosubduction zones build up through a process known as underplating. The 

subduction interface is a complex region that evolves both thermally and mechanically 

through time. The interface can at times become mechanically coupled to the overriding 

plate (Agard et al., 2018). When this occurs, strain is redistributed to new layers and parts 

of the downgoing slab can become detached from the main interface. When they couple 

to the overriding plate, they are said to be underplated (Ellis et al., 1999). Successive 

layers can be underplated over time, creating stacked complexes of distinct 

tectonometamorphic slices that have downward younging ages. This has been observed at 

a number of localities worldwide, including in the western Alps (Angiboust et al., 2014), 

Chile (Angiboust et al., 2018), and northern California (Dumitru et al., 2010). In this 

way, paleosubduction zones record changes in the subduction interface over time. 

There are two dominant modes of rocks exhumed from subduction zones, coherent 

terranes and mélange zones (Penniston-Dorland and Harvey, 2023). Both occur as 

distinct, mappable units. Coherent terranes are continuous, kilometer-scale slabs of intact 

rock. While coherent terranes may have experienced brittle and/or plastic deformation, 

the original spatial relationships between parcels of rock are maintained. Mélange zones, 

however, are made of centimeter to hundred meter-scale blocks that have been 

chaotically mixed in a fine-grained matrix. In a mélange zone, rocks that have been 

metamorphosed in one facies may be juxtaposed against blocks metamorphosed in 
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another (e.g., Harvey et al., 2021a). Both coherent rocks and mélange can consist of 

metasedimentary, metamafic, and meta-ultramafic lithologies (Bebout and Penniston-

Dorland, 2016). Coherent terranes and mélange rocks are often found together; example 

localities include the Rio San Juan Complex (Dominican Republic), the Franciscan 

Complex (California, USA), and the Shimanto Belt (Japan) (Krebs et al., 2011; Ukar, 

2012; Phillips et al., 2020). 

Despite commonly being found together, the relationship between coherent terranes and 

mélange has not been closely examined. The Catalina Schist, a paleosubduction complex 

in southern California, offers an excellent opportunity to probe this relationship because 

it contains an amphibolite-grade mélange and a well-exposed, underlying amphibolite 

facies coherent terrane. The mélange has been well studied (e.g., Sorensen and Barton, 

1987; Bebout and Barton, 2002; Penniston-Dorland et al., 2018; Harvey et al., 2021a; 

Harvey et al., 2021b), but the coherent amphibolite has received less attention. Limited 

geochronologic evidence suggests that the coherent amphibolite may be older than the 

mélange (Anczkiewicz et al., 2004; Harvey et al., 2021b). This study seeks to understand 

whether the coherent amphibolite experienced the same metamorphic history as the 

mélange. 

In order to do so, field and petrographic observations are combined with two relatively 

new techniques in geothermobarometry. Quartz-in-garnet barometry relies on the Raman 

peak shifts of quartz inclusions to estimate when those inclusions were entrapped in 

garnet (Kohn, 2014). It does not depend on calculations from mineral equilibria, as some 

previous estimates from the Catalina Schist have done (Sorensen and Barton, 1987). 

Similarly, Zr-in-rutile thermometry uses the temperature dependence of rutileôs uptake of 



4 

 

Zr to estimate metamorphic temperatures (Zack et al., 2004; Tomkins et al., 2007; Kohn, 

2020). Zr-in-rutile is particularly useful in metamafic lithologies, which often lack the 

assemblages necessary for other geothermometric tools. The Zr-in-rutile results are 

supplemented here by another trace element thermometer, Ti-in-amphibole (Ernst and 

Liu, 1998; Liao et al., 2021). Taken together, these results are used to estimate the peak 

metamorphic conditions experienced by rocks in the coherent amphibolite. 

Unraveling the relationship between the coherent amphibolite and the amphibolite 

mélange is important for better understanding the nature of the deep (~30-40 km) 

subduction interface. The distribution of strain at the interface, which controls the 

movement of materials, also determines seismic activity. Episodic tremor and slip (ETS) 

is a family of low frequency seismic events and aseismic creep phenomena that are 

commonly observed in the deep subduction interface of modern subduction zones 

(Bürgmann, 2018; Peacock, 2009). ETS is thought to potentially trigger larger, up-dip 

megathrust earthquakes, which cause serious damage, generate tsunamis, and threaten 

human life (Rogers and Dragert, 2003). The Catalina Schist represents a part of the 

subduction interface that likely experienced ETS (Kotowski and Behr, 2019), and so the 

relationships it preserves may provide context for studying slow slip events. Ultimately, 

incorporating coherent terranes into models of subduction interface processes will allow 

for more holistic interpretations of modern and paleo- subduction zones. 

Geologic Background 

The Catalina Schist is an exhumed paleosubduction terrane located on Santa Catalina 

Island off the coast of southern California (Figure 1; Platt, 1975; 1976). It formed by 
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subduction of the Farallon plate beneath North America and it locally records mid-

Cretaceous ages (Grove et al., 2008). The Catalina Schist consists of a stack of thrust 

slices metamorphosed from low-grade lawsonite-albite up through high-grade 

amphibolite facies (Grove and Bebout, 1995). The stack is inverted, meaning that the 

high-grade amphibolite is structurally highest, and the individual units are separated by 

low angle thrust faults (Platt, 1976). The protoliths include sedimentary, mafic (oceanic 

crust) and ultramafic (mantle-derived) rocks. While mafic and sedimentary material 

occur together in every unit, higher proportions of mafic material occur in the 

amphibolite and the relative amount of sedimentary material increases moving down 

sequence (Grove et al., 2008). The differences in protolith reflect long-term (~20 Ma) 

changes in the subduction system. 
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Figure 1. Geologic map of Santa Catalina Island with cross section. Major faults are labelled. Adapted 

from Platt (1975; 1976). 

The Catalina Schist is well known for its mélange, which consists of block-in-matrix 

structures and formed by progressive tectonic mixing at the plate interface (Sorensen and 

Grossman, 1989; Bebout and Barton, 2002; Penniston-Dorland et al., 2018; Harvey et al., 

2021a). Mélange occurs in all of the metamorphic units and is juxtaposed against (and 

sometimes intercalated with) large, intact sections of coherent rock. The mélange in the 

amphibolite facies has been the most extensively studied. Its matrix is fine-grained, 

schistose, and contains the major phases talc, chlorite, anthophyllite, calcic 

clinoamphibole, enstatite, and minor quartz. Minor phases include Ni-Fe sulfides, 

chromite, magnetite, ilmenite, rutile, zircon, apatite, dolomite, and clinopyroxene (Bebout 

and Barton, 2002). The matrix can be divided into two chemical endmembers: an 



7 

 

aluminous matrix dominated by chlorite, and a siliceous matrix dominated by amphibole 

or talc. The siliceous matrix is thought to be derived from ultramafic rocks, while the 

aluminous matrix is of mafic origins. Intermediate matrix compositions have been 

reached via progressive metasomatic and mechanical mixing at the subduction interface 

(Bebout and Barton, 2002; Penniston-Dorland et al., 2014). Blocks in the mélange are 

predominantly mafic and ultramafic, with only rare metasedimentary blocks (Bebout and 

Barton, 2002). Mafic blocks are typically garnet amphibolite and contain clinoamphibole, 

garnet, rutile, zircon, and quartz, and variable amounts of chlorite, plagioclase, epidote, 

phengite, and retrograde titanite rimming rutile (Penniston-Dorland et al., 2018). 

Ultramafic blocks are serpentinite and contain lizardite, chrysotile, and magnetite 

(Sorensen, 1988). Some blocks are migmatitic and/or are ringed by reaction rinds and 

selvages (Sorensen and Grossman, 1989; Penniston-Dorland et al., 2014). 

Constraints on the metamorphic conditions of the amphibolite mélange have been revised 

by several authors. Platt (1976) first estimated that it had been metamorphosed between 

500-700 °C and 0.8-1.2 GPa on the basis of the amphibolite mineral assemblages. 

Sorensen and Barton (1987) combined garnet-clinopyroxene thermometry, the jadeite 

component of clinopyroxene, constraints from fluid inclusion experiments, and mineral 

reaction curves to estimate conditions of ~640-750 °C and 0.8 to 1.1 GPa. Grove and 

Bebout (1995) used phase equilibria to broadly constrain the amphibolite metamorphism 

to ~600-750 °C and ~0.8 to 1.2 GPa. Zr-in-rutile thermometry was first applied by 

Penniston-Dorland et al. (2018) to blocks in the amphibolite mélange and resulted in 

temperatures of 650 to 730 °C at an assumed pressure of 1 GPa and using the calibration 

of Tomkins et al. (2007). The most recent work by Harvey et al. (2021a) recalculated this 
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range to be 643-735 °C using the updated Zr-in-rutile calibration of Kohn (2020) and 

reported pressures of 1.34 to 1.44 GPa based on quartz-in-garnet elastic thermobarometry 

(Figure 2). This is consistent with a maximum burial of around 40 to 45 km (Grove et al., 

2008). The statistically distinct differences in peak conditions recorded by the blocks 

have been interpreted to mean that they have been transported to their current locations 

via flow of the weak, fine-grained mélange matrix (Penniston-Dorland et al., 2018; 

Harvey et al., 2021b). 

The history of the coherent amphibolite, on the other hand, is relatively unconstrained. 

Early work by Platt (1975, 1976) identified that it consists primarily of layered mafic 

amphibolite, which he calls green hornblende schist. Sitting structurally on top of the 

mafic amphibolite is a semipelitic schist, which others have referred to as paragneiss, 

metagraywacke, or simply metasedimentary rocks (Sorensen and Grossman, 1989; Grove 

et al., 2008; Bebout et al., 1999). In order to distinguish the semipelitic schist from other 

rocks of sedimentary origin, it will be referred to here as paragneiss. Thin layers of garnet 

quartzite, which Platt (1976) suggested may have originally been bedded cherts, are 

scattered throughout the coherent amphibolite but make up a relatively small proportion 

of the overall unit. An ultramafic body of serpentinite was identified in the Dawn Valley 

of the coherent amphibolite, but its relationship with the amphibolite mélange is 

unknown. The serpentinite, along with the surrounding coherent amphibolite, is involved 

in a kilometer-scale, synmetamorphic anticlinal fold (Platt, 1976). Some localized 

extension is evidenced by a conjugate pair of opening and shearing faults in the eastern 

coherent amphibolite, within ~100 m of the top of the coherent body (Grabiec, 2017). At 

that locality, the fault interfaces are filled with material that resembles mélange matrix 
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and has elevated concentrations of Ni and Cr compared to the surrounding wall rock. 

These elements are enriched in ultramafic rocks and also in the mélange matrix, which 

suggests that mélange matrix was actively deforming at the same time as coherent 

amphibolite metamorphism (Grabiec, 2017). At its base, the coherent amphibolite is 

separated from epidote blueschist facies rocks by the Ollas thrust (Platt, 1976). Work by 

Harvey et al. (2021a) found that the Ollas thrust was likely active during peak 

metamorphism.  

According to Platt (1976), the mafic amphibolite contains hornblende, zoisite, and 

titanite, and variable amounts of clinopyroxene, clinozoisite, plagioclase, and quartz. 

Trace amounts of pyrite and magnetite have been observed, garnet is sometimes present, 

and rutile and/or ilmenite are sometimes present instead of titanite. The paragneiss 

contains quartz, plagioclase, white mica, biotite, garnet, kyanite, graphite, clinozoisite 

and/or zoisite, hornblende, and the accessory phases rutile, ilmenite, apatite, and zircon 

(Bebout et al., 1999). Quartzite layers are mostly quartz and garnet (Platt, 1976). The 

only estimate of metamorphic conditions for the coherent amphibolite is a Zr-in-rutile 

temperature of 690 ± 3 °C for a paragneiss sample (Harvey et al., 2021a). 
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Figure 2. Pressure-temperature diagram of the conditions of metamorphism for the units of the Catalina 

Schist. White polygons are from Grove and Bebout (1995). Grey polygon represents the latest estimates for 

blocks in the amphibolite mélange, calculated using quartz-in-garnet barometry (QuiG) and zirconium-in-

rutile thermometry (ZiR) (Harvey et al., 2021). Abbreviations are as follows: LA=lawsonite albite, 

LBS=lawsonite blueschist, EBS=epidote blueschist, EA=epidote amphibolite, AM=amphibolite mélange, 

and CA=coherent amphibolite. 

The Catalina Schist is part of a regional network of Jurassic and Cretaceous-age 

subducted rocks exposed in a discontinuous belt that includes the Franciscan Complex in 

northern California and the Pelona-Orocopia-Rand Schists in Arizona and Mexico 

(Jacobsen et al., 2011). The degree to which the Catalina Schist is genetically related to 

these other features is debated, but it falls chronologically in the middle of the 

paleosubduction belt, which ranges from 180 Ma in the north (Mulcahy et al., 2018) to 

<60 Ma in the southeast (Jacobson et al., 2011). Blocks in the Catalina Schist amphibolite 

mélange record garnet Sm-Nd ages between 107 ± 5.5 to 115.5 ± 3.0 Ma (Harvey et al., 

2021b), while the coherent amphibolite has been dated at 114.5 ± 0.5 Ma using garnet 
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Lu-Hf (Anczkiewicz et al., 2004) (All age errors are 2ů throughout). This is similar to U-

Pb isochron dates for Catalina garnet amphibolite blocks of 111.7 ± 1.5 to 114.1 ± 2.1 Ma 

(Mattinson, 1986). The maximum depositional age of the amphibolite metasediments is 

122 ± 3 Ma based on detrital zircon U-Pb systematics (Grove et al., 2008). The 

metasediments then cooled slowly (~25 °C/m.y.) until they reached ~350-400 °C, the 

closure temperature in K-Ar for muscovite, at 105-100 Ma (Grove and Bebout, 1995; 

Grove et al., 2008). The lower-grade units trend younger downwards, ending with the 

accretion of the lawsonite-albite at around 95 Ma (Grove et al., 2008). Final exhumation 

of the Catalina Schist occurred during regional Miocene uplift and extension (Atwater, 

1998). 

Among paleosubduction terranes, the Catalina Schist is somewhat unusual because it 

includes rocks metamorphosed at amphibolite facies conditions, which are hotter than the 

conditions expected in most subduction zones (Gerya et al., 2002; Syracuse et al., 2010; 

Penniston-Dorland et al., 2015). The Catalina amphibolite represents a geothermal 

gradient that is approximately 16 °C/km (Harvey et al., 2021a). Amphibolite 

metamorphism in subduction zones is enigmatic, and the cause may vary between 

subduction zones. For the Catalina Schist, two main models have been proposed. Platt 

(1975) suggested that the amphibolite may have been metamorphosed in a nascent 

subduction zone in which the overlying mantle wedge had not yet been refrigerated. 

Dating of the Peninsular Range batholiths, however, shows that subduction was well 

underway by the time of amphibolite metamorphism (Kistler et al., 2003). Grove et al. 

(2008) hypothesized that the amphibolite represents a forearc thrust adjacent to the 

magmatic arc that was then juxtaposed by subduction erosion against the underlying 
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metamorphic units, which display more typical subduction-related geothermal gradients. 

This model, however, is based on limited detrital zircon data and remains untested. A 

recent study by Dong et al. (2022) have argued for an eclogite-facies event preceding the 

amphibolite metamorphism based on pseudosection modeling and the inferred presence 

of lawsonite pseudomorphs. They calculated peak metamorphic conditions of 2.4-2.7 

GPa and temperatures > 580 °C, which would represent a geothermal gradient of ~7 

°C/km, significantly cooler than the current interpreted gradient (Harvey at al., 2021a). 

Future research is needed to confirm this result. 

Methods 

Field Work and Sample Collection 

Most of the samples for this study were collected over a ten-day period in April 2022.      

The newly collected samples were integrated with a small suite that were previously 

collected by Dr. Kayleigh Harvey and Dr. Sarah Penniston-Dorland. A sampling plan 

was prepared in advance with the help of Google Earth satellite imagery and digitized 

geologic maps created in QGIS. The coherent amphibolite is crosscut by a series of NE-

SW oriented dry streambeds which were used as traverse pathways because they often 

expose bedrock in their banks and because they cut roughly parallel to the vertical 

thickness of the unit.  Samples were collected along five separate traverses through the 

coherent amphibolite. Each was between ~1 to 1.5 km long and about 4.5 km separate the 

westernmost traverse from the easternmost. Some additional sampling took place on 

ridges and hillsides when streambeds were inaccessible.  
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The collected samples include representative examples from each of the different 

lithologies observed in the coherent amphibolite. Samples were collected from 

geographically diverse regions of the coherent amphibolite. Only samples that were 

relatively unweathered, resistant to breaking with a rock hammer, and of sufficient size 

for making thin sections were collected. Samples were particularly useful if they 

contained rutile and/or garnet, because they can be used for the quartz-in-garnet and Zr-

in-rutile thermobarometric techniques, but samples without these minerals were collected 

as well. Aided by a hand lens, estimates of modal mineralogy, grain size, and 

observations of rock fabric and lithologic layering were made at each major outcrop. 

Structural observations were also collected along each traverse. Where possible, the 

strike and dip of foliation were measured using the digital compass-clinometer app 

Fieldmove Clino for Apple iOS. This app includes GPS mapping of observations in real 

time, as well as the ability to take georeferenced photos. Fieldmove Clino has been tested 

and found to be suitable for almost all applications in field geology (Allmendinger et al., 

2017). The accuracy of the app measurements was further confirmed by simultaneously 

measuring the strike and dip of foliation using a traditional compass. Where possible, the 

orientations of faults and folds were also measured. Additional general observations 

included the relative abundance and morphology of veins and fractures. The thickness of 

individual lithologic layers was estimated using a tape measure. All photos and notes 

recorded in Fieldmove Clino were then exported and backed up on a computer. 

Petrography 

Samples were prepared in the UMD rock cutting facility and made into 100 ɛm ñthickò 

sections (for quartz-in-garnet [QuiG] barometry) and 30 ɛm thin sections (for everything 
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else) by Wagner Petrographic. Sample mineralogy and texture were characterized 

optically using a Nikon LV100POL petrographic microscope at the University of 

Maryland. The microscope is equipped with QCapturePro software for taking 

photomicrographs. Thin sections were initially scanned using an Epson Perfection 4490 

Photo scanner and then mapped in detail by taking overlapping 1.5x magnification 

photomicrographs, which are stitched together in Adobe Photoshop to create a composite 

map of the entire thin section. Samples were mapped in both plane polarized light, which 

is useful for quartz-in-garnet barometry, and in reflected light, which is useful for 

zirconium-in-rutile thermometry. Higher magnification images were taken of specific 

rutile and garnet grains, as needed. To facilitate the indexing of individual mineral grains, 

these maps and images were annotated using Adobe Illustrator. Minerals not readily 

identifiable via optical determination were analyzed using electron dispersive 

spectroscopy on the JEOL 8900R electron probe microanalyzer (EPMA) at the 

University of Maryland Nanocenter. 

Quartz-in-garnet Barometry 

Quartz-in-garnet (QuiG) barometry is a relatively new method for determining 

metamorphic pressures from quartz inclusions in garnet (Enami et al., 2007; Kohn, 2014; 

Thomas and Spear, 2018). It is one of the most common examples of a broader suite of 

methods known as elastic geothermobarometry. The principles underpinning this 

technique are derived from a consideration of mineral elasticity in host-inclusion systems. 

At the time of their entrapment, quartz inclusions experience the same pressure (due to 

the lithostatic load as well as any regional pressure gradients) as their garnet hosts. The 

two minerals, however, have different elastic properties, namely thermal expansivities 



15 

 

and compressibilities. During exhumation from high pressure conditions, as overburden 

is removed and the effect of regional gradients is reduced, the quartz inclusion expands 

more than the garnet host and a pressure mismatch occurs (Kohn, 2014). The magnitude 

of this mismatch, known as residual pressure, depends on the elastic properties of the host 

and inclusion and the P-T conditions at entrapment. The elastic properties, particularly 

the shear moduli and the relationship between molar volume and pressure-temperature 

(P-T) for each mineral (Kohn, 2014), have been determined experimentally. Measuring 

the residual pressure of a quartz inclusion inside what is an otherwise ñrelaxedò garnet 

can thus be used to determine the possible P-T conditions at the time of entrapment.  

In order to measure an inclusionôs residual pressure, we use what is known as Raman 

spectroscopy. This non-destructive technique relies on the principles of light scattering. A 

Raman spectroscope focuses a laser on a sample, either on the surface or at some depth 

inside, and measures the energy of photons after they have interacted with the specimen. 

Most of the incident photons are simply scattered and reflected with the same energy as 

the laser. Some of the back-scattered photons (approximately 0.00001%), however, 

vibrate with the chemical bonds of the sample and return with a different energy than the 

laser source (Pasteris and Beyssac, 2020). These are detected by the Raman spectroscope 

and displayed as a spectrum, with each spectral peak representing an energy shift in the 

back-scattered photons (Neuville et al., 2014). A Raman spectrum is unique to the 

molecular arrangement of the substance being measured (Pasteris and Beyssac, 2020). 

For many minerals, the exact positions of the peaks in the Raman spectrum are pressure-

dependent (Kohn, 2014). The residual pressure of a mineral inclusion can therefore be 

quantified using its Raman spectrum. While many host-inclusion pairs are possible 
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thermobarometers, the quartz-in-garnet system is the most well-established (Korsakov et 

al., 2020). In QuiG barometry, the Raman spectrum of a quartz inclusion in garnet is 

directly compared to that of an unstrained quartz standard. The magnitude of the shifts in 

Raman peak positions is a function of the residual strain on the inclusionôs crystal lattice 

(Enami et al., 2007). Shifts in peak position are typically measured as changes in 

wavenumbers (the inverse of wavelength), ȹɤ [cm-1], which are then converted to 

residual pressure (Neuville et al., 2014).  

The exact method for converting Raman peak shifts to inclusion pressure (Pinc) has been 

an area of ongoing research. Previously, quartz inclusions were assumed to be under 

hydrostatic pressures (e.g., Enami et al., 2007; Thomas and Spear, 2018), which could be 

calculated directly from the position of the dominant (464 cm-1) band in quartz using a 

calibration curve constructed via hydrostatic diamond anvil cell experiments (Schmidt 

and Ziemann, 2000). This approach has been utilized in some studies on natural samples 

(e.g., Wolfe et al., 2021; Schwarzenbach et al., 2021; Dunkel et al., 2020). Recent 

experimental work, however, has shown that more accurate and precise results are 

obtained when deviatoric stresses resulting from the anisotropy of quartz are taken into 

account (Bonazzi et al., 2019; Murri et al., 2018). This approach has already been applied 

to blocks in amphibolite mélange in the Catalina Schist (Harvey et al., 2021) as well as 

other high pressure and ultrahigh pressure terranes (e.g., Gilio et al., 2022; Alvaro et al., 

2020; Gonzalez et al., 2019). 

For this project, garnets were selected for QuiG analysis based on the availability of 

inclusions and a limited extent of fracturing and alteration. In order to obtain the most 
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accurate measurement of Pinc, inclusions were selected only if they fit the following 

parameters: 

 Shape was near-spherical (Campomenosi et al., 2018; Mazzucchelli et al., 2018). 

 Inclusion was located more than 3x the radius of the inclusion away from the 

surface of the thin section (Bonazzi et al., 2019). For this purpose, 100-ɛm 

polished ñthickò sections were made for QuiG analysis.  

 Inclusion was more than 3x the radius of the inclusion away from the edge of the 

garnet, fractures, or other inclusions (Mazzucchelli et al., 2018). 

Inclusions that do not meet these conditions may show reduced pressure (when proximal 

to grain boundaries or fractures) or increased pressure (when proximal to other 

inclusions), compared to the true residual pressure due to entrapment (see references 

above). Most inclusions analyzed for this project were situated between 15 and 50 ɛm 

depth from the surface of the thin section. 

Inclusions were analyzed using the Horiba Jobin Yvon LabRAM ARAMIS confocal 

Raman microscope housed in the University of Maryland Surface Analysis Center. This 

instrument was calibrated daily using a polished silicon standard. Data were collected 

using a 532-nm laser, 400 ɛm hole, 100 ɛm slit, 1800 gr/mm grating, 30% neutral density 

filter, a 100x optical objective, and a spot size of 1 ɛm. Resulting spectra were the 

average of three accumulations collected over 10 seconds each. Data were collected from 

multiple garnets in each sample and from as many inclusions as were available. Each 

inclusion was analyzed at the approximate center and where inclusions were large 

enough, multiple spectra were collected to confirm homogeneity across the crystal. 
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Inclusions were analyzed directly following the analysis of a natural ñHerkimer 

diamondò quartz standard at ambient conditions. 

Spectra were then fit to the instrumentôs output points using a mixed Gaussian-Lorentzian 

function in the MATLAB  program ipf.m (OôHaver, 2023). Spectra were taken to be the 

best of 10 fits using a linear baseline correction. The most prominent spectral peaks for 

quartz are the 128 cm-1, 206 cm-1, and 464 cm-1 modes; the position, height, width, and 

area were recorded for each of these, as well as the R2 and percent error (calculated as the 

standard deviation of the residuals, reported as a percentage of the peak height). Analyses 

with percent errors larger than 5% were excluded. The standard deviation in peak 

position for each mode of the quartz standard was calculated on every day of analysis. 

The largest single-day uncertainty for each peak was taken to be the analytical 

uncertainty for a given mode. One sigma uncertainties for the 128 cm-1, 206 cm-1, and 

464 cm-1 modes were 0.27 cm-1, 0.18 cm-1, 0.24 cm-1, respectively. No systematic 

external drift of the quartz standard was observed for this instrument. In all cases, the 

analytical uncertainty was larger than the uncertainties in peak fitting. Inclusions with 

analyses that had non-overlapping peak positions were excluded. 

The wavenumber shifts (ȹɤ) for each of the three peaks in a given sample analysis were 

calculated by subtracting the preceding standard peak position from the sample peak 

position. Peak wavenumber shifts were converted to residual strains using the program 

stRAinMAN (Angel et al., 2019). stRAinMAN is a freely available program for 

Windows that has been experimentally tested for quartz inclusions in garnet (Bonazzi et 

al., 2019). All three of the peak shifts are needed to calculate the strain state because of 

the anisotropy of quartz. The peak shifts are known as ñphonon-modeò wavenumbers 
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because they reflect interactions of the incident laser photons with the intermolecular 

bonds of the crystal lattice, as opposed to the intramolecular bonds (Neuville et al., 2014). 

stRAinMAN converts wavenumber shifts to strains using a phonon-mode Grüneisen 

tensor, which is a second-rank symmetric tensor that describes the relationship between 

three-dimensional strain and the peaks of the Raman spectra (Angel et al., 2019; Murri et 

al., 2018; Grüneisen, 1926). Because the quartz structure is in the trigonal crystal class, 

meaning its short axis is the same length in all directions perpendicular to its long axis, 

only two strains are needed to fully describe the strain state (Angel et al., 2019). The 

results from stRAinMAN are therefore reported as Ů1+ Ů2 and Ů3, because Ů1 and Ů2 are 

identical for quartz. Uncertainties on the strain elements are calculated as a least squares 

inversion of the Grüneisen tensor operation, and a covariance matrix and ɢ2 value are 

reported as well (Angel et al., 2019). 

Once the strains were calculated, they were converted to stress using the freely available, 

web-based program EntraPT (Mazzuchelli et al., 2021). EntraPT converts residual strain 

to residual stress using the equation of state (EoS) for quartz (Angel et al., 2017a) and a 

rescaled elastic modulus tensor (Lakshtanov et al., 2007). The residual pressure of the 

inclusion is then taken to be the average of the normal stresses (Mazzucchelli et al., 

2021): 

ὖ
„ „ „
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EntraPT propagates the uncertainty on Pinc by transposing the strain covariance matrix to 

stress covariance and then converting it to standard deviation (1ů) (Mazzucchelli et al., 
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2021). Entrapt also uses the latest EoS for pyrope, almandine, and grossular (Angel et al., 

2022). 

Once this process has been repeated for all of the quartz inclusions in a given sample, a 

representative Pinc needs to be determined. There is no agreed-upon method for doing 

this. Some researchers simply take the highest recorded Pinc in a sample (e.g., Wolfe et 

al., 2021; SzczepaŒski, et al., 2022), while others group inclusions by location within 

garnet zones (i.e., core, mantle, or rim) and then take a mean Pinc for each stage of garnet 

growth (e.g., Cisneros et al., 2022; Gilio et al., 2022). While the purpose of this work is 

to determine peak metamorphic pressures, using only the highest recorded Pinc to 

calculate entrapment pressure is not necessarily appropriate because it runs the risk of 

influence from localized overpressures. In such a scenario, unseen inclusions or structural 

heterogeneities within the garnet could inflate the inclusionôs residual stress beyond that 

which is due to entrapment. Similarly, an all-inclusive average, whether for the sample as 

a whole or broken down by garnet zone, can include inclusions that, due to cracks 

undetected during sampling, no longer retain their original host-inclusion stress 

relationship. In this case, the Pinc could be lower than expected and skew the mean for 

that sample. For this reason, the highest statistically robust sub-population of Pinc values 

was determined for each sample using Peakfit Explorer, a graphical user interface (GUI) 

developed by Dr. Buchanan Kerswell (https://github.com/buchanankerswell/pkft) and 

based on the IsoplotR package (Vermeesch, 2018). Peakfit Explorer takes data and their 

associated standard deviations and identifies overlapping sub-populations using a 

Gaussian mixture model. It produces equivalent results to the Unmix routine within the 

original Isoplot extension for Microsoft Excel (Ludwig, 2012), which used the Sambridge 

https://github.com/buchanankerswell/pkft
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and Compston (1994) approach to deconvolution. Aside from being more user-friendly, 

Peakfit Explorer was selected over Isoplot Unmix because it does not require the a priori 

input of the number of sub-populations. Peakfit Explorer identifies whether sub-

populations exist and then groups the Pinc values accordingly. All of the Pinc values that 

fell within the highest sub-population were taken to be the representative residual 

pressures for that sample. A weighted mean of these representative Pinc values was then 

determined using the weighted mean function of IsoplotR, version 5.1 (Vermeesch, 

2018). IsoplotR reports the 2ů standard deviation of the weighted mean Pinc, based on the 

uncertainties copied over from EntraPT. 

The Pinc of a given inclusion represents the residual stress that the crystal is experiencing 

at ambient conditions. The magnitude of that stress is the result of the interplay between 

the mechanical properties of the quartz and the properties of its garnet host, both of which 

are described by mathematical expressions called equations of state (EoS). With a Pinc as 

a starting point and the equations of state as a guide, it is therefore possible to model all 

of the conditions in the crust at which that garnet could have trapped that particular 

quartz inclusion. Such a model is called an isomeke and is represented by a line in P-T 

space (Angel et al., 2014). An isomeke that represents a sample as a whole, and not just 

an individual inclusion, can be calculated using the ñbest-fitò weighted mean Pinc. 

All isomeke calculations were performed using the freely available platform EosFit-Pinc, 

version 2.2 (Angel et al., 2017b). EosFit-Pinc has been verified experimentally for quartz 

in garnet by Thomas and Spear (2018). At the time of writing, EosFit-Pinc was equipped 

with the EoS for quartz (Angel et al., 2017a) and the EoS for almandine, grossular, and 

pyrope (Angel et al., 2022). To take into account the differences between these end-
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members, a generic garnet composition was calculated for each lithology using 

wavelength-dispersive X-ray spectroscopic (WDS) analyses collected on the EPMA at 

the University of Maryland Nanocenter. Measurements of garnet major element 

chemistry were made using a 15 kV accelerating current, 25 nA beam current, and a 1 ɛm 

spot size. Spots were placed in the cores, rims, and mantles (where possible) of two to 

four garnets from each of the mafic, paragneiss, and quartzite lithologies. All Fe was 

assumed to be in its +2 valence state (meaning zero andradite is present). The mole 

fraction of the almandine, pyrope, and grossular endmembers for every analysis was 

renormalized and then averaged for each lithology as a whole. To aid in the interpretation 

of garnet growth histories, four garnets (from two mafic amphibolites) were selected for 

major element X-ray maps. Maps of Al, Ca, Fe, Mg, and Mn were made using the same 5 

WDS detectors on the EPMA at UMD. X-ray maps were processed using the software 

ImageJ. The average garnet composition for a given lithology was used to weight the 

results of the EosFit-Pinc end-member isomeke calculations for the ñbest-fitò Pinc. 

Isomekes for individual inclusion Pinc values were also calculated using the average 

garnet compositions. Ultimately, variation in the garnet composition has been shown to 

not significantly change the isomekes (Kohn, 2014). 

Existing QuiG data for blocks in the amphibolite mélange (Harvey et al., 2021a) were 

reprocessed using the method described above, starting with the wavenumber shifts of the 

Raman peaks.  

Zirconium-in-rutile Thermometry 

Zirconium-in-rutile (ZiR) thermometry is a simple and precise method for determining 

peak metamorphic temperatures in rocks containing rutile, zircon, and quartz (Tomkins et 
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al., 2007), all of which were observed in these samples. The method is particularly useful 

because rutile occurs in a wide variety of settings, many of which lack other useful 

geothermometers (Zack and Kooijman, 2017). Early development of the Zr-in-rutile 

thermometer included samples from Catalina Schist amphibolite mélange blocks in its 

calibration (Zack et al., 2004). The method has been further applied to the amphibolite 

mélange by Penniston-Dorland et al. (2018) and Harvey et al. (2021a). 

Zr-in-rutile thermometry is based on the equilibrium relationship between zircon, quartz, 

and the zirconium component of rutile: 

ZrO2 (in rutile) + SiO2 (quartz) = ZrSiO4 (zircon) 

This relationship is highly temperature-dependent, and it allows for the determination of 

metamorphic temperatures using the zirconium concentration in rutile (Zack and 

Kooijman, 2017). Ideal samples will contain all three phases, but the thermometer can 

still be used on samples that lack quartz if the activity of quartz (aSiO2) is calculated 

(Ferry and Watson, 2007). 

The zirconium concentration of rutile was measured on the EPMA at the University of 

Maryland Nanocenter using a 20 kV accelerating voltage, a 120 nA beam current, and 1 

micron beam diameter. Zirconium concentrations were measured on three different 

spectrometers simultaneously; two counted the peak for 300 seconds, and one counted 

the peak for 240 seconds. Time spent on backgrounds was 150 and 120 seconds, 

respectively (half of time spent on peaks). A ZAF correction scheme was used to process 

the data (Armstrong, 1988), and a natural rutile standard (K13-02) was used to assess 

their quality. The full suite of measured oxides included TiO2, ZrO2, Al2O3, FeO, Nb2O5, 
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SiO2, MnO, and Ta2O5. Between 10 and 27 grains were analyzed in each sample. 

Measurements were taken from the center of each grain in order to avoid any possible 

diffusional resetting and to record the highest Zr concentration. For all grains that are 

large enough relative to the beam size, two measurements were taken from the 

approximate grain center. Populations were divided into matrix rutile and rutile 

inclusions in garnet in order to more closely link the temperature estimates with the 

results from quartz-in-garnet barometry. The growth history of rutile was assessed by 

measuring a core-to-rim traverse in a matrix rutile grain in the paragneiss sample DV16-

04B. Target grains are euhedral to subhedral in shape, lacking inclusions or exsolution 

textures, showing limited grain boundary dissolution, and are not adjacent to zircons. To 

further avoid the effects of micro-inclusions of quartz and zircon, analyses with Si greater 

than 300 ppm were excluded (Zack et al., 2004). 

The Zr concentration can vary significantly between rutile grains in a single sample, 

possibly indicating variable growth histories, but grains with the highest Zr 

concentrations are likely to record the peak metamorphic temperature experienced by the 

sample (Zack and Kooijman, 2017). There is no consensus on the most statistically 

accurate way to determine the highest Zr concentration for a sample, but for this project 

the mean maximum zirconium method was used because it has previously been applied 

to the Catalina Schist for blocks in amphibolite mélange (Penniston-Dorland et al., 2018; 

see also Harvey et al., 2021a). Using this method, the highest statistically 

indistinguishable Zr concentrations are averaged to find a ñmean-maxò Zr-in-rutile 

concentration for the sample. In this case, concentrations are considered indistinguishable 

if they fall within two standard deviations (2ů) of each other (based on the analytical 
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uncertainty of the EPMA counting statistics). The mean-max method produces 

comparable results to using the upper quartile of Zr concentrations and is less likely to be 

affected by the presence of distinct sub-populations in the dataset (possibly arising from 

retrogression; Harvey et al., 2021a). 

For this project, the mean-max method was first applied to individual grains where 

multiple analyses were collected. If the Zr concentrations overlapped within 

measurement uncertainty, they were averaged together and their individual uncertainties 

were propagated. On the other hand, if one analysis had higher Zr than the other and their 

2ů uncertainties did not overlap, then only the highest analysis was retained. The mean-

max method was then applied to the population of rutile grains in the sample as a whole, 

similarly comparing their 2ů uncertainty ranges and averaging the highest non-

overlapping sub-populations. The uncertainties of the individual grain mean-max Zr 

concentrations were propagated for the sample mean-max. In order to assess whether 

there are differences between matrix rutile and rutile included in garnet, the mean-max Zr 

process was repeated for each of those subsets. 

Once the mean-max Zr concentrations were determined, metamorphic temperatures were 

calculated using the combined experimental-empirical thermometer calibration of Kohn 

(2020). This is the most up-to-date calibration of the thermometer in the Ŭ-quartz stability 

field, and it can be expressed as: 

Ὕ Јὅ  
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where C is the Zr concentration and R is the gas constant. Isopleths in P-T space were 

generated by varying the pressure from zero to 24,000 bars (2.4 GPa).  
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Uncertainty in ZiR results can arise from several sources. As stated earlier, natural 

geologic variability creates a spread in Zr concentrations usually ranging by <400 ppm 

for a given sample.  Analytical uncertainty on the EPMA counting statistics is typically 

<15%, and more often <10%. These uncertainties are propagated through the mean-max 

Zr determination and the thermometer calculation. Uncertainty on the thermometer 

calibration itself is ±10-15 ÁC (2ů; Kohn, 2020). 

Titanium-in-amphibole Thermometry 

The concentration of Ti in Ca-amphibole has long been recognized to correlate positively 

with increasing temperature (Raase, 1974; Gilbert et al., 1982; Ernst and Liu, 1998; 

Schumacher, 2007). For this project, the Ti concentration of amphibole rims and cores 

was measured on the EPMA at UMD using a 15 nA current, 15 kV accelerating voltage, 

5 ɛm beam size, and 30-s counting time for Ti. Fifteen to seventeen grains were 

measured in 4 samples from across a single traverse of the coherent amphibolite. Each 

grain was measured once in its core and once at its rim. Amphibole formulae were 

determined using the AMFORM model described in Ridolfi et al. (2018), normalized to 

22 O. Grain rims and cores were treated as separate populations. A ñmean-max Tiò 

concentration was determined for each sample following an identical procedure as the 

mean-max Zr method described above. When samples contained an outlier with 

anomalously high Ti, the outlier was ignored and the second-highest Ti value was 

designated as the maximum. This approach ensured that at least 8 grains were included in 

each sampleôs mean-max calculation.  

The temperatures of amphibole formation were then calculated using the calibration of 

Liao et al. (2021): 
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where TiAmp is the Ti concentration of amphibole in atoms per formula unit (apfu). The 

1ů uncertainty for the calibration is Ñ35 °C, with a recommended range of 0.1-0.5 apfu. 

The calibration uncertainty is larger than analytical uncertainty and so is applied to the 

samples here. 

The conditions required for use of the Liao et al. (2021) Ca-amphibole thermometer are 

that Ti-phases be present and that the oxygen fugacity (fO2) is less than 2 log units above 

the Ni-NiO buffer (NNO). Ti-phases such as titanite, ilmenite, and rutile are abundant 

throughout the coherent amphibolite and their presence was confirmed using the EDS 

detector on the electron microprobe. Additionally, the presence of sulfides such as pyrite 

(identified via EDS on the EPMA) and the absence of sulfates suggests that the fO2 of this 

system was less than the sulfide-sulfur oxide buffer (SSO), which is roughly equivalent to 

NNO+2 (Zhou et al., 2022; see also Mungall, 2002). The third requirement is that the 

system be sub-alkaline, which does not apply to amphibolite. This thermometer has been 

applied to amphibolites in subduction zones (Dong and Wei, 2021) and other high-grade 

settings (e.g., Zhou et al., 2022; Corvò et al., 2022). 

Scanning Electron Microscope 

High-magnification identification of mineral phases in the mafic sample WB22-6 was 

conducted on a Hitachi SU 5000 field-emission variable pressure scanning electron 

microscope (FE-SEM) equipped with an energy dispersive spectrometer (EDS) at the 

U.S. Geological Survey Reston Electron Microbeam Laboratory. The sample was carbon 
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coated and analyzed using a 20 kV accelerating voltage, a 50 nA spot intensity, and a 

working distance of 10 mm. 

 

Results 

Field Observations 

Samples were collected along three main traverses through the coherent amphibolite, 

with some additional observations made at smaller isolated localities (Figure 6). What 

follows is a narrative description of the observations made in the field, broken down by 

location. Schematic stratigraphic columns were constructed using the observations 

described herein (Figure 3, Figure 4, and Figure 5). They primarily demonstrate 

lithologic relationships encountered in the field and do not take into account compression 

due to folding. Approximate unit thicknesses were calculated using an average dip angle 

of 50°. 
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Figure 3. Schematic stratigraphic column of the Dawn Valley traverse. Layers are meant to show 

approximate location and lithologic contacts, not absolute thickness. Sample positions are marked. The 

first occurrences of garnet and rutile and marked by dashed lines. Total thickness is about 600 m. 
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Figure 4. Schematic stratigraphic column of the CA traverse. Layers are meant to show approximate 

location and lithologic contacts, not absolute thickness. Sample positions are marked. The first occurrence 

of garnet and rutile coincides with the quartzite where CA22-2A-2 was sampled. Total thickness is about 

800 m. 
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Figure 5. Correlated stratigraphic columns moving from approximately west to east along strike of the coherent amphibolite. Columns are simplified to show 

only the distribution of mafic amphibolite and paragneiss. The inferred boundary with the amphibolite mélange is shown as a dashed line. Columns were 

correlated using the contact between coherent mafic amphibolite and paragneiss. Note that the horizontal and vertical scales are different. 
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Figure 6. Map of sample locations and traverse pathways (red lines). After Platt (1976) with modifications by Grove and Bebout (1995). Base map is the USGS 

national topographic map (https://www.usgs.gov/programs/national-geospatial-program/national-map). 
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Coherent Amphibolite (CA) Traverse 

Taking its label from a pre-existing naming convention, the CA traverse is not the only 

path through the coherent amphibolite, but it does offer one of the most complete 

snapshots of the subducted slab in terms of lithology. Starting from its contact with the 

lawsonite blueschist at its more southerly end, the CA traverse follows a streambed uphill 

through the mafic coherent amphibolite. In this way, the traverse moves stratigraphically 

up through coherent amphibolite nappe. Outcrops are regularly exposed in the streamôs 

bank and along its sides. 

The first coherent amphibolite encountered at the base of the CA traverse is mafic, 

foliated, and consisting primarily of hornblende and plagioclase, with some epidote 

(estimated in the field, see Petrography results for more precise mineralogical 

descriptions). There are millimeter to centimeter-scale quartz veins and some folding 

present. Much of the mafic amphibolite follows this same basic description and varies 

only in the proportion of the different minerals and in the degree of veining and folding 

(Figure 7).  

Moving up through the CA traverse, the rocks gradually become more mafic with 

increasing amounts of amphibole. Felsic minerals are at times concentrated in patches 

and layers, and sometimes are dispersed throughout a rock. The amount of epidote varies, 

with some rocks including very little and some including up to about 30%. Similarly, the 

color of the rocks varies from black to green. At CA22-1, about the halfway point of the 

mafic amphibolite, titanite became visible in hand sample. 
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The mafic amphibolite begins to change towards the top of the section. Approximately 

0.5 to 1-m thick quartzite layers are present with mafic layers on either side. Garnets 

were first observed in these quartzites, and then in the mafic layers themselves. Rutile is 

now the Ti-bearing phase, instead of titanite, although it is not visibly present in every 

layer. Local folding and felsic veining become more prevalent as well. Sample CA22-2A-

2 is a garnet quartzite exposed in between mafic layers, and CA22-3 is a garnet and 

rutile-bearing layered mafic amphibolite. 

Continuing up the CA traverse, the mafic amphibolite soon gives way to 

metasedimentary paragneiss. The paragneiss is a poorly consolidated, brown-yellow rock 

that consists primarily of plagioclase feldspar, quartz, and mica. Garnet and rutile were 

not observed in hand sample in the CA traverse paragneiss. At one outcrop, paragneiss 

was interlayered with mafic garnet amphibolite and garnet-bearing chert in complex, 

meter-scale folds that seemed to be concentrated in a discrete layer, distinct from the less 

resistant, underlying planar paragneiss (Figure 8a). This is the same location from which 

the chert pod CA15-06 was previously collected (Harvey et al., 2021a). Moving up the 

streambed from this outcrop, ~6 to 10 m thick layers of paragneiss alternate with ~3 m 

thick layers of chlorite schist. The chlorite schist is a weakly consolidated, foliated, green 

metasomatic rock that in hand sample consists almost entirely of chlorite. Continuing up 

section, the paragneiss continues in this manner, with interlayers of chlorite schist, until 

the talc schist matrix of the amphibolite mélange is encountered. 
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Figure 7. a. Folded, dark green mafic amphibolite with felsic layers and cross-cutting veins at base of CA 

traverse. b. Green-black mafic amphibolite with undeformed felsic banding in Rattlesnake traverse. Note 

hammer for scale. 
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Figure 8. a. Paragneiss in upper CA traverse. Lower layers are planar and less resistant, while upper 

layers are folded and contain interlayers of black mafic material. b. Paragneiss in the upper Dawn Valley 

side gully. Arrow points to a layer of garnet quartzite. 

Rattlesnake Traverse 

Also known as West Buffalo (samples from here are labelled ñWBò), this traverse is 

approached via a dirt road leading up from Little Harbor. The approach passes outcrops 

of blueschist and exotic migmatitic garnet amphibolite mélange blocks (see Harvey et al., 

2021a). The first coherent amphibolite encountered is an unusual grayschist rock found in 

the side of the stream bed. This dark, dull rock was not found elsewhere in the coherent 

amphibolite, but its foliation and orientation suggests that it is a coherent rock. Forty 

yards upstream is a similarly oriented, green mafic amphibolite, which is more consistent 

with the rest of the traverse.  
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The mafic amphibolites of the Rattlesnake Traverse are, on average, greener and more 

epidote-rich than the CA traverse. The outcrops often form resistant ledges that cut across 

the streambed and are relatively unweathered. Compositional banding was observed in 

WB22-3, with layers of green amphibole and well-formed epidote crystals (up to 2 inches 

long) juxtaposed against felsic layers. The bands appeared to have been ductilely 

deformed. Twenty yards upstream was a completely different outcrop, with fine banding, 

smaller epidotes, linear quartz veins, and no evidence for ductile deformation. This 

pattern of localized variations in epidote morphology, veining, and deformational style 

continued through the lower part of this traverse.  

About halfway, the amphiboles became darker, signaling a change in composition, and 

epidote less prevalent. Shortly after these changes were observed, a rattlesnake (hence the 

name of the traverse) forced a diversion of the route. Moving up the steep slope of the 

hillside, several small exposures of heavily weathered amphibolite with some felsic 

banding were encountered. WB22-6 was collected from a finely layered rock in the 

hillside.  

The rocks appeared to become more uniform as the top of the ridge was approached. 

Amphibole grains in this area are typically 2 to 3 mm in length and the rocks were 

approximately evenly distributed between dark amphiboles and the light felsic minerals. 

On top of the ridgeline, outcrops are heavily weathered and it was difficult to collect 

clean samples. They were typically felsic amphibolite, although one exposure was of a 

rock that consisted entirely of coarse-grained (~1 to 2 inch long) dark, interlocking 

amphibole crystals. 
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Dawn Valley 

Approaching from the west (and from lower down, stratigraphically), the Dawn Valley 

traverse begins with several outcrops of mafic coherent amphibolite. Quartz veins up to 3 

cm thick are abundant, sometimes contain epidote, and are arranged in complex isoclinal 

folds. Moving up stream, the rocks display variation in terms of foliation and the 

proportion of chlorite present. A body of ultramafic material is soon encountered. The 

rocks of this weak, schistose body are chaotically oriented and contain veins of fibrous, 

green serpentine minerals. At the contact between the two units, foliated and tightly 

folded coherent amphibolite directly underlies layer of coarse, unfoliated hornblende 

which soon gives way to weak, vertically-oriented ultramafic material. The nature of this 

ultramafic body and its relationship to the amphibolite mélange is enigmatic. Much of the 

body as mapped is covered by alluvial sediments. The orientations of the surrounding 

mafic coherent amphibolite suggest that folds are present. Towards the eastern end of the 

ultramafic body, a measured lineation and foliation within the serpentinite broadly line up 

with the surrounding coherent amphibolite. Quartz veins, pods of mafic amphibolite, and 

patches of possibly metasedimentary material were also observed within the ultramafic 

body.  

The mafic amphibolite that contacts the eastern end of the ultramafic body contains 

garnets, which were absent at the western end. The mafic material quickly gives way to 

metasedimentary paragneiss. Bedding within the paragneiss may be originally lithologic. 

Layers vary in their degree of consolidation, with loose and solid paragneiss layers 

separated by thin contacts. Three small faults were observed in a layer of poorly 

consolidated paragneiss. Two approximately parallel fault surfaces, striking N14W and 
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dipping 50° W, separated by ~25 cm, are crosscut by a near vertical fault surface striking 

N-S. The fault surfaces consisted of a black, glassy material and were about 2 cm thick. 

They are further evidenced as faults by offsets in the numerous ~1 cm thick quartz veins 

that were present in the outcrop. 

Approximately 40 m upstream is ~3 m thick layer of mafic amphibolite containing 

garnet, hornblende, needles of epidote, plagioclase, and folded quartz veins. This is 

where DV16-03B was collected. On top of the mafic amphibolite is a layer of dark black 

hornblende, which directly contacts a heavily deformed, 3 m thick layer of green chlorite 

schist. The chlorite schist is capped by a 3 cm thick garnet quartzite, which also contains 

an Fe-oxide. The quartzite is gently undulose, resting on the boudins of the chlorite schist 

below. The quartzite then directly contacts more paragneiss, from which DV22-4B was 

collected. 

The next outcrop encountered upstream is an 8 m thick section of chlorite schist with two 

~0.5 to 1 m thick mafic layers, which contain rutile. The second mafic layer also contains 

folded quartzite interlayers. After this, moving upstream, is an outcrop with more 

complicated lithologic relationships. Two limbs of a meter-scale fold are present, each 

consisting of a ~0.5 m thick chlorite schist with interleaved mafic amphibolite and topped 

by a layer of quartzite. The limbs of the fold are oriented N25W dipping 48°W and N60E 

dipping 80°N. The fold axis is plunging 55° to the north. On the inside of the fold are two 

~1 m long pods of talc-actinolite schist, which probably represent metasomatized 

ultramafic material. Past this outcrop is an approximately 10 m thick layer of chaotically 

folded material consisting of strung-out chlorite schist, mafic amphibolite, talc-actinolite, 
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and quartzite all boudinaging together. All of the units are repeatedly juxtaposed against 

each other as you move upstream. 

This is followed by an area of tightly folded paragneiss with garnet quartzite horizons 

(where DV22-7 was collected), that transitions into more coherent, undeformed 

paragneiss. Paragneiss continues up the main streambed of the Dawn Valley, with regular 

interlayers of the other lithologies. Usually less than 1 meter thick, the interlayers at times 

consist of a single lithology, such as mafic amphibolite or chlorite schist, or at times 

appear in pairs. A mafic amphibolite and quartzite layer were observed directly 

contacting paragneiss, while elsewhere were boudins of mafic material interleaved with 

paragneiss. Tight isoclinal folding and abundant quartz veins were observed throughout. 

Garnet is visible in the paragneiss in this upper section of the traverse. 

These relationships are best exposed in a side gully that branches off the main Dawn 

Valley streambed near its northeastern termination. This gully cuts steeply into the 

hillside and exposes ~40 m of continuous bedrock (Figure 3). At the bottom and the top 

of this side gully are thick packages of paragneiss with occasional thin (~0.5 to 2 m) thick 

layers of chlorite schist and isolated layers of garnet quartzite (~2 cm thick). In the 

middle, however, is an ~14 m thick package of mafic and metasomatic rocks. Moving 

upslope, a layer of tightly folded chlorite schist gives way to approximately 2 m of 

lighter-colored talc schist. Within the chlorite schist is an undeformed block of mafic 

garnet amphibolite (DV20-04; Figure 9a) and another pod of mafic material wrapped in a 

~10 cm thick fold of garnet quartzite (DV22-12, Figure 9b). The talc schist transitions 

back into chlorite schist, which then alternates with layers of foliated mafic amphibolite 

of variable thickness until paragneiss returns farther upslope. Isoclinal folds were 



41 

 

observed throughout this middle package, and a similar folding pattern continues into the 

paragneiss above. 

Continuing uphill from this side gully, paragneiss exposures are less frequent but are still 

associated with chlorite schist and quartzite layers (Figure 8b). Once the top of the ridge 

is reached, numerous folds and small faults are observed in the paragneiss. One fault, 

striking N55W, has near vertical paragneiss on one side and shallower west dipping 

paragneiss on the other. A chevron fold was observed approximately 3 m away from a 

gently curving fold. The structures on top of the ridge reveal significant meter-scale 

complexity in the upper Dawn Valley paragneiss, which continues until the amphibolite 

mélange is reached farther up the ridge. 
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Figure 9. a. Garnet-hornblende block DV20-04 in the Dawn Valley side gully. Block is surrounded by a 

matrix of chlorite schist. Parts of the block have broken off and are sitting as float on top of the schist. b. 

Upslope from the view in (a) is a folded garnet quartzite layer (qtz). On the inside of the fold is mafic 

material (maf), while the outside is a matrix of chlorite schist (chl). 

Cottonwood Canyon 

Hiking trails heading south from the islandôs airport go past several blocks in amphibolite 

mélange. In the bank of a stream is the only known exposure where coherent mafic 

amphibolite directly contacts mélange (Figure 10). It is apparent in outcrop that the 

mélange and coherent rocks are discordantly juxtaposed. No visible reaction zone was 

observed between them.  

To the southwest of the contact, and moving down stratigraphically through the coherent 

amphibolite, is a pair of conjugate faults that were previously described by Grabiec 
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(2017). The larger of these is a near vertical, ~0.75 m wide channel infilled with mélange 

matrix. Both the hanging wall and footwall are coherent mafic amphibolite, and the 

schistose matrix appears to have flowed into the channel while the fault was active. Some 

low temperature reactivation of the faults is evidenced by pumpellyite in the fault zone. 

Slickenfibers were observed on both faults. 

Farther west a short distance is the contact between the coherent amphibolite and the 

Ollas thrust, which separates the coherent amphibolite from the underlying epidote 

blueschist. The Ollas fault zone has previously been described by Harvey et al. (2021a). 

The coherent amphibolite becomes tightly folded as it approaches the fault zone, which is 

made up of several amphibolite-grade mafic blocks entrained in two mineralogically 

distinct, but highly deformed, matrices.  

From its contact with the amphibolite mélange at the top to the Ollas thrust at its base is 

about 450 m vertical thickness of coherent mafic amphibolite. No paragneiss or other 

lithologies are observed in the Cottonwood Canyon coherent amphibolite. No garnet or 

rutile were observed in the Cottonwood Canyon amphibolite, though rutile is found 

within the Ollas fault zone (Harvey et al., 2021a). 
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Figure 10. The contact between coherent amphibolite and amphibolite mélange in Cottonwood Canyon. 

Solid lines separate rocks with distinct orientations, and dashed lines indicate a schematic estimate of the 

dip angle for the coherent (red) and mélange (blue). 

Buffalo Springs 

A traverse of similar length to Cottonwood Canyon can be found by hiking up the 

Buffalo Springs Canyon, east of the airport. Buffalo Springs lacks, however, clear and 

direct contacts between the coherent amphibolite and its surrounding units. At the base of 

the traverse is an enigmatic outcrop where blueschist is juxtaposed against talc and 

epidote schists, which may be related to the Ollas fault zone, but this was impossible to 

determine in the field. Farther upstream is a low, ~12 m long outcrop in the stream bank 

that exposes what is unambiguously mafic coherent amphibolite. A layer of chlorite 
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schist is found within the mafic layers. Moving northeast, exposures of green and black 

mafic amphibolite continue to be seen near the stream and on the hillsides until 

amphibolite mélange matrix is encountered.  

Sheep Chute 

Off of Empire Landing Road, west of the islandôs airport, is a ridge with several small 

exposures of highly weathered bedrock. Both garnet-bearing paragneiss and rutile- and 

garnet-bearing mafic amphibolite were observed in close proximity to one another. The 

mafic amphibolite may have been a layer within the paragneiss. The rocks here are 

poorly consolidated.  

Structural Measurements 

The strikes and dips of foliation measured using the app Clino are largely consistent with 

those measured using a traditional compass, and with those reported previously by Platt 

(1975; 1976). The coherent amphibolite generally strikes NW-SE and dips ~45° to the 

NW, although there is spread in the data due to localized folding (Figure 11). The 

average orientation was determined using the mean vector calculation of the freely 

available program Stereonet 11 (https://www.rickallmendinger.net/stereonet). 

https://www.rickallmendinger.net/stereonet
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Figure 11. A stereonet plot of poles to foliation (n=64) in the coherent amphibolite. Coloured contours 

indicate standard deviations using the Kamb (1959) method. Produced using Stereonet 11 (Allmendinger et 

al., 2012; Cardozo and Allmendinger, 2013). 

Petrography 

Mafic Amphibolites 

The mafic constituent of the coherent amphibolite is composed primarily of calcic 

clinoamphibole (henceforth referred to as Ca-amphibole), epidote group minerals, and 

plagioclase, and contains variable amounts of chlorite, white mica, quartz, titanite, 

ilmenite, rutile, garnet, and the minor phases zircon, apatite, and pyrite (identified using 

EDS on the EPMA).  
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The Ca-amphibole varies in color and modal proportion moving up section through the 

coherent amphibolite. At its base, actinolite is the amphibole phase. It is lightly colored in 

plane polarized light and makes up roughly 30% of the rock. In the Rattlesnake traverse, 

the actinolite pleochroism is colorless to pale green-yellow. In the CA traverse, it is tan to 

light green. The amphiboles grade gradually upwards into darker colors, indicative of a 

transition to hornblende compositions (Figure 12a-d). CA22-1, from roughly the 

stratigraphic middle of the coherent amphibolite, shows light yellowish green to blue 

green to green pleochroism. A mafic layer within paragneiss in the upper Dawn Valley 

traverse, near the top of the coherent amphibolite, contains amphibole that is brown to 

dark green. The modal proportion of Ca-amphibole also gradually increases, going from 

30% at the base to roughly 85% near the top of the coherent amphibolite. Ca-amphibole 

typically appears as elongate tabs or rhombs, or as masses interstitial with epidote. Most 

range from 0.5 to 1.5 mm in length, with the most coarse-grained going up to 5 mm. 

They are often altered along fractures and cleavages. 

The mafic amphibolites usually contain either clinozoisite or epidote (differentiated on 

the basis of optic sign). Samples from lower in the coherent amphibolite are more likely 

to contain clinozoisite, while samples from higher in the section are more likely to 

contain epidote, although the gradation from one to other is not consistent. Their modal 

proportions vary, ranging from around 50% of the most epidote-rich samples to <5%; the 

amount of epidote group minerals is generally highest at the base of the coherent 

amphibolite and decreases until almost all epidote is gone in the upper parts of the 

section. The epidote group minerals occur in three different ways in these samples. First, 

they most commonly appear as small (<0.5 mm) sub-rounded or pill-shaped grains that 
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display 1st order grey and/or anomalous blue interference colors in cross-polarized light 

(Figure 13a). Second, they sometimes occur as sub-rounded grains with irregular zoning 

defined by either 3rd order blue-yellow interference colors or 3rd order yellow and 

magenta interference colors, with the latter showing simple twins (Figure 13b). Lastly, 

the epidote group minerals are sometimes observed as euhedral diamond-shaped grains 

with 1st order grey interference colors that display ñfir-treeò sector zoning (Figure 13c). 

This last group sometimes shows preferential dissolution of the darker fir-tree zones as 

demonstrated by replacement with hornblende in the interiors of these grains. The fir-tree 

sector zoning, while distinct in XPL, was not visible in back-scatter electron (BSE) mode 

on the SEM. In WB22-6, the distribution of Group II and Group III epidotes defines the 

sampleôs layering. 

The felsic minerals in the mafic amphibolites are more commonly plagioclase feldspar, 

with minimal quartz present. Plagioclase usually appears as sub-rounded interstitial 

grains that often contain numerous micro-inclusions. A few samples display 

polysynthetic twinning. Plagioclase in the mafic amphibolite is often saussuritized. In the 

mafic amphibolite samples, the degree of saussuritization varies. Some plagioclase grains 

are unaffected, some show distinct epidote group crystals forming in their interiors or 

along cracks, as well as epidote-plagioclase symplectite textures, and some show 

complete conversion of plagioclase to dense networks of epidote group crystals. This 

variation is sometimes observed within a single sample (Figure 14). 

The two key minerals for this project are garnet and rutile. In the mafic amphibolites, 

garnets range from ~0.3 to ~2.8 mm in diameter. They are typically euhedral, heavily 

fractured, and rich in inclusions. The largest garnets, in DV16-03B, contain sinusoidal 
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titanite inclusion trails. The most common inclusion phase in mafic amphibolite is zircon; 

quartz is uncommon. Garnet is limited to the upper sections of the coherent amphibolite. 

Rutile usually occurs as small (~0.05-0.35 mm) grains and is similarly confined to the 

upper coherent amphibolite (see lines on Figure 6 and Figure 3 and Figure 4). In DV16-

03B, rutile is found only in the cores of titanite grains, presumably the result of later 

retrogression to titanite. 

There are a few notable outliers in the mafic amphibolite samples. WB22-3, from lower 

down in the Rattlesnake traverse, contains several grains of heavily altered clinopyroxene 

(Figure 15). These grains are often interstitial and show dissolution around their edges. 

They are altered to fine-grained masses along their cleavage planes. Overall, they appear 

to be older than the grains that surround them. Pyroxene was not observed in any other 

sample from the coherent amphibolite. 

WB22-1 was identified as a grayschist and part of the coherent mafic amphibolite in the 

field, but in thin section looks drastically different from the rest of the mafic samples 

(Figure 16). It is made up of fine, fibrous chlorite-rich layers alternating with layers of 

undulatory (in XPL) plagioclase. Some muscovite and Ca-amphibole are present in the 

chlorite-rich layers. There are tabular euhedral epidote group minerals, about 3.5 mm 

across, that have dissolved around their edges. Chlorite porphyroblasts (~1 mm) are 

interpreted to be entirely chloritized garnets, as evidenced by their generally round shape, 

inclusions, and relict strain shadows. While most of the plagioclase is smaller (~0.1 mm), 

subrounded, and dynamically recrystallizing, some large grains (~1.5 mm), rich in 

inclusions and displaying Carlsbad twinning, are seen recrystallizing around their edges. 

There are rutile grains retrogressed to grungy titanite around their rims. Lastly, there are 
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abundant small (<0.05 mm), black grains of graphite throughout the sample, not observed 

elsewhere in the mafic amphibolite. 

DV20-04 is a mafic amphibolite block found within a talc schist in the upper Dawn 

Valley traverse. It differs from the surrounding mafic amphibolites in several key ways. 

First, it contains a higher proportion of garnet (~70%). Its garnets are also larger, going 

up to ~4.5 mm in diameter and rounded in shape, and often display ñatollò growth 

patterns, in which a garnet core is completely interrupted by a mantle of inclusions and 

then surrounded by a garnet rim (Figure 17). The garnets also contain abundant 

exsolution needles of rutile (confirmed on the EPMA), which are not observed elsewhere 

in the mafic amphibolite (Figure 18). Second, the hornblende in this block is tan to brown 

and generally granoblastic polygonal in texture. By contrast, a nearby mafic layer within 

paragneiss (DV20-05A) shows strongly foliated, brown to dark green, elongate 

hornblende crystals and a lower proportion of garnet (~20%; Figure DV20-05A). Its 

garnets are also euhedral, smaller (~0.5-1.5 mm), and lack exsolution needles. 

Paragneiss 

The sedimentary-derived paragneiss samples contain quartz, plagioclase feldspar, 

potassium feldspar, biotite and/or muscovite, garnet, rutile, and sometimes Ca-amphibole, 

as well as minor ilmenite, hematite/magnetite, pyrite, zircon, and apatite (minor phases 

identified with EDS on the EPMA). Unlike the mafic amphibolites, which showed 

variation across the coherent amphibolite, the paragneiss samples are fairly consistent. 

Their foliation is defined by mica-rich and plagioclase/quartz-rich layers (Figure 19e). 

The garnets are typically ~0.8 to ~1.5 mm in diameter and are heavily altered by fractures 

and dark, opaque masses of alteration products. They are generally rich in inclusions and 
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often have dense inclusion clouds concentrated in their cores (Figure 19b). The rutile are 

abundant and are typically tabular or arranged in masses in the matrix. They often show 

dissolution textures around their rims. Rutile included in garnet are smaller and more 

euhedral. Mica grains are often intertwined and show kink banding (Figure 19c). The size 

distribution of quartz and plagioclase grains suggests that they experienced dynamic 

recrystallization (Figure 19d). Plagioclase is often completely saussuritized into dark, 

fine-grained masses. 

Quartzite 

The quartzite samples from the coherent amphibolite consist predominantly of quartz 

(~80%) and garnet (10-20%). They also contain rutile, often arranged in masses, a sheet 

silicate (either biotite or chlorite), some Ca-amphibole, epidote, plagioclase, and minor 

zircon and apatite. Ilmenite and titanite are sometimes seen rimming rutile (identified 

using EDS on the EPMA). There is some evidence for multiple generations of garnet in 

quartzite. The majority of garnets are around (<0.1 to ~0.5 mm) in diameter and euhedral. 

They are either colorless in plane polarized light, light red in color, or optically zoned 

with a red core and colorless rim (Figure A.1c in Appendix A). The quartzites also often 

contain a few larger (~1 mm), rounded garnet grains that are fractured and more rich in 

inclusions. They more closely resemble the garnets in the paragneiss (Figure A.1d). In 

some samples (e.g., CA22-2A-2), the garnets are arranged in thin layers, whereas in 

others they are distributed throughout. The quartz in these samples range from ~0.2 to 1 

mm in size, are generally subhedral, and show evidence for dynamic recrystallization 

(Figure 19e). In DV22-7, a secondary quartz vein was observed cutting across the main 

rock fabric. It contains a network of orbicular, radiating quartz crystals. 
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Schists 

Two varieties of schist were observed in the coherent amphibolite. The more abundant 

chlorite schist was too friable for making thin sections. The talc schist was observed only 

in the upper section of the Dawn Valley traverse. In thin section, it is roughly 95% talc 

with some amphibole porphyroblasts. 

Textures 

In addition to the foliation observed throughout the coherent amphibolite, mineralogical 

layering is also observed in some samples. As previously mentioned, WB22-6 contains 

zones that are differentiated by epidoteôs appearance. 

Some secondary features are recorded in these rocks as well. In addition to the quartz 

vein in DV22-7, a millimeter-scale, boudinaged shear zone was observed in the mafic 

amphibolite WB22-6 (Figure 20). It is filled with larger hornblende and epidote grains 

surrounded by a fine-grained mass of quartz. The crystals have a preferred orientation at 

about 45 degrees from the walls of the shear zone. SEM images of the shear zone are 

shown in Figure 21. 
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Figure 12. Photomicrographs of representative Ca-amphiboles from the mafic amphibolite. All images are 

5x magnification. a. Actinolite is near colorless in the lower section of the coherent amphibolite (plane 

polarized light [PPL], WB22-4A). b. Identical view as in (a), in cross polarized light (XPL). c. In middle of 

coherent amphibolite, the Ca-amphibole is now brown to blue-green hornblende (PPL, CA22-1). d. In a 

mafic layer within paragneiss in the upper section of the coherent amphibolite, hornblende is now dark 

green. Note that this is a 100-ɛm thick section, which amplifies the color darkening (PPL, DV20-05A). 

Mineral abbreviations throughout are after Whitney and Evans (2010). 
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Figure 13. Photomicrographs of epidote group minerals in a mafic amphibolite (WB22-6). All images are 

10x magnification. a. Mid to high relief, sub-rounded grains of epidote group minerals (PPL). b. Identical 

view as in (a), in XPL. Note the zoned 3rd order orange, yellow, and blue interference colors. Red arrow is 

pointing to the hinge of a Carlsbad twin in the larger grain. c. Euhedral, diamond-shaped epidote group 

minerals (PPL). d. Identical view as in (c), in XPL. The epidotes show 1st order gray to anomalous khaki 

interference colors. Note the fir-tree sector zoning. 
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Figure 14. Photomicrographs of representative plagioclase feldspar in mafic amphibolite. a. Incipient 

saussuritization in a plagioclase grain. Distinct needles of epidote group minerals are present. The red 

arrow is pointing to epidote and plagioclase symplectite (10x, PPL, WB22-6). b. Identical view as in (a), in 

XPL. c. Partially saussuritized (red arrow) plagioclase between two garnets. Grain still retains its 

polysynthetic twinning. Lens shaped titanite is also present (10x, XPL, CA16-01). d. Plagioclase (red 

arrows) fully saussuritized to dark, fine-grained masses. Note that this is a 100-ɛm thick section (5x, PPL, 

DV22-5). 
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Figure 15. Photomicrographs of calcic clinopyroxene in a mafic amphibolite (WB22-3). a. In PPL, and (b) 

in XPL. Note the disequilibrium textures around the edges of the grain. Both images are 5x magnification. 
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Figure 16. Photomicrographs of features in the mafic amphibolite WB22-1. a. Chloritized garnet 

porphyroblast with relict strain shadows. Matrix is predominantly muscovite, chlorite, and black graphite 

(5x, PPL). b. Identical view as in (a), in XPL. c. Simply twinned, inclusion-rich porphyroblast of 

plagioclase (5x, XPL). d. Yellow-orange rutile surrounded by grungy titanite rim (20x, PPL). e. The 

foliation of WB22-1 is defined primarily by sheet silicates and black, fine-grained graphite (1.5x, PPL). 
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Figure 17. a. Atoll garnets in DV20-04, a mafic block in chlorite schist in the coherent amphibolite. Arrow 

points to largest grain (1.5x, PPL). Black box indicates field of view in (b [5x, PPL]). Note the granoblastic 

polygonal green-brown hornblende. c. Atoll garnets (red arrows) in a mafic block in amphibolite mélange 

(1.5x, PPL, CA16-02A). d. Garnets and foliated dark-green hornblende in a mafic amphibolite layer near 

DV20-04 (1.5x, PPL, DV20-05A). Note that (a), (b), and (d) are 100-ɛm thick sections. 
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Figure 18. Photomicrographs of rutile exsolution needles in garnet in the mafic blocks DV20-04 (a and b), 

from the coherent amphibolite, and CA16-02A (c and d), from the amphibolite mélange. All images are 20x 

magnification. (a) and (c) are PPL, and (b) and (d) are XPL. Arrows point to prominent needles. Note that 

(a) and (b) are from a 100-ɛm thick section. 
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Figure 19. Photomicrographs of paragneiss samples (a-d) and a quartzite sample (e). Note that all five are 

from 100-ɛm thick sections. a. Heavily altered garnets and a foliation defined by micas (1.5x, PPL, DV16-

04B). b. A garnet with an inclusion cloud in the center (5x, PPL, DV22-4B). c. Kink bands in muscovite. 

Interference colors are elevated to 4th order by section thickness (5x, XPL, DV16-04B). d. Dynamic 

recrystallization in quartz (brightly colored, low relief grains). Interference colors are elevated due to 

section thickness (10x, XPL, DV16-04B ). e. Quartzite sample DV22-7 showing quartz grain sizes ranging 

from ~0.2 to 1 mm across. Note that quartz appears in bright 2nd/3rd order interference colors (5x, XPL). 
















































































































































































