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Introduction

Subduction is a fundamen@lo mponent of sys@mltidapeceds knowno ni ¢
to occur only on Earth (Stevenson, 2003) archg shaped our planetnmyriad ways At

the subduction zone trench, sediments can accrete to the overriding plate and contribute
to the growth of continental crust (Clift and Maucchi, 2004)The sinking of the

downgoing plate, or slab, drives mantle convection and contributes to the overall motion
of Eart hoés pl The stals relédases faidsmas it d2s@edds,)and these fluids
affect the longterm geochemistry of thmantle while alsdorming economic ore

deposits anthducingmelting beneath volcanic ar@Srove et al., 2006; Sillitoe, 2010).

Arc volcanoes play an important role in the growth of the continental crust while also
posing significant hazards for nearbypptations (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 ¢neforea multifaceted process with both geologicale

impacts and humascale hazardyet quesons abound about its exaotechanisms,

timescalesand controlling factors.

Aside from geophysical studies, whikchve lowresolution and require networks of
instrumentation, the best way studysubduction is by looking at exhumed rockbe
subduction interface, or the boundary betwdndowngoinglaband overridingplate

is a zone of intense deformationineral 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 themnterface andvoidbeng subducted

into the mantle. Eventually, through erositimese suites of rock are returned to the



surface and studied as paleosubductionzorteey represerit f o s si | saddfthed 0 p i
subduction interface arate today found all over the world (PenarsDorland et al.,
2015).Paleosubduction zones offer a crutialk atthecomplex processdhbat are

taking place in subduction zones today but are wfiserunobservable.

Paleosubduction zones build thpough a process known as underplatifige

subdction interface is a complargionthat evolvedoththermally and mechanically
through time The interfacecan at times become mechanically coupled to the overriding
plate(Agard et al., 2018 When this occursstrain is redistributed to new layers gratts

of the downgoing slab can becom#athedfrom the main interfacéVhen theycouple

to theoverriding plate, they are said to be underpléEgdiis et al., 1999 Successive

layers can be underplated over time, creating stacked complexes of distinct
tectorometamorphic slices that have downward younging ages.has been observed at
a number of localitiesvorldwide, includingin thewestern Alps (Angiboust et akp14),
Chile (Angiboust et al., 2018andnorthern California (Dumitru et al., 2010). this

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

There are two dominant modesrocks exhumed from subduction zonesherent

terranes and mélange zor{PennistorDorland and Harvey, 2023poth occur as

distinct mappable unitCoherent terranes are continuous, kilomstale 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 rretale blocks that have been

chaotically mixed in a fingrained matrix. In a mélange zone, rocks that have been

metanorphosed in one facies may be juxtaposed against blocks metamorphosed in

e C



another €.g.,Harvey et al., 2021a). Both coherent rocks and mélange can consist of
metasedimentary, metamafic, and meiteamafic lithologiegBebout and Pennisten
Dorland, 2016)Coheentterranes and mélange rocks are often found togetkample
localities include the Rio San Juan Complex (Dominican Repuliiie Franciscan
Complex (California, USA), and the Shimanto Belt (Japan) (Krebs et al., 2011; Ukar,

2012; Phillips et aJ 2020).

Despite commonlyeing found together, the relationship betweeherent terranes and
mélange has nditeen closely examine@he Catalina Schist, a paleosubductomplex

in southern California, offers an excellent opportutatyrobe this relationship because
it containsan amphilolite-grade mélanganda wellexposedunderlyingamphibolite
faciescoherent terrand.he mélange has been well studied (grensa and Barton,
1987; Bebout and Barton, 20@ennistorDorland et al., 2018; Harvey et al., 2021a;
Harvey et al., 2021bputthe coherent amphiboliteasreceived less attentiohimited
geochronologic evidence suggests thatcoherent amphiboliteay ke older than the
mélanggAnczkiewicz et al., 2004; Harvey et al., 2021bhis study seeks to understand
whetherthe coherent amphibolite experiendbd same metamorphic history as the

mélange

In order to do sdield and petrographic observations aoendined withtwo relatively
newtechniques in geothermobaromet@uartzin-garnet barometryelies onthe Raman
peak shifs of quartz inclusion® estimatevhen those inclusions were entrapped in
garnet(Kohn, 2014) It doesnot depenan calculations from mineral equilibria, as some
previous estimates from the Catalina Schist have ddoee(sen and Barton, 1987).

Similarly, Zr-in-rutile thermometryses the temperature dependencof r ut i | ed s



Zr to estimate metamorphic temparres(Zack et al., 2004Tomkins et al., 2007; Kohn,
2020).Zr-in-rutile is particularly useful in metamafic lithologieghich often lack the
assemblages necessary for other geothermometric Td@<Zrin-rutile results are
supplemented here by anatlace element thermometer:ifkamphibole (Ernsand

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

metamorphic conditions experienced by rocks in the coherent amphibolite.

Unraveling the relationship betwe#re coherent amphibolite and the amphibolite
mélange is important for better understandingnidieire otthe deef{~30-40 km)
subduction interfacé hedistribution of strain at the interface, which controls the
movement of materialglso determines seistractivity. Episodic tremor and sli(ETS)
is a family of low frequency seismic events and aseismic creep phentdméase
commonly observed in the deep subduction interface of maudaatuction zones
(Bargmann, 2018Peacock, 2009ETS is thought to gtentially trigger larger, wplip
megathrust earthquakes, whitduse serious damage, generate tsunamis, and threaten
human life (Rogers and Dragert, 200B)e Catalina Schist represents a part of the
subduction interface that likegxperienced ET8otowski and Behr, 2019), and tte
relationships it preserves may provide context for studying slow slip elftitsately,
incorporating coherent terranes into modelsudfduction interface processed allow

for more holistic interpretations afiodern and paleosubduction zones.

Geologic Background

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

Island off the coast of southern Californkdqurel; Platt, 1975; 1976). It formed by



subduction of the Farallon plate beneath North America and it locally retides
Cretaceous agd&rove et al., 2008). The Catalina Schist consists of a stack of thrust
slices metmorphosed from lovgrade lawsonitalbite up through higigrade

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 thrustaults (Platt, 1976). The protoliths include sedimentary, mafic (oceanic
crust) and ultramafic (mantiderived) rocks. While mafic and sedimentary material
occur together in every unit, higher proportions of mafic material occur in the
amphibolite and theelative amount of sedimentary material increases moving down
sequence (Grove et al., 2008). The differences in protolith reflectéong(~20 Ma)

changes in the subduction system.
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Figure 1. Geologic map of Santa Catalina Isthmwith cross section. Major faults are labelled. Adapted
from Platt (1975; 1976).

The Catalina Schist is well known for its mélange, which consists of dieaiatrix

structures and formed by progressive tectonic mixing at the plate inteBa@éen and
Grossman, 198®Bebout and Barton, 2002; Pennistdorland et al., 2018; Harvey et al.,
20218). Mélange occurs in all of the metamorphic units and is juxtaposed against (and
sometimes intercalated with) large, intact sections of coherentThekmélangén the
amphibolite facies has been the most extensively studied. Its nsdire-grained

schistose, and contaittse major phasdslc, chlorite, anthophyllite, calcic

clinoamphibole enstatite, and minor quartdinor phases include Nresulfides,

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

and Barton, 2002)T'he matrix can be divided into two chemical endmembers: an



aluminous matrix dominated by chlorite, and a siliceous matrix domibgtachphibole
or talc.The siliceous matrix is thought to be derived from ultramafic rocks, while the
aluminots matrix is of mafic origindntermediate matrix compositions have been
reached via progressive metasomatic and mechanical mixing at the subdietiaceé
(Bebout andarton, 2002; PennisteDorland et al., 2014Blocks in the mélange are
predominantly mafic andltramafic, with only rare metasedimentary blocks (Bebout and
Barton, 2002). Mafic blockaretypically garnet amphibolitandcontain clnoamphibole,
garnet, rutile, zircorand quartz, and variab&mounts othlorite, plagioclase, epidote,
phengite, and retrogradieanite rimming rutile (PennisteDorland et al., 2018).
Ultramafic blocks arserpentiniteand contairlizardite, chrysotileand magnetite
(Sorensen, 1988%ome blocks are migmatitic aled are ringed by reaction rinds and

selvages (Sorensen a@dossman, 198%®ennistorDorland et al., 204).

Constraints on the metamorphic conditions of the amphibolite mélange have beed revi
by several authors. Platt (1976) first estimated that it had been metamorpbtvgeen
500-700°C and 0.81.2 GPa on the basis tife amphibolite mineral assemblages.
Sorensen and Barton (1989mbinedgarnetclinopyroxene thermometry, the jadeite
component of clinopyroxenepnstraints from fluid inclusivexperimentsand mineral
reaction curves to estimate conditions-640750°C and 0.8 to 1.1 GP&rove and

Bebout (1995used phase equilibria twoadly constrain the amphibolite metamorphism
to ~600750 °C and ~0.8 to 1.2 GPA-in-rutile thermometry was first applied by
PennistorDorland et al. (2018) to blocks in the amphibolite mélange and resulted in
temperatures of 650 to 730 °C at an assupnesisure of 1 GPa and using the calibration

of Tomkins et al. (2007)The most recent work by Harvey et al. (202%galculated this



range to b&43-735 °C using thepdated Zin-rutile calibration of Kohn (2020) and
reported pressures of 1.34 to 1.4R&based on quariz-garnet elastic thermobarometry
(Figure?2). This is consistent with a maximum burial of around 40 to 45 km (Grove et al.,
2008).Thestatistically distinctifferences in peak conditiomscorded byheblocks

have beelnterpreted to meathat they have been transported tortlearrent locations

via flow of the weak, finggrained mélange matrix (Pennistborland et al.2018;

Harvey et al., 2021b).

Thehistory of the coherent amphibolite, on the other hand, is relatively unconstrained.
Early work by Platt (1975, 1976) identifi¢kat it consists primarily dayeredmafic
amphibolite, which he callgreen hornblende schisitting structurally on top of the
mafic amphibolite is @emipelitic schistwhich others have referred to garagneiss
metagraywackegr simply metaedimentary rocks (Sorensen and Grossm889;Grove

et al., 2008Bebout et al., 1999)n order todistinguish the semipelitic schist from other
rocks of sedimentargrigin, it will be referred to here as paragneidsn layers of garnet
guartzite whichPlatt (1976) suggestl may have originally bedoedded cherts, are
scattered throughout tle®herent amphibolite but make up a relatively smalpprtion

of the overall unitAn ultramafic body of serpentinite was identified in the Dawn Valley
of the coherent amphibolite, but its relationship with the amphibolite mélange is
unknown.The serpentiite, along withthe surrounding coherent amphibolite, is involved
in a kilometerscale, synmetamorphanticlinal fold (Platt, 1976)Some localized
extension is evidenced by a conjugate paop#ning and shearirfgults in the eastern
coherent amphibdeg, within ~100 m of the top of theoherent bodyGrabiec, 2017). At

that locality, the faulinterfacesare filled withmaterial that resemblesélange matrix



and haslevatedconcentrations dfli and Crcompared tdhe surroundingwall rock
These elerants are enriched in ultramafic rocks and also in the mélange mdtrch
suggestshat mélange matriwas actively deforming at the same time as coherent
amphibolite metamorphism (Grabiec, 20149 its base, the coherent amphibolite is
separated frompadote blueschist facies rocky the Ollas thrugtPlatt, 1976). Work by
Harveyet al. (2021a) found th#te 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 obsgamtht is sometimes present
and rutile and/or ilmenite are sometimes present instead of titAhdégaragneiss
contains quartz, plagioclase, white mica, biotite, garnet, kyanite, graphite, clinozoisite
and/or zoisite, hornblende, and the accessory phases rutile, ilmenite, apatitécon
(Bebout et al., 1999 uartzite layers are mostly quartz and garnet (Platt, 197@)

only estimate of metamorphic conditions for the coherent amphibolite isnaritile

temperaturef 690+ 3 °C fora paragneiss samp(earvey et al., 2P1a)
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Figure 2. Pressuretemperature 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 theamphibolite mélange, calculated using quartarnet barometry (QuiG) and zirconiuim-

rutile thermometry (ZiR) (Harvey et al., 2021). Abbreviations are as follows: LA=lawsonite albite,
LBS=lawsonite blueschist, EBS=epidote blueschist, EA=epidote aniipbjFM=amphibolite mélange,

and CA=coherent amphibolite.

The Catalina Schist is part of a regional network of Jurassic and Cretaggous

subducted rocks exposed in a discontinuous belt that includes the Franciscan Complex in
northern California and theelonaOrocopiaRand 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 rg@s 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 recordarnet SrrNd agesbetweenl07 + 5.5t0 115.5+ 3.0Ma (Harvey et al.,

2021b), while the coherent amphibolite has been dated46110.5Ma using garnet
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Lu-Hf (Anczkiewicz et al., 20040All age errors are@ t h r o. Whis ssimilar Yo U

Pb isochron dates for Catalina garnet amphibolite blotk41.7+ 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 zirconRb systematics (Grove et al., 2008he
metasediments then cooled slowly (<Z3m.y.)until they reachag ~356400°C, the
closure temperature in-Kr for muscovite, at 10800 Ma Grove and Bebout, 1995
Grove et al., 2008 The lowergrade units trend younger downwards, ending with the
accretion of the lawson#albite at around 95 Ma (Grove et al., 20@8hal exhumation

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

1998).

Among paleosubductioterranes, 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 zdit&srya et al., 2002; Syracuse et al., 2010;
PennistorDorland et al., 2015). The Catalina amphibolite represents a geothermal
gradient that is approximately 16 °C/km (Harvey et al., 2024mphibolite
metamorphism in subduction zones is enigmatic, and the cause may vary between
subduction zones. For the CatalinzhiSt, 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 batholithsybeer, 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 suitmluerosion against the underlying
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metamorphic units, which display more typical subdueteated geothermal gradients.
This model, however, is based on limited detrital zircon data and remains urdested.
recent study bypong et al. 2022)have arguedbr an eclogitefaciesevent preceding the
amphibolite metamorphism based on pseudosection modelohthe inferred presence
of lawsonite pseudomorphshey calculated peak metamorphic condition2a¥F2.7

GPa and temperatures > 580, which wouldrepresent ageothermal 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 amples for this study were ltected over a teway period in April 2022.

The newly collected samples were integrated with a small suite that were previously
collected by Dr. Kayleigh Harvey and [Barah PennisteBorland A sampling plan

was prepared in advance with the help of Google Earth satellite imageaygémbd

geologic maps created in QGIEhe coherent amphibolite is crosscut by a serid¢tef

SW oriented dry streambeds which were used as traverse pathways because they often
expose bedrock in their banks and because thapueghly arallelto the vertical

thickness of the unitSamples 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 toakplace

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 amphiboBtamplesvere collected from
geographically diverse regions of tbeherent amphiboliteédnly samples that were
relatively unweathered, resistant to breaking with a rock hammer, and of sufficient size
for making thin sections were collect&hmples were particularly useftithey

contained rutile and/or garndtecase they came used for the quarin-garnet and Zr
in-rutile thermobarometric techniqudsut 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 litlegic layering were made at each major outcrop.

Structural observations were alsgllected #éong each traverse. Where possible, the

strike and dip of foliation were measured using the digital coragassmeter app

Fieldmove Clino for Apple iOS. This ppncludes GPS mapping of observations in real
time, as well as the ability to take georeferenced phbtekimove Clino has been tested
andfound to be suitable falmost all applications in field geology (Allmendinger et al.,
2017).The accuracy athe app measurementasvfurtherconfirmed by simultaneously
measuring the strike and dip of foliation using a traditional compass. Where possible, the
orientatiors of faults and folds were also measured. Additional general observations
included the relate abundance and morphology of veins and fractures. The thickness of
individual lithologic layers was estimated using a tape meaAiinghotos and notes

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

Petrography

Samples were prepared in the UMD rock cutting facility awadleintol 00 e m At hi

c k¢

sections(for quartzin-garneffQuiG] barometry)and3 0 e m t hin secti ons (
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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 andegh mapped in detail by taking overlappih§x 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 quag-in-garnet barometry, and in reflected light, which is useful for
zirconiumin-rutile thermometry. Higher magnification images were taken of specific

rutile and garnet grains, as needed. To facilitate the indexing of individual mineral grains,
these mapand imagesvere anotated using Adobe lllustratdvinerals not readily
identifiablevia optical determination weranalyzedusing electron dispersive
spectroscopynthe JEOL 8900R electron probe microanalyzer (EPMA) at the

University of Maryland Naocenter

Quartzin-garnet Barometry

Quartzin-garnet (QuiG) barometry is a relatively new method for determining
metamorphic pressuséom quartz inclusions in garnet (Enaatial., 2007; Kohn, 2014,
Thomas and Spear, 2018)is one of the most common examples of a broader suite of
methods known as elastic geothermobarom&ing. principles underpinning this
technique are derived froenconsideration of mineral elasticity hostinclusion systems
At the time of their entrapment, quartz inclusions experience the same p(dssui@

the lithostatic load as well as any regional pressure gradastegir garnet hosts. The

two minerals, however, have different elastic grijgs, namely thermal expansivities
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and compressibilitiedDuring exhumation from high pressure conditiaspverburden

is removedand the effect of regional gradients is redutiee,quartz inclusion expands

more than the garnet host andrassure mismatch occurs (Kohn, 2014)e magnitude

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

and inclusiorandthe RT conditions at entrapmenthe elastigproperties, particularly

theshear moduli antherelationship between molar volume gméssuregemperature

(P-T) for each mineral (Kohn, 2014)avebeen determined experimentalieasuring

the residual pressure of a quartz inclusio

can thus be used teterminethe possible A conditions at the time of entrapment.

Inordertomeasuran i ncl usi on 06 sveusewhatid knawn agpRarean s ur e,
spectoscopy. This nomlestructive technique relies tme principles of light scattering. A

Raman spectraspe focuses a lasen a sample, either on the surface or at some depth

inside and measures the energypbbtons after they have interacted with specimen.

Most of the incident photons are simply scattered and refl@dtbdhe same energy as

the laser. Some of the badcattered photor®pproximately 0.00001%), however,

vibratewith 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
anddisplayed as a spectrum, with each spectral peak representing an energy shift in the
backscattered photons (Neuville et al., 2014 Raman spectruns unique to the

molecular arrangement of the substance being meadeamste(is and Beyssac, 2020).

Formany minerals, the exact positions of the peaks in the Raman spectrum are pressure
dependent (Kohn, 2014y heresidual pressure ofraineralinclusion can therefore be

guantifiedusing its Raman spectrum/hile many hostnclusion pairs are possible
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thermdoarometers, the quaria-garnet system is the most webltablished (Korsakov et

al., 2020). In QuiG barometry, the Raman spectrum of a quartz inclusion in garnet is
directly compared to that of an uratred quartz standard. Thegnitudeof the shifts in

Raman peak positions idanctionof the residual straimn t he i ncl usi onds
(Enami et al., 2007). Shifts in peak position are typically measagetianges in

wavenumbers (the inverséwavelength)gar [, which are then converted to

residual pressur@Neuville et al., 2014).

The exact method for converting Raman pglaitsto inclusion pressure &) has been

an area obngoingresearch. Previously, quartz inclusions were asdumée under

hydrostatic pressures (e.g., Enami et al., 2007; Thomas and Spear, 2018), which could be
calculated directly from the position of tHeminant 464 cmt) band in quartzisinga

calibration curve constructed via hydrostatic diamond anvilesglerimentgSchmidt

and Ziemann, 2000Y.his approach has been utilizedsimmestudies omatural samples
(e.g.,Wolfe et al., 2021Schwarzenbacht al., 2021Dunkel et al., 2020Recent

experimental work, however, has shown that more accurate arigepresults 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 Schistgiaet al., 2021as well as

other high prssure and ultrahigh pressure terrafesg., Gilio et al., 202 Alvaro et al.,

2020;Gonzalez et al2019.

For this project, garnetsere selected for Qui@nalysis based on the availability of

inclusions anda limited extent of fracturingndalteration In order to obtain the most
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accurate measurement afcPinclusions were selectexhly if they fit the following

parameters:

Shapewvasnearspherical (Capomenosi et al., 2018; Mazzucchelli et al., 2018).
Inclusionwaslocated more than 3x the radius of the inclusion away from the
surface of the thin section (Bonazzi et al., 2019). For this purpose, 100
polishedii t h i ¢ k oweermadd for QuiG angkis.

Inclusionwasmore 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 boundries or fractures) or increased pressure (when proximal to other
inclusions), compared to thrie residuapressuralue to entrapmerfsee references
above).Most inclusions analyzed for this project were situditedveen 15 and 5 m

depth from the suaice of the thin section.

Inclusions were analyzed using tHeriba Jobin YvorLabRAM ARAMIS confocal
Ramanmicroscope housed in thenversity of MarylandSurface Analysis Centefhis
instrument was calibrated daily using@alishedsilicon standardDatawere collected
usinga 532nm laser400e m h ol e, 1 0 gr/menmrating, 30% neutlalBdénBity
filter, a 100x optical objective and a s p Resultng spectraavere the € m.
average of threaccumulations collected over 10 eads eachData were collected from
multiple garnets in each sample and from as many inclusionerasavailableEach
inclusion wasanalyzed at the approximate center and where inclusions were large

enoughmultiple spectra were collected to confirm hayaoeity across the crystal.
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|l nclusions were analyzed directly foll owin

di amondo quartz standard at ambient condi't

Spectrawer¢ghenf i t t o t he i nstr uamxed@sssighardntgiant poi n
function ntheMATLAB programipf.m (O06 Ha v e j. Speck@wer@ taken to be the
best of 10 fits using a linear baseline correctidme most prominent spectral ped&s
quartzare the 128 crh 206 cmt, and 464 cm modes; the position, height, width, and
area were recorded for each of these, as well aR%hed percent error (calculated as the
standard deviation of the residuals, reported as a percentage of the peakAddydes
with percent errors larger than 5% e excludedThe standard deviatidn peak
positionfor each mode of the quartz standewaks calculated on every day of analysis
Thelargestsingleday uncertainty for each peakas taken to be thenalytical

uncertainty for a given mod@ne sigma unctainties for the 128 crh 206 cmt, and

464 cm* modeswere0.27 cmt, 0.18 cmt, 0.24 cmt, respectivelyNo systematic

external drift of the quartz standard was observed for this instrumeait.cases, th
analytical uncertainty was larger thdne uncertainties ipeak fitting. Inclusionsvith

analyseghat had noroverlappingpeak positionsvere excluded.

The wavenumber shifts (iopxgventampleanalgsiovereof t he
calculated by subtracting the precedstgndard peak positidrom the sampl@eak

position Peak wavenumber shifts were converted to residual strains using the program
stRAINMAN (Angel et al., 2019)tRAINMAN is a freely available program for

Windows that has been experimentally tested f@rig inclusions in garnet (Bonazzi et

al., 2019)All three of the peak shifts are neededatculatethe strain state because of

the anisotropy of quartz. -mdice @ evakv esrhu rmh er s
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because they reflect interactions of theidient 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 phonode Grlineisen

tensor, which is a secordnk symmetg tensor that describes the relationship between
threedimensional strain and the peaks of the Raman spectra (Angel et al., 2019; Murri et
al., 2018 Grineisen1926. Because the quartz structure is in the trigonal crystal class,
meaning its short axis the same length in all directions perpendicular to its long axis,

only two strains are needed to fully describe the strain @atgel et al, 2019) The
results from st RAi nMANGBand, thheecracnfdeeeleU r epor
identicalfor quartz.Uncertainties on #h strain elements are calculated as a least squares
inversion ofthe Gkineisen tensor operatioanda covariance matrix ané value are

reported as wellAngel et al., 2019).

Once the strains were calculated, they were converted to ssiagsthe freely available
web-basedorogram EntraPTMazzichelli et al., 2021)EntraPT convertgesidual strain
to residual stresssingtheequation of state (EoS) for quarxngel et al, 20174) anda
rescaled elastic modudtensor (Lakshtanov et al., 200Theresidual pressure of the
inclusion is then taken to be the averagthehormal stresss(Mazzucchelliet al.,

2021)

EntraPTpropagateshe uncertaintyon Pinc by transposing the strain covariance matrix to

stress covariance and thesnverting it tostandard deviatiol(G0)) ( Maz zucchel | i
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2021).Entrapt also uses the latest HoBpyrope, almandine, and grossular (Angel et al.,

2022).

Once this process has been repeated for all of the quartz inclusions in a givenaample,
representativ®inc needs to beeterminedThere is no agreedpon method fodoing

this. Some researchers simply take highest recorddéc in a samplde.g., Wolfe et

al., 2021 SzczpdEki, et al., 202p while othersggroup inclusions by locatiowithin
garnetzoneg(i.e., core, mantle, or rim) and then take a m@ayfor each stage of garnet
growth(e.g., Cisneros et al., 2023jlio et al., 2022)While the purpose of this work is

to determine peakietamorphigressurs, using only the highest record®c to

calculate entrapment pressusenot necessarily appropriate becamisens the risk of
influence fromlocalized overpressurels such a scenario, unseen inclusionstasctural
heterogeneities within the garnetcoulcdh f | at e t he i n s beyosdtlan 6 s
which isdue to entrapmengimilarly, an altinclusive average, whether for the sample as
a whole or broken down by garnet zooan include inclusions thatue to cracks
undetected duringampling, no longer retain their original hastlusion stress
relationshipln this case, th€inc could be lower thaexpected and skew tmeean for

that sampleFor this reasonthe highest statistically robust spbpulation ofPinc values

was determinefbr each sample using Pealdxplorer, a graphical user interface (GUI)

developed byr. Buchanan Kerswelh{tps://github.com/buchanankerswell/pkdind

based orthe IsoplotR package (Vermebs018).Peakfit Explorer takes dagand their
associated standard deviations atehtifiesoverlappingsub-populations using a
Gaussian mixture model. producesquivalentresultsto the Unmix routine within the

original Isoplotextensiorfor Microsoft Excel(Ludwig, 2012) which used the Sambridge
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and Compston (1994) approachdeconvolutionAside from beingnore useifriendly,
Peakfit Explorer waselectedver IsoplotUnmix because it does not require tneriori
input of the number adubpopulationsPeakfit Exploreidentifies whether sub
populations exist and thgmoupsthe Pinc valuesaccordingly All of the Pinc values that
fell within the highest sutpopulation were taken to lilee representativieesidual
pressures for that samepA weighted meaif these representativy values was then
determined using th&eighted mean function of IsoplotRersion 5.1 (Vermeesch,
2018). IsoplotR reportshe2 (standard deviation of the weighted méag, based orthe

uncertaintiexopied ovefrom EntraPT.

ThePincof a given inclusion represeritge residual stregbhat the crystal is experiencing
atambient conditionsThe magnitude of that stress is the resuthefinterplay between
the mechanical properties the quartand the properties @ garnet hostoth ofwhich
are described bmathematical expressions called equations of state (BG8)aPincas

a starting poinand the equations of state as a guidis therefore possible to model all
of theconditionsin the crust at which that garnet could have trapped that particular
guartz inclusionSuch a model is called an isomeke and is represented by a lisle in P
spacgAngel et al., 2014)An isomeke tht representa sample as a whal@nd not just

an individual inclusion, can bmalculatedu s i n g # h ¢ igltdsveasatPinc.

All isomeke calculations were performed usingfileely available platfornEosFitPing
version 2.ZAngel et al., 2017bEosFitPinc has been verified experimentally for quartz
in garnet byThomas and Spear (2018 the time of writing,EosFitPincwas equipped
with theEoS for quartzAngel et al., 2017aand the Eo$or almandine, grossular, and

pyrope (Angel et al., 2. To take into account the differences between these end
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members, a generic garnet composition was calculated for each lithsiogy u
wavelengthdispersive Xray spectroscoig (WDS) analysesollectedon theEPMA at

the University of Maryland Nanocentévleasurements of garnet major element
chemistry were madesinga 15 kV accelerating currer5 nAbeam currentand a £ m
spot size Spots were placed in the cores, rims, and mantles (where possiie)tof
four garnets from eachf the mafic, paragneiss, and quartzite lithologhdsFe was
assumed to be in its +2 valence state (meaning zero andradite is pridsemidle
fractionof the almandingpyrope,andgrossular endmembeisr everyanalysis vas
renormalizedand then averagddr each lithology as a whol&o aid in the interpretation
of garnet growth histories, four garnets (from two mafic amphibolites) were sefected
major element Xay maps. Mapsf Al, Ca, Fe, Mg, and Mn were made using fames
WDS detecta on the EPMA atUMD. X-ray maps were processed using the software
ImageJTheaverage garnet composition for a given lithology was used to weight the
results of the EosFRincendmemberisomeke calculatiosf or t H @ RnfOb e s t
Isomekes for individuahclusionPinc values weralsocalculated using the average
garnet compositias Ultimately, variation in the garnet composition has been shown to

not significantly change the isomekes (Kohn, 2014).

Existing QuiG datafor blocks in the amphibolite mélanfjdarvey et al., 2021ayere
reprocessed using the method described alstading with the wavenumber shifts of the

Raman peaks.

Zirconiumrin-rutile Thermometry

Zirconiumtin-rutile (ZiR) thermometry is aimple 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 whiclwereobserved in thee samplesThe method is particularly useful
because rutile occurs in a widariety of settings, many of which lack other useful
geothermometers (Zack and Kooijman, 2017). Early development of-ineritile
thermometer included samples from Catalina Schist amphibolite mélange blocks in its
calibration (Zack et al., 2004). The thed has been further applied to the amphibolite

mélange by Pennisteborland et al. (2018) and Harvey et al. (2821

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

and the zirconium component of rutile:

ZrOz (in rutile) + SiQ (quartz) = ZrSiQ (zircon)

This relationship is highly temperatudependent, and it allows for the determinatién o
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 quaBiO) is calculated

(Ferry and Watson, 2007).

The zirconium concentration of rutile was measumethe 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 measuartttee different
spectrometers simultaneously; two counted the pedkOf@diseconds, and one counted

the peak for 240 secondeme spent on backgrounds was 150 and 120 seconds,
respectively (half of time spent on peakS)ZAF correction scheme wased to process

the data (Armstrong, 1988), and a natural rutile standard-(lR) 3vas used to assess

their quality.The full suite ofmeasureaxides included’iO2, ZrO,, Al,Os, FeO, NbOs,
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SiOz, MNO, and T&0s. BetweenlO and 2Grains were analyzed gach 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 werértakehe

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 quartm-garnet barometry. The growth history of rutile was asskby
measuringa coreto-rim traverse ira matrix rutilegrain in the paragneissampleDV16-

04B. Target grains are euhedral to subhedral in shagking inclusions or exsolution
textures, showing limited grain boundary dissolutiand are noadjacent to zirconslo
further avoid the effects of miciiaclusions 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,

possbly 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 wayo 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 (Penrixoland et al., 2018;

see ale Harvey et al., 202). Using this method, the highest statistically

indi stinguishable Zr concemanxainiztens are av
concentration for the sample. In this case, concentrations are considered indistinguishable

iftheyfal wi t hin two st andar d(basedenithartalytioah s ( 2 0)
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uncertaintyof the EPMA counting statisticsyhe mearmmax method produces
comparable results wsing the upper quartile & concentrationandis less likely to be
affected bythe presence of distinct sgmpulationsn the dataset (possibly arising from

retrogressionHarvey et al., 2021a).

For this project, the meamax method was first applied to individual grawisere

multiple analyses were collected. If theconcentratns overlappedithin

measurement uncertaintyey were averaged togettaard their individual uncertainties

were propagated®n the other handf one analysi®iadhigherZr than the other and their

20 uncertainties dhekighesanalysiswas rethirefhe mgamn e n o n |
max method wathenapplied to the population of rutigrainsin the sample as a whole

similarly comparing thei2 (uncertainty ranges and averaging the highest non
overlappingsubpopulations. The uncertaintieétbe individual grain meammaxZr

concentrations were propagated for the sample fmeanin order toassess whether

there are differences between matrix rutile and rutile included in greehearmax Zr

process was repeated for each of tradesets.

Once tle meaAamax Zr concentrations were determined, metamorphic temperatures were
calculated using the combined experimestapirical thermometer calibration of Kohn
(2020). Thisisthemostup-d at e cal i br ati on oduartz Stabilityt h er mo

field, and it can be expressed as:

o XPoom X ORI impoBNna
po@Me YW AN a CX®

where C is the Zr concentration and R is the gas condapteths in PT space were

generated by varyinthe pressure from zero 24,000 bars (2.4 GPa)
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Uncertaintyin ZiR results can arise from several souréesstated earlier, natural
geologic variability creates a spread in Zr concentrations usuallingabhyg <400 ppm
for a given sampleAnalytical uncertainty on the EPMA counting statistics/cally
<15%, and more often <1Q%hese uncertainties are propagated througimiermax
Zr determination anthethermometer calculatiotuncertaintyon the thermometer

calibration itselis #1015 AC (2G; Kohn, 2020) .

Titaniumin-amphibole Thermometry

The concentratioof Ti in Caamphibolehas long been recognizemicorrelate positively
with increasing temperature (Raase, 19Gipert et al., 1982Erngd and Liy 1998
Schumacher2007). For this project, the Ti concentration of amphibole rims and cores
was measuredn the EPMA at UMD using 15 nA current]l5 kV accelerating voltage,
5 & m beam -scountng time fordliFifedn toseventeeigrainswere
measured in 4 samples from across a single travéthe coherent amphibolitEach
grain was measured once in its core and once at ita\rmmphiboleformulaewere
determinedusing the AMFORM moddlescribed irRidolfi et al. (2018, normalized to
22 O Grain rims and cores were treated as separate populationd. mmarx Ti 0
concentration was determiném each sampléllowing an identical procedure as the
meanmaxZr method described abowdhensamples contained an outlier kit
anomalously high Tithe outlier was ignored and the secdmnghest Tivalue was
designated as the maximuiirhis approach ensurékat at leas8 grains were included in

each s ampraecalaulatiore a n

Thetemperatures adimphibole formation were ém calculated using trealibration of

Liao et al. 021):
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CTTT
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"YJO CXO

where Tf™is the Ti concentration of amphibole in a®per formula unit (apfu)The
10 uncertainty f 6@ with&recorenehdedoange0.1-0bmpfu. s N3 5
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. (2@4amphibolethermometeare
thatTi-phasedepreent andhatthe oxygen fugacityfQ») is less than 2 log units above
theNi-NiO buffer (NNO). Tiphases such as titanite, ilmenite, and rutile are abundant
throughout the coherent amphibol#ted their presare was confirmed using the EDS
detector on the electron microproBelditionally, the presence of sulfides suahpyrite
(identified via EDS on the EPMAgnd the absence of sulfates suggeststtiedO, of this
system was less than tkelfide-sulfur oxide buffer (SSO), which is roughly equivalent to
NNO+2(Zhou et al., 2022; see also Mungall, 2002)e third requirement is that the
system be suhlkaline, which does not apply to amphibolitéis thermometer has been
applied toamphibdites in subduction zore(Dong and Wei2021)and other higkgrade

settingge.g., Zhou et al., 202Zo0r et al., 2022).

Scanning Electron Microscope

High-magnification identification of minerghases in the mafic sample WBg&2&vas
conducted o Hitadi SU 5000 fieldemisson variable pressure scanning electron
microscope (FESEM) equipped with a energy dispersive spectrometer (EDS) at the

U.S. Geological Survey Reston Electron Microbeam Laboraldrg sample wasacbon
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coatedand analyzed using a R¥ accelerating voltage, a 50 nA spot intensityd 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 smatdated localitiesKigure6). What

follows is a narrative description of the observations made in the field, broken down by
location. Schematic stratigraphic colunwmare constructed using the observations
described hereirHgure3, Figure4, andFigure5). They primarily demonstrate

lithologic relationships encountered in the field and do not takeattountcompression
due to folding Approximate urti thicknesses were calculated using an average dip angle

of 50°.
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first occurrences of garnet and rutile and marked by dashed liratal thickness is about 600 m.
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Figure 4. Schematic stratigraphic column of t6é traverse. Layers are meant to show approximate
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800 m.
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Figure 6. Map of sample locations and traverse pathways (red lines). Aftr (B76) with modifications by Grove and Bebout (19B&ke map is the USGS
national topographic maghttps://www.usgs.gov/programs/natiorggospatialprogram/nationalmap).
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Coherent Amphibolite (CA) Traverse

Taking its label from a prexisting 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 contathevith

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 exposedh e st r e a mo

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 rasiat more precise mineralogical
descriptions). There are millimeter to centimeteale 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 mineralsdain the degree of veining and folding

(Figure?).

Moving up through the CA traverse, the rocks gradually become more mafic with
increasing amountd 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 therocks varies from black to green. At CA22about 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 Xm thick quartzite layersra 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 Tibearing phase, instead of titanite, although it is not visibly present in every
layer. Local foldingand felsic veining become more prevalent as well. Sample QA22

2 is a garnet quartzite exposed in between mafic layers, and-E&22 garnet and

rutile-bearing layered mafic amphibolite.

Continuing up the CA traverse, the mafic amphibolite soon gwassto

metasedimentary paragneiss. The paragneiss is a poorly consolidatedyelowrrock

that consists primarily of plagioclase feldspar, quartz, and mica. Garnet and rutile were
not observed in hand sample in the CA traverse paragneiss. At ongppanagneiss

was interlayered with mafic garnet amphibolite and gdbeering chert in complex,
meterscale folds that seemed to be concentrated in a discrete layer, distinct from the less
resistant, underlying planar paragndisgure8a). This is the same location from which

the chert pod CA1B6 was previously collected (Harvey et al., 2021a). Moving up the
streambed from this outcrop, ~6 tohdhick layers of paragneiss alternate withm3

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 paragneissriinues 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 amphiboliwgth felsic layers and crossutting veins at base of CA
traverse b. Greenblack mafic amphibolite with undeformed felsic bandimBattlesnake traversélote
hammer for scale.
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Figure 8. a. Paragneiss in upper CA traverse. Lavieyers are planar and less resistamthile upper
layers are folded and contain interlayers of black mafic matebidParagneissn the upper Dawn Valley
side gully. Arrow points to a layer of garnet quartzite.

Rattlesnake Traverse

Also known as WestBf f al o (samples from here are
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 firscoherent 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.

ab
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The mafic amphibolites of the Rattlesnake Traverse are, on average, greener and more
epidoterich than the CA traverse. The outcrops ofterm resistant ledges that cut across
the streambed and are relatively unweathered. Compositional banding was observed in
WB22-3, with layers of green amphibole and wieltmed epidote crystals (up to 2 inches
long) juxtaposed against felsic layers. Taads 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 mpleology, 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 katilesnee 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. WB8&2vas collected from a finely layereokck 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 thddigic 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 coargrined (~1 to 2 inch hg) 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, sotimees 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 thisweak, schigossebodyare chaotically oriented and contain veins of fibrous
green serpenteaminerals At the contact between the two units, foliated and tightly

folded coherent amphibolite directly underlies layer of coarse, unfoliated hornblende
which soon gives wato weak, verticallyoriented 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 coheent 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 amphiandite,
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 quvedyway 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 aflpgarly

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 ardalveut 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 pfdote, plagioclase, and folded quartz veins. This is

where DV1603B 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 scéii is capped by a 3 cm thick garnet quartzite, which also contains
an Feoxide. The quartzite is gently undulose, resting on the boudins of the chlorite schist
below. The quartzite then directly contacts more paragneiss, from which-ZR/2&s

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 outcrbpmote

complicated lithologic relationships. Two limbs of a meteale 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 wiipp8W and N60OE
dipping 80N. The fold axis is plunging 850 the north. On the inside of the fold are two

~1 m long pods of talactinolite schist, which probably represent metasomatized
ultramafic material. Past this outcrop is an approximately 1Gak kayer of chaotically

folded material consisting astrungout chlorite schist, mafic amphibolite, taéctinolite,
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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 folloved by an area of tightly folded paragneiss with garnet quartzite horizons
(where DV227 was collected), that transitions into more coherent, undeformed
paragneiss. Paragneiss continues up the main streambed of the Dawn Valley, with regular
interlayers othe other lithologies. Usually less than 1 meter thick, the interlayers at times
consist of a single lithologwuch asnafic 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 @dabundant 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 tertiona This gully cuts steeply into the

hillside and exposes ~40 m of continuous bedréauie3). At the bottom and the top

of this side gully are thick packagespafragneiss 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 foldezhlorite schist gives way to approximately 2 m of
lighter-colored talc schist. Within gxchlorite schistis anundeformed block of mafic
garnet amphibolit¢DV20-04; Figure9a) andanother pod of mafic material wrapped in a
~10 cm thick fold of garnet quartzite (DV-22, Figure9b). Thetalc schis transitions

back intochlorite schistwhichthenalternates with layers of foliated mafic amphibolite

of variable thickness until paragneiss returns farther upslope. Isoclinal folds were
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observed throughout this middle package, and a similar foldingrpatontinues into the

paragneiss above.

Continuing uphill from this side gully, paragneiss exposures are less frequent but are still
associated with chlorite schist and quartzite lagEigure8b). 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
paragneissn 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 1sedér

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

mélange igeached farther up the ridge.
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Figure 9. a. Garnethornblende block DV204 in the Dawn Valley side gully. Blocksisrrounded by a
matrix ofchlorite schist Parts of the block have broken off and are sitting as float on top of the $chist.
Upslope fronthe view in §) is a foldedgarnet quartzitdayer (gtz). On the inside of the fold is mafic
material (maf), while the outsids a matrix of chlorite schigchl).

Cottonwood Canyon

Hi king trails heading south from the isl
mélange. In the bank of a stream is the only known exposure where coherent mafic
amphibolite directly contacts mélandgédure10). 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

an
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(2017). The larger of these is a near vertical, ~0.75 m wide channel infilledhéfidmge

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 pumpellyiteifatit 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 fautbne 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 amphiboliggade mafic blocks entrained in two mineralogically

distinct, but highly dformed, 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 coharaphibolite. 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 witlistinct orientations, and dashdides indicate a schematic estimate of the
dip angle for the coherent (red) antélange (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 utiits.stse 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 quicrine 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 bifisides until

amphibolite mélange matrix is encountered.

Sheep Chute

of f of Empire Landing Road, west of the
exposures of highly weathered bedrock. Both gdearing paragneiss and rutiend
garnetbearing mafic amphibolite were observed in close proximity to one another. The
mafic amphibolite may have been a layer within the paragneiss. Theherekare

poorly consolidated.

Structural Measurements

The strikes and dips of foliation measured usiregahp 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®B\and dips ~45to the

NW, although there is spread in the data tuecalized folding Figure11). The

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

available program Stereonkt (https://www.rickallmendinger.net/stereohet
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2
Kamb contours in
Standard Deviations

Figure 11. A stereonet plot of poles to foliation (n=64) in the coherent amphibolgu@ed 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 congppsenarily of calcic

clinoamphibole (henceforth referred to as&aphibole), epidote group minerals, and
plagioclase, and contains variable amounts of chlorite, white mica, quartz, titanite,
ilmenite, rutile, garnet, and the minor phases zircon, apatitepyrite (identified using

EDS on the EPMA).
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The Caamphibole 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 rkas up roughly 30% of the rock. In the Rattlesnake traverse,
the actinolite pleochroism is colorless to pale grgelfow. In the CA traverse, it is tan to
light green. The amphiboles grade gradually upwards into darker colors, indicative of a
transition © hornblende compositionkigurel2a-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, md@anphibole that is brown to

dark green. The modal proportion of-@aphibole also gradually increases, going from
30% at the base to roughly 85% near the top of the coherent amphibolémpbéole
typically appears as elongate tabs or rhombs, oraases interstitial with epidote. Most
range from 0.5 to 1.5 mm in length, with the most cegraged going up to 5 mm.

They are often altered along fractures and cleavages.

The mafic amphibolites usually contain either clinozoisite or epidote (diffatedton

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 consigteir modal
proportions vary, ranging from around 50% of the most epidotesamples 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 pgopeof the

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

they most commonly appear as small (<0.5 mmjrsuinded or pilshaped grains that
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display F'order grey and/or anomalous blue interference colorsoispolarized light

(Figurel3a). Second, they sometimes occur asrawimded grains with irregular zoning

defined by either"8order blueyellow interference colors of%order yellow and

magenta interference colors, with the latter showing simple twigsie13b). Lastly,

the epidote group merals are sometimes observed as euhedral diastaped grains

with1or der grey interfertemeed cod Ggurldd)hani g s
This last group sometimes shows preferential dissolution of the darkexefizones as
demonstrated by replacement with hornblende in the interiors of these Glaaris-tree

sector zoning, while distinct in XPL, was not visible in bachtterelectron (BSE) mode

on the SEMIn WB22-6, the distribution of Group Il and Group Il epidotes defines the

sampl ebds | ayering.

The felsic minerals in the mafic amphibolites are more commonly plagioclase feldspar,
with minimal quartz present. Plagioclase alguappears as stiounded interstitial

grains that often contain numerous mianolusions. A few samples display

polysynthetic twinning. Plagioclase in the mafic amphibolite is often saussuritized. In the
mafic amphibolite samples, the degree of saitszation varies. Some plagioclase grains
are unaffected, some show distinct epidote group crystals forming in their interiors or
along cracks, as well as epidgtiagioclase symplectite textures, and some show
complete conversion of plagioclase to denswvorks of epidote group crystals. This

variation is sometimes observed within a single saniptpi(e14).

The two key minerals for this project ararget 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 BORHE, contain sinusoidal



49

titanite inclusion trails. The most onon inclusion phase in mafic amphibolite is zircon;
guartz is uncommon. Garnet is limited to the upper sections of the coherent amphibolite.
Rutile usually occugas small (~0.0%9.35 mm) grains and similarly confined to the

upper coherent amphibolite (see linesFigure6 andFigure3 andFigure4). In DV16-

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

retrogression to titanite.

There are a fewotable outliers in the mafic amphibolite samples. WB2&om lower

down in the Rattlesnake traverse, contains several grains of heavily altered clinopyroxene
(Figurel5). These grains are often interstitial and show dissolution around their edges.
They are altered to fingrained masses along their cleavage planes. Overall, they appear
to be older than the grains that surround them. Pyroxene wabs®sted in any other

sample from the coherent amphibolite.

WB22-1 was identified aa grayschist and part of tikeherent mafic amphibolite in the

field, but in thin section looks drastically different from the rest of the mafic samples
(Figurel6). It is made up of fine, fibrous chloritech layers alternating with layers of
undulatory (in XPL) plagioclase. Some muscovite aneéh@ghibole are present in the
chlorite-rich layers. There aabulareuhedral epidote group minerals, about 3.5 mm

acros, 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 smallen{r),
subrounded, and dynamically recrystallizing, some large grains (~1.5 mm), rich in
inclusions and displaying Carlsbad twinniageseen recrystallizing arourtbeir edges.

There are rutile grains retrogressed to grungy titanite around their ristly, lthere 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 fromhe 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
patterns, in which a garnetre is completely interrupted by a mantle of inclusions and
then surrounded by a garnet rifiqure17). The garnets also contain abundant
exsolutionneedles of rutile (confirmed on the EPMA), which are not observed elsewhere
in the mafic amphiboliteRigure18). Second, the hornblende in this blaskan to brown

and generallgranoblastigolygonal intexture By contrast, a nearby mafic layer within
paragneiss (DV205A) shows strongly foliated, brown to dark green, elongate
hornblende crystals and a lower proportion of garnet (~20%; Figure {D¥R) Its

garnets are also euhedral, smaller (<% mm), and lack exsolution needles.

Paragneiss

The sedimentargerived paragneiss samples contain quartz, plagioclase feldspar,
potassium feldspar, biotite and/or muscovite, garnet, rutile, and sometira@spbibole,

as well as minor ilmenite, hematite/magnetite, pyrite, zircon, and apatite (mirsaspha
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 micach and plagioclase/quartich layers(Figure19e).

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

and dark, opague masses of alteration products. Thayeaerally rich in inclusions and
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often have dense inclusion clouds concentrated in their (feigrge19). The rutile are
abundant and are typicaltabular 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 barfBiggre19c). The size
distribution of quartand plagioclasgrains suggests that they experienced dynamic
recrystallization(Figure19d). Plagioclase is often completely saussuritized into dark,

fine-grained masses.

Quartzite

The quartzite samples from the coherent amphibolite consist predominantly of quartz
(~80%) and grnet (1620%). They also contain rutile, often arranged in mass#®et
silicate(either biotite or chlorite), some &anphibole, epidote, plagioclase, and minor
zircon and apatite. llmenite and titanite are sometimes seen rimming rutile (identified
usng EDS on the EPMA). There is some evidence for multiple generations of garnet in
guartzite. 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 optiatied

with a red core and colorless rim (Figuxelc 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 paradrigise (A.19. In

some samples (e.g., CA2A-2), the garnets are arranged in thin layers, whereas in
others they are distributed throughout. The quartz in these samples rang® f2cim 1

mmin size are generally subhedrand show evidence for dynamecrystallization
(Figurel19e). In DV22-7, a secondary quartz vein was observed cutting across the main

rock fabric. It contains a network of orbicular, radiatingrtgiarystals.
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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 $eiction, itis 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,-BV&#ftains

zones hat are differentiated by epidoteds app

Some secondary features are recorded in these rocks as well. In addition to the quartz
vein in DV227, a millimeterscale, boudinagd shear zone was observed in the mafic
amphibolite WB226 (Figure20). It is filled with largerhornblende anépidotegrains
surrounded by a firgrained masef quartz The eystalshave a preferred orientation at
about 45 degrees from the walls of the shear Z8B&! images of the shear zone are

shown inFigure21.
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Figure 12. Photomicrographs of representative-@mphiboles from the mafic amphibolite. All images are
5x magnificationa. Actinolite is near colorlesi® the lower section of the coherent amphibd|itene
polarized light [PPL] WB224A). b. Identical viewas in (a), in cross polarized light (XPLJ. In middle of
coherent amphibolite, the Gmphibole is now brown to blegreen hornblende (PRICA221).d.In a

mafic layer within paragneiss in the upper section of the coherent amphibolite, hornblendedarizo
green. Note that thisisa 180m t h i c, khick anplifiés tha color darkenif§PL, 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 (V6B2&I images are
10x magnificationa. Mid to high relief, sukrounded grains of epidote group minerals (PRbL.)ldentical
view as in (@), in XPL. Note the zone@i@der orangeyellow, and blue interference colors. Red arrow is
pointing to the hinge of a Carlsbad twin in the larger grainEuhedral, diamonehaped epidote group
minerals (PPL)d. Identical view as in (c), in XPL. The epidotes shéwrtler gray to anomalousHaki
interference colors. Note the firee sector zoning.



Figure 14. Photomicrographs of representative plagioclase feldspar in mafic amphitzoliteipient
saussuritization in a plagioclase grain. Distinct needles of epigaiap minerals are present. The red
arrow is pointing to epidote and plagioclase symplectite (10x, PPL, Y8B22 Identical view as in (a), in
XPL. c. Partially saussuritized (red arrow) plagioclase between two garnets. Grain still retains its
polysyntletic twinning. Lens shaped titanite is also present (10x, XPL, ©A1@l. Plagioclase (red

arrows) fully saussuritized to dark, firgrained masses. Note thatthisisa®0n t hi ck secti on (5
DV225).



Figure 15. Photomerographs of calcic clinopyroxene in a mafic amphibolite (WBR22. In PPL, and If)
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 Chloritized garnet
porphyroblast with relicstrain shadows. Matrix is predominantly muscovite, chlorite,l@adk graphite
(5%, PPL).b. Identical view as irfa), in XPL.c. Simply twinnd, inclusionrich porphyroblasiof
plagioclase(5x, XPL).d. Yelloworange rutile surrounded by grungy titanite r{@0x, PPL).e. The
foliation of WB221 is defined primarily by sheet silicates and bldioie-grainedgraphite (1.5x, PPL).



Figure 17. a. Atoll garnets in DV2@)4, a mafic block irchlorite schist in the coherent amphibolite. Arrow
points to largest grain (1.5x, PPL). Black box indicates field of view [BX, PPL]). Note thegranoblastic

polygonal greerbrown hornblendec. Atoll garnets (red arrows) in a mafic block in amphibolite mémng
(1.5%, PPL, CA18)2A).d. Garnets and foliated darggreen hornblende in a mafic amphibolite layer near
DV20-04 (1.5x, PPL, DV2@5A). Note thatd), (b), and @) are 106e m t hi ck secti ons.
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Figure 18. Photomicrographs of rutilexsolution needles in garnettime mafic blockdDV20-04 @ andb),
from the coherent amptlite, andCA16-:02A € andd), from the amphibolite mélangall images are 20x
magnification. &) and €) are PPL, andl§) and @) are XPL. Arrows point tprominent needles. Note that
(@and p)arefromal0&eE m t hi ck section.
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Figure 19. Photomicrographs of paragneiss samglesl) anda quartzite sample (elNote that all ive are
from 100e m t h i cska Heawily alteredrgrnets and a foliatiomefined by micas (1.5x, PPL, D\V16
04B).b. A garnetwith an inclusion cloud in the center (5x, PPL, D). c. Kink bands in muscovite
Interference colors are elevated t8 drder by section thickness (5x, XPL, DWI4B).d. Dynamic
recrystallization in quartZbrightly colored, low relief grains). Interference colors are elevated due to
section thicknes@ 0x, XPL, DV18)4B). e. Quartzite sample DV22 showingquartz grain sizes ranging
from ~0.2 to 1 mm acrosblote that quartz appears in bright® order interference colors (5x, XPL).








































































































































































































































































