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Abstract Documentinghemagnitudeof finite strainwithin ductileshearzonesds critical for understanding
lithosphericdeformationHowever pervasivaecrystallizatiorwithin sheazonesoftendestroyshedeformed
markers from which strain can be measured. Intensity parameters calculated from quartz crystallographic
preferred orientation (CPO) distributions have been interpreted as proxies for the relative strain magnitude
within shear zones, but thus far have not been calibrated to absolute strain magnitude. Here, we present
equationghatquantifytherelationshipbetweernCPOintensityparameterécylindricity anddensitynorm)and

finite strainmagnitudewhich we calculateby integratingguartzCPOanalysegn = 87)with strainellipsoids

from stretchedletritalquartzclasts(n = 49)andma c r o dustitethinréngmeasurement@ = 7) from the
footwall of the Northern Snake Range décollement (NSRD) in Nevada. The NSRD footwall exhibits a strain
gradient, with Rgz) values increasing from 54 1.4 to 282+ 122 eastward across the range. Cylindricity
increases from 0.52 to 0.83 as Rs increases from 5.4 to 23.5, and increases gradually to 0.92 at Rs values
between 160 and 404. Density norm increases from 1.68 to 2.97 as Rs increases from 5.4 to 23.5, but stays
approximatelyconstanuntil Rsvaluesbetweernl60and404.We presentquationghatexpressaveragdinite

strain as a function of average cylindricity and density norm, which provide a broadly applicable tool for
estimatinghef i r s ffinit@stradnmagnitudewithin anyshearzonefrom which quartzCPOintensitycanbe
measuredTo demonstratéheir utility, we apply ourequationgo publisheddata fromHimalayanshearzones

and a Cordilleran core complex.

1. Introduction

Quantifying the magnitude of strain accommodated during tectonism is fundamental for understanding the k
nematic evolution of lithospheric deformation (e.g., Fossen & Cavalc2dig). This task, however, can be
daunting within ductilely deformed rocks, in which penetrative strain is often heterogeneously partitioned be
t ween spatially Il ocalized, high strain ductile s
(e.g.,M. A. Evans& Dunne,1991 Jessupet al., 2006 Long & Kohn, 2020 Ramsay,1967, 1980 Ramsay

et al.,1983 Simpson & De Paod,993 Vitale & Mazzoli,2009 A. Yonkee,2009.

Thequantitativeanalysisof crystallographigreferredorientationCPO)collectedfrom ductilely shearedocks

is a robust tool that has long been utilized to understand the kinematics and temperature conditions of duct
shearing within contractional mountain belts (e.g., Barth e2@LQ Larson & Cottle2014 Law, 1986 2014

Law etal., 2011, 2013 Lister, 1977, Lister & Williams, 1979 Schmid& Casey 1986, extensionakhearzones
(e.g.,Faghih& Soleimani2015 J.Leeetal.,1987), andexhumedippermantlerocks(e.g.,Bernardetal., 2019

Boneh et al.2019. In recent studies, statistical intensity parameters calculated from quartz CPO distributions
have been employed as a proxy for finite strain magnitude, which can allow delineation of zones of high stra
within theductileportionsof orogenidbelts(e.g.,N. J.Hunteretal., 2018 Larsonetal.,2017). A smallnumberof
field based applications of this approach, whi ch
calculated from eigenvector analysis of quartza x i s di st r i 1990t hawe elscidate¥ the dpatia r
patternof relativestrainmagnitudeacrossmajorHimalayanshearzonege.g.,Larson,2018 Longetal., 2019
Starneset al., 2020. Thusfar, thesestudieshaveonly beenperformedin packageof rock that have been
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pervasivelyrecrystallizedduringductile shearingandtherefore lackhe deformationmarkersnecessary fothe
guantitative measurement of finite strain magnitude. In the absence of finite strain data, the intensity of quar
CPOdevelopmentanonly provideinformationon the patternf relative strainmagnitudeacrossuctile shear
zones, which relies on the implicit assumption that CPO inteissitgminantly a function of strain magnitude.
Therefore, a study that quantitatively relates quartz CPO intensity to finite strain magnitude will provide ar
importantnewapproactor illuminating the spatialpatternsof absolutestrainmagnitudewithin sheazoneghat

lack deformation markers.

TheNorthernSnakeRangemetamorphicorecomplexin easterNevadaFigurel), whichaccommodated i g h
magnitude Eocene Ol i gocen2017 is idealtfa investigating relationships-be J .
tweenstrainandCPOintensity. Theexhumedootwall of theprimary extensionastructurein the corecomplex,

the top down to ESE Northern Snake Range d®col |l e
sedimentaryock unitsthatwerepervasivelyductilely sheareduringextension(e.g., JLee etal., 1987 Miller

et al., 1983 . The Lower Cambrian Prospect Mountain Qua
footwallacross, 30kmt r a n s p o (i.e., Wpl &r & ISliEtgntgFigurelb). Previousstudiesn theNSRD
footwall (Gébelinetal., 2011, 2015 J.Leeetal., 1987 demonstratéhat theProspecMountainQuartziteexhibits

well developed quartz CPO distributions that wer
extensionashearingTheProspecMountainQuartzitealsopreservesni ¢ r o (stetchedietritalquartzclasts

in thin sections) and macro scale (structural t h
Prospect Mountain Quartzite to its undeformed reg
gradientin strainandductilethinningacrosgherange(Hoilandetal., 2022 J.Leeetal., 1987 Longetal.,2022
Milleretal., 1983 . The combination of well developed quar
makes the Northern Snake Range an outstanding field locality to quantitatively relate quartz CPO intensity
finite strain magnitude.

In this study,weintegratequartzCPOintensityparameterfrom 87 quartzitesampleg75 newanalysedrom this
studyand12 publishedn Gébelinetal., 2015 with 49finite strainanalyse$38 newanalyse$rom this studyand
11publishedn J.Leeetal., 1987 and7ma c r o finftecstaalnestimatesrom theductilely attenuatedProspect
MountainQuartzite whichwecollectedona25k m | t@amsectcrostheNSRDfootwall. Integrationof these
datasetsyieldsequationghatexpressaveragdinite strainasafunctionof averageguartzCPOintensity,which
canbeutilizedto estimatehef i r s ffinitestrainmagnitudewithin any package ofluctilely sheared rockghat
containgy u a r t IzStectoniteytdoesnotexhibitmeasurablénite strainmarkersTheseequationgrovide
anewtool thatcanbeappliedto elucidatethe magnitudeof finite strainwithin theexhumediuctile portionsof a
widevarietyof structurakystemswhichis critical for understandinghestructuraprocessethatthicken,thin, or
accommodate strike slip displacement within the |

2. GeologicBackgroundofEa st ChNewada a |

From the late Neoproterozoic to the Devonian, eastern Nevada was situated on the western passive margi
Laurentia,whereup to . 10 km of shallow marine clastic and carbonaterocks were deposited(e.g., Poole
etal., 1992 Stewart,198Q Stewari& Poole,1974). BetweertheMississippiarandtheTriassic,s € mi contir
deposition of shallow marine carbonates continued in eastern Nevada, contemporaneous with contractiol
deformation events along the continental margin in central and western Nevada (the Antler and Sonoma orc
enies) (e.g.Dickinson,2004 2006 Speed & Sleef 982. An A n d e a nsubsiuctiorizame developedliong the
westermmarginof North AmericaduringtheJurassicwhichinitiatedconstructioroftheLateJ ur assi ¢ Pa
Cordilleranf o | d a my$tenadiosdNevadaandwesternUtah(e.g.,Allmendinger,1992 Armstrong,1968
Burchfiel et al.,1992 DeCelles,2004 Dickinson,2004 W. A. Yonkee & Weil,2015. During Cordilleran
shortening, eastern Nevada resided in a broad region that is often referred to as the Sevier hinterland, whicl
|l ocated to the west of the Sevier1Zl d thrust bel

By the | ate stages of Cordilleran shortening in
easterrNevadaandwesternmosttahwasah i g h e { 2.5 &aSki)plateawnderlainby, 50060k m t hi c
crust (e.g., Allmendinger, 1992 Casselet al.,, 2014 Chapmanet al., 2015 Coney & Harms, 1984
DeCelles2004 Long, 2019 2023 Snelletal., 2014). During the Paleocen@ndEocenedeformationmigrated
eastwardnto UtahandColoradoconstructingheb a s e me nupliftsofithre leathmideprovince mostlikely
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Figure 1. (a) Map of modern tectonic provinces in western Utah, Nevada, and southeastern California (modified from
Long,2019. Darkgrayareasiepictthelocationsof metamorphicorecomplexefRAG,RaftRi ver Al bCreeky Gr ou
REH, Ruby East Humbol dt; NSR, Northern Snake Range). (
(modified from J. Lee etal201) showi ng the | ine ofthslecations of ourthreersampling ss s
transectgshownin detailin Figures3i 5), andsamplelocations.
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as the result of shallowing of the subduction angle of the Farallon plate (e.g., Dicki®@nPickinson &
Snyder,1978.

Followingthis, betweerthelateEoceneandmiddle Miocene slabrollback (Dickinson,2002 Humphreys 1995
Smithetal., 2014 causedkilicic volcanismto sweepfrom NE to SW acrossvesternUtahandNevadaduringthe

Great Basin ignimbrite flareup (e.g., Best et 2009 Henry & John,2013 . Regions of eas
transitioned into an extensional regime during the late Eocene and Oligocene, which has been interpreted
represent the initial extensional collapse of thick Cordilleran orogenic crust, triggered by the decrease in interple
coupling that accompanied slab rollback (e.g., Dickin2002 2006 Humphreys1995 Long etal., 2018 Smith

et al.,2014 and/or by crustal weakening due to an influx of magma during the ignimbrite flareup (e.g., Axen
et al.,1993 Lund Sne@l.& Miller,

In easternmost Nevada, the earliest extension was underwa}@®0 Ma (e.g., Druschke et a009 Gans
etal.,1989 2002, J.Leeetal.,2017 Longetal.,2018, andincludedh i g h  m abgtteiextensemndductile
stretchingn theNorthernSnakeRangemetamorphicorecomplex(e.g.,Gansetal., 1989 J.Lee, 1995 J.Lee&
Sutter,199% J.Leeetal.,2017 Miller etal.,1983 Miller, Dumitru,etal., 1999, aswell asbrittle extensiorin the
rangessurroundingheNorthernSnakeRangejncludingthe SchellCreek,Duck CreekandEganRangedo the
west(Druschkeetal.,2009 Gansetal., 1989 2001, Longetal.,2022 Wernicke,1981), theKern Mountainsand
DeepCreekRangeo thenorth(Gansetal., 1989 Rodgers1987), andthe SoutherrSnakeRangeto thesouth(S.

L. Evans et al.2015 Miller, Gans, et al. 1999 . Foll owing this episode o
wi despread high angle nor mal faulting began i-n t
iography of the Basin and Range province (e.g., Dickin8002 see summary in J. Lee et &023.

3. Geologic Frameworkof the Northern SnakeRange

The Northern Snake Range metamorphic core complex (Furei s a wel | charact el
magnitude, Eocene Oligocene extension i1984 @oapert er 1
Platt, Anczkiewicz, & Whitehouse 201Q Cooper,Platt, Platzman,et al., 201Q Ganset al., 1985 Hoiland
etal.,2022 J.Leeetal., 1987 Lewisetal., 1999 Long,2019 Longetal.,2022 2023 Miller etal., 1983 Wrobel

etal., 2021, whichaccommodatedtleast 47kmofE S E d i extensianeodgetal.,2022. Theprimary
extensionastructurein therangetheNSRD(Figurelb),isat o p d o w rextensionalBefaEhmentfault that
separates a ductilely sheared footwall domain from a hanging wall domain that experienced polyphase norn
faulting (e.g., J. Lee et all987 Miller et al.,1983.

3.1. Stratigraphy

Thestratigraphigackagehatwasdeformedby extensiorin theNorthernSnakeRangeconsistedfa, 12k m

thick section of Neoproterozoic to Permian sedimentary rocks of the Laurentian passive margin basin, which
unconformablyoverlainby Eocenevolcanicrocks(e.g.,Drewes, 1967 Gans& Miller, 1983 Gansetal., 1999

Hose & Blake, 1976 J. Lee et al., 1999a 1999h Miller & Gans,1999 Miller et al., 1983 Miller, Gans,

et al.,1999 Stewart, 1980 Young,1960. Neoproterozoic rocks in the Northern Snake Range consist of the
McCoy CreekGroup(from hereon abbreviated Z mo ) efalG #85dMisch & Hazzard, 1962 Young,1960),
whichiscomposedfa mp h i b o | quarteteafidachist. EhneZmis conformablyoverlainbyg r e e n oc hi
amphibolite facies quartzite and interlayered sc
Quartzite(from hereonabbreviatedi C p nandiheoverlyingPiocheShaleIn thesoutherrhalf of theNorthern
Snake Range, both the Cpm and Zm have been significantly ductilely thinned via extensional shearing in tl
NSRDfootwall (e.g.,J.Leeetal., 1987 Miller etal.,1983. Regionally thePiocheShaleis conformablyoverlain

by a thick section of Middle Cambrian to Triassic carbonates (e.g., Hose & B Stewart, 1980. In the
NorthernSnakeRangeMiddle Cambriarnto Permiancarbonatesreexposedvithin normalf a u | t Hlosks n d e «
preservedhbovethe NSRD andareestimatedo havehada cumulativep r e e x ttheckngsisob_ rbias km
(e.g.,Gansetal., 1999 J.Leeetal.,1999a 1999h Miller etal.,1983. Eocendelsictuffs andlavaslocally overlie
Pennsylvanian and Permian rocks in nor mal fo89u | t
Johnston2000).
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Figure2. ( a)

crystallographigreferredbrientation(CPO)samplegndXZ strainellipses(scaledo constantolume).(b) CrosssectionA afterr et r o

ononep o st

Cr o s sxasrasstheiNorthern/Snake Range (modified from Long éX(12), showing the projected locations of finite strain and quartz

moBnalfault (modifiedfrom Long etal., 2029, from whichwe measureWNW t o NEBBE p distamdefor ealchsample(measuredelative

d effdisptaceméni o n

to sample01in the Fourmile Canyontransect).

3.2. Metamorphic and Deformational History of the Northern Snake Range

A regionally significant greenschi st t o
footwall took place duringhe Late Cretaceous (78 91 Ma; CooperPlatt, Platzmargtal.,201Q D. E.Lee&
Fischer,1985 Lewis et al., 1999 Miller & Gans, 1989 Miller et al., 1988. NSRD footwall rocks on the
northwesterrilank of therangelocally exhibitintersectiorandstretchindineationsthattrendN N W S BHich

amphi bo

are interpreted to have been generated by | ow s
Cordilleran contractional deformation (J. Lee etH#99a Miller et al.,1988.
During Eocene Oligocene extensional tectoni sm, M

wall wereextendedy two setsoft o p  d o w mormabfaul&tiSaEsoleor terminatedownwardinto theNSRD
(Figure2) (Johnston200Q Miller etal.,1983.Ne o pr ot e r oCambriarclastiometasedimentamocks

in the NSRD footwall were penetratively stretche
Ol i gocene extension, and experienced greenschist
dated by the devel opment of meso scal e, l'inear p

etal., 1987 Miller etal.,1983. Ductile extensionashearingf theNSRDfootwall is interpretedo betemporally
related to displacement along the NSRD (e.g., J. 1885 J. Lee et al.1987% Miller et al., 1983. Mineral
stretching |lineations generated during Eocene
118°,whichisinterpretedasthedirectionof maximumextensior(J.Leeetal., 1987 Miller etal.,1983. WN W
ESE t r mimedilistreghinglineationsare ubiquitousin NSRD footwall rocksin the centraland eastern
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portions ofthe NorthernSnake Range, bulie out atthe northwesterflank of therange(Figurelb) (e.g., Gans
etal., 1999 Johnston200Q J.Lee etal., 19993 1999h 2017, J. Lee Miller, etal., 1999 Miller & Gans,1999
Miller, Gans, et al.1995.

Ductile extensional shearing in the NSRD footwall is bracketed betw88Ma and 2 2 Ma , based
zircon dating of deformed and undeformed rhyolitic dikes that intrude the footwall (J. Lee2étld).,Ther
mochronometry(*°Ar/3°Ar of muscoviteandK f e | ahdzpcarf,i s s i ofrom NSRB fodtwall rocks
defines an overall eastward progression of cooling, which has been interpreted to represent the migration
extensionalexhumation(Gébelinet al., 2011, 2015 J. Lee, 1995 J. Lee & Sutter, 1991, Miller, Dumitru,

et al.,1999.

Previousstudieshavepresentediiffering interpretationgor themagnitudeandstyleof extensionin theNorthern
Snake Range (c.f., Bartley & WernickE984 Cooper, Platt, Platzman, et #201Q Hoiland et al.,2022 J.
Lee, 1995 J.Leeetal., 1987 2017 Lewisetal., 1999 Long,2019 Longetal.,2022 Miller etal.,1983 Wrobel
etal., 2021, muchof whichstemsfromal o n g sdebateyarthep r e e x tberial deptbsof H$RD
footwall rocks.At thelatitudeof our studiedtransec{Figureslb), Miller etal. (1983 interpretedhattheNSRD
initiatedasa subhorizontalp r i t t | teansdianat a depthef, 7 km, andthatrocksin the NSRD footwall
were never buried beyond their original stratigraphic depths@fl2 km. In contrast, Lewis et all499
estimated peak conditions 0f610°C and 8.1 kbar from NSRD footwall rocks in the southeastern part of the
range. They interpreted that NSRD foot3valKmroy ka
vergentJ ur as s i c th@stfault andwerexisumedvia, 50km of displacemenbnthe NSRD. Cooper,
Platt, Anczkiewicz,andWhitehousg2010 estimatecpeakconditionsof, 500/ 650°Cand_ 5.7 6.1 kbarfrom
NSRDfootwall rocksatthelatitudeof ourstudiedransectandinterpretedhattheseocksattained 21i 22.5km
peakdepthsviaJ ur as si ¢ f G @t tiickeminggngcontraststructurareconstructionsftheNorthern
Snake Range core complex and surrounding ranges indicate maximum NSRD footwall burial defibis of
20km (Bartley& Wernicke, 1984 Wrobeletal., 2021) andNSRDdisplacemeninagnitude®n theorderof . 30i

35 km (Long et al.2022 Wrobel et al.2021).

3.3. Previous Investigations of Finite Strain, Ductile Thinning, and Quartz CPO Distributions in the
NSRD Footwall

SignificantN S RD s u bgretchimghniNeS R D s u bthineingmasaccomplishedby the development

of Eocene Oligocene, Il inear planar ductile fabri
average trend of mineral stretching lineations is interpreted to demarcate the maximum stretching direction
strainaxis)(e.g.,J.Leeetal., 1987 Miller etal.,1983. J.Leeetal. (1987 quantified11 3D finite strainellipsoids

from thin section measurements of stretched detrital quartz ribbons and outcrop measurements of stretct
quartzitepebbleswithin the CpmandZm (Figureslb and?2). Theyobtained ol i at i bhneat mah, |
(XZ strainplane)tectonicstrainratios(Rsyxz) thatincreasdrom 5.8in the SaltCreek(note:thisis referredto as

i Ne €r @ & préviousstudieshutherewewill refertoit asii S &lIr te enindoyvonthewesterrsideof the
rangeto ashighas, 31in theHendry'sCreekdrainageontheeasterrside,andestimated 250%total extension

of the NSRD footwall. Their datashowthatthe NSRD, transposedbedding,andtectonicfoliation (XY strain

plane) are everywhere subparallel in the NSRD footwall, and that 3D strain was plane strain to slightly cor
strictional(7%averagd i n e at i [ strainazis] gmaténingwith atotal rangebetweer0% and17%).Long

etal. (2022 incorporatedhestraindataof J. Leeetal. (1987 intoar a n g ecrosssedtienandestimatedl9 km
(220%) of total extension of the NSRD footwall.

Thefinite straindataof J. Leeetal. (1987 havebeencorroboratedy ma ¢ r o stauausathmningof NSRD
footwall rocks,estimatedy comparisorof theductilely attenuatedhicknesof the Cpmin the NorthernSnake
Rangeto its approximatelyconsistentegionalstratigraphiahicknessof . 1.2km in the SchellCreekandEgan
Rangego thewest,the SoutherrSnakeRangeto the south,andthe DeepCreekRangeto the north (Fritz, 1968
Gans& Miller, 1983 Hose& Blake, 1976 J. Leeetal., 1987 Long et al., 2022 Miller etal., 1983 Rodg
ers,1987 Young,1960. TheCpmhasbeenthinnedto, 500800m (. 30% 55%thinning)in thesouthwestern

partof theNorthernSnakeRangeandhasbeenthinnedto, 250' 50 m ontheeasterrflank of therange( 80%
95%thinning) (J. Leeetal., 1987 Miller etal., 1983.

CPO data collected from dynamically recrystallized quartz in thin sections of Cpm and Zm quartzites in th
NSRDfootwall havebeenpresentedby J. Leeetal. (1987 (n= 22)andGébelinetal. (2015 (n= 12).Quartzc
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axispoleplots fromboth ofthesestudiesdefinesymmetricc r 0 s s e d thgwesteripartef the SaltCreek
window,t o p t asymB&trEc r 0 s s e dandginglegirdlesirstheeastermartof the SaltCreekwindow,
andt op t asynihfeticsingle girdles in the Hendry's Creek drainage (Gébelin et al., 2015 J. Lee
etal.,1987. TheseCPOdatahavebeeninterpretedorecordpures h e a r  ddactiiésinearingn thewestern
part of the range, with an increasing col8®onent

4. Finite Strain Data

The footwall of the NSRD provides an exceptional opportunity to quantify ductile strain within a major exten
sional detachmenftfault systemas it preservesmi ¢ mamm ma c r o dsefarnaatioamarkers(e.g., J. Lee

et al.,1987 Miller et al., 1983. Here, we present 3D finite strain measurements from samples that span the
transport parallel width of the NSRD footwall

4.1. Sampling Transects

Wecollected38quartzitesamplesrom theZm andCpmin threeseparatéransectshatcollectivelyspartheE - W
width of the southern part of the range (Figutesnd2; Table1). From west to east, these are the Fourmile
Canyon (Figure3; n= 8), Salt Creek (Figuré; n= 14), and Hendry's Creek (Figusen = 16) transects. We
combinedournewsamplesvith the 11 finite strainellipsoidsof J.Leeetal. (1987, whichincludeeightfrom the
SaltCreektransec(Figure4) andthreefrom theHendry'sCreektransec(Figure5). We projectedhelocationsof
these 49 combined finite strain samples onto thei
a cross section of the Northern Snake Range (Figuiee of section shown on Figudd). The cross section
(modified from Long et al.2022 is oriented at an azimuth of 118°, which is the average trend of mineral
stretching lineations in the NSRD footwall (e.g., Miller et 5883.

The majority of our strain samples were collecte
range Mostof thesesamplesverecollectednearthetopoftheCpm,withat r a n s p o spaciner akiml e |
within eachtransectWe collecteda smallernumberof sampleghatspantheverticalthicknessof rocksexposed
beneath the NSRD (e.g., sample$ 85 in the Hendry's Creek transect). The NSRD is located at a similar
structural level across the full width of the cross section, either at the top of the Cpm or abb@i2@ m
structural thickness of the overlying Pioche Shale (e.g., JohrZ206), (Figure2). Therefore, we express the
structural (i.e., foliation normal) depths for ol

4.2. Finite Strain Methods

Thin sections of our finite strain samples exhib
(Figure6). Theseibbonsgrainsmayrepresengrainsthathadtheirc a >omestedsubparallebr atalow angleto

the intermediate direction (i.e., the Y strain
crystallographiorientationareoften preferentiallystretchednto (andpreserveds)ribbongrains,while quartz
grains with other initat axi s ori entations are preferentially
tudes(Ceccateetal., 2017 Muto etal., 2011 Pennacchioretal.,2010. We assuméhattheseguartzribbonsare
theresultof ductiledeformationof detritalquartzclastsandthatthe strengthcontrastetweertheseribbonsand

the surrounding recrystallized quartz rich matri
preferredorientationof strain markersin conglomeratesuggestthat if measuredbjectscontainan initial
ellipticity they shouldbe moreeasilydeformedcomparedo their matrix, andtherefordikely overestimatdulk
strain(e.g.,De Paor,1980. However for objectswith aninitial R < 2.0,thedifferencein strainrecordedn the
matrixversugheobjectds predictedo beinsignificant(Treagus Treagus2007). Finite strainfrom Cretaceous
ductile shearing in the Cpm in the Schell Creek Range, which lies to the west of the Northern Snake Ranc
defines average Rg) and Rg,z values of 1.6 and 1.5, respectively (Stevens eR@R2. If the ribbons grains
measured in our study had a similar initial el |
strengthcontraswith thematrixwould beinsignificantundertheresultsof TreagusandTreagug2001). Strength
contrastanalsoarisewhenmeasureabjectshavea differentmineralogicacompositionfrom thematrix (e.g.,
Gay,1968 Odonne 1994 Treagus& Treagus2002. HowevertheCpmecontaingminimal otherphasedesides
quartz(e.g.,seeour calculationsof micaareapercentag®elow). Therefore becaus@ur measuredtrainmarkers
arethesamecomposition ashe rockmatrix (i.e., quartz) we assumehattherheologycontrasbetweerthe twois
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Table 1
Summary of Finite Strain Samples, Quartz Crystallographic Preferred Orientation (CPO) Samples, CPO Intensity Parambtes Aard Percentage Measurements From the Northern Snake
Range
WNW t o Lineat Lineat Fol i at Quarz
Structural NSRD pa Octahedral  parallel(X) normal(Y) normal(Z) CPO Density  Mica
Rock depthi distanc® Rs(x/z) ﬁ(x,z) RS(WZ) ﬁ(y,z, shearstrain extension extension shortening  analytical ~ Cylindricity norm area Strain
Sample Samplingtransect Unit (m) (km) (x1SE) (£ 1SE) (£ 1SE) (x1SE) © (%) (%) (%) Method ®) (Ipf) %  Domain
1 Fourmile Canyon Cpm -10 0.0 3.0+ 0.2 7+ 2 2.0+ 01 -1+ 3 0.79 65+ 5/-4 10+ 1 45+ 2 i i i i 1
2 Fourmile Canyon Cpm -10 0.1 3.3+ 0.3 4+ 2 1.9+ 01 3+ 3 0.85 79+ 8/-7 3+ 0~1 46+ 3/-2 OFA 0.69 227 1.0 1
8] Fourmile Canyon Cpm -20 05 3.9+ 03 5+ 1 2.1+ 01 4+ 3 0.96 93+ 7 4+ 1 50+ 2 i i i i 1
4 Fourmile Canyon Cpm -20 0.7 3.9+ 0.3 4+ 1 2.3+ 01 5+ 2 0.97 88+ 7 11+ 0 52+ 2 OFA 0.60 1.86 28 1
5 Fourmile Canyon Cpm -20 11 43+ 03 6+ 1 2.8+ 0.2 -1+ 2 1.06 88+ 4 22+ 3 56+ 2 i i i i 1
6 Fourmile Canyon Cpm -20 15 4.6+ 04 10+ 1 2.9+ 0.2 4+ 2 111 94+ 7 22+ 2 58+ 2 OFA 0.64 1.79 0.7 1
7 Fourmile Canyon Cpm -20 19 5.3+ 05 3+ 1 3.2+ 0.2 7+ 2 121 106+ 9/-8 25+ 1 61+ 2 T T 1l 1l 1
8 Fourmile Canyon Cpm -10 22 6.5+ 04 8+ 1 42+ 02 0+ 1 1.38 116+ 6/-5 39+ 2 67+ 1 OFA 0.66 225 s 1
9 Salt Creek Cpm -40 36 55+ 05 4+ 1 3.0+ 0.2 -1+ 2 1.22 116+ 9/-8 18+ 2 61+ 2 OFA 043 131 13 1
JL1 116 SaltCreek(J. Leeetal., 1987 Cpm -10 36 6.9 0 24 T 1.37 171 -6 61 EBSD 0.26 127 1l 1
JL1 115 SaltCreek(J. Leeetal., 1987 Cpm -80 37 58 0 20 i 1.25 156 -12 56 EBSD 0.50 1.34 i 1
10 Salt Creek Cpm - 60 38 6.0+ 05 2+ 1 3.2+ 02 0+ 2 1.29 124+ 8 20+ 2 63+ 2 OFA 0.51 1.56 11 1
11 Salt Creek Cpm -70 43 7.1+ 06 0+ 1 3.1+ 03 3+ 2 1.39 153+ 6 11+ 4 64+ 2 OFA 0.42 1.50 49 1
JL1 157 SaltCreek(J. Leeetal., 1987 Cpm - 100 4.6 104 -1 31 T 1.66 227 -3 69 EBSD 0.46 171 1l 2
SRO09 NC1 SaltCreek(Gébelinetal., 2019 Cpm -70 47 T T T T T T T T EBSD 041 T T 2
12 Salt Creek Cpm -40 48 8.6+ 0.7 1+1 3.7+ 03 2+ 2 153 171+ 817 17+ 3 68+ 2 OFA 0.42 1.26 17 2
SR09 NC1 SaltCreek(Gébelinetal., 2019 Cpm -40 5.0 i i i i i i i i EBSD 0.44 i i 2
SRO09 NCO SaltCreek(Gébelinetal., 2019 Cpm -20 51 T T T 1l T 1l T T EBSD 0.50 T 1l 2
SRO09 NCO SaltCreek(Gébelinetal., 2019 Cpm -10 52 T T T 1l T 1l T T EBSD 0.53 T 1l 2
13 Salt Creek Cpm -20 52 9.1+ 0.6 2+ 1 3.1+ 03 -4+ 2 1.56 199+ 314 2+ 4 67+ 2 OFA 0.49 133 1.7 2
14 Salt Creek Cpm -30 56 10.0+ 0.6 4+ 1 2.8+ 0.2 3% 3 1.63 229+ 5 -8+ 32 67+ 2/-1 OFA 0.38 129 24 2
15 Salt Creek Cpm -80 6.1 T T T 1l 1l T T OFA 0.48 1.40 1l 2
16 Salt Creek Cpm -30 6.3 12.6+ 0.9 1+ 0 2.8+ 02 3+ 3 1.80 275+ 5 -11+ 4 70+ 2 OFA 0.64 1.86 16 2
17 Salt Creek Cpm -80 6.3 10.8+ 0.8 2+ 1 3.0+ 03 0+ 2 1.68 239+ 5 -6+ 4 69+ 2 OFA 0.52 174 24 2
18 Salt Creek Cpm -20 6.3 14.6x 1.0 1+1 45+ 04 0% 2 1.90 262+ 6 12+ 4 75+ 1 OFA 0.58 1.80 56 2
19 Salt Creek Cpm - 100 6.4 10.3+ 0.7 31 2.4+ 02 2+ 3 1.67 254+ 6 -18+ 3 66+ 2 OFA 043 132 14 2
20 Salt Creek Cpm -20 6.4 8.6 0.8 1+1 2.8+ 0.2 0+ 2 152 198+ 12/ -3% 2 65+ 2 OFA 057 2.04 0.7 2
-11
JL1 149 SaltCreek(J. Leeetal., 1987 Cpm -90 6.5 9.6 -3 33 i 1.60 203 4 68 EBSD 0.49 1.65 i 2
JL1 150 SaltCreek(J. Leeetal., 1987 Cpm -50 6.5 83 2 26 i 1.50 198 -7 64 EBSD 0.50 1.69 1l 2
JL1 148 SaltCreek(J. Leeetal., 1987 Cpm - 120 6.5 10.7 1 ag i 1.68 226 1 70 EBSD 0.58 1.81 1l 2
JL1 151 SaltCreek(J. Leeetal., 1987 Cpm -30 6.6 75 1 27 i 1.42 175 -1 63 EBSD 0.65 233 i 2
JL1 152 SaltCreek(J. Leeetal., 1987 Cpm -20 6.7 9.1 4 34 i 1.56 190 8 68 EBSD 0.63 1.56 1l 2
21 Salt Creek Cpm -10 70 12.5+ 15 0+ 1 3.6x 0.2 4+ 2 1.79 251+ 23/ 1+ 0 72+ 2 OFA 0.67 2.09 6.4 2
-21
22 Salt Creek Cpm -10 74 17.9+ 15 2+ 0 4.3 03 1+ 1 2.04 321+ 14/ 1+£2 76+ 1 OFA 0.69 229 16 3
-13
23 Salt Creek Cpm -20 78 10.8+ 0.7 B il 4.1+ 03 -5+ 2 1.69 205+ 6 16+ 3 72+ 1 OFA 0.65 1.95 12 3
24 Salt Creek Cpm -20 82 i T T i i i i i OFA 0.85 285 0.3 38
25 Salt Creek Cpm -20 8.4 i i i i i i i i OFA 0.86 295 16 3
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Table 1
Continued
WNW t o Lineat Lineat Foli a Quartz
Structural NSRD pa Octahedral  parallel (X) normal (Y) normal (Z) CPO Density  Mica
Rock depth distancé RS(X/Z) U(X/Z, RS(WZ) l’j(yfz) shearstrain extension extension shortening  analytical ~ Cylindricity norm area  Strain
Sample Samplingtransect Unit (m) (km) (£ 1SE) (*x1SE) (x1SE) (x1SE) © (%) (%) (%) Method ®) (JIpf) %  Domain
JL1 155 SaltCreek(J. Leeetal., 1987 Cpm - 60 87 T i T 1l i 1l 1l 1l EBSD 0.84 225 1l 3
JL1 156 SaltCreek(J. Leeetal., 1987 Cpm -80 87 T i T 1l i 1l 1l 1l EBSD 0.74 194 1l 3
26 SaltCreek Cpm -80 8.8 T i T 1l i 1l 1l 1l OFA 0.80 2.80 14 3
27 Salt Creek Cpm - 100 9.0 i i i i i i i i OFA 0.89 297 18 &
JL1 139 SaltCreek(J. Leeetal., 1987 Cpm - 60 9.3 T i T 1l i 1l 1l 1l EBSD 0.88 264 1l 3
28 HendrysCreek Cpm -10 133 i i i i i i i i OFA 0.82 278 4.1 &
29 HendrysCreek Cpm -20 138 6.9+ 0.5 9+ 1 4.0+ 0.2 -4+ 1 141 128+ 7 32+ 1 67+ 1 OFA 0.87 291 0.8 3
30 HendrysCreek Cpm -10 145 8.2+ 05 9+ 1 4.1+ 0.2 -3+ 1 152 154+ 6 27+ 2 69+ 1 OFA 0.85 293 15 3
SP4 HendrysCreek(J. Leeetal., 1987 Zm unit 2 - 500 154 127 i 34 T 1.80 262 -3 71 T T T T 3
JL2 32 HendrysCreek(J. Leeetal., 1987 Zm unit 1 - 300 154 13.8 T 36 T 1.86 275 -2 73 T T T T 3
JL1 197 HendrysCreek(J. Leeetal., 1987 Zm - 400 155 T i T T T T T T EBSD 0.91 434 T 3
JL1 202 HendrysCreek(J. Leeetal., 1987 Zm unit 1 - 260 155 15.9+ 0.7 -1+ 0 4.5+ 02 T 1.96 299+ 22/ 13+ ¢ 75+ 2 EBSD 0.95 4.85 1l 3
-10
JL1 204 HendrysCreek(J. Leeetal., 1987 Cpm - 200 15.6 18.0+ 1.1 4+ 1 4.8+ 0.2 i 2.05 324+ 29-6 13+ ¢ 76+ 2 EBSD 0.86 3.38 i 3
JL1 205 HendrysCreek(J. Leeetal., 1987 Cpm -80 156 19.4+ 1.0 3x0 5.0+ 0.2 T 210 340+ 27+9 13+ €' 77+ 2 EBSD 0.83 2.66 1l 3
JL1 201 HendrysCreek(J. Leeetal., 1987 Zm - 600 15.6 T i T T T T T T EBSD 0.79 3.44 T 3
31 HendrysCreek Cpm - 60 18.0 T T T T T T T T OFA 0.91 3.46 38 3
32 HendrysCreek Cpm -80 183 17.6+ 0.9 3+ 0 4.3+ 05 1+1 203 316+ 0-1 2+ 6 76+ 1 1l T T 1l 3
33 HendrysCreek Cpm - 100 18.8 228+ 11 2+ 0 5.4+ 02 1l 221 377+ 28/ 13+ ¢ 79+ 2 OFA 0.86 3.01 10.2 4
-10
34 HendrysCreek Cpm -90 193 17.2+ 0.6 1+ 0 9.0+ 04 3+ 1 211 220+ 3 68+ 3 81+ 1-0 i i i i 4
35 HendrysCreek Cpm -90 199 i i i i i i i i OFA 0.97 3.00 30 4
36 HendrysCreek Cpm - 100 20.0 T T T 1l T 1l 1l 1l EBSD 0.87 322 34 4
37 HendrysCreek Cpm - 150 20.0 i i i i i i i i EBSD 0.77 2.69 58 4
38 HendrysCreek Zm unit 1 - 300 20.0 13.9+ 0.6 30 4.2+ 0.2 i 1.86 273+ 21,9 13+ ¢ 73+ 2 EBSD 0.86 358 Bl5 4
39 HendrysCreek Zm - 320 20.1 i i i i i i i i EBSD 0.74 2.69 89 4
40 HendrysCreek Zm unit 2 - 350 20.1 14.1+ 0.7 6% 1 4.2+ 02 i 1.87 275+ 23-8 13+ ¢ 73+ 2 i i i i 4
41 HendrysCreek Zm - 380 20.1 T T T i T i i i EBSD 0.89 3.56 4.4 4
42 HendrysCreek Cpm -90 20.2 26.8+ 14 -1+ 0 6.0+ 0.5 -8+ 1 233 393+ 3/-4 10+ 4 82+ 1 OFA 0.89 2.80 19 4
43 HendrysCreek Zm - 480 20.2 T T T T i T T T EBSD 0.90 359 38 4
44 HendrysCreek Cpm -90 203 14.0+ 0.9 4+ 1 45+ 22 -4+ 1 187 252+ 5 13+ 4 75+ 1 i i i i 4
45 HendrysCreek Zm - 420 203 T T T i T i i i OFA 0.93 3.16 14 4
46 HendrysCreek Zm unit 3 - 460 20.3 13.5+ 0.6 4+ 0 4.2+ 0.2 T 184 267+ 21+9 13+ ¢ 73+ 2 EBSD 0.47 1.65 20 4
47 HendrysCreek Zm - 520 203 T T T i T i i i OFA 0.93 2.62 4.4 4
48 HendrysCreek Zm - 360 204 T T T i T i i i OFA 0.90 3.33 40 4
49 HendrysCreek Cpm -10 20.4 249+ 21 2+ 0 5.2+ 04 3x1 227 392+ 16/ 32 80+ 1 OFA 0.90 235 1.0 4
-15
50 HendrysCreek Zm unit 4 - 470 204 9.7+ 0.7 6+ 1 3.6+ 0.3 9+ 1 161 197+ 6 10+ 4/-3 69+ 2/-1 OFA 0.87 277 21 4
51 HendrysCreek Cpm - 160 20.5 275+ 23 2+ 0 6.6+ 0.5 3x1 235 386+ 15/ 17+ 3 82+ 1 OFA 0.86 232 0.0 5
-14
52 HendrysCreek Zm - 550 205 T i T i i i i i EBSD 0.90 4.44 7.2 5]
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Table 1
Continued
WNW t o Lineat Lineat Foli a Quartz
Structural NSRD pal Octahedral  parallel (X) normal (Y) normal (Z) CPO Density Mica
Rock depthi distancé Rﬁx/z) ﬁ(x/z, Rﬁy,z) l'j(wz) shearstrain extension extension shortening  analytical ~ Cylindricity norm area  Strain
Sample Samplingtransect Unit (m) (km) (£1SE) (£1SE) (£1SE) (£ 1SE) o (%) (%) (%) Method (B) (Ipf) %  Domain
53 HendrysCreek Cpm - 140 20.8 i i i i i i i i OFA 0.89 247 8.0 5}
JL2 91 HendrysCreek(J. Leeetal., 1987 Cpm - 150 21.2 311 T 42 T 244 513 -17 80 1 T T T 5
54 HendrysCreek Cpm - 250 213 T T T T T T T T OFA 0.92 2.63 6.4 5
55 HendrysCreek Zm - 640 215 i i i i i i i i OFA 0.88 2.69 4.1 5}
56 HendrysCreek Zm - 250 218 i i i i i i i i OFA 0.96 277 38 5}
57 HendrysCreek Zm - 250 224 T T T T T T T T OFA 0.94 252 39 5
SRO08 20 HendrysCreek(Gébelinetal., 2019 Zm - 300 22.7 T i i T T T T T EBSD 0.97 T T 5
58 HendrysCreek Cpm - 150 228 i i i i i i i i OFA 0.94 263 30 5}
SRO08 24 HendrysCreek(Gébelinetal., 2019 Zm - 340 229 T i i T T T T T EBSD 0.97 T T 5
SRO08 26 HendrysCreek(Gébelinetal., 2019 Zm - 360 23.0 T i i T T T T T EBSD 0.95 T T 5
SR08 31 HendrysCreek(Gébelinetal., 2019 Zm - 400 231 T T T T T T T T EBSD 0.96 T T 5
SRO08 34 HendrysCreek(Gébelinetal., 2019 Zm - 440 232 i i i T T T T T EBSD 0.96 T T 5
59 HendrysCreek Cpm - 100 233 T T T 1l T 1l T 1l OFA 0.96 263 0.8 5
60 HendrysCreek Cpm - 60 240 i i i i i i i i OFA 0.94 252 23 5
SR08 6A HendrysCreek(Gébelinetal., 2015 Cpm - 60 244 T i i 1 i 1 i i EBSD 0.91 1 1 5
SR08 3 HendrysCreek(Gébelinetal., 2019 Cpm -40 244 T T T 1l T 1l T 1l EBSD 0.95 1l 1l 5
SRO08 11B HendrysCreek(Gébelinetal., 2015 Zm - 100 245 i i i i i i i i EBSD 0.96 i i 5}
61 HendrysCreek Cpm -40 247 i i i i i i i i EBSD 0.92 271 11 5}
62 HendrysCreek Cpm -70 247 T T T 1l T 1l T 1l EBSD 0.91 3.01 19 5
63 HendrysCreek Zm - 140 247 T T T 1l T 1l T 1l EBSD 0.92 3.16 27 5
64 HendrysCreek Cpm - 100 247 i i i i i i i i EBSD 0.85 2.96 i 5
65 HendrysCreek Cpm -90 247 T T T 1l T 1l T 1l EBSD 0.92 3.02 23 5
66 HendrysCreek Cpm -50 247 T T T T T T T T EBSD 0.68 181 13 5}
67 HendrysCreek Cpm -40 248 T i i i i i i i OFA 091 292 20 5

GeJo0T

Note Definitions:Rs,tectonicelongation(long axisto shortaxisratio); (i, anglebetweerong axisandtraceof tectonicfoliation (equivalento d of Ramsay& Huber,1983 seetextfor discussiorof sign
convention);,CPO,crystallographigreferredorientation;SE, standarcerror; EBSD, electronbackscattediffraction; OFA, opticalfabric analyzer?Structuraldepthsveremeasuredrom the projected
positionsof sampleonto Figure2b andweremeasuresormalto thetraceof theNSRD."WNW t o NEB P p alistantelasmeasuredn Figure2b (startingwith the positionof sampled1 at
0.0km) andwasmeasuredby projectingsamplesstructurallyupwardto the NSRD. “Calculatecby restoringthe 3D strainellipsoid of eachsampleto a sphereof the samevolume,andthencomparing
lengthsbeforeandafterstrain. Errorangesare calculatedrom the+ 1 standarcerrorvaluesreportedior Rsvaluesfor each2D strainellipse.“To determineapproximate3D ellipsoidsfor these seven
samplesthel13+ 6%averagé i ne at i @ nextensianval@efrom 3D strainellipsoidsfrom theHendry'sCreektransecwasusedin orderT o b a ¢ k  areREyg walueabtrar is + 1 standard
error.

S3DN3IDS IDVdS ANV
HL¥¥3 DNIDNVAQY

301U0)93 |

3180001€¢0¢/6¢0T 0T




I ¥edl

M\I Tectonics 10.1029/2023TC0081€
ADVANCING EARTH
AND SPACE SCIENCES

Map Units Map Symbols

Quaternary alluvium % Normal fault: ball on hanging wall side, dashed where approximately located

Ordovician and Silurian sedimentary rocks -~ Stratigraphic contact

Middle-Late Cambrian sedimentary rocks 34 Strike and dip of sedimentary bedding

Northern Snake Range décollement: teeth on 2“'\ Strike and dip of tectonic foliation with trend of mineral stretching lineation

hanging wall side, dashed where concealed

Lower Cambrian Pioche Shale

@ 1.4 XY strain ellipse with Rs value

410 Finite strain sample (this study)

Lower Cambrian Prospect Mountain Quartzite

27@  Finite strain and quartz optical fabric analyzer sample (this study)

Ck—’)

Qal

41

£y ‘021.7 »
O 30'5{ .2;\ 1'7&\15\\72\

W

Kileameters

Figure 3. Geologicmapof the FourmileCanyontransec{modifiedfrom J.Leeetal.,2023. Finite strainandquartzcrystallographipreferredorientationsamplesare
shown, along with XY strain ellipses (scaled to constant volume).

negligible and therefore that the measured quartz ribbons can be utilized as deformed markers from which -
finite strain can be measured (e.g., Dunbh®86§9 Ramsay,1967 Ramsay & Huber]983.

To quantify 3D finit & msthod @.g.,,Dunnet369 Ramsayl067) mreninintally e R
recrystallized, visually distinct quartz ribbons from thin sections cut from 38 total samples from the Fourmile
Canyon, Salt Creek, and Hendry's Creek transects. Quartz ribbons were outlined based on domains of sim
extinction when compared to the surrounding variable extinction domain®.68 0.10 mm recrystallized
subgrains (Figuré). A detaileddescriptionof our methods, asvell asgraphs andables ofsupporting dataare
available in Supporting Informatiddl

Wecuttwof ol i at i thimsectioodfromadchsampleoneparallel(thin sectionendingwith i A @rjdone
normal (thinsectionseendingwith fi B @ )mineralstretchindineation(Tablel). We interpretthatthefi A&ndi B 0

thin sectionscontainthe XZ andYZ strainplanesyespectivelyWe took photomicrographsf eachthin section

with theapparentlip of foliation orientedh o r i z o nt a | tpwaslthetop, andBESE(afl o rdhp¥iséctions)

or NNE (for fABO thin s ebpWeautinedquartorivkomsdising Adebe Hlustgatort
and we used ImageJ (Schneideret2fll2 t o cal cul ate best fit ellipse

We measured Rs (the ratio of long axis length to short axis length) for at least 30 quartz ribbons in each tk
sectionandcorrespondingi valuesweremeasuredetweerthelong axisof eachquartzribbonandtheapparent
dip of foliation. Theharmonicmeanof all Rsvaluesmeasuredor eachthin section(+ 1 standarcerror)is reported
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Map Units
Quaternary alluvium

Pennsylvanian and Permian sedimentary rocks
Mississippian sedimentary rocks

[[B] Devonian sedimentary rocks

Ordovician and Silurian sedimentary rocks
[E&] Middle-Late Cambrian sedimentary rocks

Map Symbols

Stratigraphic contact

LP i

Normal fault: ball on han

?'\ng wall side,
arrow shows trend and p

unge of slickenlines

Strike and dip of sedimentary bedding

Strike and dip of tectonic foliation with trend
of mineral stretching lineation

XY strain ellipse with Rs value

Northern Snake Range décollement: teeth on
hanging wall side, dashed where cancealed

Lower Cambrian Pioche Shale
11201 @ Quartz EBSD sample (this study) @ Lower Cambrian Prospect Mountain Quartzite
SR08-31 @ Quartz EBSD sample (Gébelin et al,, 2015)
27 @ Finite strain and quartz optical fabric analyzer sample (this study)

J2-32 @ Finite strain (Lee et al., 1987) and quartz EBSD sample (this study)

33 0 Quartz optical fabric analyzer sample (this study)

Figure 4. (a) Geologicmapof theSaltCreektransec{modifiedfrom Johnston2000. Finite strainandquartzcrystallographipreferrecorientationsamplesreshown.

(b) Finite
ellipses (scaled to constant volume).

strain

sample | ocations pl ot txshown atthedamevseale isa), Withl rrespondiBgSKXE straio s i t

as the overall Rs value, after ListEdf7a 1977h 1979. The use of harmonic mean to calculate Rs has been
demonstrated to yield comparable results to oth
met hods), particularly f er 28)i(eggh BabaiekO86rParui & Brattacharl e s
yya, 2024 Paterson1983. We usedasignconventiorfor ( wheretheapparentlip of foliation is definedas0°,
positivevaluesarecounterclockwiseelativeto foliation andnegativevaluesareclockwiserelativeto foliation.

The meari angle of all quartz ribbons measured for each thin sectidnstandard error) is reported as the
overallGivalue.Mean( valuesnl i ne at i ¢ i Afinsec@ohsarbéusedtointerprets he ar (e.g.ens e
Passchie& Trouw, 2005 Ramsay;1967). Underour signconventiona positivemeand valuecorrespond$o a

t op toh &DBrEandamenatieemean( valuecorrespondsoat o p t os hVeNaW Xz andX¥ 2D
strainellipsesfor eachsampleareplottedon Figures2i 5, respectively 3D strainellipsoidsfor eachsamplewere
determinedy directly comparinghe Rsvaluesin fi A thin sectiongRsxz)) to thosein fi B thin sectiongRsy,

z), and assumption of constant volume deformati

We alsocalculatecbctahedrashearstrain(J (Nadai, 1963 usingthe scaledX, Y, andZ valuesmeasuredrom

ourR f(i analyseswherescaledX, Y, andZ representhestretchvaluesalongtheprincipalstrainaxegpleasesee
Supporting Informatiors1 for further discussion of methods). Octahedral shear strain is a parameter that esti
matesof theamountof work doneto homogeneouslgeforman objectduring coaxialdeformation accountgor

total 3D deformation, and is a useful tool for determining total strain as it is independent of strain geometry.

To quantifytrendsin finite strainwitht r a n s p o distangeadsteutturadépth we alsocalculatedpercent
extensioninthel i neat i @ andlair méd d teil Ovhdirectionsraredpercentshorteningnormalto
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Map Units Quaternary alluvium

- Paleogene volcanic rocks

- Jurassic granitoids

Pennsylvanian and Permian sedimentary rocks
- Mississippian sedimentary rocks

- Devonian sedimentary rocks

Ordovician and Silurian sedimentary rocks

- Middle-Late Cambrian sedimentary rocks

Northern Snake Range Décollement: teeth on hanging
AL ;I side, dashed where concealed

Lower Cambrian Pioche Shale
@ Lower Cambrian Prospect Mountain Quartzite
Neoproterozoic McCoy Creek Group

b >
/11202 L1 %’
3

Normal fault: ball on hanging wall side,
arrow shows trend and plunge of slickenlines

Stratigraphic contact

Kilometers

Strike and dip of sedimentary bedding
Strike and dip of tectenic foliation with trend of mineral stretching lineation
6 XY strain ellipse with Rs value
Finite strain sample (this study)
SPA@  Finite strain sample (Lee et al, 1987)
11201 @ Quartz EBSD sample (this study)
SR08-31Q Quartz EBSD sample (Gébelin et al., 2015)
27 @ Finite strain and quartz optical fabric analyzer sample (this study)
J12-32@  Finite strain (Lee et al, 1987) and quartz EBSD sample (this study)

330 Quartz optical fabric analyzer sample (this study)

Figure 5. (a) Geologic map of the Hendry's Creek transect (modified from Joh261@8, Finite strain and quartz

crystallographigreferredorientationsamplesareshown.(b) Finite strainsamplelocationsplottedrelativeto WNW t o ESE

positionalongcrosssectionA  {shownatthesamescaleasA), with correspondinXY strainellipses(scaledo constant
volume).

foliation (Z) by comparingherelativelengthsof the 3D finite strainellipsoidfor eachsampleto thediameteiof a
spherawith thesamevolume(e.g.,Ramsay1967) (Tablel; additionaldetailsin SupportingnformationS1). We
projectedour strainsampledo their respectivdocations orthe crosssectionin Figure2b, which allowedusto
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49A 20 4 km Hendry 5 Cree

[

Figure 6. Photomicrographs of representative examples of quartz ribbons used for finite strain analyses. Photomicrograph

pairsfrom two perpendiculathin sectiondrom threeindividual samplesireshownwithf ol i at i bnneat mah, pa
photomicrographs (AA0 thin sections; XZ strain plane)
photomicrographs (AiBo thin sections; YZ strain plane)
tectonic foliation is oriented horizontal and structur.

photomicrograplis labeledwith a samplenumberthe NorthernSnakeRanged ® ¢ o | | e medistancepoacheample |
in km (as measured from Figu2e), and the sampling transect. Red outlines on each photomicrograph show a single
example of a representative @anaysim or ribbon that was m

measurgheprojectedVN W t o diffaBdeof eachsamplealongtheNSRD.NS RD p aistantefoeehch
sample were measured relative to the position of sample 01 in the Fourmile Canyon transet}.(Table

4.3. Finite Strain Results

Here,we discusgheresultsof our 38 newfinite strainsamplesyhich we combinewith 11 finite strainanalyses
from J. Lee et al.1987), from west to east.

Fourmile Canyontransect Eight Cpmsampledrom the FourmileCanyontransec{Figure3) yieldedRsxz) and

Rsvz) valuesthatincreaseeastwardrom 3.0to 6.5 (averaget.4) andfrom 1.9to 4.2 (average2.7), respectively
(Figures7di 7f). Cincreasesastwardrom 0.79to 1.38(averagel.04). Two sampleplot neartheplanestrainline

and the rest plot in the flattening field (FiguBzsand8b). liixz) values between 3 and 10° are consistent with a

t op toh &drEoralkeigltsamplegFigure8e). X extensiony extensionandZ shorteningall increase
eastwardfrom 65%to 116%(average91%),3%i 39% (averagel 7%),and45% 67% (averageb4%),respectively
(Figures7gi7i) . These data define the beginning of27dn e:
7i).
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g g 9, (n=8) (Lee et al., 1987)
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o o 0 T w1 "K' denotes samples
a a ’ E ., from Zm
0 a . ® T 20 .
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Figure 7. Graphs of finite strain data (data on graplis)(are shown at a 1 standard error level; data on grajphségresent the upper and lower ranges defined by

the 1 standarderror on Rs valuesfor each3D strainellipsoid), including: (a) Plot of Ry, versusstructuraldepthbelow the Northern SnakeRangedécollement

(NSRD). (b) Plot of octahedral shear straiersus structural depth below the NSRD. (c) Graplwe r sus NSRD parall el di &g ance
where sample 01 is located at 0. Df)Gkaphps of g, dRsm).andRg,, vsecrasl les TN SR D ep asrtarlalienl edsits
from Figure 2b, wheresample01 is locatedat 0.0km). Ma ¢ r o estimageHoe the easternmosstraindomains(abbreviatedi S D(@&D4: Ry, = 57.2+ 17.8

andSD5: Rsgyz) = 282.0+ 122.0,Rsy; = 19.6+ 2.8,Rsyy) = 14.7% 9.8) plot abovethe vertical rangeshownon the graphsandare thereforenot shownin

orderto betterdemonstratdrendsin finite strain.(gii) Graphsof percentl i ne at i ¢X) exfersiord li Ineelat i ¢Yhextensionmedf ol i ati on no
(Z)shortening versus NSRD parallel di stance. The macr og)ferSBY (38% t387%)iplots e st i
above the vertical range shown on the grapdh is not shown in order tetter demonstrateendsin Xe x t ensi on. St r ai n daumndariestare( ab b

shown at the top of graphsi il

SaltCreektransect T w e n t Ypntsawplesrom the SaltCreektransec(Figure4) yieldedRsxz) valuesthat
generallyincreaseeastwardrom 5.5to 17.9(averagé.7),Rgyz) valuesbetweer2.0 and4.5(averages.2),andU
valuesthatgenerallyincreaseeastwardrom 1.22to ashigh as2.04 (averagel .58) (Figures7ci 7f). Tensamples
overlaptheplanestrainline, six lie in theflatteningfield, andsix lie in theconstrictionafield (Figures3aand8h).
Sixteensampleexhibitpositivelixxz) valuesthatdefineat o p t sheaBe8d&Figure8e). X extensiorandZ
shorteningncreaseeastwardrom 1169%to 321%(average207%)and56% 76% (averages7%),respectivelyand
Y extensiorvariesbetween 18%and20%(average%) (Figures7gi 7i). Thesedatadefinea continuatiorof the

eastward increasing finite strain graccandMt obser

Hendry'sCreektransect Of the 19 strainanalyse$rom theHendry'sCreektransectFigure5), 12 werecollected
from Cpmquartzitesand7 werecollectedfrom Zm quartzitesWe only hadXZ thin sectionsavailablefor seven
samples (JL1 202, JL1 204, JL1 205, 33, 38, 40,
depthbelowtheNSRD (Figures3cand8d), in orderto estimateanapproximate3D finite strainellipsoidfor these
sevensampleswe usedthe 13 + 6% (+ 1 standarderror) averagepercentY extensionof the 12 remaining
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Hendry's Creek samples to back calcul ate 3Dl.ell
Additionally, dueto pervasivedynamicrecrystallizationin Hendry'sCreeksampleqe.qg.,Figure6c), which has
likely limited thefinal preservedengthof thequartzribbonsthatwe measuredye interpretthefollowing results

to likely representminimumvaluesfor finite strain. TheHendry'sCreekellipsoidsyieldedRsxz) valuesbetween
6.9and31.1(averagel 7.3),Rgyvz valuesbetweerB.4and9.0 (averaget.8),andCvaluesbetweerl.41and2.44
(averagel .97)(Figures7a, 7cdi 7f). Fourteersampledie in theflatteningfield, four overlapthe planestrainline,

and one lies in the constrictional field (FiguBsand8h). Seventeen samplgielded positiveliixz) values that
defineat op t o E S E(Figute@)aX extensiorranges from 128%o 513% (average297%),Z short

ening ranges from 67% to 82% (average 75%), and Y extension has an average of 13%§ig)rebhe
Hendry'sCreeksamplesxhibitanapparentiecreasén Rgxz) with structuraldepth from typicalvaluesof, 161
28betweerD and150m belowtheNSRDto valuesof, 10i 13at450' 500m below(Figure7a). Thedecreasén U

with structural depth below the NSRD is less apparent, with typical value4.8f2.2 between 0 and 150 m
belowtheNSRDto valuesof, 1.8/ 2.0at450' 500m below.Rsxz), 0 X extensionandZ shorteningn Hendry's
Creekall exhibitagenerakastwardncrease irtheir maximumvalues(Figures7c, 7d, 7g, and7i), which definesa
continuation of the eastward increasing finite s
transects. However, there is significant variability recorded if,R8 and X extension in Hendry's Creek
(Figures7c, 7d, and7g), whichwe interpretasthe consequencef asignificantincreasen theareapercentagef
quartz recrystallization (e.g., compare Figuseissc).

44. Ma cr o [uctile Thenning Measurements

Quantifyingma c r o dustitethihningof theCpmprovidesanadditionalmeango estimatestrainin theNSRD
footwall. We calculated ductilethinningby comparinghestructuralthicknessf the Cpmin theNorthernSnake
Rangeto its undeformedstratigraphichicknessn surroundingangesTheseductilethinningmeasurementre
importantfor estimatingfinite strainin the Hendry'sCreektransectwherepervasivedynamic recrystallizatiohas
likely minimized the magnitude of finite strain recorded in quartz ribbons (e.g., Figure

We measured the structural thickness of the Cpm at 34 locations (Blgikée measured thicknesses from
published cross sections through the Schell Creek (Long @02, Deep Creek (Rodgers987, Southern
Snake (Whitebread,969 and Northern Snake ranges (Gans etl&@85 J. Lee et al.19993, and we utilized
published geologic maps (Gans et 4999 Johnston,200Q J. Lee et al.1999h Miller & The Stanford
GeologicalSurvey,2007 Miller, Grier, & Brown, 1995 Miller etal., 1994 to draft21 newcrosssectionghrough
portions of the Northern and Southern Snake ranges (cross sections, supporting data, and additional details
methodsarein SupportinginformationS1). We usedour measuredhicknesse$o constructacontourmapof the
structural thickness of the Cpm (Fig@e

Thethicknesof the Cpmin theSchellCreek,DeepCreek,andSoutherrSnakeRangewvariesbetweenl,100and
1,390m(n= 8; excludingoneoutlierof 1,530m) andhasanaveragef 1,220+ 30m (+ 1 standarckrror)(Figure9).

TheCpmhasbeenthinnedto atypicalrangebetween 50and2 5 0 m inthésbuth&asterpartof theNorthern
Snake Range, corresponding t80% 95% ductile thinning.

Severstructurakhicknessneasurementsf theCpmfromtheHendry'sCreektransectverecollectedproximalto

t h e x&os#sectionline (Figu® . We <cal cul ated % foliation nor m:
surementd®y comparingthe structuralthicknessof the Cpmto its 1,220+ 30 m averageegionalthicknessWe
combinedhis% Z shorteningvith the13+ 6%averager extensiorfrom finite strainellipsoidsfrom theHendry's
Creektransectn ordertob a ¢ k ¢ % K extensiarhseell astheRsratiosandUof the3D strainellipsoidsfor

each of these thickness measurements (Tabl&hese results demonstrate an increase from 80% to 95% Z
shortening and 338% to 1,702% X extension eastward across the Hendry's Creek transect.

Figure 8. Graphof finite straindata(dataongraphsaande areplottedwith a1 standarcerrorlevel). (a) Flinn diagram(e.qg.,Flinn, 1962 showing3D strainfields for
constant volume deformation. Lines ofl%% omstasholwnval by (NNAIRshowdgIDstmmat i ¢
fields for constant whutctwahdeptidbeldwahdartietniSmake.RanGe déacplliensent INSSRD) versus strain geometry by fFaurmile
Canyon and Salt Creek transects, and (c) Hendr yysveGustherkeanangk ofelengdted quarz ) P
clastsrelativeto foliation ((iixz). A positivemean( valueis compatiblewvithat o p t o sthlea r BnS8deayatieemean( valueiscompatiblenvithat op t o t he
WNW s h e ar Nateghatsamplesvhereonly onethin sectionwasavailablefor finite strainanalysisarenotincludedin the graphs.
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5]

NV-UT border

Map Symbols

Trace of Northern Snake Range décollement:
teeth on hanging wall side

/ Normal fault: ball on hanging wall side,

dashed where concealed

(@] Cpm thickness measurement (n=27)
o Cpm thickness measurements used for finite strain
estimates (Table 2; Fig. 10) (n=7)

Figure 9. Contourmapofthep r e s e structudhithigknessof the Lower
Cambrian Prospect Mountain Quartzite (Cpm), based on published cross
sectiondromtheSchellCreekRangglLongetal.,2022), DeepCreekRange
(Rodgers1987), SoutherrSnakeRanggMiller & The StanfordGeological
Survey,2007 Whitebread 1969, Northern Snake Range (J. Lee

et al., 19991, and Spring Valley (Gans et a985, as well as our 21 new
crosssectionsrom publishednappingn the SoutherrSnakeRanggMiller

& TheStanfordGeologicalSurvey,2007 Miller, Gansetal., 1995 Miller,
Grier,& Brown,1995 Miller etal., 1994 andNorthernSnakeRange(Gans

et al., 1999 Johnston200Q J. Lee et al.19993 1999h (located in
SupportingnformationS1). Warmcolorsindicatethinnerregionsandcool
colors indicate thicker regions; thickness color scale shown on the right.

4.5. Model for Finite Strain in the NSRD Footwall

Her e, we integrate our mi cro scal
thinningdatasetsto developa geometrianodelfor ductilestrainin theNSRD
footwall (Figure 10). Using trends in the averages of,Rsand % X
extension values from our micro sc
NSRD footwall into five straindomains(abbreviatec5D1,SD2,SD3,SD4,

and SD5) (Figuredb, 2h and10). Strain domain divisions were typically
madewhereRsxz increasedy . 3i 5 (or more)from theaverageof adjacent
values and/or where % X extension increased 69% (or more) from the
averageof adjacentalues.We favoreda minimal numberof straindomain
divisions so that each is supported by a larger number of analyses and thus
yield morerobustaverageRgxz), % X extensionand% Z shorteningvalues.

SD1 is defined by eight strain analyses from the Fourmile Canyon transect
andthefive westernmosstrainanalysesrom the Salt Creektransectwhich

define an average Rg of 5.4+ 1.4, Oof 1.14+ 0.20, 119+ 32% X
extensionand59+ 7%Z shorteningSD1hasamodernwidth of 4.7kmand
restores to a pre Eocene @OObandl®d® en e
(the five strain domains were rest
restoring the average 3D strain ellipsoid of each strain domain to a sphere
with the same volume). SD2 is supported by 15 strain analyses from the
centralportion of the Salt Creektransectwhich definean averageRgxz) of

10.2+ 1.9,00f 1.63+ 0.12,220+ 32% X extensionand68 + 3% Z
shortening. SD2 has a modern width
width of 0.8 km (Figured0band100).

SD3 SD5lie in theeasternmogportionof the SaltCreektransectandacross
thewidth of the Hendry'sCreektransec{Figure 10). Within theserocks,the

high area percentage of dynamically recrystallized quartz (e.g., Fiores
and6c) likely indicates that the quartz ribbons that we measured underesti
mate finite strain. Therefore, for SD8D5 we present a range of strain
magnitudes obtained from our micro
scale ductile thinning measurements of the Cpm (Figlitdsand 100).
SD3is supportedy two finite strainanalyse$rom theeasternmogiortionof

the SaltCreektransectandeightfinite strainanalysegrom thewesternt w o
thirds of the Hendry'sCreektransect,which define an averageRsx) of

13.4+ 4.4,00f 1.84+ 0.23,263+ 75% X extensionand73+ 4% Z
shorteningSD3hasamodernwidthof 11.4kmandapr e Eocene Ol
width of 3.1km (FigureslOband10¢). Three Cpnthickness measurements
within SD3(247,230,234m; Table2) define80+ 1%average shortening,

which correspondso 351+ 51% X extensionRsxz) of 23.5+ 4.0, Oof

2.22+ 0.11,andyieldsap r e E o c e n ewidi® bfi2.§ lonc D4 is
supporteddy ninefinite strainanalysegrom the eastermartof theHendry's
Creektransectwhich defineanaverageRsxz) of 16.4+ 5.9,Uof 2.00+ 0.23,

294+ 75%X extensionand76+ 4% Z shorteningandhasamoderrwidth of
1.8kmandapr e E o c e n evidt® 6fi0.§kncTeva @m thickness

measurements within SD4 (174, 140 m; Tad)lelefine 87+ 2% average Z shortening, which corresponds to
588+ 1319%X extensionRsxz of 57.2+ 17.8,Uof 2.83+ 0.22,andyieldsarestoredwidth of 0.3km. SD5is
supportedy two finite strainanalysesrom theeasternmogtartof the Hendry'sCreektransectwhich definean
averageRsyz) 0f 29.3+ 2.5,Uof 2.40+ 0.05,449+ 90%X extension8l+ 1%Z shorteningandhasamodern
widthof 6.7kmandap r e E o ¢ e n aidtiodf 1.2dr. Tweo E@nthicknessnmeasurementsithin SD5 (85,
60m; Table2) define94+ 1%averageZ shorteningwhichcorrespond#o 1,387+ 387%X extensionRsxz) of
282+ 122,Uof 3.94+ 0.32,andyieldsapr e E o c e n evidiDdf 0.5km.c e n e
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Table 2
Summanypof Structural Thicknessvieasurementsf the Lower CambrianProspectMountainQuartzite(Cpm)Usedto CalculateRsRatios,OctahedralShearStrain ( U)
% X Extension, and % Zhortening for Strain Domair& 5

Cpm
structural Octahedral Lineat Lineat Foli at

Supporting Supporting thickness  Strain shear RSyz) RSyiz) Rsyy) parallel (X) normal (Y) normal (2)
study? crosssectiort (m) domain strain () (£1SEP (x1SEP (*1SEP extensior(%)" extensior(%)° shortening%)?
Johnstor(2000 7 (This study) 247 3 2.18 21.7+ 0.8 56+ 02 39+ 02 338+ 24 13+ 6 80+ 1
Long F xF 230 8 2.28 25.0+ 10 6.0£ 02 4.2+0.2 370+ 26 13+ 6 81+ 1

etal. (2022
Johnstor(2000 8 (This study) 234 3 2.26 241+ 09 59+ 02 4.1+02 362+ 25 13+ 6 81+ 1
Johnstor(2000 9 (This study) 174 4 2.67 436+ 17 7.9+ 03 55+03 521+ 31 13+ 6 86+ 1
Long F xF 140 4 2.98 67.4+ 2.6 99+ 04 6.8+ 04 672+ 37 13+ 6 89+ 1

etal. (2022
Long F xF 85 5 3.69 182.9+ 7.1 16.2+ 0.6 11.3+ 06 1,172+ 58 13+ 6 93+ 1

etal. (2022
Johnstor(2000 10 (This study) 60 5 418  367.1f 14.3 23.0+ 09 15.9+ 09 1,702+ 79 13+ 6 95+ 1

3SeeSupportingnformationS1for crosssectionsusedfor structurakthicknesscalculations®Calculatecdusingthe13+ 6% averager extensior(1 standarcerror)from
Hendry'sCreek3D finite strainellipsoidsandthe % Z shorteningrom Cpmma ¢ r o stsictusakhieningestimatesob a ¢ k ¢ a3Dellipsoal.fCalculatedoy
takingtheaveragés Y elongation(+ 1 standarcerror)from 3D Hendry'sCreekfinite strainellipsoids ‘Calculatecby comparinghemeasurec€pmstructurathickness

with the average regional Cpm thickness of 1,2280 m.

For SD3 SD5,ourstrainestimatesromma ¢ r o dustiethinrengarehigherthanthoseattainedrommi c r o
scalefinite strainmeasurementandthedisparitybetweerthetwo techniquesncreasegastwardWe attributethis

to aneastwardncreasen the areapercentagef dynamicrecrystallizatiorof quartzasa consequencef greater
strain magnitudes (e.g., Figue¢ . Accordingly, we interpret that o
finite strain in SDBS D5 and therefore that our macro scal e
representative of the magnitude of finite strain in this part of the range.

In summaryfinite strain in theNSRD footwall increases significanthastwardfrom_ 119% Xextensiorand

. 59% Zshorteningn SD1onthewesternflank of therangeto ashighas, 1,387%X extension and 94%2Z
shortening in SD5 on the eastern flank (Figied). Assuming that the upper contact of the Cpm was sub
horizontalpriortoE o ¢ e n e  QOdxtengianwexaneompare r e s e antrestbradengthsto measureghe
cumulative ductile extension of the NSRD footwall (Figutéband10¢ . Restoration wusir
finite strain analyses for SDED5 yields 19.6 km of cumulative ductile extension (255%) (Fig0gg, which
weinterpretasanunderestimateRestoratiorof mi ¢ r o analysefdr 8D1i SD2combinedwith restoratiorof

ma c r o dustitethinnengmeasurementer SD3 SD5yields21.1km of cumulativeductileextension340%)
(Figure 109, which is our preferred estimate. Our estimates are similar to published estimates of ductile extensic
of theNSRDfootwall in the southerrpartof therange which vary from 19.1to 21.9km (220% 250%)(J. Lee

et al.,1987 Long et al.,2022 . Three di mensional strain is varie
flatteningfield, 13 samplesith errorrangeghatoverlaptheplanestrainline, and8 sampleghatlie entirelyin the
constrictional field (Figurera). The overall averagev al ue (t he fAdef orleedtisio®n p
defining minor stretching in the Y direction on
asymmetrically stretched quartz ribbons 7b,hwhithisar e
consistent with the top down to ESE di2&p.l acement

5. Quartz CPO Intensity Data

In order to quantitatively compare quartz CPO intensity to finite strain magnitude in the NSRD footwall, we
analyzed ol i at i bhnpaat mtinsegiengran 75tetdl ComandZm quartzitesamplegTablel),
consistingof four from the FourmileCanyontransec{Figure3), 30 from the Salt Creektransec{Figure4), and

41 from the Hendry's Creek transect (Figby¢quartz CPO distributions from 11 of our samples from the Salt
Creektransectind5 of our samplegrom theHendry'sCreektransectvereoriginally measuredisinga universal
stagewith resultspublishedn J.Leeetal. (1987). In thisstudy, wer e ¢ o QuhreGPOdatdfrom thesesame
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