
University of New Mexico
UNM Digital Repository

Earth and Planetary Sciences ETDs Electronic Theses and Dissertations

7-1-2002

Tectonic development of Proterozoic structures
and their influence on Laramide and Miocene
deformation, north Virgin Moutains, SE Nevada
and NW Arizona
Mark Cameron Quigley

Follow this and additional works at: https://digitalrepository.unm.edu/eps_etds

This Thesis is brought to you for free and open access by the Electronic Theses and Dissertations at UNM Digital Repository. It has been accepted for
inclusion in Earth and Planetary Sciences ETDs by an authorized administrator of UNM Digital Repository. For more information, please contact
disc@unm.edu.

Recommended Citation
Quigley, Mark Cameron. "Tectonic development of Proterozoic structures and their influence on Laramide and Miocene deformation,
north Virgin Moutains, SE Nevada and NW Arizona." (2002). https://digitalrepository.unm.edu/eps_etds/66

https://digitalrepository.unm.edu?utm_source=digitalrepository.unm.edu%2Feps_etds%2F66&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalrepository.unm.edu/eps_etds?utm_source=digitalrepository.unm.edu%2Feps_etds%2F66&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalrepository.unm.edu/etds?utm_source=digitalrepository.unm.edu%2Feps_etds%2F66&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalrepository.unm.edu/eps_etds?utm_source=digitalrepository.unm.edu%2Feps_etds%2F66&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalrepository.unm.edu/eps_etds/66?utm_source=digitalrepository.unm.edu%2Feps_etds%2F66&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:disc@unm.edu


TECTONIC DEVELOPMENT OF PROTEROZOIC 
STRUCTURES AND THEIR INFLUENCE ON LARAMIDE 

AND MIOCENE DEFORMATION, NORTH VIRGIN 
MOUNTAINS, SE NEVADA AND NW ARIZONA 

BY 

MARK CAMERON QUIGLEY 

HON B.Sc. GEOLOGY, UNIVERSITY OF TORONTO, 1999 

THESIS 

Submitted in Partial Fulfillment of the 
Requirements for the Degree of 

Master or Science 
Earth and Planetary Sciences 

The University of New Mexico 
Albuquerque, New Mexico 

July 2002 



Mark Cameron Quigley 
Candidate 

Earth and Planetary Sciences 
Dtipdlllllil)jj 

This thesis is approved, and it is acceptable in quality 
and form for publication on microfilm: 

Approved by the Thesis COlllflliltee: 

, Chairperson 

Accepted: 

Deal!, Gmdllote SdwQ/ 

Date 



r 

Dedication 

To my brother, Jeff, my parenls , Alan 

and Maryl ysbe lh , and my late grandfathe r, 

Bas il, who inspired aillhose around him 

to seek an unde rstandi ng of natural lhings 

111 



5 

Acknowledgments 

I'd like to thank Karl Karlstrom for his inspiration, tireless work ethic, and gentle 

guidance throughout the project. His enthusiasm and flexibility as a supervisor beveled 

the troughs inherently present in graduate studies. Co-authors Simon Hook (NASA), Matt 

Heizler (New Mexico Tech), and Shari Kelley (New Mexico Tech) provided comments 

on the manuscript and contributed to the technical sections on MASTER imagery, Ar-Ar 

thermochronology, and apatite fission-track, respectively. Their help in producing thesc 

manuscripts was invaluable. Jane Selverstone and Adrian Brearley provided helpful 

comments as committee members. Mike Spilde (UNM), Nelia Dunbar (New Mexico 

Tech), Mike Williams (UMass) and Mike Jercinovic (UMASS) helped with U/Pb 

monazite analyses and provided data for the project. Sam Bowring (M.lT) conducted 

U/Pb analyses on apatite and zircon that will appear in the Proterozoic chapter once it is 

submitted for publication. 

The UNM Tectonic Studies Group (Colin Shaw, Annie McCoy, Mike Timmons, Micah 

Jessup, Amanda Tyson, Toti Larson, Kurt Steffan, Jamie Barnes) contributed their 

thoughts on various aspects of the project, and provided a broad spectrum of geologic 

interests to feed from. Thanks to the Faculty and graduate students at UNM. Thanks to 

Elizabeth Langenburg, Amanda Tyson, and Jason Ray for their energy and interest as 

field assistants, and to Jason for his B.A. thesis on the Cabin Canyon shear zone. 

Thanks to the University of New Mexico, the Department of Earth and Planetary 

Sciences, NASA, and the Geological Society of America for partially funding my 

research. 

Thanks to the eclectic group of friends and housemates I have gathered during my time at 

UNM. Your patience, support, and social and academic diversity are appreciated. Special 

thanks to my family Alan, Maryliz, and Jeff Quigley, and to my friends from Canada, for 

providing geographically distant support that seemed so close. It is in the dew of 

unconditional friendship that the heart finds its morning, and is refreshed. 

IV 



TECTONIC DEVELOPMENT OF PROTEROZOIC 
STRUCTURES AND THEIR INFLUENCE ON LARAMIOE 

AND MIOCENE DEFORMATION, NORTH VIRGIN 
MOUNTAINS, SE NEVA DA AND NW A RI ZONA 

BY 

MARK CAMERON QUIGLEY 

ABSTRACT OF T HESIS 

S ubmilled in Paftia l Fulfil lment o f the 
Requirements fo r the Degree of 

Master of Science 
Earth and I'lanetary Sciences 

The Univers ity of New Mex ico 
Al buquerque, New Mex ico 

July 2002 



TECTONIC DEVELOPMENT OF PROTEROZOIC STRUCTURES AND THEIR 

INFLUENCE ON LARAMJ[)E AND MIOCENE DEFORMATION, NORTH 

VIRGIN MOUNTAINS, SE NEVADA AND NW ARIZONA 
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ABSTRACT OF THESIS 

The northeast-trending Virgin Mountain anticline (VMA) of the North Virgin 

Mountains straddles the boundary between the unex tended Colorado Plateau and the 

highly extended crust of the central Basin and Range province. The anticline is SO km 

long and 8 km wide, is doubly-plunging, and has overturned Paleozoic beds on both 

limbs. The crystalline core of the VMA is composed of Paleoproterozoic supracrustal 

I • 
and intrusive rocks that record four tectonic events from circa 1740 Ma to 1550 Ma (D, -

D4 ) characterized by distinct structural fabrics and associated metamorphic assemblages 

and microstructures. The most prominent Proterozoic structure is the Virgin Mountains 

shear zone (VMSZ), which was initially defined as a crustal weak zone during D, 

northeast-southwest contraction and may represent an important crustal suture , as it 

contains "exotic lithologies" commonly associated with ophiolites. A clockwise-rotating 

strain field during progrcssive east-west (D,) and northwes t-southeast (D,) contractional 

events resulted in the prominent northeast-strike of thi s zone. Late Paleoproterozoic , 

east-west contraction across thi s zone (D4) resulted in a complex array of linked, dextral 

v, 



tra ns press ive shear zo nes whieh partit io ned s train into str ike-s li p, pu re-shea r. reve rse , and 

nor illa l sense deforill at ion zo nes . Deforill atio n wit hin the VMSZ continued to 1600 an d 

1550 Ma based o n syn-tec toni c Illo nazite ri lll ages th at are assoc iated w ith sub SOO°C 

(greenschi st fac ies) meta morphi c asse lllhi ages and te xtures , and sub 500nC defo rm atio nal 

Il ,i c rostru ctures . D evelo pment o f these hi ghl y fiss il e shear zo nes late r cont ro ll ed the 

geu ille try of Laram ide and M iocenc britt le deforillat io n. 

T he Pro te rozoic basement in the co re of th e VM i\ no w res ides al el e va tio ns 0 1' 

mo re than 2 km above sea level, roughl y 2 .5 km higher than the e levatio n o f basement in 

th e adj acent Co lo rado Pl ateau. T he north east trend and vertical uplift o f the anticline is a 

res ul t of M iocene eaSI-west extensio nal deformat io n superim posed o n lhe pre-ex isti ng 

no rtheast- an d north-trendin g struc tural grai ns created durin g Pa ieo proterozo ic (0 2. O J. 

D.,) and Laramide con tractio nal tec to nic eve nts. Outward-verg ing mo nocli nal reverse 

faults s imil ar in style to Laramide-aged fa ults in the Colorado Plateau are present on the 

cast and wes t limbs o f the VMA , and we pro pose th at much of the vertical uplift o f the 

"n tie line occurred durin g thi s ti me. The geometry o f M iocene defo rm ati o n was both 

strong ly partit ioned and d irected by these pre-ex istin g structures , and a lso mani l'es t as 

steepl y d ipp ing conjugate no rmal fau lts in the Mesozo ic and Paleozo ic sectio n th at so led 

in to basal de tac hme nts in the Cambrian Bri ght Ange l shale and at the Great 

Unconformity. Apatite- fi ss io n track (AFr ) dates ran ge from 2 1.7 ± 2.3 !VIa d irec tl y 

below the Cam bri an - Precambri an unconfo rmity to 14.0 ± 2. 5 Ma in th e co re o f the 

VM A, and ind icate th at the anti cl ine was un roofed in M ioce ne ti me. Short AFT le ngths 

« 13 ~lm ) wi th large stand ard de viati ons (>2 .5) from the 22-20 Ma A FT ages suggest th at 

Prote rozoic rocks o f the VM A cooled slow ly through the AFT part ial annealing zone at 

VII 

.. .. I 



22-20 M a, prior to ex tension, whil e lo nge r A FTs sugges t rap id coo ling a nd syn

ex te ns iona l ex humati o n from 16- 14 M a. We inte rpre t the fo rme r ages to re prese nt prc

extens iona l eros io na l coo ling of a reg ionall y d e vated terra ill , cont rary to mos t mode ls 

whi c h assume a penepla in pre-exte ns io nal su rface. Our mode l is cons istent w ith 

geop hys ica l, sedimen to log ica l, an d tectoni c s tu dies of the reg ion. 

MO OTS/ASTER Ai rborne S imulato r (M AST E R) re mote se ns ing data were 

acquired o ver the YMA in order to eva luate th e utility o f the clata I'm geo log ical m ap ping 

in a s truc tu rall y complex area. These data proved in va luah le in produc ing mme than 60 

k m2 of new geo log ic mapp ing by th e fi rst allth or, and recogniz ing many of the key 

s truc tures w hi ch led 10 our Prote rozo ic, Larami de , and Mioce ne tec to nic interpre tations. 
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Chapter 1: 

Preface and introduction to the North Virgin Mountains 

Thi s thes is presents my thoughts ami efforts as the fi rst autho r of three distinct 

chapters, res ultin g from collaboration with Prof. Karl Kari strom (U NM), Dr. Simon J . 

Hook (NASA), Prof. Shari Kell ey (NM Tech) and P rof. Matt Heizler (NM Tech). These 

chapters will be suhmitted to refereed journals upon final completion of this thes is . 

The thesis inco rporates res ults of the detailed structural mapping , MASTER 

remote sensing image interpretat ion and regional mapping, mctalTIorphic and 

microstructural petrology, sed imentology, U/Pb geochronology, Ar-Ar thermochro nology 

and apatite fi ss ion-track thermochronomctry, used in developing integrative mode ls of 

the Proterozoic, Laram ide, and Miocene tectonic evolution of the North Virgin 

Mountains in SE Nevada and NW Arizona (Figure 1-1 ). Prior to th is study , more than 

50% of the Proterozo ic core 01' the Virgin Mountain anticline remained unmapped, little 

(if any) reliable geochronology existed, and no model for the Proterozoic tectoni c 

evo lution of this region existed. To fill these vo ids, the first author produced a complete 

geo logic map of the North Virg in Mountains (see Plate 1), sampled for geoc hrono logy, 

and developed a tecton ic model for the long-l ived Paleopro terozo ic tectonic hi sto ry of 

thi s area. Despite numerous attempts, no model exi sted to explain the genesis of the 

Virgin Mountain anticline in the context of all available geologic and geop hys ical data, 

another contribution of thi s thesis. The uplift and exhumation hi story of the Virg in 

Mountain anticline is, for the first time, quant ified , on the bas is of reconstructive cross-
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NV 

North Virgin 
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AZ NM 

PROTEROZOIC ROCKS 

PALEOZOIC I MESOZOIC ROCKS 
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• • _ d , .' •• 1 [tAa . .. .J tt. n; .. III. . JUI . -I ::JUiic~~:-::" 

Figure 1-1) : A) Location of the North Virgin Mountains (NVM) relative to major Proterozoic outcroppings (Gold 
Butte Block, Cerbat Mountains, and the Lower Granite Gorge of the Grand Canyon (LGG), Proterozoic crustal 
provinces (Mojave, Yavapai, Mazatzal) and major geomorphic features (Colorado Plateau, Basin and Range). 
B) The basement-cored structure of the NVM reflects its anticlinal geometry (Virgin Mountain Anticline, VMA), 
that formed between the eastern edge of the Sevier Thrust Belt and the western-most "Meriwhitica" Monocline 
("MM", grey in A), and between the Colorado Plateau and Basin and Range Provinces, created during middle 
Miocene extension (A, in red, and B). 
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sec ti ons by the first auth or, and an apatite fiss ion-track study conduc ted by th e I"irs t 

aut ho r and Shar i Kel ley. 

The three chapte rs, alth ough written as separate manusc ript s, are bound by the 

unifying hypot hes is that basement fabri cs c reat ing durin g the Paleoproterozoic 

s ign ifi cantl y a ffected the geometry of Laram ide: contrac ti on and Miocene ex tens ion. and 

thus the curre nt geometri c ex press ion of the Virg in Mo untain anti c line. 

C hapter two, e nti tl ed " Paleop roterozo ic tecto ni c h isto ry 01" No rth Virgin 

Mounta ins. southeast Nevada and northwest Arizona: Genes is and evo lu tio n o f a lo ng-

livecitranspressional deforillatio n zone" inc ludes th e main res u lt s 01' ove r s ix mont hs of 

field wo rk by the fi rs t autho r tra vers ing roughly 80 km2 of Proterozoic basement in th e 

No rth V irgin Moun tains and region, inc lud ing s ide trips to Proterozoic rocks exposed in 

the Go ld BUlle Block (Figure I - I ) and th e G rand Canyo n. Detailcd wo rk on th ese 

I' rote ro7.0ic rocks resu lted in : I) production of I :8,000, I: 12,000 and 1:24,000 scalc: maps 

of tectonicall y significant areas; 2) development o f progressive mode l of 0 , th roug h 0 .1 

de fo rm ati o n events and associated metamo rphi sm; 3) identificati o n of a major crus tal 

weak zonc (t he Virgin Mountain shear zo ne) , whic h may represent an accret ionary 

c ru s tal suture that was repeated ly reacti vated thro ugh time; 4 ) documentati on of dex tral 

transpress ive s trains wi thi n th is shear zo ne, and pre liminary U/Ph datin g of its mo vc ment 

hi s to ry; and 5) a mode l for th e Proterozoic th e rm al evo lution o f th e No rth Virg in 

Mou nta ins b;lsed on Ar-Ar thcrmochronology. 

C hapter three, ent itled: " Intluence of Proterozoic and Laramide structures 0 11 

M iocene ex tcnsion and ge nes is of the Virgin Mountain anti c line, so utheas t Nevada and 

nort hwest Arizona: Constraint s from struc tural and apatite fi ss io n-track anal ys is" 

3 
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incl udes; J) the ma in results of an apatite fiss io n-track study o f the iVIiocene 

exhumational histo ry of the V irg in Jvlountain ant ic line (V iVI 1-\ ); 2) documc nt<lti o n of 

base mc nt-f1ankin g La ramide mo noc lines and reco nstruc ti on o f th e pre -ex te nsio nal 

s truc tu re of ViVI A; 3) docume ntation of a regional detachme nt at the Great Unco nformit y 

and in the Brigh t A nge l shale, whic h deve loped during ea rl y M iocene ex tens ion; 4) 

documentation of an unroofing sequence in sYIl -cx tensional rvl ioccnc conglomcratl:s. and 

impl ications for tim ing of ex humatio n of th e YMA; a nd 5) deve lopment of time-

sec tioned pre-extens io nal , syn-ex tens io nal, and post-extension;d c ross-sec tion s / tec toni c 

mode ls w hi c h in tegrate geophys ical , sedi me nto logica l, stru ctu ra l. ;md 

thennochro no logica l data . 

C hapter four, e ntit led: "The use o f M ASTER remote sens in g image ry for de tailed 

st ru c tu ra l and tec tonic studies: A case study from the No rth Virgin Moun tains" is a 

shorte r, morc technica l chaptc r desc ribi ng the principles and ro les of MAST ER images in 

the productio n of geo logic maps of the North Virgi n M o untain s , bot h du ring fi e ld 

m app ing and "offi ce mapp ing" in the laboratori es at the Universi ty of New Mex ico . The 

iJllportance of integrating MASTER iJll ages into trad itio na l geo log ic mapp ing tec hniques 

( i.e . air photo interpretat ion, field work) are e mphas ized , and samp le images a nd 

inte rpretat io ns are presented. Moreover, the use 01' MASTER images for de tai led 

s truc tural and sediJllentologic stud ies are e Jll phas ized . 
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Chapter 2: 

Paieoproterozoic tectonic history of North Virgin Mountains, southeast Nevada and 
northwest Arizona: Genesis and evolution of a long-lived transpressional 

deformation zone 

Mark Quigley and Karl Karlstrom , Department of Earth and Planetary Sciences, 
University of New Mexico 

Matt Heizler, New Mexico Institute of Technology 

1. Abstract 

Structural and geochronological studies of the North Virgin Mountains of 

southeast Nevada and northwest Arizona place new constraints on the Paleoproterozoic 

tectonic evolution of this region , and identify a major crustal weak zone that was 

repeatedly reactivated through time. Structural fabrics were created during a clockwise 

rotating contractional strain field from circa 1740 to 1640 Ma. 0, is characteri zed by a 

northwest-striking, moderately northeast-dipping foliation (SI) that is axial planar to 

cryptically defined, macroscopic FI nappe folds of unknown vergence, and is associated 

with uppcr amphibolite to granulite facies metamorphism. O2 is characterized by intense 

steepe ning, refolding, and transposition of S , foliations during east-west contraction, 

resulting in a norlh-striking subverlical foliation (S2). 0, is characterized by progressive 

rotation and localized overprinting of S, during northwest-southeast contraction and 

northwest-side-up thrusting, resulting in a northeast-striking foliation (S,). Both D2 and 

0 ] were associated with upper amphibolite facies metamorphism, and the transition from 

O2 to D, was synchronous with intense granitic magmatism and partial melting, and 

indicated by the north to northeast-strike of granitic bodies and syn-magmatic and syn-



melting D, structures. D3 appears to represent a deformation continuum through upper 

amphibo litc to lower amphibolit e fac ies metamorphic conditions, as indicated from a 

vari e ty of mctamorphic tcxtures and assemblages assoc iated with consistent kin ematics 

along th e major, northeast-s triking Virgin Mountains shear zone (YMSZ) . T hi s 

deformation zone was reactivated during D4 east-west contraction, resulting in complex ly 

partitioned, dextral transpress ive shearing associated with upper greenschist facies 

metamorph ism. 

Although currentl y expressed as a northeast-striking, compos ite S, / S4 hi gh stra in 

zone. the YMSZ initiated as a c ru stal weak zonc durin g D, cont inen tal assembly, marked 

by the interleaving of "exotic lithologies" includ ing pillow basalt, calc-amphibolite 

gne iss, chert, marble , and ultramafic rock slivers. These litho logies may represe nt 

components of ophiolitic fragments along a wide ly di stributed Mojave-Yavapai province 

boundary. Deformation within the YMSZ durin g D2 (ca. 1700 Ma) progressed to 

increas ing ly partitioned deformation as the crust coo led, a likely product of col li sion al 

exhumation. Hornblende 40 AI' / 39 Ar dates suggest NYM crust cooled through -52Soe 

between 1640 and 1660 Ma. Deformation within the YMSZ continued to 1600 and 1550 

Ma based on syn-tectonic monazite rim ages that are assoc iated with sub soooe 

(greenschi st facies) metamorphic assemb lages and textu res , and sub 5000 e defo rmationa l 

mic rostructures. Deformation thus continued longer here than in other areas of the 

sou thwestern United States , reaffirming the tectoni c sign ificance of the YMSZ as a 

substantially weak intracontinental deformation zone. U-Pb apatite dates of 1420 Ma and 

40 Ar / ," Ar biotite dates indicate that crust was ca. 4S0oe in the Mesoproterozoi c and 
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while it is poss ible that th e shear zone was reac ti vatcd the n, no geochronologic clata was 

found to support thi s. 

2. Introduction 

The period bctween 1780 and 1650 Ma was onc of major crustal g rowth in North 

Amcri ca, as juvenile oceanic island arcs, margina l basins, and fragmcnts uf o lclc r crust 

were accre ted to Archean c ratons (Karlstrom and Bowring, 1988 , 1993; Hoffman , 1988; 

Condie , 1983). Isotopi c and geochronologic data define three Paleoprotocrozoic crustal 

provinces in the southwes tern United States; thc Mazatzal, Yavapai , and Mojave 

( Karl s trom and Bowring, 1993) . The Mojave province is characterized by enri chcd Nd 

and Pb isotopic signatures (Be nnett and DePaolo, 1987), pre- 1800 Ma crustal 

components from Pb isotopcs and geochronology (Chambcrlain ancl Bowring, 1990; 

Wooden and Miller, 1990; Wooden and Dewitt, 1991), up to 2600 Ma SHR IMP ages on 

inherited and detrital z ircons (Wooden and Miller, 1990), and gc ncrall y upper 

amphibo lite to granulite facies metamorphism (Thomas et aI. , [988 ; Fryxc ll ct a I. , 1991 ; 

Ducbendorfer et aI. , 200 I). Conversely, the Yavapai and Mazatza l provi nces are 

characterized by juvenile (at 1750 Ma) Nd and Pb isotopic signatures , little o r no pre-

1800 Ma material (Be nnett and DePaolo, 1987; Wooden and Dewill , 199 1), and 

g reenschist to amphibolite facies metamorphi sm (Wi lliams, 1991). Ju venile te rran es of 

the Yavapai province may have been assembled together ancl with the Mojave province 

be fo re their final amalgamation to the Wyoming craton at 1780-1750 Ma (Jones e t aI., 



1996; Deubendorfer et aI. , 200 I; Jess up e t a I. , in prep), and later addi ti on of the Mazatza l 

province at 1.65 Ga. 

A per iod of re lat ive s tructural qui escence in the southwest United States ( 1600-

1500 Ma) was fo llowed by intense bimodal magmatism, metamorp hi sm, and partitioned 

contractional deformat ion during circa 1400 Ma tecton ism (e.g. Nyman et a I. , 1994; 

Shaw et a I. , 200 1; McCoy et aI. , 2(02). Locali zed deformation durin g thi s time spanned 

di stanccs of up to 1000 kil ometers from any proposed accre tiona ry margi n, 

predominately reacti vatin g o lder crusta l weak zones . Kari s trom et al. (200 I) proposed 

thatlong- livcd contracti onal de fo rmation affec ted southern North America from 1800 Ma 

(the Yavapai orogeny) to 1000 Ma (the Gre nvill e orogeny) a long a Cordill e ran-type 

o rogen ic systcm that extended from Australi a to Baltica. [f so, inboard e ffects of 

contrac tional defo rmation may have becn fe lt in the southwest United States fo r up to 800 

m.y. (Kari strom e t aI. , 200 1; T immo ns c t aI. , 200 1). What the Mojave prov ince was 

in it ia ll y accreted to remai ns eni gmatic, as the wes tern marg in of the Mojave was ri fted 

away durin g the Neoproterozoic ri ftin g of Rodini ". The favored AUSWUS 

reconstruction (Karl strom et a I. , 1999) places Austral ia in thi s pos ition, thus s tudying key 

areas of the Mojave province, such as the North Virgin Mountains, are important fo r 

understanding possible Austra li an connec ti ons. The apparent lack of 1600- 1500 Ma 

tectoni sm as documented for the southwest United States, as mentioned above, is 

intrigui ng, given the pronounced tecton ism of thi s age along poss ible ex tensions of th is 

o rogeni c belt (i.e . Belts and G illes, 2000). Unraveling the geologic histo ry of Proterozoic 

rocks in the south west Un ited States thus in volves understanding the genesis and 

evol uti on of crustal weak zones through ti me. 



In the south western United States, co nsiderable effo rt has been made to identify 

distin ct terra ne boundaries, su tures , and/or major structures within the Yavapai and 

Mojave provinces (Benne tt ane! DePaolo, 1987; Wooden et aI., 1988; Kari strom and 

Bowring, 198~ , 1993; Karlstrom and Humph ries, 1998), Recen t work confirms that 

sutures are identifi able us ing combined geo log ica l and seismic studi es (Tyson e t a I., in 

press) , and that many zones idc llli fied in the subsurface are associated with "tec tonic 

melange" a lo ng hi gh-s train zones at the surface, including probable ophio li tic fragments 

such as pillow basal ts, marbles, cherts and ultramafic rocks (i,e" Cavosie , unpubli shed 

M,S, thes is; Cavosie and Selvcrstonc, in press; Kari s trom e t a I. , in press), Furthe rmorc , 

regionally doc umented o rth ogona l contrac ti o n directio ns (A lbin and Karl s trom , 199 1; 

Deubendorfe r et a I. , 200 I ; Jess up ct a I. , in prep; thi s study) complicate the geometry of 

these zones and make inte rpre tat ions o f the ir initi a l geo metry and vergencc diffi cult. 

Once establi shed , however, these crustal weak zones arc often episodically reacti vated 

during furthe r crustal accreti on <md/or later tecto nic events, and reprcsent exce ll ent 

locations to study the inboard effects and partitioning of continental deformation (i.e, 

Shaw et aI., 200 I ; McCoy et aI. , 2002; thi s study), 

Transpression is a common feature o f both plate margins and of reacti vated weak 

zones , and takes place a long most of presently active conve rgent plate margins, Stra in 

complex iti es recorded by finit e s tra in marke rs within these zones are often compounded 

by the lack of a tempora l context for when these struc tures developed, Combining 

structural and microstruc tural analysis, metamorphic petrology, and 40 A I' / 39 A I' 

thermochronometry with an evo lving U-Pb mo nazite geochrono logy technique represents 

the best integrative meth od in resolving the spati al ve rsus tempora l strain partitio nin g 
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complexities that may develop in a zone of recllrren t reactivation, sllch as that within the 

North Virgin Mountains. Thus, this study addresses fundamental problems in structural 

geo logy: What are the roles of crustal weak zones during peak continental deformation 

and progressive deformation at shallower crustal levels? How is deformation spat ially 

and temporally partitioned throughout transpress ional zones? How can the observed 

fabrics in natural shear zones be used to mean ingfully characterize bulk finite strains and 

reconstruct tectonic evolution? 

In order to address these problems, we consider the genesis and complex tectoni c 

history of the transpressional Virgin Mountains shear zone (VMSZ) in the North Virgin 

Mountains, in the context of local, regional, and continental scale tectonics. 

3. North Virgin Mountains 

The North Virgin Mountains (NVM) are a northeast-trending, basement-cored 

anticline that straddles the Basin and Range-Colorado Plateau along the Nevada-Arizona 

border, roughly 130 kilometers northeast of Las Vegas , Nevada (Figure I - I). The 

Paleoproterozoic (-1700 Ma) rocks that make up the core of the anticline are part of the 

Mojave crustal province, which extends as far east as a boundary in central Arizona 

(Wooden and DeWitt, 1991) and the Upper Granite Gorge of the Grand Canyon (llg et 

aI., 1996). This polydeformed metamorphic terrane had a long Proterozoic history which 

ended with deposition of late Precambrian-Cambrian miogeoclinal strata on exhumed 

middle crustal basement rocks during breakup of Rodinia. Present exposures are due to 

rapid exhumation during middle Miocene extension, when Proterozoic fabrics were 

10 



hrittely reactivated by normal and strike-slip faults (Quigley et ai., 200 I). Despite intense 

de t'orrnation within the Phanerozoic rocks that flank the range, detailed mapping of the 

Proterozoic basement foliations and correlation with unextended basement in the 

Colorado Plateau suggests minimal reorientation and / or tilting of the Proterozoic core of 

the VMA during Miocene extension. Thus, Proterozoic fol iation orientations can be used 

to meaningfully characterize Proterozoic strain fields. Relative to basement blocks 

shown in Figure 1-1 , the NVM differs from the Gold Bulle block, in which Proterozoic 

basement has been strongly east-tilted (Fryxcll ct ai., 1992), but is similar to the two 

small blocks north of the Gold Butte fault and at Whitney Pocket. 

Significant tectonic boundaries lie in the vicinity of the North Virgin Mountains, 

including: I) the proposed Mojave - Yavapai Proterozoic province boundary to the east 

(Inset to Fig. 1- 1; Karl strom and Bowring, 1988); 2) the edge of the Cordilleran 

miogeocline, which developed during Neoproterozoic breakup of the supercontinent 

Rodinia; 3) the eastern edge of low-angle Sevier thin-skin ned thrusting (Figure 1- 1; Axen 

ct aI., 1990); 4) the western limit of Laramide high-ang le reverse faulting typically found 

within in the Colorado Plateau (Huntoon , 1990); and 5) the breakaway zone for the Basin 

and Range-Colorado Plateau transition (Fig. I; Wernicke and Axen, 1988). In spite of 

the tectonic significance of this region, many areas remain incompletely mapped. 

Previous work in the Proterozoic rocks was conducted by Beal (1965), who mapped and 

c lassi fied roughly SO percent of the exposed NVM rocks at 1:24,000 scaie, and later by 

Williams et al. (1997) and Beard (1993), who refined Beal's mapping in the central 

NVM. Our work, which involved mapping at scales of 1 :24,000 and I: 12,000, structural, 

metamorphic, and microstructural analysis, geochronology, and thermochronometry, is 
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the first comprehensive geolog ica l in vestigation of the Proterozo ic rocks of the NV M, 

and yie lds the fi rst in terpretation of the Paleop roterozoic tectonic hi story of th is reg ion. 

Mapping was greatly aided by use of MASTER images which helped de li neate base ment 

rocks and fabr ics (Quigley e t aI., in prep). 

Supracrustal rocks 

Supracrustal rocks comp ri se over 70 percent of the exposed Paleoproterozo ic 

rocks within th e NVM (Plate I ). Mineralogical descri ptions of these rocks pr imaril y 

follow the work of Beal ( 1965), but ge netic names are here in assigned in order to he lp 

characterize the tecton ic contex t of the units. Metasedimentary gne iss and schi st make up 

roughly 60 percent of the NVM, and range in composition from pe liti c (meta-mudstones) 

to psammiti c (meta-aren ites and wackes). Amphibolite gneiss ( 10 percent) is half 

composed of metabasalti c rocks, which loca ll y preserve tlattened pillow structures 

(Figure 2- lc) and are inte rl aye red within metasedi mentary rocks , and hall' or dio rite and 

gabb ro ie intrusive rocks, which are commonly assoc iated with granod ioriti c plutons 

where they are present as xenoliths and dikes (see below). Ultramafic rocks consist 

primarily of hornblendites and pyroxenites, and are usuall y present as small (2- 10 meter 

w ide) pods within meta~edime ntary or metaigneous rocks. A loca li zed belt of "exoti c 

lithologies", consisting of an intimate mi xture of ultramafi c rocks , diopside marble, 

metachert , pe l ite , and calc-amphibolite or calc-s i I icate gneiss (Figure 2- 1), is presen t 

a long the sp ine of the NVM, and is interpreted as a tectonic melange characteri zed by 

tectoni cally juxtaposed units. 
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Figure 2-1: 
(A) Interlayered marble, ultramafic, and 
chert domains forming a "tectonic melange" 
at the contact between grandiorite gneiss 
and grt-sil-bt metasedimentary gneiss in 
the South Spur segment of the VMSZ. 
This northeast-trending belt also includes 
interlayered calc-silicate, ultramafic and 
hornblendite gneiss in the Black Ridge 
segment (B), and variably deformed pillow 
basalt and calc-silicate gneiss in the Mount 
Bangs segment (C). 
Boudinaged, discontinuous belts of these 
"exotic litholiges", ranging in thickness from 
1 OOm to less than 1 m, are interpreted as a 
tectonic melange, and may mark the location 
of a Paleoproterozoic suture or obducted 
accretionary wedge formed during accretion 

of island arcs to the Mojave crustal province. r~j""!t:"'Aj~rrt~~~~~'I";:;~~".I9:r71 
At the very least, these units represent a 
zone of dramatic crustal juxtaposition, as 
deep crustal ultramafic rocks are intimately 
interlayered with metasedimentary rocks 
originally deposited at the earth's surface. 
The gneiss at the southern end of Black 
Ridge consists of hornblendite layers, 
ultramafic fragments, and diopside-epidote
garnet-calcite layers of similar texture and 
composition to the marble layers observed 
at (A), and yields a U/Pb zircon age of 
1700 Ma. 
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I ntrllsivc rocks 

In trus ive rocks compri se less than 30 pe rcent or the exposed Pa leoprote rozoi c 

litho logies w ith in th e NV M, and arc divided imo gru nod iorite gne iss ( 13%). 

Ino nzog ranite gneiss (R%), le ucopegmatite dik es (5%), and gabbroic, amphibo liti c . a nd 

d iori ti c dikes and xenol iths (3% ; Plate I). Gra nod iorite dikes and p luton s arc strong ly 

fo liated and occ ur as NE-e longated bodies up to two kil ometers wide, co ns istin g of 

medium- to coarse-grai ned , loca ll y K-fe ldspar o r quart z phyric compos ition s w ith 

dramat ic compos itiona l variabi lity. The grano<i ioritic compos it ion grades into quartz 

mo nzonite, graniti c, diorite and gahbro com pos itions. is common ly assoc iated with "salt 

and pe pper" a mphiho lite gnei ss, and conta ins abundan t screens a nd xe no liths o f gabbro, 

diorite, pyroxenite , amph ibolite , and hornble nd ite. Co-min g ling tex tures wi th mafic rocks 

are ahu ndant , where all1phiho liti c and gabhro ic roc ks are presen t bolh as crosscuttin g 

dikes and di smembe red xenol iths. These as soc iations sugges t that the granod iorite m ay 

represent an intermediate part or a differentiat ed and min g led arc p lutonic complex , 

s im ilar to those seen in the Grand Canyon and e lsewhere in the Southwest (e.g. , lJg et aI. , 

1996). 

MOll zogranite gne iss commonly outc rops as bright-red co lored plu to ns and dikes 

up to one kilometer wide . wh ich grade frolll coarse-grained , biotite-hornbl e nde bearing 

K-fe ldspar rich gran ite and syenogranite to quartz phyric and peralumino us Ic ucogranitc, 

lJuartz mon zonite, and a plite. Mic roc1 inc augen tex turcs a nd/or strong lineati ons are 

developed locall y, mylo niti c fo liat ions a rc abundant, and pseudotac hl yte bands are 

locall y scc n. Granite bodies predorninantl y occur as northeast-strikin g dikes and s il ls that 



intrudc granod iorite and suprac rusta l gneisses, most commonly at litholog ic contac ts , and 

loca lly contain large panels of amphibo lite and granod io rite g ne iss. 

Leucopegmatite dikes are gene rally north east strikin g, commo nl y isoc linall y 

i'o lded , and internally mass ive to myionitized, and crosscut all lithologies prcsent in the 

NVM. Two phases appear to be present , a white, peraluminous phase and a p ink phasc, 

however, c rosscutting re lati onships between the two are no t observed. 

4. Structural geology and metamorphism 

Regional Structural Gcology and Metamorphism 

Although thi s is the first structural and metamorphi c study of the North Virg in 

Mou ntains, detailed s tru c tura l studi es of the region inc lude the Granite Go rges 01' the 

Grand Canyo n (I1g e t aI. , 1996; Karlstrom et aI., in press) and the Cerbat Mount a ins 

I 
(Duebendo rfer et aI. , 200 1). In these regions, S, fabri cs are shallowly dipping and 

in te rpre ted to have formed during beddi ng sub-parallel thru sting and tcctoni c burial to 

dept hs of 20-25 km (Ducbendorfer et aI., 200 I ). Stro ngly developed regional S2 fabrics 

are subverti cal, stron g ly reo ri ent and overprint S" and strike to the northeast. Reg ional 

lowe r-temperature S3 fabric s commonly reacti vate the northeast-trending S2 fo li ati o ns, 

alll! arc often associated with the c irca 1400 Ma pluton-enh anced deform at io n event. 

Present fo liation patte rn s in the NVM are dominated by northeast-striking sub ve rti cal 

fabri cs th at have overprinted earli e r north-strikin g and no rthwest-strikin g fabrics , a 
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patte rn s im il ar to the reg ional fabrics desc ri bed from nearby locat ions in the (;rand 

Can yon and Ari zo na Transition Zone. 

Metamorphic studi es and GASP barometry from the Grand Canyon (Karl strom 

and Will iams, in prcss; lJ g e t aI., 1996, Williams unpubli shed data) and Ccrbat Mountains 

(Duebe ndo rfe r et aI., 200 I ) suggest c lockwise loo ping P-T paths , with pcak tClll peratures 

dete rmincd from metamo rphi c assemblages rcaching above 700°C, and peak pressures of 

5-6 kilobars. Karl strom and Williams (in prcss) suggest that peak temperatures were 

! 
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attained during D2, fac ilitated by voluminous pluton ism and synchronous w ith NW-SE 

contrac ti o n. Dubendorfe r c t al. (200 I ) suggest that peak metamorphic condit ions we re 

attai ned during D I NE-SW contrac tion , and th at nca rl y isothermal decompress ion 

• r 
occurred during D2. GASP thenno baromctry from thc Gold Butte Block ind icat es 

press ures o f 5-6 kilobars and - 3 kbar (Fryxe ll e t aI. , 1992) , interpreted to reco rd diffc rent 

de pths in th e tilted Miocene Go ld Butte block. Karl strom e t aI., (i n prep) suspec t th at 

they trap diiTerent parts of th e looping Proterozo ic poT path instead. 

At least fo ur ge nerati o ns of structu res and fabri cs are prese nt in th c NV M , 

di stin gui shable by overprinting, fabric styl e and assoc iated microstructures, re latio nships 

with intrusive rocks, and tex tural relationships with metamorphic mineral s ami 

porphyrob lasts. Correlating fabric generations from place to place in oreler to evaluate 

the fa r-fie ld stresses that generated the fabri c is d iffi cult for several reasons: I ) Polyphase 

deformat ion resulted in foliation reacti vation often w ithout st ron g dcve lo pment of a new 

fabric; 2) Significant deformatio n partitioning took place between weak versus strong 

litho logies such that strain hc terogeneity can reflect e ither/hoth temporal and spat ial 

partitioning; 3) Miocene ex tens io n may have locall y reori ented Proterozoic fabri cs 
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through tilting, fol d ing, and raulting. The first topic is addressedthrollgh inte rpre ting 

microstructura l and metamorph ic texturcs; in mos t Proterozoic rocks within th e VMA, 

lower-temperature fabri cs reactivate or overprint higher-temperature fabri cs, and varying 

degrees of retrogression arc present. Shear sense and fabric orientations were therefore 

correlated w ith the metamorphic and/or mic rostructural grade or th e fabri c to estab li sh its 

timing relations hi p with in the evo lution from higher to lower temperature deformation in 

the reg ion. The secondtopie is addressed by integrat ing structu ra l ana lys is with U/Pb 

I 
t 

monaz ite dating, in an allempt to quantiry timing of deformation. The final topic was 

found not to be a large concern ; analys is or the Miocene deformation (Quig ley e t a I. , in 

prep) suggests that Prote rozoic core of the VMA , at a regional scal e, remained a 
, 

re latively intact (autochlOnous) b lock during Phanerozoic tectonism. Brittle defo rmat ion 

in the basemcnt was loca lized along hi gh-angle faults, and Phanerozoic br ittle-fo lding , 

till ing, and reorientation of Proterozo ic fo li atio ns, whil e loca ll y present , did not reorient 

Proterozoic fabrics substantiall y. 

Characterization of Structural Domains 

We have di vided th e basement ou tcrops into three diffe rent structural domains 

(Figure 2-2, Figure 2-3), distinct from one another in the sty le and metamorphic grade of 

structures preserved and the intensity of DI through D" fabr ics. The domains are: I ) south 

of the VMSZ (Domain T), where D I/D2 features are preserved; 2) north of the VMSZ 

(Domain II), where D2 structures a re sim ilar to Domain 1, and 3) and the VMSZ itself, 

w here northeast-strik ing D} (high tem perature) and D4 (lower temperature) shear zones 
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Figure 2-2: Foliation trajectory and kinematic analysis map of the North Virgin 
Mountains, including structural domains and their boundaries. Kinematics associated 
with strongly partitioned D3 and D4 deformation within the Virgin Mountain shear 
zone (Domain III) shown in red: U=up, D=down, arrows = strike-slip movement. 
See text for details of structural domains. 
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dom inGte the struclUrc o f th e VMA and he lped control all subseq ucnt del'o rmatio ns 

(Do main 1rI). As an ove rview, defo nn3t ional eve nts produced: S, = 101V-a ng k fo liati on 

preserved on ly loe31ly; S , = north -s tr ikin g suh vertica l fabri c (earl y sy n-pluto ni c); S, = 

no rtheas t-strikin g high te mper3ture (syn-plutonic) sub ve rti cal fabri c; S4 = northeast

s tr ik ing lower te mpe rature my loni t ic fab ric . 

Structural domain I: Deformation south or the VMSZ 

The l3i g Springs area , rough ly four k ilo meters south o r tile VM SZ domain 

boundary , preserves exce llent overpr inting rel ationships be tween S, . S,. and S) fab rics 

w ithi n a package of pe li ti c and semi -pe liti c schists. D J and D4 s trai ns arc s ig nificantl y 

lower in th is domai n than those wit hin the VMSZ, making it poss ib le to d isce rn the earl y 

fabri c gene rations . S , is prese rved as sha llowly-dippin g micaceolls fol iations in ou tcrop, 

and ev ident as biotite -muscov ite trail s in porphyrob las ts and low D, stra in areas in thin 

sec tio n, often at a high angle to the S2 matri x fo liat ion (Figure 2-4). Matrix fo liation (S ,) 

is cha racte ri zed by compos itional laye ring (crypt ic So) and gneiss ic fo li atio n, with laye r

parall e l 1eucoc rati c do mains (Figure 2-4). The composit io nal laye ring is in te rp reted GS 

bot h bedding (So) and S, (a composite fab ric ), as it para lle ls lit ho log ic contac ts between 

pe li t ic and sem i-pe liti c sc h ists, and is inte rna ll y de fined by a stron g fo liat io n 

charac teri s tic of S, . Measured S , fo liati ons cl ip moderat e ly to the cast (Figure 2-3A, 

s tarred ) and are folded ahout the same northeast-str iking F, axis as the mo re s teeply 

cl ipp ing S1 fo li ati o ns (Figure 2-3 /\, c losed ho xes) . F2 fo lds are ge ne ra lly suhvertica l ancl 

isoc lina l. and have a strong ax ial planar c\e3vage (S" f ig ure 2-5 ). Whil e the o riginal 
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Figure 2-4: Orthogonal 51 (red) and 52 foliations (yellow) in the Big Spring area (Domain I). 
51 foliation is defined by aligned biotite and elongate quartz crystals within corderite porphyroblasts; 
it undulates throughout the Big Springs area, dipping moderately at high angles to the compositional 
layering / 52 composite fabric. The high angle or orthogonal relationship between bedding contacts 
and 51 in the schists suggests that the 51 in this area formed in the hinge region of large-scale Dl 
nappe folds (see text). 52 formed parallel to compositional layering, and strongly folded and reoriented 
51 into a N-5, subvertical orientation outside of porphyroblasts. Early development of 52a was 
accompanied by cordierite growth, as gentle folds of the 51 fabric are overgrown by these 
porphyroblasts, and coarse muscovites which overgrow sillimanite in the schists (see Figure 2-5, text) 
and commonly parallel 52a. 52 is intensely developed in Domain I. Finally, low temperature 
deformation, as determined from quartz microstructures, metamorphic textures and assemblages, 
commonly reactivates the 52 foliation resulting in shear bands and folding and kinking of muscovite 
(see figure). Timing of this deformation is unconstrained, but transitional Regime 1 -Regime 2 quartz 
microstructures (Hirth and Tullis) and undulatory extinction in feldspars and muscovites suggest upper 
greenschist facies deformational conditions, suggesting late syn-D3, or D4 development. 
Figure 2.5 em wide. 
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Figure 2-5: F2 isoclinal folds in semi-pelitic "pod-rock" sillimanite schist refolded by F3 closed 
folds , Big Springs Canyon (Domain I). Orthogonal relationships between S2 and S3 are 
developed only in the NE-trending hinge regions of F3 folds . Elsewhere, S2 
is progressively reactivated and reoriented from a dominant NS orientation 
into the NE-trend charactertistic of the VMSZ (Domain II). Where parallel, F2 and F3 folds 
are distinguishable in that the former have axial planes locally defined by alignment of quartz
muscovite-sillimanite "pods", while the latter fold and deform these pods. NE-trending F3 folds 
formed in Domain I as a far-field response to NW-SE D3 contraction and NW-side-up thrusting 
in the VMSZ (Domain II). Leucopegmatite dikes and veins ranging from 10 meters to 5 millimeters 
in width parallel S3 throughout all domains, visible here as the thin pegmatite vein parallel to 
S3 and orthogonal to S2. 
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Figure 2-5: F2 isoclinal folds in semi-pelitic "pod-rock" sillimanite schist refolded by F3 closed 
folds, Big Springs Canyon (Domain I). Orthogonal relationships between S2 and S3 are 
developed only in the NE-trending hinge regions of F3 folds. Elsewhere, S2 
is progressively reactivated and reoriented from a dominant NS orientation 
into the NE-trend charactertistic of the VMSZ (Domain II). Where parallel , F2 and F3 folds 
are distinguishable in that the former have axial planes locally defined by alignment of quartz
muscovite-sillimanite "pods", while the latter fold and deform these pods. NE-trending F3 folds 
formed in Domain I as a far-field response to NW-SE 03 contraction and NW-side-up thrusting 
in the VMSZ (Domain II). Leucopegmatite dikes and veins ranging from 10 meters to 5 millimeters 
in width parallel S3 throughout all domains, visible here as the thin pegmatite vein parallel to 
S3 and orthogonal to S2. 
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orientat ion of S, is unknow n in the YMA , studies el sewhere in the reg ion have 

documented WNW-s trikes and shall ow dips to the north and so uth in low stra in zones 

within the region (Albi n and Karistrom , 199 1; Ducbendorrer e t aI., 200 I ; and others). 

t Generation of the S, I'abric is att ributed to bedd ing sub-parallel, SW-vergentthrusting 

! 
t 

and nappe deve lopment ill the Cerbat Mountains to the south (Duebendorfer et aI. , 2001) . 

r In the Big Springs area, where S, is orthogonal to eompositional laye rill g, it is interpreted 

f 

I 

I 

as the axial pl anar fabric formed within the hinge region of an S, nappe , which is 

consequentl y re folded during E-W O2 contraction. This is compatible with models for 

complex c ru stal assembly along NW-trending, possibly arcuate subduction sys te ms 

proposed by Jessup d al. (in prep). 

The N-S-striking S2 has an average orie ntati on of 0 16/56u and is fo lded and 

transposed into NE and ENE orientations (S]) to the west and north (Figure 2-2, 2-3). 

Development of strong ENE-plunging lineations (L" Figure 2-3A) is interpreted to be 

due to progressive F, fo ld ing of S2 into large ailliforills and synforms. The hinge reg ions 

of map-scale S3 fo lds preserve orthogonal relationships between F2 isoclines and tight F] 

fo lds, w ith an average orientation 043/88" (Fig ure 2-5). More commonly, S2 and SJ are 

superposed and assoc iated with boudinaged and variably fo lded Icueopegmatites and 

melt-filled tension gashes, suggesting that emplacement of leucopcgmatites was 

synchronous with late-02, early- OJ deform ation, a relationship observed throughout the 

YMA. Where paralle l, F2 are distinguished from F3 in that the former have ax ial planes 

defined by leueoe rati e "pods", and the latte r fo ld these pods (Figure 2-5). Thus, we 

inte rpret O 2 and 0 3 to be part of a progressive deformation involv ing a clockwise rotating 

contractional strain field from E-W to NW-SE (Figure 2-2, inset) . 
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NE-s trik ing fol iat ions in Domain 1 ha ve locall y been rC3c ti vatcc\ at lower 

tempcra tu re hy dex tral-reverse D.I mylo ni tic shear zo nes . It is unclear whethe r the 

SI ~c p l y-plunging lineat io n recorded wi th in th e Big Sprin gs segment of the YM SZ records 

the D.I move mCIlI d irection or is assoc iated w ith 0 ,. Thi s segment marks the so uth ern 

hounclary of th e YMS Z, and S , thro ugh S4 fabri cs are comple te ly transposed. Ev idence 

for lowe r-temperature defo rm ati on is al so present o utside of th e Big Springs segment , as 

det e rmined from microstru ctura l analysis (i.c., " kinked" micas, Figure 2-4). 

I 
Domain I: Metamorphism and microstructures 

I 
The peliti c sc hi sts an d gnei sses in Domain T contain the best record of th e first 

metamorphic eve nt and assoc iated tec toni c fabri c , due to th e ir re lati vely "she lte red" 

stru c tur:li -thc rmal posit ion aW 3Y from OJ hi gh-s tra in zones and intrus ions, which 

esse ntiall y o bliterate any ev idence of M t to the north. Pelitic rocks contain thc minera l 

asse mblage K-fe ldspar + biotite + muscov ite + fibrolitic s illimanite + plag ioclase + 

quart z + cordi erite + garnet + to urmaline, ind icati ng metamo rphi sm to upper-amphibolite 

facies. Tex tural re lati ons suggest that the M t mineral assemblage is composed o f 

fihro liti c s illimanite + K-feldspar + muscovi te + quartz + hi o tite , because th ese mineral s 

de fin e the S t foliation as inc lusion trail s in O2 porph yroblasts (Figure 2-4) . Fib ro lite-

bio tite intergrowths arc commo n and strongl y folded , and muscovite and bioti te are fine-

g rain ed. The M2 mine ral assembl age is composed of cordie rite + muscov ite + quartz + 

biotite + K-feldspar + tourmaline ± garnet. Cordierite porphyroblas ts overgrow M I 

mineral assemblages and prese rve the o rthogonal re lat ionships between S, and S2 at thi s 
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location (Figure 2-4). The prograde reac ti on: bi otite + s illimanite + quart z -7 co rdi crite + 

K-fe ldspar + H20 (Deer e t a I. , 1992) appears to ha ve heen the cordie rite- fonll ing 

reac ti o n. Muscov ite is coarse-grai ned and textura ll y d iagnost ic from M, musco vit es in 

that it contains fo lded fibro li te and hiotite inc lusion trail s and wo rmy (sy mplect iti c) 

inte rg ro wths of quartz (Figure 2-6). These coarse muscovites arc interpre ted to have 

grown late-syn O2 and ear ly 0 , as they are partiall y aligned in the S2 foliati o n bu t locall y 

I 
ove rgrow folded S, and S2 (Fig 2-6). In othe r secti o ns, coarse muscovites are axia l 

p lanar to NE-trending FJ folds of S2, sugges tin g sy nchronous growth with rotati o n of th e 

N- trendin g S2 into the NE-trendin g o rientation of S ,. The reverse second -sillimanit c 

isograd retrograde react io n (H20 + s il + kspar -7 musc + q tz) appears to have been 

important in this region during late D2 earl y OJ, as these large Illll scov itcs are intcrgrown 

with quartz and common ly overgrow the s illimanite-b iot ite fabri cs. K-fe ldspar is present 

in very s llla ll amounts in iso lated domains of these rocks, suggest ing that it Illay have 

been th e li m iting reac tant during the aforementi oned reaction . 

Lowe r te mperature microst ructures, inc lud ing kinkin g of the coarse muscovi te 

and development of undulatory ex tincti on w ithin quartz grains, suggest th at somc 

defo rmation ob lique to S2 occu rred be low amph iboli te faci es conditions cha racteri sti c of 

M 2! MJ (Figure 2-6). This is confirmed by locali zed retrogress io n of biot ite rims to 

chlo rite, a reacti on determined e lsewhere to be synchronous with M, and lower-

temperature deformation wit hin the YMS Z. 
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Figure 2-6: Textural evidence constraining metamorphic conditions of 5 1 and 52 foliation 
development. Fibrolite grew during 51 and was reoriented and overgrown by 
muscovite during development of 52. Absence of coexisting K-feldspar and muscovite, 
and wormy quartz-muscovite intergrowth textures suggest that this structural transition 
occurred as the second-sillimanite isograd was crossed during retrograde metamorphism, 
invoking the reaction fibrolite + K-feldspar + water --> muscovite + quartz. Figure 1.5 cm wide 
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Structural domain 11: Deformation north ofthe VMSZ 

The Blac k Ridge and Government Springs areas, which compose the struc tural 

doma in north and west of the VMSZ, are similar to the Big Springs area in that they are 

characterized by S2 fabrics that are var iably folded and reoriented into S3 orientations. S, 

is not observed here due to in tensity of S2. Un like Domain J, the intensity of D3 

de for mati on in thi s domai n has s ignifican tly reoriented the N-S S2 into ENE-WSW to 

NES , or ientation (Figure 2-3B). W e interpret the s tereonet (Figure 2-38) to describe this 

progressive rotati on o f moderately d ipping, N to NW striking S2'S into NE- and E-

stri king orientat ions. We interpret the lineat ion data, although complex, to represen t the 

similar c lockwise rotation of NW-plungi ng Lz's into NE- and E- plung ing L, orientations 

(Fig ure 2-3 8 ). The plunge of L3'S is broadly consistent with L, and F, fold axes p lunges 

mapped in Domain I (Figure 2-3). 

Complex folding is revealed in NE Black Ridge, w here steeply-dipping fo li ations 

and lithologic contacts are folded about N to NNW-trending ax ial traces (Figure 2-3). 

The planar outcrop patte rn is suggesti ve of a Ramsay-type 2 superposed fold interference 

pattern, where a gentl y incl ined axial plane is refolded by a hi ghly oblique fold with a 

steep axial plane, yielding a "mushroom" outcrop pattern (Ramsay and Huber, 1987). In 

the axia l planar region, despite poor deve lopment of an axial planar foliation, fold axes 

arc intcnse ly developed and associated pencil structures in metased imentary sc hi s ts yie ld 

lengt h: widt h aspect ratios up to 60: I . These fo lds arc in turn refolded into NE-trending 

o rientations towards higher s train domains , where they are assoc iated with lower-

amphiboli te facies ax ial planar fabrics (see Metamorphism and micrOSlrtu:lllres). The 
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general map pattern of these folds is suggested as representing the progress ive refoldi ng 

of an initi a ll y shallow-dipping F J nappe fo ld during rotating E-W (D2) to NW-SE 

cont raction (D, ). Significant ENE-WSW shortening synchronous wi th dextral 

transpressive slip along the YMSZ may have tightened thi s fol d during D:r, and dextra lly 

drag- fo lded the axial plane into th e NE-ori en tation present (Figure 2-2, see Plate I ). 

Although we bel ieve thi s to be th e best in terpretation, other possibilities exis t g iven the 

complex de formation hi story of thi s region. 

In close proximity to the bounda ry wi th the YMSZ domai n, NW -s ide-up shear 

bands and drag fo lds are present onhogonal to S, planes and paralle l to lineations. These 

structu res fo rmed durin g DJ NW-side-up, NE-SW contraction along the YMSZ, and 

progress ive rotation and transpos ition of S2 by S, . 

A NE-striking D. dex tral st rike-sli p shear zo ne is present withi n monzograni te 

gneiss in the Government Spring area. Tn the far southwest co rner o f th e NYM, th e 8Iack 

Ridge segment of the YMS Z marks the SW boundary of Domain IT (Figure 2-2) . The 

Hen Spri ng fau lt , a Miocene left- latera l fault of unknow n separation, marks th e E 

boundary see Figure 3-2). 

Domain II: Metamorphism and microstructures 

Pelitic rocks within Domain 11 contai n th e assemblage garnet + biotite + 

silli manite + K-feldspar + plagioclase + quartz. Notably, the muscovite and cordieri te 

abundant in the rocks south of the YMSZ are either absent o r present in very low 

amounts, suggesting that metamorphic conditions within these pelites were not favorable 
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to co rdi e rite o r muscovite growt h . T hese pe litic gne isses are comillon ly migmatiti c 

where in close proxim ity to Illon zogr~ni le bod ies, and arc cut hy Ilumerous granitic and 

I 
pegmatitic dikes. Whil e these inject io n mig mi ti tes a re common, ev idc nce of anatect ic 

migm itization (leucosome 1 Ille lanoso lllc pairs) is al so prcsen t. S illiman ite is abunda nt as 

fine-grain ed fibroliti c Illat s int crgrown w ith biotite, and large (up to 4m m) cuh edral 

\ 
c rystals. Locally, coarse s illimanit e crystals are orth ogonal to S,/S" sugges tin g th at the 

s il lillla nite probabl y g rew during M , peak Ille tamorphi sm bLit may have cont inued 

g rowing d urin g earl y M :,. Coarse s illiman ites arc folded and mechani ca lly reoriented 

parall e l to S3, and sma ll er s illimanite need les arc isoclinall y folded w ith in thi s fab ri c , 

interpreted to represe nt s illimanite de forma ti on wit hin its stab ility fie ld. Recalling th at 

M, in Do main [ was marked by a retrograde transi tion from th e s il limani te + K-fe ldspar + 

H, O I'i el d to the muscovit e + quart z fi e ld (th e reverse secolld sillilllallite isograd) , and 

assLiming th at Domain I and Domain II pe litic sc hi sts have s imil ar b ulk co lllPos itions, the 

dis t inction between DOllla in [ DJ structures, wh ich developed d urin g s illimanite 

insrabi/iry , and Domain II DJ s truc tures , which developed during si llimanit e swbiliry and 

localized si ll imanite growth , is an important o ne. Coup led w ith the observati o n th at 

D omain n pclites are common ly Illi gmat ized and Domain T pc litcs arc not , we suggest 

th at Domain [[ represe nt s hotter (and probab ly deeper) c ru st durin g DJ , and th at N'vV-

s ide-up thrusting within the YMS Z assoc iated with D, bought these domains into 

juxtapos ition at a similar cru stal leve l. Furthermore, the abundance of pegmatites in 

Domain [J re lative to DOlllain r may ha ve kept the loca l c rus tal te mperature hi gh during 

thi s deforma ti on and prohibited ret rograde Ille tamorphi sm as Domain II rose to shallower 

c ru stal levels (see Pa/eopro ferozoic teClonic h is/ory .. . ). 
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The granod iori tc gne iss non h of the Do ma in lH greenschi st fac ies mylo nites in 

BlacK R idge (see belo w) is ti ght ly fo lded and di sp lays a strong ax ia l planar fabri c defin cd 

hy " myloniti c fo liat io n (Fig. 2-7). Garnets withi n thi s rock, which contain lobate, hi gh

tempcraturc quartz intcrgrowt hs. appear to havc been stabl e under mylo niti c de formati on 

conditions. as no s ig ns o f a lte rati o n arc prescnt. Quartz deformed under Reg imc 2 c limb

accommodated d is location c reep deform ati on cond it io ns, fo rming core and Illa nt le 

s tru c tures (Hirt h and Tull is, 1992 ), whereas feldspars dcfo rmed under Regimc I 

n.:c rys tal lization -accommodatcd di s locati o n c reep defo rmation condit ions (Hi rt h and 

Tulli s , 1992) . These Illc tamorphic and microstructura l obse rvatio ns suggest that fo ld ing 

and development of thc " hi ghe r tempcratu re" mylonitic fabric (which is charac teri stic of 

the late OJ cvcnt) occurrcd between -500 and 650°C. This represcnts continui ng 

de fo rmati on during c rus ta l evo lutio n to sha llower depths . 

Strudural domain III : Introduction to transpressional m od eling 

In o rder to prope rl y desc ribe de formation within the YMSZ, we Illust fi rst rev iew 

the concept o f transpress ion. Transpressio n, as defined by Ha rl and ( 197 1), re fe rs to the 

synchro nous transc urrcnt and shortening de formation causcd by ob liq ue conve rge nce 

ac ross a high strain ZO ne (s hear zone). Sanderso n and March ini ( 1984) were th e fi rst to 

desc ribc the kinemalics o f such a de format ion by considering constant- vo lu me 

ho mogcneous deformation in a ve rti cal shear zone th at was late ral ly confined with a 

fixed basal surface but free top surface . Th is avo ids the late ral "space prob lem" by 

disallowing horizon tal extrusion while allowi ng for frictionless vertical extrus ion du ri ng 
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Figure 2-7: Folding of 82 and development of 83 axial planar mylonitic foliation within 
granodiorite gneiss, north of the Black Ridge segment, Domain II. Originally north-south 
striking 82a is characterized by the strong foliation and compositional layering, which formed 
during upper amphibolite facies metamorphism and deformation (D2). Q domains are 
quartz dominated, F domains are feldspar dominated. Garnets contain lobate, unstrained 
quartz inclusions, remnants of the high temperature garnet growth. The NE-striking 
83 axial planar foliation formed synchronous with folding of 82, and is characterized by 
Regime 2 climb-accommodated dislocation creep microstructures in Q domains (core-mantle 
textures) and Regime 1 recrystallization-accommodated dislocation creep microstructures in 
F domains (coarse feldspars separated by fine-grained high strain domains). Together with 
unretrogressed garnet textures, and recognizing the caveats in the interpretation (strain rate, 
fluid availability), the temperature of D3 deformation is bracketed between 500 and 600 °C, 
consistent with the late D3 interpretations in Elbow Canyon. 
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deformation. Robin and Cruden ( 1994) ques tioncd why ve ni ca ll y fri c tionl ess zones 

\Vould be b te rall y confined , an d created a model al lowing no sl ip in any direc ti o n at the 

zone bou ndaries, resul ting in a he te rogeneous defo rmation across the zo ne C·confinecl" 

trans press io n). The ir cont inuum mechani cs app roach to tntn spress ion a l modeling yie lded 

heterogeneolls st rain patterns <.kspilc th e mechan ical isotropy of th e deformation zone, 

w ith vertica l "hulging" in the center of the ZU Jl C, and vorti ci ty vectors ( i.e., s h c~ r sense 

indi cators) com mon ly no n-para lkl to any o f the princ ipal direct ions o r instantaneo us o r 

finite strain. Fo liation orientat io ns are sulweniea l and mo re ob liq ue to the zone 

boundaries in th e ce nt e r of the zone (larger s im ple-s hear s train ), and less s teep but more 

para llel to the zone boundaries at the edge of th e zone (larger pure-shea r strain). 

St re tchin g lineations arc steeper towards thL' cLOn tcr or the zo ne (inc reased verti cal 

ex tru sio n). and inc lined towards the edges o f th e zone. These result s sugges t that , even in 

a mechan ica ll y isotropi c mate ri a l, transpress ive strain is stro ng ly he terogeneous, 

common ly triaxial, and depende nt on thc pure shear I s imple shear s tra in rati o. 

Jo nes and Tanner ( 199:) d isc ussed holV the presence of pre-exis tin g litholog ical , 

rheolog ical, andlor struc tu ral weaknesses partiti on transpress ional s train in a deformati o n 

zune. They confirmed th at com plex s tru ct ural sty les can occur in defo rmati o nal mocle ls 

that ha ve well defin ed and relative ly uncomplicated boundary conditio ns if th ese 

anisotrop ies exi st. Si mple-shear de format ion zones may ac t concurren tl y with pure-s hear 

zones to accom modate overalltranspress io nal deformatio n. Jones and Tanner ( 1995) 

int e rpreted this as ev idence that fault sys tems can resu lt from loca li zed stress o ri entati ons 

and mechanical anisotropy , and need no t re lkct regional s tress reg imes. Jones et al. 

( 1997) allowed for unconfined boundary s li p in the ir mode l, reri nin g the Sanderson and 
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iVbrchin i ( 1984) model to pe rmi t vertical s li p at the basal surface and " latera l ex tru sio n" 

on the mode l edges (s tretchin g in the ho rizonta l direc ti on caus ing the de fo nnati o n zone to 

lengthe n re lati ve to the unclefonned zo ne ma rg ins). Tiko lT and Greene ( 1997) addn:ssed 

the beha vio r of stre tching lineations in trans press io n,,1 zones using fi e ld examples and 

ki nemati c modeling of shear zones fro m the S ie rra Nevada batho lith . As no ted 

prev io us ly, mode ling of so me transpress io nal defo rmations ind icates th at th e long ax is of 

the fin ite strain e lli pso id , and tilus the finite stretching li neation , is vert ica l whereas the 

bu lk de fo rmation in vo lves a s igni ficant compo nent of strik e-s lip (Sanderson and 

Marc hini , In4; Robin and Cruden, 1994). Th is is inc reas ing ly recog ni zed in na tu re, 

where aSY lllme tric shear se nse indicators are ohserved o n faces o rthogonal to the 

s tretchi ng lineati on, and arc no t present on faces paralle l to lineat ion (Ro bin and e ru den, 

1994 ). Tiko ff and Gree ne ( 1997) argued that wrench-dom inated tran spressio n (i.e .. ang le 

of convergence less than 20" fro m the shear plane) res ults in development of initia ll y 

subhorizo nta l stretchin g lineat io ns, and late r deve lopment of ve rti cal lineati o ns du rin g 

prog ress ive de fo rmation. The conclusion is that the o rientati o n of th e li neati on in 

transpress ional shear zo nes may not necessa ri ly corre late with th e transport directi o n , and 

may re fl ect s tra in partitionin g, alo ng-s tri ke vari ations in finite s train , and/o r the amollnt 

o f fini te strain recorded du ring d iffe rent parts o f a progress ive defo rmation. 

Be ll ( 198 1) and Hudlcs ton ( 1999) presented the concept o f shear zo ne linkage , 

an d di sc ll ssed ho w proble ms of s train compat ib ilit y (i.e. , strain "space prob lems" ) Illay be 

reso lved if indiv idu al shear zo nes are lin ked together in an appropriate fashion. This 

appears to be quite appl icab le to many ductil e shear zo nes, where a vari e ty o f seemingly 

33 



di st inc t kin emati c hi stori es fo r diffe re nt seg ments m;IY be part of a com plexly pa rt iti o ned , 

linked shear zo ne a rray. 

T here are several reasons why we think the YMSZ has a transpress io na l hi story. 

The YMSZ clearly anastomoses along its strike length, cons istin g predo mi na ntl y or 

northe:1st-stri k ing segments linked by north -st rikin g and cast-striking cu rved segments. 

North -str iki ng bends in the YMSZ (sec Fi gure 2-2, DOlll a inlll , I kil o mete r east o f th e 

C abill C anyon segment) contain reverse and normal sense kinematics depending on their 

struc tura l pos iti o ns and linkage with major northeast-strikin g s trike-s lip !.ones , and are 

interpreted to rep resent restrainin g and re lcas ing bends, respecti ve ly. Wit hi n th e 

northeast,str ikin g zones, parallel pure shea r" s imple shear" and ge neral she ar- do minated 

shear zones w ith similar microstructural an d metam orphic characteri sti cs suggests 

com pl ex ly part iti o ned transpressiona l defo rmat ion . The challenge is to qu anti ry 

observatio ns that thcse shear zones we rc de fo rmin g synchronously. 

Structural domain II]: Oeformation and shear sense within the VMSZ 

The YM SZ dom ain is characte ri zed by a NE, striking, sub verti ca l S zlS ) S4 

compos ite foliati on (Figure 2, 3C) that foll o ws the axi s o f the YMA , fro m the SW edge 01' 

Black Ridge to th e NE co rner of the Mount Bangs area (Figure 2,2) . Isoc linal fo lds with 

steep ax ia l planes plunge mode rate ly to the NE and S W , and lineations arc variabl e 

between down , clip and strike ,s lip ori entation s (Figu re 2, J C) . S imilar to Do mains I a ncl 

II , s truc tural data is ex plained by progress ive rotati o n o f the NS, trendin g S2 into a stee r 

NE, trending orie ntation (S, ), synchro nous with NW-s iclc,up transpress io nal thru s ting and 



NW-SE co ntrac ti on (D, ). [ vidence o f th e h ig h-te mperatu re conditi ons of D, thrus ting 

I 
includes mel t-fill ed shear bands (Figure 2 - ~1\ ) and syn-i ntrusion fo ldi ng of 

• k ucopegmatites (Figure 2-8 13 ). Late r dextral -transp ress io na l con trac ti on (D4 ) react iva ted 

and steepened thi s structure, wi th illterconnec tin g anastomosing shear zones permeating 

thro ugho ut thi s zo ne of weaK ness. The VMSZ correspo ndin g ly reco rds ev idence of later. 

I ower-te mperat u re deformat i on (S ,,) su peri mposcd o n hi ghe r-tem pe ralLl re defo rm ati ona I 

fab rics (S 2. S " Figure 2-8) . I: vi dence for the D , eve nt is preserved o nl y as c rypti c 

inc lusion trail s with in garnet porphyroc l3sts. w it h an y cvidence for S, in the mat ri x 

comple tely obliterated by S2 - S.,. T he reac ti vati on of thc S2 fo li atio n duri ng prog ress ive 

transpress ion,,1 deformation fro m dee p (D3) to sha ll ow (D4) c ru sta l levels res ul ted in th e 

complex fin ite s tra in palle l'll mapped throu ghout thi s do main. Stl1,ctures yie lding 

cons istent shear se nse cO lllmo nly di sp lay diffe rent mi c rostruc tural and me tamo rphi c 

"grades" , suggestin g th at the kin ema ti cs \:v i thin th e YMSZ were evolved slowly during 

c rustal coo ling and probable shal lowing o f c ru sta l levels. D2 structures inc lude isoc lina l 

fol ds in m igmatiti c layers. D, s tru ctures inc lude isoc linal to ti ght fo lds of leucopegm <l ti te 

dikes , refo lded isoc lines, sheath folds, NW-side up shear bands (Figure 2-81\) and 

asymmetric melt pods (Figure 2 - ~ 13 ) , steepl y plung ing lineati ons. and L-tec to nite 

mylo nites . D4 structures include dex tr,d s trike-s lip zones w ith spec tacular s truc tura l 

asy mmetry and s trong lineati o ns, o hlate (fl atte nin g) domains with conju gate shear bands 

and weak ly developed verti cal stre tchin g lineati ons, steep ly lineated L»S prolate 

(s tretchin g) domains wi th poor asymmetry, and o hlique ly lineated reverse and normal 

sense tec toni tes with excell ent asymmetry. Although D4 strain is most intense al o ng pre-
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Figure 2-8A: Melt-filled shear bands in granodiorite gneiss, north boundary of the Cabin Canyon segment, VM8Z. Drag-folded leucosomes 
bleed into shear bands and indicate NW-side-up shear sense, suggesting deformation was synchronous with intrusion of leucosomes, and 
under high temperature (upper amphibolite) conditions . Geologic relationships suggest that this deformation resulted in the reorientation of 
north-striking 82 into northeast-striking 83. 
Figure 2-8B: NW-side-up drag folds of boudinaged pegmatites within subvertical, NE-striking, garnet-sillimanite paragneiss in the VM8Z. 
Bleeding of folded leucosomes into coarser pegmatites suggests syn-magmatic deformational conditions, confirmed by microstructural 
analysis. This deformation resulted in reorientation of the north-striking 82 fabric into the northeast-striking 83 orientation during NW
side-up transpressional contraction. 
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ex istin g NE-trending litho log ic and st ruc tural heterogeneities. 90 percent of the 

Pro t,;rozoic rocks within the VMSZ domain have been strong ly ovcl'prin ted by thi s event. 

The VMSZ domai n is suhd ivided into segme nts a long its length , each of which 

was s tud ied extensively and contains di sti nct s tructura l patterns and di ffe rin g deg rees of 

I'abri c intcnsity and overp rinting, as di scussed below . O verall , th e story presented here is 

that of E-W general shcar in vo lving shortening and dextral shear on the pre-ex isting NE 

trending high strain zone. 

Cabin Canyon Segment 

The Cabin Canyo n segment (Figu re 2-3, Figure 2-9) provides the bes t e videncc 

for parti t ioned dextral -transpress ive defo rm ati on in the YMS Z. Detailed mapping reveals 

stra in patterns indicative of transpressional deformati on; simple-shear dominated, dex tral 

strike-s lip domains wi th subhorizontallineati ons are fl anked by pure-shear dominated, 

weak ly to non-lineated doma ins with fl at tened, pro late fe ldspar porphyroe lasts and 

conjugate shear bands, and steeply plunging LS mylonites with reverse sense kinemati cs . 

The narrow (- 15m max) dex tral strike-s lip ultramylon ite zones contain a vari e ty 

of shear sense indicators on faces paralle ling the lineati on, inc luding s igma and delta 

porphyroclasts (F igure 2-9, 2- 10), antithetic bookshelf-type structures, asymmetri c 

mynnekite fa brics in K-fe lclspars, C-S fabrics, and shear bands. The subhorizont al 

lineation developed in these zones thus appears to represent the movement direc ti on. 

Pure-shear domains contain myloniti c, conjugate shear planes at rou ghly 30" frolll 

the mylonitic fo li ation on vertical rock faces (inset to Figu re 2-9). Fo liati on planes 
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~ Strike-slip ultramylonite zones 

D Xgdn, Xpsgn and Xpgn, folded and 
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XI dikes, isoclinally folded, internally 
massive to mylonitized 

Xa with numerous XI. gneissic to mylonitic 
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Figure 2-9: Geology of the Cabin Canyon segment of the VMSl. Lithologic abbreviations 
(Le. Xps) defined in Plate 1: Geologic Map of the North Virgin Mts. Dextral strike-slip deformation 
within LS-tectonite zones occurred synchronously with pure-shear deformation and foliation -
orthogonal shortening in S-tectonite zones. Analysis of metamorphic textures and assemblages 
and microstructures associated with mylonitization are consistent within the Sand LS domains. 
This dramatic strain partitioning is observed throughout the VMSl, where thrust sense, normal 
sense, dextral-oblique sense, sinstral strike-slip sense , and dextral strike-slip zones operated 
synchronously to accommodate heterogeneous dextral transpressional strain during D4. 
Inset of the S-tectonite mylonites displays "pancaked" K-feldspar porphyroclasts on mylonitic 
foliation (XY) planes that are strongly deformed on Xl and Yl planes orthogonal to the foliation . 
Weak lineations on the XY plane and conjugate shear bands on the Yl plane indicate vertical 
stretching and horizontal shortening associated with mylonitization , while localized dextral shear 
sense indicators on the Xl plane suggest some component of rotational deformation. Inset of the 
LS-tectonites display strong horizontal lineations on foliation planes and abundant dextral shear 
sense indicators orthogonal to foliation, suggesting deformation was dominated by strongly rotational 
simple shear strains. 
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Figure 2-10: Photomicrographs of 
shear sense indicators within the 
Cabin Canyon segment of the 
VMSZ. Sections A) and B), cut parallel 
to the strong horizontal lineation, 
commonly reveal beautifully asymmetric 
shear sense indicators consistent with 
dextral strike-slip movement along these 
NE-trending, steeply-dipping ultramylonite 
zones. These include rotated K-feldspar 
porphyroclasts with dextral delta-type 
asymmetry, dextral z-drag folds, and 
dextrally sheared sigma aggregates 
and porphyroclasts. Highly asymmetric 
indicators are present throughout this 
"strike-slip LS-tectonite mylonite" zone 
(Figure 2-9). 
Section C, cut parallel to the weak 
down-dip lineation in the "S-tectonite 
mylonite" zone, reveals conjugate 
dextral and sinistral shear bands 
and sigma-type porphyroclasts 
at angles 30-40 degrees from the 
NE-striking foliation. These structures 
formed during shortening across the 
pre-existing foliation under mylonitic 
conditions. 
Metamorphic observations, including 
retrogression of garnet porphyroclasts to 
biotite and chlorite, as well as 
microstructural evidence, suggest that 
deformation in A,B, and C took place 
under similar thermal conditions. 
Differences in grainsize are interpreted 
to represent the differences in lithology. 
This suggests that mylonitic deformation 
within the Cabin Canyon segment 
was synchronously partitioned into 
dextral strike-slip domains A), B) and 
pure-shear, foliation perpendicular 
shortening domains C) during overall 
dextral transpressive deformation. 
While we favor this hypothesis, another 
possibility is that the dextral strike-slip 
domains reflect later dextral shearing 
unrelated to the NW-SE shortening strains 
recorded in C). Width of sections A and B 
is 5mm, section C is 10mm. 

d1 .,. J. j ,. 
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contain large (> 12cm) "pancake-like" K-fcldspar porph yroc lasts (Figure 2-9), likel y 

de ri ved via the mechanica l d is memberment of leucopegmatite dikes during de fo rmation. 

The same c rysta ls appear as h ighl y fl attened leucosomes on faces perpendicu lar to the 

mylonitic foliation , resu lting in as pect ratios of roughly 30:30: I. The combinati on of 

these oblate flattening s trains, conjugate shear bands recordin g vert ical ex tensi on paralle l 

to the fo li ation planes (Figure 2- 10), and deve lopment of a wcak, verti ca l stretchin g 

lineat ion suggest th at shortening in these domains was accommodated by in tense vert ica l 

·'ex trus ion'·. similar to that fi rs t predictcd by thc Sanderson and Marchini (1984 ) 

transpress ion model. While grain -s izes are coa rser in these domai ns re lati ve to the 

ultramy lonitic strike-s lip domains, the microstructures and metamorphi c reactions are 

sugges ti ve of similar tectoni c conditions. The st rike-slip domain s are thus inferred to 

have recorded more intense I'inite strains than the oblate domains, as opposed to 

recording a different defonnation event. Further evidence of increascd st ra in in the 

stri ke-s lip mylo nites is that obliqucly plunging fold axes in the wa llrocks have heen 

rotated into paralle lism with the lineation in the st rike-sl ip domains. 

Interpretin g the ki nemati cs in the stron gly lineated , ob liquel y plung ing domains 

is mo re compli cated. Although ob li que-dex tral defo rm ation predominates, sini stral-

ob i iquc N-sidc- up indicato rs are obse rved in some of the northern locations . Shear sense 

in ci icators sueh as shear bands and sigma porphyrociasts are assoc iated with lower 

temperature microstructures (re lative to the peak metamorphic microstructu res assoc iated 

wi th the steeply oblique-sensc indicators) and are commonly observed on faces non 

para llel to the strong stretching Iincation. The apparent conflic t be tween opposing senses 

of shear is reconciled with the interp re tati on o f earl y, high-tempcralUre NW-side up 
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thrus ting (0 3) and deve lopmen t o f' the stretching line~ti o n . overprinted by the upper 

greenschi st fac ies dex(r~ l lraIlSrr('ss i vc deformation (0 1) . wi th some s ini s tra l fault s 

operating during D 4 shorten ing 10 accommodate space probkrns, st ructured ani sotropi cs . 

and hc: tcrogeneous tr'"1sprcssion. 'r he stec:ply plungin g lineation is interpreted to be the 

result of the earlier even t hasc:d un I ) the differing characler hetween it and the strike-s lip 

and ve rtical lineations obse rved in the simple shear and pure shear dominated doma ins , 

respec ti ve ly, 2) the obliquity of lower temperature shear sense indicators to thi s lineat ion , 

and 3 ) apparent overpr inting and reorientation of thi s lineation prox imal to the strike-slip 

domains. 

Tu the east o f (,,,hin Canyon in Lime Kiln Canyon, the myloniti c foli ation is 

strongly folded and di spLoys a combinat ion of Nand NE-trending dex tral -oblique str ike 

slip segments and N-trending, W-s ide-up reverse segments (Figure 2-2). Because o f the 

thru st sense indicators here "nel pa rasitic myloniti c fold s Ih"t appear to be the same 

mc:tamorph ic grade Ci S the shear zone. thi s is interpreted as a partitioned, syn-mylon iti c 

renstrain ing bend in the Cahi n Canyon segment rather than a post-mylonite fo ld of the 

zone. 

Elbow Canyon Segment 

The Elbow Canyon segment (Figure 2-2 and 2- 11 ) is characteri zed by two types 

of mylonitic deformation; L-tectonite 0 , mylonites wit h locali zed NW-side-up shea r 

sense, and a (hin (3m) D., mylonite zone wi th sinistral E-side-up shear sense. 
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Figure 2-11 : A) Geology of the Elbow Canyon segment of the 
VMSZ. 8) Three-dimensional view of the strongly prolate 
strains associated with NW-side-up mylonites (location of 
B is starred in A). The mylonites are classified as D3 instead 
of D4 (see text for details). Planar view shows complexly 
folded compositional layering, defined by granitic and 
pegmatitic dikes cross-cutting pelitic schist. The fabric 
as seen on this face is not mylonitic. Side view shows 
strongly developed mylonitic fabric defining fold axes 
of folds seen on planar view surface. This fabric is also 
seen on the botttom surface, suggesting that mylonitic 
overprinting of the higher temperature foliation was 
strongly constrictional , generating a mylonitic L-tectonite. 
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The D, L-tccto nitc my lonites display an intense vertica l stretching lineation at-

48 --7 320" (Figure 2- II B) with localized evidence (bookshe lf structures, sigma K

fc ldspar porphyroc1asts) fo r NW-sidc up (thrust-sensc) deformation , although much o f 

th e deformation appears to have been symmetric and a result of strong ly prolate coaxial 

strain. Mylonitic deformation is associated with lower amphibolite faci es 

microstructures , and garnet and hornblende remained stable during mylonitization. 

Although this mylonitization reactivates the pre -existing, NE- trending, high -temperature 

S" we classify mylonitization as progress ive D, because it is characterized by: I) NW

side-up kinematics, s imilar to those associated with D, in Cabin Canyon (Figure 2-SA); 

2) Intense vertical s tre tc hing (L-teetonite) of similar style to L3 s tretching lineations 

mapped throughout the NYM, and parallel to the fold ax is ofF3 sheath folds mapped 20 

mete rs to :he south; and 3) Highe r temperature microstructures and metamorphic 

assemblages (i.e. garnet is stab le) than those associated with upper-g reenschi st facies D4 

mylonites withi similar protoliths (garnet is retrogressed) . Thus we interpret thi s 

mylonite to represent active NW-side-up deformation under thermal conditions 

inte rmediate between the upper amphibolite faci es conditions normally assoc iated with 

D3. and th e gree nsc hi st facies conditions associated with D4 . A small D4 shear zone with 

le l't- lateral, E-s ide up sigma porphyroclasts wraps around amphibolite boudins to the 

south of the L-tcetonite mylonites. This is interpreted as an accommodation zone 

enc los ing the morc competent amphibolite unit, resulting from the combination of 

he terogeneous mylonitic defo rmation and rheo logic anisotropy , and does not rerleet the 

regional strains associated with D4 . 



MOLI n! Bangs Segment 

A transect across rhe M Ollnt Rangs segment (Figure 2-2. 2-12 ) revea ls the bes t 

cX'lin pic o f compositiona lly partitioned de formation in th e YMSZ. Thc presence of 

rheological ly "s trong" amphibolilic gneisses and ult ramafic roc ks contrasts w ith the 

thi c kest exposed pac kage of rheologica ll y "weak" calcitic marbles and ie ueopegmatites. 

Kin e mati c analysi s re vea ls NW-s idc-down (normal ) de fo rrnation in a Ic ucopeglllatite 

clike and associated pel itic wallroc k, NW-s idc clown (reverse) kine ma tics in pe litic sc hi sts 

and graniti c gneisses to the n o rth wc~t> ;Inc! N vV- sidc· up dext ral- re verse k inematics in the 

calc iti c marble unit to the no rt h . 

The marked rheolog ica l an iso tropy resulted in the s ignificant strain he terogenei ty 

observed throughout the tran sec t. Duct ile de follnation is ll10s t pronounced around the 

edges of bound inaged mafi c a nd ultramafi c packages, which range fro m strong ly to 

weakl y foliated but show little evide nce for inte rnal de forma tion associated with the 

d uc til e defo rm at ion. W hil e litt lc ev iclc nce of thcir 3-cl imens io nal geo metry is o bserved , 

s ignifi cant metamorphism, boud inage and intern al de formation of these mafi c units likc ly 

OCC UlTed duri ng hi gher te mperature de formation (0 .1), wit h the myloniti c defo rmation 

event (D .) s ignifi cant ly less pe ne tra ti ve. Con ve rsely, the d iops ide-bearing marble units 

and associated u lt ramafic c lasts ("tecton ic me lange") ex peri e nced pe netrative ductil e 

s!tearing and comp le x folding durin g the 0 " e vent. A lthough the folds are somewhat 

c hao ti c, when inte rpreted in conjunctio n wit h rotated fe ldspar and ul tramafic s igma 

c lasts, de formati o n is desc ribed as dex tra l ob lique. 
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Phanerozoic Paleo proterozoic 

ra:t'l Colluvium and terrace gravels (Pleistocene) r-I Leucopegmatite dikes, isoclinally folded and boudinaged, internally 
~ L-.J massive to mylonitic 
!ppb1 Bird Spring Formation (Lower Permian IXmgnl Monzogranite and quartz monzonite gneiss 
L!:.!:£....J and Pennsylvanian) 

~ Monte Cristo Limestone (Mississippian) 

[QiLJ Limestone (Devonian) 

~ Dolomite (Upper Cambrian) 

IXgdn I Granodiorite to granitic orthogneiss 

~ Amphibolite and calc-amphibolite gneiss 

I Xpgn I Pelitic and semi-pelitic gneiss and schist 

I Xpsg I Psammitic gneiss and orthogneiss 

C:=J Diopside-bearing fragmental marbles, ultramafic pods, 
calc-amphibolite and amphibolite gneiss 

I r.; I D3mylonite, with kinematic analysis (Up, Down) 

Figure 2-12: Geology of the Mount Bangs segment of the VMSZ (Domain III). D4 mylonite zones 
reactivate the NE-trending S3 fabric. A belt of exotic lithologies, including 2 pyroxene ultramafic rocks 
interlayered with granitic and metasedimentary rocks suggest, at least, dramatic juxtaposition of 
distinct crustal domains, with the possibility, at most, that ophiolitic segments were obducted in the 
early tectonic history of the NVM. 
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South Spur Segment 

A lthough it is poo rl y exposc:d d ue to in tense Miocene and poss ibl y Laramide 

britt le reactivation. the South Spur segment contains mylo nites throu ghout it s stri ke 

le ngth . The hest ex posures o f my lonites occur within ve rti ca l, NE-trendi ng, sheared 

leucopegmati te dik es, whi ch prese rve spec tacular SE-side up shear sense indicato rs 

inc lud ing sigma and del ta K-feldspar po rph yroclasts, ant ithetic bookshelf fractures and 

shea r bands. 

Bla ck Ridge Segment 

The Black Rid ge segment co ntains abundant, NE-trendin g, greenschi st fac ies D., 

duc til e shear zo nes part itioned within the variety of guartzofe ldspathi c units that occ ur [n 

that area. Similar to other segment s, strain is best developed around the edges of 

competent ultramafi c boud ins , although locali zed shea r zo nes away from these rh eo log ic 

contrast s exist. Where developed , lineat io ns are subho ri zon tal and dex lral kine mati c 

indicato rs arc prevalent. Wall roek linealio ns are commo nl y vert ical , and sho w some 

evidence Ihal they have rotatcd inlo shallower orientati ons as they approach the shea r 

zone, s imilar to th e re latio nships o bserved in Cabin Canyon. 

Summary of Kinematic analysis (Figure 2-3) 

Kinematic ana lysis 01' th e YMSZ suggests thai DJ structures inc lude sleeply 

ob li que 10 down-cli p lineati ons and N\V-side- ujl shear sense indicators, and D 4 slruc tu res 



incl ude dext ra l-strike-s li p ind icators and subhorizontal li neat io ns. NW- and SE-s ide up 

reverse and normal sense ind icato rs with modcrate ly to steep ly r lung ing lineations. and 

pure shea r indicators with subve rt icallineations are al so part o f the 0 4 di srlacemcnt fi e ld. 

These complex ities arise due to var iat ions ill shear zo ne or ientati o n and geometry, 

rheo logic het erogene iti es, and argua bl y, timin g of deformati o n. Seemin g ly incompatibl e 

struc tures can be eas il y crea ted du ring hetc rogencous ly partitio ned dextral transp ress ive 

deformation, and arc corre lat ed based on lTle tamorph ic cond iti ons and defo rmation 

m ie rost ructu res . 

Domain Ill: Metamorphism and microstructures within the YMSZ 

M etamorphi c assemblages and textures preserved within the VM SZ rocks are 

hi ghl y variab le, du e to the variety of li th Ologies present, the va ryi ng rheo log ic and 

chemica l competencies o f these lithologies, and the he te rogeneous nat ure o f defo rmation 

andmetalTlorph is m thro ugho ut thi s zone. A lthough some li tho logies preserve h ighe r 

te mpe rature deformational tex tures , the o ve rprinting of hi gh te mperature fabrics by lower 

temperatu re mylonites a re the dominan t mic rostructLlres throughout the VMSZ. 

In general, rocks with obl ique se nse lineations or stron g pro late (L-tec tonite) 

strain s arc characte ri zed by lower amphibo lite fac ies metamorphi c tex tures and 

assemblages , anelmicrostructures suggesti ve of deformation temperatures between 500-

650°C , depending on strain rate (Hirth an d Tulli s, 1992). These myloni tes a re found in 

Elbow Canyon , and alon g the Domain ii-Domai n m bo undary in Black Ridge, described 

prev io usly. Rocks with verti ca l or ho ri zont al lineati o ns anel hi ghly prolate (S- tec ton ite) 



or Cls ), mmetr ic (s im ple-shear dominated) s trai ns, in general , are charact~rized by 

greenschi st facies textures and assembl ages and microstructures suggest ive of 

d~forrnation te mperatures hetween 3S0-4S0"C (I-lir th and Tulli s, 1992). These rny lon it es 

arc found throughout the VMSZ, but most notab ly in th e Black Ri dge , South Spur, and 

Cabin Canyon segme nts. 

I'diti c rocks within th e VMSZ contain th e asse mblage garn et + biotite + 

s illimanite + K-fe ldspar + plag ioclase + quart z. S imilar to Domain 11 , the muscovite and 

co rdicrit e ahundant in DomClin I arc e ither abse nt o r present in very low amounts, 

suggesting that me tamorphi c conditi ons (abse nce o f muscovite) and poss ibl y bulk rock 

composi tions (a bsence of eo rd ie rite) wi thin th ese pe lites were not favorab le to growth 01' 

thc:se rnine. ral s. Garnet porph yrocl asts contain coarse, elongate quartz inclusions w ith 

locallv present po lygonal grain boundaries, in terpreted as high-temperature quart z grow th 

durin g lat e D, o r D 2, as quartz inc lusio n trails are ob lique to the dominant S3/S4 matrix 

foliation. Tim ing of garne t growth relative to fabri c development thus appears to be 

sy nchronou s wi th co rdi erite grow th in the pc lites to the south. Si llimanite occurs both as 

fine -graincd fibrolite mats in te rgrown with b io tite, as observed to the so uth , but more 

ciomi nantl y as large (up to 4mll1) cuhedral crystals that predominantl y lie with in the S )IS" 

plane. Ev idence for re trograde D4 greenschi st-fac ies reac tions within the pelitic rocks is 

presen t and usually assoc iated with the abundant lower-temperature s train domains 

prese nt throu ghout these rocks. Garnet is replaced by biotite along internal fractu res, and 

K-feld spar is commo nl y re trogressed to sericite. S illimani te is locall y boudin aged within 

S" and replaced by chlorit e in boudin necks. Altho ugh garnet, s illimanite , fe ldspar and 

b iotite di sp lay predomi nantly brittl e mic rostructures, quartz domains oflen show evidence 



for subgrain rotat ion and climb-accommodated dis locat ion cree p, and are thus the hest 

domains to exam ine for shear sense. 

Mafic rocks within the VM SZ co nt ai n a variety of assemblages and are va riably 

retrogressed, al th ough most remained competent "lu mps" du rin g D4 and thus preserve 

hi gher-te mperature assembl ages and tex tures. An amphibolite pod from the Cabin 

Canyon segment contains the assemblage hornblende + plag ioclase + garn et + bi ot ite + 

opaques . Matri x hornblende is visibl y zoned with ho rn blcnditi c cores an d actino li t ic rim s 

where conjugate fractures intersect the rock. T illY horn blende-actinolite grain aggregates 

have formed along these conjugates . G arnet js retrogressed to biotite along grain edges 

and in press ure sh adows where fractures permeate . Hornblende + ga rnet + plagioclase + 

opaq ues are intergrown and probably grew during peak metamorphi sm (Me), and 

greenschist fac ies retrogress ion of garnet to biotite and hornblende to actinolite was a 

resul t of late M, or M. , which was m inimal in thi s rock due to its relat ively chemical and 

rheo logic competency duri ng D4 metamorphi sm and deformation. 

Conspicuously layered ultramafic and ca lc-sili cate rocks crop out within the 

Black Ridge, Moun t Bangs, and South Spur segments of the VMSZ (Figure 2-2). These 

ultramafi c pods contain the asse rnblage clinopyroxene + garnet + quartz + calcite + 

hornble nde + plag ioc lase + epidote + zoisi te + seric ite , and are interlayered with 

amphibolites, peli tic schi sts, marbles, and possibl y cherts . Diopside is coarse gra ined , 

zoned, and interlocks with andradite garnet and calcite. Wormy symplec ti c in te rgrow ths 

of plag ioc lase and epidote are present , a texture suggesti ve of upper amphibolite to 

granulite conditions (Selverstone, perso n. cornmun). Hornblende layers are coarse 

grain ed and inte rl ockin g. Quartz fill s in grai n boundaries and ve ins, and is interpreted to 
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hc secondary. Few s ig ns of ret rog ress io n of the peak mctamorph ic asscmbl age arc 

prc.!se nt , although lower temperatun; micrOSlrtlClurcs wi thi n the quartz ve ins arc ~bll llda nl. 

An ultramafi c pod within th e Mount Bangs scgment co nt ain s th e assc mblage 

cl inopyroxe ne + orth opyroxene + hercynite . indicat ive of me taIllorphi sm to the granulite 

fac ies . Orth opy roxcnc has bee n int cnsely pseudornorphcd by s"rpentine + hru c ite. with 

highly a ltc red relict co res the o nl y remaining ev ide nce of this minc ra l. C lino pyroxe ne is 

coarse grai ned and cuh ed ral. A Ithough the granul i tc fac ies melamorph ic assemblage and 

tex ture is we ll prese rved , retrog ress ion of pyroxene to serpentine and bruc ite represent s a 

gree nschi s t fac ies react io n that probabl y occurred du ring 0 .\. Ultramafic rocks wi thin the 

C abin Canyon s"gm" nt contain Ihe granulite assemblage ort ho pyroxe ne + hornblende + 

bio tite + pl agioclase ± clinopyroxene and 3rl! coarse grained, interl ocking, and 

unrclrogressed. 

G raniti c, granodiorit ic, and psammitic rocks contain the assemblage quartz + 

plag ioc lase + K-fddspar + biotite ± muscov ite ± garne t ± epidote ± ho rnblende ± 

actino lite. These a"cl1lblages arc s trong ly lle fo nnab le un der IOlVer amphibo li te and 

greenschi st faci es deformation condit ions due to the struc tura l ineo mpetcnce o f quart z 

and feldspar relative to mafic mincrals , and thus rarely preserve the hi gh tcmperaturc 

mi c ros truc tures prescnt within the pc liti c and u ltramafic rocks . Without exception , a ll 

g raniti c rocks within the VMS Z show somc deg ree of lower tcmperaturc de formati o n. 

and most are strong ly mylo nit ic. Quartz mic ros tru ctures ind icate deformati on occurred 

predo minant ly by subgrain rolati on and cl imb-acco mmoda tcd di s locatio n c reep, whereas 

fe ldspars deformcd by intern al kinking and development of mcchani cal twins, bri ttle 

frac turin g, and rec rystalli zatio n-accommodat ed di s location c reep, together suggest ive of 
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lo wcr a mph ibo lite to greensc hi s t de fo rm ation cond itions (350-500"C , Hirt h and Tul li s . 

1992). G a rn e t has heen retrogrcssed and loca ll y pseudomorphecl by plag iocl ase + epidote 

+/- act ino lit e, resulr ing in a "di saggregation" of ori ginally eu hedr;}] ga rn el porphyroclas ts 

clu ri ng progress i ve s tra i n. Horn blende has broke n clown to form ac t i no l ite . The 

microstructu res and metamorphic relations thus suggest that deformati on and 

Ill etamc rphi sm occu rred un cle I' uppe r g ree nschi s t fac ies conditions. Garnets arc 

comp lete ly pse ucio mo rphed by chl o ri te in the myloniti c matr ix, bu t retain th e ir che mica l 

a nd s tru c tura l c haracter is ti cs whe re th ey were ha rboured within K-fe ldspar 

po rp hyroe lasts (f igure 2- 13), a key textural re lat io nship tying the my loniti c de format io n 

in th e m atri x to re trog rade uppe r-greenschi st fac ies metamorphi sm , " Matrix" 

pseucieo mo rphcd ga rnels di splay fine -gra ined c hlo ri te tail s indicati ve o f dex tra l shear 

sense , and arc inte rnally cut by dex tral shear bands. These observati o ns sugges t that 

re trogression o f th e garne ts was, at least in part , int irnate ly linked with D 4 dextral 

de for mat io n in the VMSZ. 

5. Geo~hronol(lgy 

UfPh monazite dating of the VMSZ 

In s itu e lec tron micropro be elating of mo naz ite grai ns in VMSZ mylonitic roc ks 

was done by the firs t author at the New Mexico Ins titute of Tec hnology under the 

superv is ion of Dr. Ne li a Dunbar, and by Dr. Mike W illi am s anci Dr. Mike Jercinovic at 

th e Uni ve rs ity o f Massachusett s . Monazites we re located in th in sec ti o n by conduc tin g 
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Figure 2-13 Coeval upper-greenschist facies metamorphism and dextral 
strike-slip deformation in the Black Ridge segment, as determined by the 
complete retrogression of garnet porphyroclasts to chlorite within the 
mylonitic matrix and associated chloritic dextral shear tails. Garnets within 
K-feldspar porphyroclasts are chemically and structurally "shielded" from this 
deformation and associated metamorphic fluids and are thus preserved. 

.lL l~.L L . bE.. ~ .t£ . .!i . "' :":~;'.' .. 

Any interaction of these garnets with matrix fluids has resulted in retrogression , 
visible as the chloritic tails on the right edge of the K-spar porphyroclast. 
Abundant shear bands, S-C fabrics , and sigma porphyroclasts give dextral 
shear sense. Scale 3cm wide. 
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"u lo lnaleel hack -sc"ne r t:icC II\)[[ Scans for Ce "nel EDS po inl anal yses on Ihe JEOL 

:iROOL V scann ing ckclro n microscope al lhe LJn ivcrs ily of New Mexico . X- ray maps 

"nd spol ana lyses o f U. Th , Pb. and Y we re conciucl cd fo r se lec led monaz ile gr"in s us in g 

Ih e Cameca 5X 100 e lec lro n al Ihe NM Tech and Ihe Cameca SX50 at UMass. T hi s 

melho, : is still evo lv ing, anci new techniques are currentl y be ing used for ca1cu laling 

hackgrounel matrix values (Williams pers. com m .. 2002). 

Monaz ite can grow as a primary mine ral from a me ll. " hydrotherma l mine ral 

durin g flu id flux , o r a melalllo rphi c mineral durin g IhlTln: ri /eleformati o ll evenls (Will iams 

c t aI. , 1999) . In order to place tim c co nst ra ints on dcfon nalion,,1 events, monaz ilc g rowth 

must he corre lative w ith devdopmc l1 t of a tec tuni c fahric. M onaz ite cO llllllon ly grows as 

a rim on an o lder core (Williams e t aI., 1999), wit h rirns g rowing preferenl i:rll y in the 

d irec ti on o f in fini lcs imal e longati o n during strain . Thus zoned , sy nde formali ona l 

monazi tes were targeted ror ana lys is. 

Pre liminary U-Ph lll ona7. il C ages from nl yloll itic rocks in Ihe Elbow Canyo n 

scgllleni of Ih e VM SZ yie ld age clusters in al leasllhree di s iinc i interval s, cOlTe ialive 

wi th Illlriliple growl h patle rn s and chemica l U-"l'h- Pb zonin g vis ibl e in backscalle r images 

and compositi onal Illaps of the grain s (Figure 2- 14 , Tab le 2- 1). Earli es t grow th oCCUlTed 

c irc~ 1695 Ma, dete rm ined from core anal yses o f zo ned mona7.i tes and cons islcnl w ith 

Ihe z ircon ages desc ribed above. This growth ~ppcars to be associated wilh Ih e reg io nal 

uppe r amphibolite 1vI ] o r iVh melamo rphi slll and g ranil ic pl lll o ni s lll. Progressive 

11l0 nazil e growth inl e rva ls arc recorded at 1600 and 1550 Ma, with pea ks a lso reco rd ed ~t 

1670, 1650, 1630 , and 1500 Ma. Monazile growth rilll s arc s iructura ll y asymmctri c , and 

commo nl y e lo ngated para li c l to the compos ite h igh-Iemperat llre 5 2 1 S, :lnd lowcr-
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SEM "Black-body" Back-Scatter Image of 
monazite 0295a 

Monazite 137 Relected light photograph: 150 X 150 um 

_. LiLa 
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Monazite 139 

Figure 2-14: U-Pb monazite spot-analysis ages from the L» S mylonites in the Elbow 
Canyon segment. See text and Table 2-2 for details. 
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temperature 5.1 fol iation. At p rese nt , we inte rpret th e ages determin ed from monaz it e 

ana lyses to record di s tin ct monazite growth interval s that post-date I ,6BO Ma dur ing D3 

and D~ tecto ni s m. 

We recognize the alt e rnate possibi lit y: that the dates may be suspect, as the 

microprobe dating method is rel ative ly new and under de ve lopment (Williams, pe rson. 

co mmun. ). However, we note that diffu sio na l Pb loss from mo nazites is bel ieved to be 

neg li g ible be low its 700 + deg ree closu re te mperature. Also , the boundaries between 

compos itional domains arc sh,,,p and the co res of th e grai ns g ive ages expec ted for th e 

Yavapa i orogeny ( 1700- 1690 Ma), s imil ar to the Grand Canyo n samples (Karl strom e t 

,Ii., in press). If partial di sso luti on we re the ex planation for the daughter loss, we would 

ex pec t tex tu ral ev idence for thi s type o f process, which is no t ev ide nt. Admitted ly , ne w 

work suggests that choice of background from which peaks arc calculated is a critica l 

step th at can res ult ill mi sca lculation of dales (Williams, perso n. com mun .) , so we 

ente rtain the possib ilit y that the 1600- 1 SOO Ma dates may be too you ng . Pre liminary 

1690- 1670 Ma dates from th e Cab in Canyon shear w ne may confirm thi s hypothes is . 

If the dates are ro bus t, the YMSZ prov ides ev ide nce of rec urrent mobilizatio n of a 

partiti o ned , inboard crustal weak zone over a time interval of tecto nic convergence of 

severa l hundred milli on years ( 1.7 - 1. 5 Ga). Monazite struc tural asymmetry , and 

ev idence th at the g rowth of other me tam orph ic mine ral s was sy nchrono us with the D, 

deformation , suggests that these dat es may ill fact be rep resentati ve of the long- li ved , 

com plex hi story of the YM SZ. Monazite rim dates o f 1,600 and 1,550 Ma, whil e 

preliminary and requir ing furth er analysis , may record deformation during a time-period 

where llluch o f the res t of the so uthwestern U.S. was tec ton icall y stable. De tail ed 
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stru ctural and geoc hrono log ical s tudi es of mylon it ic shear zo nes comparab le to th e 

VMSZ have not. to our know ledge, been conducted in th e Proterozo ic ex posures of the 

Mojave crusta l provincc wes t of th e VMS Z. Further wo rk may help confine the nature 

and pervasi veness of thi s event. 

U-I'h dating of apatite 

Apatites were dated using the U-Pb apatite- fe ldspar method (sec Chambe rlain and 

Bowrin g. 200 1) by Sam Bowring (M IT). Samp les were co ll ected from Blac k Ridge ancl 

from Whililey Pocket (Figure 2- 15). Dates were 1446, 1424 , 1423 , and 1410 Ma. These 

are interpre ted to record coo ling of these rocks through abou t 450"C at thi s time . and 

confirm that the Proterozoic c ru st was hot during the circa 1400 Ma event. Whil e these 

dat es lend suppo rt fo r th e idea that the D4 event may have been at 1420 Ma, thi s is not 

supported by the monnite dates. Alte rnati ve ly, we suggest that the circa 1400 Ma event 

may have in vo lved crusta l heat ing to Ca. 450"C, but with littl e defo rmation in the 

immed iate area, cons istent with th e stru ctural and metamorphic ev idence for rapidl y 

ex huming con tinual deformat ion, and the monazite dates. We note the appare nt lac k of 

de fo rm atio n within the - 1400 Ma Gold Butte granite (Vo lbroth , 1962), roughl y 50 

kil o meters to the south of the North Virg in Mountains. 

39Ar/4()Ar thermochronometl'Y 

Several amphiboles (5), micas (9) and K-fe ldspars (9) were dated by the 4U Ar/39 Ar 

age spec trum techn iquc. Analytica l data and detai ls of the methods, and appa rent ages for 
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the micas and amph iboles. are su mmari zed in Append ix A. Sample locat ions appear in 

f'igure :2- 15. Composite age spect ra diagrams are gi ven in Figu res 2- 16, 2- 17, 2- 18 1'0 1' 

the amp hibo les, micas and K-relcls pars. res pec ti ve ly. The results ex hihit vari ab le 

complexi ty, but in most cases an appare nt we ightecimean age (rere rred to as a p lateau 

age) is repo rt ed fo r each sampk (see Figures 2- 1 (i to 2- 18 , Summary) . In nearl y a ll cases , 

th e MSWD de te rmined for the p lateau ages are ve ry hi gh and ind icated scali e r in 

apparent ages well above that accommociated by ;lIw lyti cal unce rt a int y. The usc of the 

term p lateau age here c10es not imply conco rda nce o r the steps used to ca lculate the age. 

rather it is des ignated as the age th at may best correspond to the time of c losure of a 

given mineral. 

Amphi bo les: 

Am phiboles have ass igned ages ranging from 1524 to 1668 Ma with 4 of the 5 

samples railin g be tween 1630 to 1668 Ma (A ppendix A, Summary). Amphi bo le age 

spectra comp lex iti es are mainly related to ei th er excess argon (e.g. Q81 ) or contamination 

by a rel atively hi gh K, low argon re tentivi ty. phase (e.g. Q60B , Q90A). In the caSe o r 

Q8 1, the to ta l gas age is -2050 Ma and initia l steps are o lde r than 9 Ga, clea rl y indi catin g 

an excess argon component. Samples wi th a high K contaminant arc gene rally recog ni 7.eci 

by an in ve rse relat ionshi p betwecn age and K/Ca va luc. Because amphibo les and the ir 

youn ger fin e-grained contamina tin g phases ci a not degas ident ica ll y in thc labo ratory, the 

age spectrum complex ity can be understood in terms of which phasc is dom inatin g the 

gas release. In the case of Q60B , approximate ly 90% of the spec trum exhibi ts the 

relatio nship of youn g apparcnt age co rre lat ing w ith high apparent KJCa . Couplin g these 
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Figure 2-17 : Biotite Ar / Ar analyses from the North Vi rg in Mountains. Station locations appear in Figure 2-15 
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Figu re 2-18: K-feldspar Ar-Ar spectra for the North Vi rgin Mountains 



consequences to the am phi ho le age spect ra with more suhtl e effects ~ssoc iated \Vi th W Ar 

recoil and argon loss (a:-.soc iated \vi th complex geological histor ies) makes high prec ision 

interp retat ion of the amphihole spectra im poss ible. For ins tan ce, the IS24±S2 Ma 

appare nt age ass igned to Q 108 is anoma lous relative to the other samples, howcver its 

age spec trum alone docs not indicate any more complex ity than th e othe r samples . It is 

suggested that thi s sample has unJergone partial argon loss follo win g initial closure to 

argo n diffusion (i.c. Shaw , 200 I un pub lis hed PhD thes is) related to e ither alterat io n or 

reheating. O vera ll thi s samp le docs have hi gh KlCa and hi gh hul k K, O compared to the 

other samples and may indi cate that it is pe rvasive ly cont ami nated wi th ano ther less 

rete nti ve phase. 

The 4 amphiboles with apparent ages ranging from - 1630 to 1670 Ma arc 

interpreted as recording the approx imate time of argon closure. Based on va ri olls studies 

su mmarized in McDougall and Harrison ( 1999), the amph ibole ages prohably correspond 

to a temperature of ca. SOO°C , consistent with s tructural and metamorphic observations, 

and pre liminary U/Pb monazite ages, which suggest peak metamo rphi sm (-700"C) and 

de formatio n oCClln'ed prior to 1700 Ma, and de fo rmati o n through 1700- 1600 M a was 

marked by retrograde metamorphi sm and progressively lower temperature 

microstruc tures suggesting an amphibo litc (>S OO"C) to greenschist «500uC) rac ies 

th e rm a l path. 

Mi cas : 

Like the amphiboles, the micas are variahly complex (Fi gure 2- 17, Append ix A). 

The hio tite complexity is probab ly best exp lained by non-uni fo rm inte rnal age 

d istribu tio ns resul ti ng from extended periods near the mica bul k c los ure temperature and 
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;Lrgon loss associ ated wit h "I teration . .\hnl' hiotites sho\\' evidence 1'0 1' retrogression to 

ch lurilc. confirm ing the influ ence of the latter. S ix or the X hioti te samples ha\'(' ;1 1., ... i~nL·d 

ages o r 1 ~3 6 to 15 14 M;L. whereas two s;Lml'ks are anomalous ly young (Q I 19. OFT- IS) 

and arc not ass igned a plateau age. The highly di sturbed and anoillalous ly yo un g 01''1' - 18 

sample is recogni z'lb ly ehloriti zed and has an apparent K20 or onl y -2%. 0 I 19 ai,,, has 

l've ra ll low K (-6'1<.) with IlI l'st stcps in the age spectrulll ranging frolll SOO to I OUO ~ Ia. 

The rinalll'IV K biotite. Q6013. reveah apparen t 'Igcs c lim bi ng 10 nearly 1-1 20 :vLI. '1I1d 

there rore low bulk K20 docs not necessar il y always corre latc to low apP;Lrent age. Bioti te 

samp le Q'!OA has an overall rlat spec trulll , but it s age or 1514 M;L is much older th' ln ;LII 

the other biotite,. A single muscl'v ite (OR I) frolll the study arca was analyzed ,mel it 

reveals" I' ai rl y flat spec trum with an assigned age or 1375 Ma. 

Consideri ng the re lat ively slllall stud y area . there is substantial spread in the 

bioti te apparent ages. There dl'es not appear to be a systematic varia ti on in biotit e 't~e 

re lati ve to map paltern. therefore the wide range in apparent ages arc though t to he related 

to variations in argo n retentivit y and loca l therll1al hi story. Excep t for sam ple (l ')()i\. the 

mica data are consistent with the interpretation that the region was abl've the nonrilla l 

closure temperature (350"C) 1'01' micas and the complexi ty of ind ividual spect ra is 

probably re lat ed to parti al argon loss relatcd to the re lati vely hi gh post 1.4 Ga 

temperawres. suggested prev iousl y by the U/Pb apati te data (pg 2-52), and by the K

feldspar data di scussed below. 

K-fe ldspars: 

K - fe\dspar age spec tra arc characterized by significan t age gradi ents that rCfl l!C I 

the complex therm al history of the reg ion . Several sampl es ha ve initial ages younger th an 
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525 Ma and therel'orc re prese nt Cre taceo us or Te rti ary exhumation of baseme nt thatlVas 

abm'c 150"(' l'o llolV ing depo,i tio n of the Tapeats Sands to ne in the Cambrian, Samp les 

near"st the Tapeats unconforlllity do not reveal ages youn ge r th<ln the Tapeat s , desp ite 

th e ir Mioc.:: nc ( 15- 10 Ma) apat it e I'iss ion -track ages (Figure 3-5, C hap ter 3), wh ich 

approximate coo ling th rou gh I IO"C durin g that ti llle intc rv<l 1. Th is suggests lon g 

rc:s idc nce (g reater th an 1100 il Ly.) of thi s c ru s t at temperatures between 250"C and 

110", 

In ge ne ral. samples tl,at rewalt he mosl post 500 Ma argon loss also yie ld the 

youngest hi gh-tem perature age spectru m ste ps. This obse rvati on is co ns is tent with dce pe r 

Precambrian paleode pths bei ng ex humed durin g the Cretaceous andlo r the Te rt iary. 

Exc.::ss a rgo n contal1linating Ihc init ial apparcn t ages couplcd with ove ra ll smal l deg rees 

of PhanC:J'Ozoic argo n loss make it il1lposs ible to d is ti ngui sh be twee n ex hu mat ion in the 

Cre taceous versus the Te rtia ry (see C hapte r 3). 

MUltiple d iffusion do main thc: rmal hi s to ry mode ling res ult s for the K-fcld spars 

arc sUlllmarized in Figure 2- 18, al thou gh severa l il1l portClnt de ta il s are no t rigo ro usly dealt 

w ith here . The Ill oue ls indi c;lle tClllpera!U res passi ng between 250 to 350°C at about 

14(JO lVIa, w ith some sam ples being above 300 °C as late as ca . 1100 lVIa (QFT-24bl, 

Samp le Q I 19 appears to record hi gh temperatures as laiC as ca. 900 Ma and Illay exp lain 

the overall young hill tit e fro mlh is sample. Il owever. this sam ple was fou nd to be highl y 

;lIl c red to se ric ite and th erefore it s util it y as a rel iable the rmochrono mete r is suspec t. The 

K- fe ldspar cooling h istories recorded by these samples are s imilar to ma ny others fmm 

Ihro ughout the Sou thwes t USA anci will be the subjec t of addi tio na l study that is no t 

di rec tl y re lated to the hi gh-tem pe rature history of the NVM, 



6. I'aleoproterozoic tectonic evo lution of the North Virgin MOlllltains 

In th e North Virg in Mountains, c ryrt ic DI structu res record northeast-southwest 

sho rt enin g and associat ed large nappe fold s of unknown vergence . S 1 fah ri cs arc 

associated wi th upper-amphibolite to granulite facies metamorphi c textures and 

a~semb lagcs. Northwest-striking D r fabri cs have also been doclimented ill the G ranite 

Gorges o f the Grand Canyon ( lI g et a I. , 1996). the Cerbat Moulltain s (Due bend o rfer et 

a I. , 20( 1). and the Grand Wash C l iffs (A lbin and Kar ls trom. 199 1). all of which arc 

wi thin the eas tern Mojave pro vince. This no rthwest- trendin g D I fabri c is a lso present in 

the Yavapai pro vince in central Ari zo na ( Ka ri strolTl , 19)):)). Although th e nature o f the 

contact betwee n these two provinces is st ill poor ly unde rstood , the similarity in DI fabri cs 

ac ro ss the boundary zone, and the ubi q uitous hi gh-temperature meta lllo rphi s lTl assoc iated 

w ith DI in the Mojave, sugges ts that SI rnay reco rd ev idence o f Mojave - Yavapai en!> tal 

assembly and th e suturing of these te rrains between ca. 1740 and 1720 Ma (Duebe nc! ori'cr 

ct aI., 200 I ). 

The carli est defo rmati ons remain inco mpletel y understood, but we speculate that 

the "exotic li thology" be lt in the NVM Illay represent obd ucted pieces of a subc!uc tec! 

ocean ic lithosphere or s li ces of arc c ru st in an int rap late deformati on zo ne. 

Distinguishing between these hypotheses is difficult and must be done geoche mi call y 

( i.e. Kari s tro m and Seaman, 20(1). In e ither case. th e ju xtapos ition of deep c rus tal rocks 

(ultramafi c roc ks) with quiet marine sedimentary roc ks (c hert s anc! pc lites) and 

metahasalts (pi ll ow lavas) rep resent dramatic ve rti cal tran sport alon g these de formation 
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zo nes. The current NE-strikc of these bodies docs not necessaril y confirm tha t they wcre 

emplaced during D " although this e vcn t was ce rt ai nly ch aracte rized by int ensc vc rti cal 

transport, given th e abundance o f I ,- tcclonil i7.cci intrusions, juxtaposi ti un of differin g 

c rustal levcls ac ross thc YMSZ, and stre tching struc tures such as stron g lineati o ns and 

sheath fo lds. Scattcred ultrama fi c hodi cs sou th and north of the YMS Z Illay re present 

rem nants of a severe ly dismembered suture zone that formed durin g 1)1. Given th e 

strllc[Ural complexities creat ed during orthogonal orogell es is, es tabl ishing the timin g at 

wh ich these u ltramafi c rocks we re cmplaced is diffi cult. 

The O2 event res ult ed in the fo rm atiun o f north -st rik ing. sub ve ni cal fabr ics that 

mostl y ob literated the record of 0 1 ddorm ation. Thi s was fo ll owed by the rotation and 

reac tivation of S2 intu th e northcast-strikin g 5 , ori enlati o n du ri ng 0.1, sy nchronous with 

nonhweSl-si de-up thrust in g along the VM SZ and intense granitic magmati sm, prohabl y :1 

resul t o f decompress ion Ille l tin~ in this reg io n. Whil e thi s eve nt is bes t viewed as a 

progress ive change in th e s train fi e ld from E-W to NW-S E contrac ti o n, most litho logic 

contacts in the NYM (Domai n lIT) str ike to thc no rtheas!' confirm ing the inlens it y of 

NW -SE cOnl ractiona l st rain s assoc iated with 0 , . In the Lower G ra nite Gorge of the 

Grand Canyon, and e lsewhere in the Ya vapai pro vince , Karl strom an d Bow ring ( 1993) 

suggested that it is the northeast-strikin g S2 foliation th at records the ama lgamation of the 

Mojave and Yavapa i prov inces at ea . 1700- 16g0 Ma with thc rest of Lau rentia. Jess up et 

al. (in prep) have provided an intrigu ing model whereby an arcuate subduc tion sys tem 

(analogous to the Ban da arc) co ll ided with the Archean W yom ing prov ince from 1.75-

1.70 Ga, resultin g in earlier NW-st ri king fo liat io ns, clockw ise rotat ion o f the st rain fiel d 

from NW to N E , and wclJ ing o f terra nes to LaurclHia by 1.69 Ga . The s i1l1 iliarity in style 
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and c lironology o f struc tu ra l O\Trprilll ing in the North Vi rgin Mountains area may record 

s imilar continued progre ss ive de formation in SW Laurenti a . 

The cessation of major gra nitic magmatism and conseq uent coo ling of NV M c ru st 

was marked by the int rus ion o f kucopeg rn ati te d ikes, which locall y c ross-c ut th e hi gher 

te mpera ture fahrics. and hy prog ress ive ly partitioned deformat ion, wh ich cominu ccl to 

record llorthwcst-side-up sheari ng under lowerin g tem perature cond itions ( ]ower-

amph ibolite facie s in El bow C nt yon). This D, eve nt thus records a thermal cominuum 

from penetrati ve upper amphiboli te fac ies deformat io n to partiti o ned , du c til e, lowcr 

amp hibolite de formation condi tio ns durin g NW -SE c ru stal contract ion and assoc iated 

c rustal exh umation. 

Th is NE-strikin g zone was [\:ac ti vatcd during D-i cast-west con trac ti on, resulting 

in complcx ly partitioned deformat io n consis tent with various mode ls or transpress ion. 

In homogeneous strains were partitioned into dex tral strike-s lip domains, " vert ica ll y 

ex trud ing"' pure shear domains, normal-sense "acco lTImodational" domains. and revcrse

se nse con trac tional do mains. These st ra in complexi ti es arose more fro m pre-exi s ting 

s truc tural and rheo logic ani solro pics anel inev itab le infinites imal srrain h"te rogene iti es 

(i.e. Robin and eruden, 1994) than from changing far-fi el d stresses , as Ill etamorphic 

asse lllblages and leX lUrcs. Illicrostru ctures, and preliminary U/Pb Illonaz ite ages sugges t 

that de forlll ation wi thin th ese zones was sync hronous and relared to W NW -ESE 

contrac ti on and dextral transpression. The trans iti o n frolll D, to D4 was marked by 

retrograde metamoq)liic reac tions and fo rmation o f lower tem pe rature Illic ros tru ctures 

indic at ive o f upper gree nschi st fac ies deforlll ati o n cond itio ns, and rotat io n of ve rti cal ly 
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dOl llin at cd s train mark.: rs (lineat io ns) int o suhhorizollial o rient ations (i.c. Cahin Canyon 

~eg lll c n l ). 

7. Implications for supercontinent Rodinia reconstructions 

In reconstructing Precambrian plat e configurations. where stratigraphic record s 

are o ft en absent , determining tectoni c " fin ge rprints" of diffe ren t Precambrian terrains 

may offe r the best method to corre lating c ru st al blocks that may o nce ha ve bcen joined . 

The rifled western marg in of Laurentia ( including the M ojave prov ince ) for med durin g 

the Neop roterozoic breakup of the supercontinent Rod inia. The search for th e rifted c rus t 

that o nce formed the cOlll inuation of the Mojave orogenic belt has leclto con tro ve rs ial 

reconstru c tions juxtaposing Antarct ica (SWEAT, Moores. 199 1). AUSIralia (AUSWUS. 

Karlstrom et al.. 1999), Siberia (Scars and Pri ce, 20(0). and sou th China (L i e t a l. . 1995) 

Proterozoic terran es wi th thi s rifled margi n. 

Pre l i minary 1600-1550 U/ Pb monazite ages from the N V M arc unusua l for the 

southwestern Un ited States . O ther areas of 1600- 1500 Ma deformation are known from 

easte rn Aus tralia (Belts and G il es , 2000). wh ich may ha ve been close to the Moja,'c 

pro vince as proposed by the AUSWUS reconstruc tion (Karl strom et aI. , 1999). 

Ohviously, more de tailed struc tural , metamorphi c, and z ircon and monaz it e 

geochron o log ic studies o f th e Moj ave Pro vince , such as th is one, as well as further 

integ rative stu d ies o f possible rifted counterparts. are requ ired to resolvl: thi s issue . 



9. Summary and conclusions (see Figure 2-1 9) 

I . T he heterogeneolls ml!tamorphic suite in lhe N ort h V irgin M ountains or the eastern 

M oj ave Prov ince incl udes j ux taposed pil low hasa lt. m arb le. c he rt , calc -am phi ho li te 

gneiss . anclu ltramafic rock slivers. T his tectonic mel ange of "ex ot ic lithologies" lllay 

rep rese nt ophio liti c fragme nts withi n an acc ret io nary complcx that was a bd ucted durin g 

D , o r early D2 cont inc llI a l asscmbly and stro ngly de formed during D, . T hi s rheo logica lly 

weak ''suture zone", deemed the Vi rgin M OLlllt :Ji n shear zon e, was repeated ly reactivated 

du ring tec to nic evo lution of tlie N VM in res po nse to the compress ional stresses c reated 

du rin g intracontinenta l orogenes is. 

2. ro ur de form at ional eve nts have been recog nized in the Nort h Virgin Moun ta in s . D , is 

c ha rac te rized by a north west-stri king, m ode rat e ly no rtheast-dippi ng fol iation that is ax ia l 

plan ar to c rypt ica lly de fi ned. macrosco pic D , nap pe folds of unknown verge nce. D2 is 

marked by intense s tcepe ning , re fo ldi ng , and transposi tion o f S , fabrics du ring E-W 

cO lllracti on . D, is mark ed by a rotation an d transpos itio n o f S , a nd S2 fab rics into a N E

stri king, sub-ve rt ica l o rie ntation during NW-SE co nt ract ion ancl NW -s idc-up thru stin g. 

D. complex ly reac tivateclthe NE-s triking S , fol iati o n du ring E -W co ntracti on, resulti ng 

in co mpl ex ly-partit ioned , de xtra l tranprcss ive st ra in s 

l. Ho rn blende A r-Ar ages suggest NYM cru st coo led th rou gh - 500"e betwee n 1670 'lild 

1630 M a. De form ation with in th e V MSZ waS s til l o ngo ing at thi s time , based on IIiOO 

an d 1550 M a sy n-tec ton ic mo naz ite rim ages, sub SO()Ue (gree nsch ist fac ies ) 

Illetamorphic assembl ages ancl texturcs, and slib 500°C greenschis t facies microstructural 

estim at es fro m m ylo nit ic roc ks. Dcfo rmatio n during thi s timc pe ri od has not bee n 
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nrc \'inL!slv dOC LImen tt:d in the southwes tern Uni ted States. rcaffirm ino the tec ton ic . - ~ 

significance of the VMSZ as a substanli all y weak ini raconl ineilial deforma ti on ZO ll e 

which Illay ha ve accommoda ted fa r- ri eld contracti onal deformati on. generated at a 

contillcllt;1i margin more than 1000 kill )Jllelcrs 10 the east. 

4. t\'Vi\l crus t coo led through 450"C at 1420 Ma and through 300-350"C by 1400 1'.1 a. 

hased on highly " ari able biot ite Ar-Ar ages. Ar-Ar plateau ages up to 151 5 M" and 1545 

Ma ill biotite and K-Iddspar respecti vely . sugges t that tht; NVM crust may have cooled 

through 25()"C in thc earl y Mesoprotcr<ll.o ie. before locali zed rehcating at 1.42 C a. 

Youllger ages arc e ither a result of loca li zed c irca 14()0 Ma heating, as ohserved 

th roughou t the southwes tern Un ited Statcs. or complex ities in Ar-Ar systemati cs. At 

prcxc nI. we do not ha ve ev idence that deformation took plaec during circa 1400 Ma 

reg ionaltec tonislll , despite the similarity in appearance or the VMSZ with c irca 1400 1\1a 

shear zones in the southwestern Un it ed State, . 



Chapter 3: 

Influcnce or Proterozoic and Lnramide structures on Miocene development oj' the 
Virgin 1\loun tain anticline, southeast Nevada and northwes t Arizona: Cons traint s 

I'rom structural and apatitc I'i ss ion-track analysis 

\'l:i rk Q uiglev :lI ld Karl Ka rbl rOI11 , Dcp:IrI 111c nt o f Eanh and PlaneJary Sc iences. 
I in ive rs ity o f Nc w M e xi co 

Sha ri Ke ll ey . New Il'lexico Inst it ute o f T ec hn ology 

I. Ahstract 

T he nonheas t-trend in g Virgi n M ountain antic li ne (V M A) of the Nort h Virgin 

MOll nta ins s tradd lcs Ih e boun dary between the u ncx tended Co lo rado Plateau and thc 

highly ex te nded crll st o f the ce ntral Bas in a nd Range pro vince. T he anti cl ine is 50 kin 

lo ng a nd 2-S km wide , is doubl y- plung ing, and is locall y flanked by o ve rturned Palcol.O ic 

,t ra ta On both limb, . The Prote rozo ic basement in the core o f the V MA now res ick, at 

ekl':\Ii ons of mo re th an 2 kin above sea level. rvllg hl y 2.5 kill hi ghe r tha n the ek l' atio n of 

base me nt in the adjacent Colorado Plateau . T he comp lex geome try o f Mi ocene 

de forma ti on and the high st ruc tu ra l el evat ion o f base me nt in th is regio n was great ly 

s imp li fi ed by Werni c ke an d Axen ( 1988) . who inte rpre ted the VMA as a short -

wavele ngth. isostali ca ll y upl ift ed footwall res u lting from to p-to -the- west normal faulting. 

M ore lkt:lil ed examinati o ns of the VM A resu lted in m ode ls in vok ing no nh-soulh 

shorte ni ng accom panying ex te ns ion (A nderson and Barnhard . 1993). " tectoni c raft ing" or 

lowe r- Illi dd le crusta l fl ow (A nLie rso n et aI., I ()') _1: LlI1gcnhe im e t aI. , 200 I), a nd/or large-

offse t str ike-s lip fa ulling ( Bea rd . 1996: Cam pag na and A yd in 1994: Due be nLiorfer c t a I. , 

199R). The re lat ive illl Port ance o f M iocene isos tatic ve rsus tecton ic fo rces rc mai ns 
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Co lurado Pla teau. The loca tion and orientat ioll or these structure.:. arc l.'olls ist r.::n t with the 

L A hst~act . . I ' . . . 
rq~lolI~il .\ystClll~lt JC spall n~ all( (l rJen tatlon oj L,Lrallllde strllctllrL" :-i III the less t"xlen(iL'd 

Colorado Plateau to the eas\. Our structural slUelies suggest that Miocene extension tl~-

TIll' Il()rth eas t - tr~ n di n £ Vir"i n Moun tain allt icl ine ( VM A) of the I\o rth Vi r~ ill 
10 Ma) illltiated through tortlratioR of steeply (iipping normal fault s in the Mesoz"le and 

MOllllta i)l s stradel le s the boun dary between th e uncx te neleel C olo rado Plateau an d th e 
PaleOZOIC sect ion that so led into basal detachments ill the Cambriall Hright Ange l shale 

h i!:'\ll y cx teJjded C, lI st o r the cen tra l Bas in a lld Ran£e prov ince. The an ti cli ne is 50 kll1 
alre ,n the C,reat Uncun fo rtTlity. resu lting in tectoniC transport of allochthonous 

I.on" all d 2 - ~ km wide, is doub ly-nluno ino. and 'Is locally flan ked bX o ve.rlurned Pa lcolO ic 
i-"'h5'neroLoic sections over para-at ltocfitl1hh ulls lrotcroLOlc baseillent. Similar fau lt 

strata o n bo th lin)bs. The Prote,ow ic bas.el1l~nl t n the core o f th e V 11(\ A now res ide.s at 
'geol1letries are otlserved thruUgtlOut the SOUtil \ irgm Mountains 5() - ~() km to the south. 

ek q ti ol).s o r mQre th elll :2 km'lbuve sea le ve l. ruu ghl y 2 .5 km bi ghe r than the elcv:uio ll qf 
conltrmmg the Importance 01 ow angle detachment taults dunng crustal extenslon In thIS 

base me nt in the adja,:cnt Co lorado.Plateau . The <;com plex geometry o r) vli ocel1e 
region. Apat lte-ftsslon track (Abl) dates range lrom21.i± 2.3 Ma dIrectly below the 

deformation an d the h igh st ructura l e levat ion of b"sement in thi s reg ion w"s ~:eatly 
Cambrian - I'rcc"rnbrian uncon formity to 14.0 ± 2.5 Ma in the core of the VlVIA. 

s impl ifi ed by Werni cke and Axen ( 1988) . who inte rpre ted th e VMA as a short-
indicaling two distinct st~lges of exhumation and cooling. 2 1- 1 () IVla samples contaill 

wave length. isosta ti cal ly upl irt ed foot wal l resu lti ng from top-to -th e- wes t normal faulting. 
shon AFT lengths «13 flI n) with large standard deviations (>2.5 ~m), suggesting longer 

More detail ed examinati ons of the VMA res ulted in mode ls in vok ing nort h-south 
residence ill the AFT partial annealing zone during 21 - 19 Ma slow erosional (pre 
sho rt eni ng accompanying cx tens io ll (Anderson and Barn hard , 1993) . "tec to nic raftin g" or 
extensional) exhumation of a regionally elevated terrain (similar to Grand Canyon). I~ 

lo we r-m idd le c rusta l fl o w (Anderso n et al. . I (J lJ-1: Langenhe im e t aI. , 200 I ) , and/o r large-
14 Ma ,amples contain longer A FT lengths (13-14 ftm) with small standard dev iations 
offset st rike-s lip faulting (Beard . 1996: Campag na and Ayd in 1994 : Duc bendorfer e t aI., 

«2 pm). su~~csting rapid cooling through the AFT partial annea ling zone at IX-14 Ma. 
I lJ9R). The re lative im po rt an ce of Miocene isos tati c ve rsus tec ton ic fo rces remains 
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inlerpreled 10 mark Ihc onsel of regional cXll'nsion and assoeialed rapid exhumation. 

Suhacrialt·\po .... llre of Proter()loic n)cks 01 the Virgin ~ lollntain anticline occurred at 16-

10 ,\Ia. as recorded in s~n-l'\lcnsionall()II~I,"llcrales of Ihe Thumh Memher of Ihe 1101'''' 

Splillf! hmllalion (Beard. 11)l)(1) 'illd Ihl' Red Sandslone unil ([3ohannon, 19X-I). FUriher 

tr:tll\pIC:-''',JOllal dt!I~)rlllatlOl1 J'L'\Ullcd ill IUC:IlI/C'd o\'l.!rturning of these sedimel1ts on tile 

IIe.sl 1'1'"1' or Ihe Vi\ IA. Qualernar) laulllll~ alollg Ihe "cst Iltnh or Ihe V1\ IA eOlllinues 

to rl'acl1vatc Proterolo ic Ill) loni lc lone.'). 

2. Int rodnction and r egional sc lling 

Del ailed geolog ic llIapping in Ihe Lake Mead region or soul heast ~e\'ada and 

norlhwesl Ar izona (Longwe ll el ,11 . 1'.165: ileal. 1965: Moore. 1976; Seager. 1972: 

I l lnl~e. 1')Sh: Wernicke and i\sen. I ')XX: .. \ndcrson and B arnhard. 1993; Beard. 1993. 

1'.196: Billingsley. 1'.195: Billingsley ,md !>"hannon. 1995; Bohan no n, 1991: Bohannon 

and I.uclhilla. I '.19 I: Wililallls el al.. 1997. QUigley el al.. 200 1) delinealed Ihe sharp easl-

weSi strudural transilion from the essenl ially une\ lended Colorado Pl ateau to high ly 

e\tended crust of the Basin and Range (up 10 severa l hu ndred percent ex tension: 

Wcrmckc l't al. 19XX). The hOllndal,) IS loca ll y sharp and clefined hy the Vi rg in- Beaver 

Dam hreakway zone (V BBZ: Wernicke and ,\\en. 19X5) and Ihe G rand W ash rau ll 

( l 'l~ure .1-1). This boundary seellls 10 have deve loped along Ihe zo ne Ihal was the 

hlngelinc lor the PalcOloie Cordilleran Illiogeocline and the eastern e\tent or the thin

s~lnncd Cretaceous Scvier Ihrust hell (Axl'n e l al. . 1990). T his zone ha, apparent l) 
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remained \\'eak since' late Proterozoic crustal thinning related to rifting of Rodinta 

(KarlstrOtll and lIumphreys, I (),)8). 

The Colorado Plateau cast or the VllBZ consists of a hasement or Protenlloic 

high-grade gneiss and granitoids, nOIl-conrO[ mably overlain by a ruughl) .2 J....ilometer 

thick, gently northeast tilled «5 degrees) Paleozoic section ancl 1-2 km thick Mes070ic 

seclion. The Plaleau was less affected hy l\lcsoLoic shortening and Miocene cxtension 

thall the l3asin alld Range region, although monoclines and fault reactivation or 

Proterozoic high-angle raults in the basemenl (i.e. Timmons (I a\., 2(01) record modest 

ha""~l1leJll shortening and extension. Of importance to this study, areas to the west and 

south or the present -clay Colorado Plaleau were elevated relative to the Plaleau in the late 

i\lcsozoic, resulting in southwest-directed deposition of Eocene "rim gravels" onlo the 

Plaleau. Iligh topography 10 the south (tvlogollon highlands) resulted in southward 

erosional heveling of the Phanerozoic sectiot!. and high topography to the \\'(st was a 

product oC the Sevier thrust belt. We arguc that both or these palcogeographic reatLnTs 

inrtucnced the structural and thermal architecture of the Virgin Mountain Anticline 

(VJ\I !\). the basement-corcd. doubly plunging anticline ta rgeted in this study. 

L'next c ncicd Coloracio Plateau to the immcdiate west offers a template or "hat the Vl\IA 

region may h'l\e looled like prior 10 j\ltoccnc deformation. The Plateau is .segmentcd b) 

cunaceous, north-striking, steeply dipping, basement-penetrating raullS Wilh 'ystematic 

'pacing of roughly five kilometer, (T'igure 3-1). These faults formed as normal rault, 

mainl) during Proterozoic inception of the Cordilleran miogeocline, werc invcrted to 

form reverse faults and Illonoclines in rcspoII.I.,C to Late Cretaceous contraclioll (some 

prescn e \'enical orrselS ranging from 100 to 500 meters), and were reaeti\'ated again 
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Figure 3-1: Geographic / tectonic position of the VMA of the North Virgin Mountains, between the Colorado Plateau and Basin and Range, 
and between Laramide monoclines and the eastern Sevier thrust belt. 



Juring ,\ llo~~ne cru,tal e'ten\lon ( Il untoon. I 'NO: TimJ1lon,., ~t al.. 2001: Karl,lrom el 

al .. I')')S). Some. liKe Ihe IlurriC:1l1 c' rallilliale remained aCIIl'e inlo llie Quaternal') 

(Ste\\ alt and Taylor. I <)<)(»). Tlie I hll rieane rault i, one of a fami I)' of ,trueture, tliat had 

llI1portant L~tralllidc slIp (hdSL'd un apatite Ils;-.ion tracK data. i'\acsscr ct a!.. 1l)~9J. hefore 

1I1\"(:r. ... 1011 hy .\IJocene Ilormal f..lulling (figure 1-1). and we infer that the faults hOLlndl11~ 

tlie V~I.\ mal hal'e had a sllllilar hi,.,tory. 

The Basin and Range \\e,t of the VI3I3Z consi,ts of cxten\lonal all ochthon, of 

cast tilled Paleo701c through ~11(k'cll(, strata and a fault geometry that cOllsi .... h or 

c(\l1lpll'xly lin~ed li,tric nOl'lll:d '"HI ,.,teeply-dipping striKe-;.lip faults. Miocene 

dctormatlon '>lrongly overprint ;. the Late Jura"ie to Crctaccou" thin -skinned Sevier 

thrust belt (Burchficl el ai, In..!). \\hleh broadly overlapped with the del'elopmelll of 

Late Cretaceous Laramide contraction faults (Dorr et al.. 1977). Easlernmost Sevier 

tliru't, (the :-'lormon Mountains thrust. ,-\xen at al.. 1990: the Muddy Mountains tlirust. 

Bohannon. 19~3) propagated as hr e.lSt '" the present edge of the Colorado Plateau. 

Thus. tlie VIlI3Z. including the :\olth Virgin :\ Iountains. was in the zone or transition 

net\\een thin -ski nned Sevier and thiCK-skinned Laramide contractional deformation. ju'>! 

'" it n,1" i, a zone of transition between extensional allochthon;. of the Basin and Range 

prollnce that hel\e been translated ten, of ~il omete rs to the we,1. and modest 

di'placcl11enl high-allgle Ilormal faults of the Colorado Plateau. 

Structural gcomclric\ \ 'ar) greatl~ along the Colorado Platcau- Basin and Ran ge 

boundar). and thi, variation i,., important in UtHClVeling the hi ,.,tory of the boundar) 1.0nc. 

The Lake Mead region i,., cha racter ized by dramatic north-south (a,., lVell as ea;.t-lVcst) 

lIlIdul:nion, in vertical structlllal relief of the basel11ent-cover COlllac!. producing 
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topographically high "dollles" cored by exhumed Protcrozoic rocks. These dOllles rcaeh 

peak ele\aliolls e\ceed!ll~ 2-~.:-H) meters ill the r\orth Virgin f\,lOUllt,lills at Mount Bangs, 

}O()O Illeters in the Bca\erciam Nlountains. and> 1600 meters in the South Vir"in 
~ 

i\iountains (Gold Butte hlock). The correlative Proter07oic-Calll brian unconformitl' 

n.:aches depths 01' 8000 meters below sea level in the Virgin River depression (I'i!!ure 3 

I). onc of the deepest basins in the Basin and Range (Bohannon ct al. 19(3). gOO 0()O 

IIleters below sea Ie,el in the Virgin Ri\er (jorge (sec Figure I-I). and 1200-IJOO Illeters 

bclow sea levcl at thc basc of the Hurrieanc cliffs. 

An cast-west transect of thc Cambrian - Precambrian unconformity from the east 

cd!!c of the Colorado Plateau to the Virgin River depression reveals a vertical reli e f of 

roughl) 10 kilomctcrs in a lateral distance of less than 10 kilometers (Figure 3-1). f\ 

roughly north-south transect from the I3c.I\'erd.nn Mountains to the South Virgin 

Mountains rcvcals an estimatcd \ 'ertical relief of this surface of six kilometers. The 

oflgln of thc pronounccd basemcnt-cored uplifts within thc Lakc Mcad rcgion is highly 

controvcrsial, and has been the focus of structural (Moore. 1972; Wernicke and Axcn. 

19XX: Anderson anel Barnharel. 1993: Anelerson el al.. 10<),): Campagna and Aydin. I e)l).): 

Duebcnelorkr et al. 1998: Brady ct al. 200 I; Karlstrom el al. 200 I : Quigley et al. 200 I: 

this study). sedimentological (Beard. 1(90). and geophysical (l3ohannon ct al.. 1903: 

Langcnhcim et al.. 200 I) studies. We suggest that these structurcs have a Mes070ic 

cont ractional ancestry that was aecenLUated during Miocenc cxtension. We note srmibr 

N-S complex ities in thc frontal thrust strucLUre and interaction of thin-skinned and thick-

skinned shortening in Wind Rivers area ( I)orr et al.. 1977) and Montana thrust bell. 
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3. The Yirgin i\lollntain anticline 

The \,ir)!ill \Iountain anticline I\'~ IA) in the North Virginl\ lountain, (Figl1l'e I_I. 

3-1) " a :\1-: trendlll~. ~enerall) fault hounded anticline cored hy highly deformed. 

granulite to amphibolite-grade l'aieoj1mterOloic basement rocks. Detailed 'tudy of 

ProterOlOlc rocks in the core of the V~ I A «Ju igley et a l .. 2001; Quigley et al .. in re\ iew) 

coni".,,,, that it is a relati\ely intact and ulll'otated crus tal hlock. quilt' distlllct from the 

largely rotated "roterO/oic core of the Gold Bulle Block to the south (f'igurc 3-1 J. 

Loc;i1i/ed internal faulting separates three part.' to the core of Ihe anticline: the NE

striking Illack Ridge segmen!. the I:NI:-striking Bunkerville Ri dge / Cabin Canyon 

segment. and the :\l\E-s triking \10unt Dangs seg ment (Figu re 3-2). While each segment 

has a slightly differing architecture . the genera l geome try of sparse I) faulted basement 

flanked h) intensely faulted and folded Ph"neroLoic rocks permits chareteri/ation of the 

gross struc ture as an anticline. The \,~ I A core is flanked by relativel) flat -ly ing 

PhanemlOie rocks to the northeast (the Color"do Plateau ). north -clipping Paleozoic rocks 

to the north, and complex ly folded ,nld faulted Phanerozoic roc ks to the west (Basin and 

Range) and sout heast (VBI3Z). forming the dou bl y plunging, eas t-tilted structure. The 

east Ilinh of the V.\1J\. 'i1thDugh /aulted. is mostly intact. co n,isting Df mDdc ratel y east

clipping Cambrian through ear ly i\. li occne sedimentary rocks sepa rated by erosional 

d i:-.coll form i tics. . on h-Ilort hea.st str i k i Il~ (. amhri an tli rough Tri ass ie ~trala obtai n vcn iea I 

dip., against the Spoon / Front I'ault in the vicinity of Mount Bangs (Figure 3-2. 3-8). 

Ph anerozoic rocks al ong llle west limh arc hi ghly altClluatcd, and L:xposcd only in th e far 

northwest and in Bunkerville R idge (Figure 3-2). In the far north\Vest. the lower 
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..;J ,"> Figure 3-2: Location of major basement-penetrating 

faults in the North Virgin Mountains. The VMA is segmented 
into the Black Ridge, Cabin Canyon, and Mount Bangs segments 
separated by topographically low structural "divides". Faults parallel 
NE and N-striking Proterozoic foliations and shear 
zones (~), and can be observed to reactivate these 
highly fissile fabrics throughout the VMA. See text 
for details. Location of Figure 3-7 cross-section shown. 
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Camhrian section h great\: tlllllllcd an .. 1 0\'('1 turned 50' In the east agall1st ProtcJ'o/oic 

rnck. .... 111 ;t north ·strikillg- rC\'L'rsc fault rdati{lIl<.;hlJ), Hunkcl'villC' Ridge is COIllPOSl'c! 01 

east -nollheast strikIng. sublcrtical to ovcrtulllcd late i'alcOIoic iimeqoncs. ~lcs",oic 

clastic rock.s. and \llOcellc conglomerates. angularly ovcrlalll to the north h) PIHK'CIlC 

and QU:llcrnarv allu\l~tI strata 01 the Virgill I{l\'cr depresslOll, Between the:-.c I\\U arca<.;. 

the \\cstern edgc ul the V~1A " sharpl~ delined h) thc steepl) west-dipping. I"tllc 

Piedmont fau lt (Figure 1-1.32). which separates footll'all Proterozoic locks from thc latc 

:'\liocenc-Pltoccne ~Iudd) Creck FOllnatlon. Icrticall) offsetting thc Protcro/OIC

Camhllan unconfolllluy hy rough I) g kilometns (Bohannon .It al.. 199.1), It is likeil that 

the stcL'pl) I\'\\' tilted covCJ" rocks exposed in the far northwcst and Bunkcrville Rldegc 

are huned beneath the :--Iudd) Creck rormallon along th" transcct. 

The position, onentation and gCOInell) of this anllcl,nc are enigmatic, The \,~L\ 

stladdles thc ('"Iurado Plateau-Hasin and Range boundary. lI'ith Its northeast end 

essentially on the ("<)Iorado Plateau (although eiel"<lled) and ih IVcstern end II'cll into the 

BaSIn and Range province (F igure 3-1). The or ientation 01 thc VMA is clockll ise to that 

expected for east-llest shortcnlng rclatcd to 1\lesozoic contraction. and has nelthel the 

OrIentallon nor gcolllclry expected for structu res a:-.!'!ocialcd with roughly ca'''d - \\ l'!'!l 

Miocene otenslonal deformallon (extension towards 26()" III Lake Mead area. AndelSon 

et al.. 1')<)-+: wcst -northwcst extension in th c South Virgin Mountains. Brady. 2()(J II. We 

propos\,.' that this Orientation \\ as strongly IIlfluenced h) the orientation and geometry of 

older structures, The contract ional nature of the VtvlA (fo lding anci ol'erturnlng of heds 

on Its Itll1hs and ""tical uplift of basement rocks) is anomalous rciatll'e to the st)ks of 

exten"iollal :-.lructures seen in the Basin and Range. VMA uplift-hounding rc\'er!'!c faults 



'Ink~ and dip parallel to i\1iocl'n~ normal laul". leading earl) \\'orkers 10 propose Ihal 

upill" such as Ihl' V\I/\ and Ika\'crd:lln \Itllllllains wcre a product of Litle Crctaceou, 

l'Onlral'llOn Ukal. 196.'>: ~Ioore, 1'J72. 1I1111/c. Il)X(, ). sub,equc'lIl) mOlhfied dunng 

\ilOcenc c.\tcnslull. The rt"l.~"ellcc of 1ll0tiCl'dlcl) ca'll-liited carl) ~Ilocelle sedimentary 

rm'ks d"eontOnllabl) merl)i'lg 1,IIed (',e!:leeDus Slrata on the e'bl nallk of Ih e V\I1/\ 

I\\'nn,cke and Axcn. I<)HX: f'i gurl' I-I. Platc I). coupled with regional sludies of fault 

sy"cms and \Iioccllc slraligraph) ILc. Ikard. 19<)6: Hrady. 20011. basemcnt apatrle 

I "s,on-tracks \\ hich y,eld m,ddlc \ lio,·,"II: agcs (f'it/gerald. I <)':) I). comprcs"on:d-Sl) Ie 

folds and laul" in :\eogenc "ra!:, IIJohannon, 1':)83) and geophysica l slUdies of the 

V,rg,n River deprc"ion (lloh:ulIlon el al. 11)')3: Langenhcim et aI., 20(1) led to the 

interpretation Ihat l"lSCme(l[ uplii'ts ,ueh :IS the VivlA were entirely Miocene in agc. and 

that the pre-Miocene hasement-cove l contact ill the region \Vas "colltiJ1uou~ and 

undcformecl" li.c. L'"gcnhcill( t:l al. 20( 1), Reverse movemcnts on north and northcast 

,s lnklllg f:1lI11S and dc\ clopll(L'nt of Ihc dr:lI11atic structural rehel of the V\IA were 

1I11erpretcd as I) foot,,,,11 isostatic rcsponse 10 lectonie denudation (\V~rn,cke and Axen. 

1<)~8): 21 structural culm(l1ations of Ihe north-south shortening and thrce-d ,mens<onal 

,"ain complexit ies accompanying ntcnsion (Anderson and Barnhard. 19<)3): 3) linked 

"nke-shp r"ulting and normal r"ult systcms (Camp"gna and Aydin, 1<)<)4; Beard, 1996: 

Duehendorfer ct "I .. Il)l)~): or -I) upper crustal responses to heterogeneous middle or 

IO\ler cruslal nlm (K,use ct al .. 1l)91: Andc:rson el al. 1<)94: Boh"nnon ~t ai , 20(1), 

None of these stuu,es consid~rcd the role pr~-cx tensional structures played in 

det~rmining the location. oriental 1011. ami geometry of structure, such as the Vi\ l A. 

Furthermore. these recent st ud,cs hay e focused on explaining the complex structure of the 
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\'\1.\ sokl~ as a resull LIt a .\ llllecnc eXlenSlon. l1egicelll1g thc pos,ihilily of a Laramltk 

contractIOnal ance .... tr) to thl .... ~t r llctllr~. 

4. Reactivation of Prolerozok fahr ics 

Il ighly fis."de lIlL:t~lIll()rph ic fo liat ions I II the Proterozoic base ment rocks coring 

Ilie Vl\ l t\ ub iquiloush s lrike pa rall e l 10 Ihe ViV1 A margins. suggcsu ng a ~ey li nkage 

be l ween Ihese older fabrics and Ihe ge nes is o f the anli c line. S iruciural mapping o f Ihe 

Proler%ic rocks rc\ealed a complex hi s lOry or Paleoprotc rozo ic tecto ni sm, resultin g in 

nort h and n Orl hC~l~l~ t r i king. mosti ) Sleep foliations and litholog ic cO llt ac ts . and 

no n heashtriking stecpl) d ippi ng shea r 7() nes (Qui gley e t al. 2002. Figure 3-2). W ith 

fc\V exceptions (Elbo\\' Canyo n fault , lien Spring fault ; f'i gure 3-2), Ili e PhancrolO ic 

revcrse. no rm al. and strike-s li p fa ulls that c ut th e YMA core s tron g ly reac li vat e these 

Paleoprole rozoic foliatio ns and lith o logic cont ac ts. Thus. PhanerolOic hrittle 

ddormauon was partially controlled by the pan itio nll1 g o f rar-rield strains Into weak 

lones wit hi n the ProterozoIc crus\. 

The most notab le o f th cse struc lures is th e northeast-s trikin g Cabin Canyo n rau lt , 

whic h brittlel y reac li vates the i'a leoprote roLoic Virg in M ounlain shear 70ne th ro ughout 

its st rik e length befo re mergi ng \\ 1Ih th e Fro nt Fault at Lime Kiln Can yo n to thc east an d 

the lien Sprin g fau lt III thc wcst (h gu re 3-2), Des pi te a pauc ity o f kine malic indicato rs 

(I.e. s lic ken lines . offsets) the Cahin Canyo n-Front fault has been interpre ted as a I\ l iocenc 

stn ke-s lip faul t With 10- 15 ~ i lomc te rs of left -late ra l o ffse t (Ca mpagna and Ayd in. 199-1. 

WIikllllS et al. . 1997). based o n pie rc ing po ints w ithin Pro te rozo ic rocks. Deta iled 
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mapping of these Proter07oie rocks (Qui g ley ct al. 2002). howcver. relc"ls litholog ic 

hetL'l'ogclll'ity within the Proleroloi e basL'JllC1l1 that precludes all accu rate e\lilllation or 

hasement offset. Although Ieft-Iatnal mOl'c ment is coneeivahle. given demonstratecllcft

lateral displacemcnt in fault s of similar orientation to the south (Ikard. 1996). offsets 

along this and othcr bascmcnt -penetrating faults arc largcly unconstrained due to the lack 

of I rable piercing poinlS. 

The Front fault reactivates a ductile shear 70ne at the contact between granitic "nd 

mct,hedimentary gneiss east of Ijrne Kiln Canyon (f'igun: 3-2). '1 he Hen Spring fault 

reactiva tes the Proterozoic foliation at the southeastern edge of Bunkerville Ridge. where 

it separates Pal eozoic rocks from the basement. To the southwest. it cuts Proterozoic 

litho logic contacts. one of the fCII hascmellt-pcnctrating fault s ill the Vi\1i\ to do so 

(figure 3-2) . 

The Piedmont fault and assoc iated st rands follolV the st rike of the north -no rtheas t 

strikillg Virgin iVlolilltain shear lone alOll); thc western margin 01' the Vi\lA, and 

reactilate strongl} developed foliation planes along the range from (F igure 3-2). Locally. 

reactivated segnrents of the Picdmont fault cut Quaternary fans. confirming that 

Prote rozo ic foliation s cOllli nued to influenced fau lt orientations and geometrics after the 

lllo't inte"se per iod of crustal extension. On th c wcst lilllb of the VMA in the vicinity of 

Mt Bangs. a segment of the Piedmont fault preserves reverse s~nse offset. ~Llgg(,Sli\'c of 

an earli er contractional hislOr). 

The hasclTIcnl-pcllctrating, Miocene extensional faults that segment the Colorado 

Plateau cast of the V.VlA have hacl long hi stories of recurrClll activity. with well 

doculllented \ 'fc soproterozoic. Neoproterozoic, and Laramide movements that coml11onl) 
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reac tivated Paleoprotermoi c basement r"liatlons (i.e .. Huntoon. 11)')0. Karlstrom ct "I. 

I ()()X: TilllIllOll~ et ~lL ~OO I ). \Vc no te that the m ajor. hasement-penetrating eX lensional 

f"ults bound in g the VMA (Piedmont r"ull. Front fault. lIungry V"lle) f"ult: Figure 3- 2 ) 

h:lve :-.illlil<lr gcolllL'trie\ and p:tralkli:-'Il\ \\ith Prolcrul.oic roliation~. and thu s infer thaI 

these faults probably had historic" sim il " r to those within the Colorado Plateau, Earlier 

111()\ements along these laults ulldoubt;lhl) rendered them susccptibk to rc"ctivation 

during i\lloccnc dcfLlrl1latlon. despite highly variable orient"tions with respec ti ve to the 

L'\Il'n ~ i()n di rect ion. 

5. Laramide and Sevier contractional strlll'1l1res 

Il eal (1%5). Moore ( 11)72). ;1\1d Beard ( I ')93) Illappcu north- and northe ast-

trending thrust faults that cut Pa icol1lic " nd MesO/oic rocks in the North Virgin and 

ikalerdam f'vlountains. These faults. lIitieh liC IT consequently folded and / or en"s cut 

b) nOJ'\n;t1 or strike-slip faults meal. 19()5: \ lome. 1972). are interpreted to represent 

Ilont;t1thrusts of the SCl ie l be ll. wilh lesser dis pl acemen ts than the proposed m ain frontal 

thrust exposed in the M ormon and Muddy M oun tain s to the west (Figure 3- 1), In pre-

ex te nsi onal reco nst ru ct ions ( i.e" Axe n et "I.. 1990; Due hendorfe r e t al. 199B) the 

Mormon and Mudd y Mountains arc jux tapo sed with the lkaverdam and North Virgin 

\lou11lains. respectilel). ju'taposill~ lrontal Sevier thrust i'aults wit h th e Vi\li\ region. 

H:lsement-pelletratJng. hig:/J-anglc rCVLT~C fau1t:-. arc also present. in cross-seclions of the 

Vi\ I ,\ t ,\ ,loorc. 197'2: Bohanlloll and Luec it illa. 199 1). Pa leozoic alld Mesozoic rocks a re 

uplUrtled ve rti cally agaimt til e northeast-strik ing. wcst-dippin g Front - Spoon and Lime 
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Kiln rCH.'rSe fault.", (Figure -' ~. \Ct.! FIgure J-5J. ~I geometry rl'miniscellt or the 

.... ~ .... IL·lllaticall) -')paccd. ha')cl1lcnl' pelletral ing I.aramidc n~\'erse falllt~ and ;'h\ociatcd 

outward-verging, monoclinal forced folds of PhanerOl.o ic strata in the Colorado Plateau 

(l.t:~. rVlcriwhitica, Illlrric(lllc !llonoclinc:~). New mapping in the 110nhwest corner of the 

Y~IA reveals a similar fault geometry, where tectonically thinned lowcr Cambrian 

Tapeats sandstone is O\'crturlled 46 degrees to the cast and jux taposed with ProterozoIc 

basement along a north-striking, cast-dipping reverse fault (Figure 3-3), The presence of 

"Se\ler-st~ Ie" thrust faults and "I.aramide-style" re\erse faults, the latter of which hound 

the Protem/oil' core of the Yi\IA to the east and \\est and strike orthogonal to the 

proposed cxtension direction, suggest that thc pre-ex tcnsional Proterozoic-Cambrian 

surface was locall) disrupted and cievated along paired monoclines boundll1g the initial 

Y\,IA uphft (Figure 3- I), This uplift is supported by sedimentological studies of the pre

cxtl'nsional Rainbo\\ Garden :Vlcmber (Beard, 1996) and is reasonable, givcn the tectonic 

pOSItion of the Yi\IA between frontal thrusts of the SC\'ier bdt and Laramide reverse 

faults of the Colorado Plateau, Projcct ion of thc systcmatic spacing intclTal of 

Laramide faults within the Colorado Plateau (Figure 3-1) would plac<.: r<.:vcrsc faults 

withll1 the YMA, wher\? thesc b",emcnt-penctrating faults of ,imilar gcometric, and 

orientations exist. 

6, i\ I ;occnc s tructures 

:vlany structural and tcctonic studies in the Lake I\lcad rcgion have focuscd on the 

gt:omctry. timing. and kinematic significance of i\1iocenc ex ten siona l faults, and \\T turn 
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Figure 3-3: Monoclinal west limb of the Virgin Mountain anticline, consisting of, from east (left) to west (right), 60 degrees west
dipping Muav Limestone, moderately west-dipping to sub-vertical Bright Angel Shale, sub-vertical to 46 degrees east-dipping
overturned Tapeats Sandstone, and Proterozoic gneiss. Similar geometries are commonly observed in Laramide-aged 
monoclines within the Colorado Plateau platformal sequences in the Grand Canyon , roughly 50 km to the east. The angularity 
in dip between the structurally competent Muav Limestone and Tapeats Sandstone is achieved through spectacular tectonic 
thinning and bedding "splaying" within the incompetent Bright Angel Shale. The inferred reverse fault that places Proterozoic 
gneiss at higher elevations than Muav Limestone in this area is interpreted to dip 46 degrees to the east, the dip of drag-folded 
Tapeats Sandstone at the Cambrian / Precambrian contact. 
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the l"t.';ldt..'j to the fnllp\\ lilt! "wdil'\ for;t thorough treatlllLnt of thc\c .... trllctlllT'\. StlldlC-., 

h:tve cellte red 011 thl' "i~rl1irica!lcc or :-.lrikc-slip faulting dUring cru sta ! cxtL!ll~iOIl (Beard. 

I')l)(" Iluhendorkr el :d. 19l)X: Carnpagna and /\)din. 11)9-1),lh" role of l"lstaS) In 

generating hasemcntupllfts (Wern icke and A.\en. II)~X). palimpastic reconstructions (i.e. 

\\'el'l1l c~c and t\ scn, I ')XX: J)ue!JendorJcr 11)')X), and the kinernatic s ignificance of 10\\-

angle n'lIlll:ti faults (\\'el'l1lckc I'm-l: Carpenter and Carpenter. II)SR: Brady. 2000). The 

irnpOilance of strike sill' faulting and IS0SWS) In generating the Vf\,IA uplift remains 

unconstr.llncd. duc 10 the lack 01' quantitative data supporting eithe r of these processes 

(sec [I'l IOllie /1I11'I'1'1'('Wlioll ... ). llerc we fncus on low-ang le normal raults mapped 

lIithin the lIliddle Camhrlan Bnght Angd shale and at thc C;reat ( 'nconformity (Pigure ~-

-I), and prescnt an altel'l1ative lIlodel for the slructu ra l evolution of the V:VIA in 

association with such faults. We interpret these extensional faults to have crrcctively 

(lecoupled the ProlelOlOie basclllent from the lowcr Cambrian section. and the lower 

Call1bndn lrom the rcst 01 the Phanero/oic secllon, and lIere consequent I) the malor 

structures that CXhlllllL'd the COIl' of Ihe V:"\ I A. 

Thc contact bemecn the Cllnbrian Tapeats sands tone and underlying Protero/olc 

rocks IS. In many places. a zone of briule detachment of allochthonous (translated and 

angular) hlocKs abO�e autochthonous or paratochthonous ba,cmc11l (Figure 3--1). Similar 

relationshlp.s are ohse['\ed hetlleen the Camhrian :vIua\' limestonc, the underlying Bright 

Angel sh:"e. and the underl) Ing Tapeats sandstone. In hoth cases. paralOchtonous alld 

,dlocinIHlnou, hang III)! II all fault hlocb u\'cll'ldc sub-hOrizontal normal faults, whieh suk 

from steep dips within the Paleozo ic section into basal detachmcnt faults within the 

I heologll'ally \\'ea~ Blight Angel shale and near thc Great lJnconformit) (Pigure ,,4 l. the 

<)() 
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Figure 3-4: "Rosetta stone" outcrop of normal faults soling into a subhorizontal detachment fault, 
effectively decoupling basement from cover. This outcrop provides an analogue for the proposed 
regional detachment system as observed within the VMA and in the South Virgin Mountains 
(Karlstrom et aI., in prep.) Allochtonous, west-tilted "domino blocks" of Tapeats sandstone overide 
para-autochtonous, sub-horizontal Tapeats cataclasite zones (open circles), fault gouge at the Great 
Unconformity (open triangles), and Proterozoic pelitic gneiss and pegmatite. The domino blocks are 
separated by moderately east dipping normal faults that sole out into a flat-lying detachment fault 
near or at the Great Unconformity, and do not appear to penetrate deeply into the Proterozoic rocks, 
although it is likely that some component of Proterozoic crust was removed during faulting. The 
allochtonous blocks dip roughly 50 degrees towards 335 ~ and also contain evidence of fault slip 
along bedding planes. The Tapeats cataclasite zones appear to have glided basally along, or close 
to the Great Unconformity during top to the SE movement along this detachment fault. This suggests 
that the detachment fault initiated and moved at low angles. The ultra-fine grained fault gauge is 
composed of low-grade alteration minerals (clays) and contains numerous conjugate normal faults 
and shear bands related to semi-ductile SE-NW extensional faulting . The Proterozoic rocks below it 
are partially altered and yield an apatite fission-track age of 14.6 Ma. The proposed extension 
direction is 120°, roughly perpendicular to the trend of "fault block corners" (*). See text for 
details. 
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latter 01' which rcpresents a fundamental strength change from hasally weak, vertically 

:--trollg Tapcats strata to hasally strong, vertically weak PrUltT070ic foliations. At thc:ir 

ha,e, the,e faults arc not unlike ramp-flat decollemcnts, except they record crustal 

extension and tran,lation of hanging walls along low angle (2_10°) fault plancs, thought 

to he theoretically unfavorable ror slip (,\lIders()III//{'orv, Anderson, 1944), 

Consequently_ the Bright Angel shale tli.l.,plays dramatic tectonic thinning alld angular 

(>60!l ) internal bedding refractions hct\vCCIl overlying and underlying Inure COlllpctcrll 

strata. Normal and antithetic-normal faults within the rv1uay jimestonc arc cOllllllonly so 

deflected by thc Bright Angel shale that the base of the Bright Angel shalc I top of the 

Tapeats sandstonc contact is undcformcci. The best-exposed cxample 01' these 

detachment faults ill the VylA is at the Ilorlh clld of the VVlA, wherc the Protcrozoic core 

and overlying strata cOllllllonly clip 10-20 degrees to the north orthogonal to the east -west 

striking Great Unconformity (Figure 3-4), 

Based on our structural data, the following conclusions are drawn regarding 10"

angle faulting in the VMA: I) extensional hlock faulting along low-angle dctachment 

faults extensivelv dccoupled Protcrowic hasement rrom its Phanerozoic cover. and wa, 

associ'ltcd with extension towards 120" lie, towards the adjacent, relatively stahle 

Colorado Plateau): 2) this style of deformatioll was presumably early ill the period 01' 

Miocene extension, as the detachment surface now arches over the VMA core and gently 

dips "uphill" (west) where normal fault blocks show top-to-the-east, normal 

displacements (Figure 3-4). We do not c1iseount the possibility that movement 011 tire 

basal detachment was synchronous with doming of this surface, however we favor thL' 

former interpretation, given our assertion that doming of this fault surface wa:-. related to 
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the morl' dramatic, top-to the-west normal Llulting anei exhumation ot' the YMA: J) that 

sillliial dl'tachillent fault ~c()met ries ohsenecl throuohollt the South Yir"in Moun tains ~O-.. C> b . . 

gO km tn the sOllth ( Karl stl'Om et al. in prep) confirm the rcgional prese nce of low an gle 

detachllll'lli bults. and ..... l1ggcst that th l:sC' faults were significant 1[1 controlling the 

geomclry o f Ivliocenc crustal t'\tensiof1. 

])c\elopmelll or wcst-dipp ing lis tri c normal faults cast of the YM!\ ( i, e, Spoon 

fault, \V,'st Branch lallit. G land \\'ash filul t. see " /i'c iOllic (,I'ollllioll .. ,") resulted III the 

w Iwlesaie' eastward tiltin g 01 I'hanerozllic strata On the eastern limb of the VMA. We 

illlcr[Jlct the Vj\IA eo rc to have resided in the hanging wa ll to rhese Llults and the 

root wall to the major fault s to the immed iate west of the upl ift (i,e, Piedmolll fault\. and 

not h,,,e heen significantly ttited during thIS extens ion, The P iedmont fault system is 

intcrplcted to have heen the llIajor fault in exhum ing the core of the V\1A, prov iding its 

gL'Ullll'!I')' IS as we ha\T interpreted it in the cross-sec tional reconstru ctions. 

7, ,\ p:t t i Ie fi ss ion-trac!; t It cnnocitronollletry 

Salllplll1g strategy and results 

Samples for apatite fission-trad, (AFT) thc rllloch ronomctry we re co llectcd rrom 

the I' rotc\(l/oic core ortltc \ ' \ ),\ ill Feblllr'IIY ~OOI, Sample preparation was done b) 

Ke lley 'lild (Juiglc) "tthc NcIV I\kxieo Illst itlite ot'Technology, and fission tracks were 

counted ,uld measu recl by Kelley, The me lhod is ou t lined in Appe ndix 13 , andt hc results 

are sh()l\ n ill Figure 3-5 and Table J-I . 
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TABLE 3·1 APATITE FISSION-TRACK DATA FOR NORTH VIRGIN MOUNTAINS, NEVADA AND ARIZONA 

S,,"11p!e Rock UTM Elevation Number p, p, p, Central P(X)' Uranium Mean Track Standard 
~;:..~nber Type Coordinates (m) of Grains x 10" x tOn X 10~ Age (Ma) (°0) Con lent Length (pm) Deviation 

Dated Vern" tlcm L tlcmL (±1 S.E.) (ppm) (± 1 S E.) Track Length 

OFTl granodloite lIS 0741 41 4 20 2.23 8.32 1.148 14.7±1.1 99 87 13.9 ± 0.4 1.7 
gneiss 4045720 (286) (5323) (4609) (6 1) 

OFT2 grani tic 11 S 0743400 20 092 3.18 1 151 15.9± 1.6 99 33 

gneiss 4048286 (118) (2035) (4609) 

OrT38 quam diorite 1150749392 20 206 7.7 1.159 14.8 ±1.1 99 80 13.6 ± 0.4 2.1 

4054220 (264) (4929) (4609) (125) 

QFT'1 myloni tic 11507'18044 5 0.68 2.29 , 159 16.4 :t 4.9 >99 2·1 

granite 4056172 (12) (202) (4609) 

OFT5 granite 1150747 195 20 0.9 2.29 1.161 21.7 ±2.3 95 24 12.9 ± 0.6 2.6 

below TapealS 55. 40561\ 60 (115) (1 466) (4609) (71) 

OFT6 mylonite 115076 1956 20 0.64 2.09 1 169 17.2 ± 2.3 98 21 

406 114 8 (68) (11 02) (4609) 
'-D 
"'- OrT7 granodiorite 1150767 184 20 0.22 0.64 1.169 18.9±4.1 95 7 12.7±2.0 39 

4062385 (23) (339) (4609) (14) 

OF"-8 granodiorite lIs 0766531 20 0.85 3.21 , 175 lS .0 :t 1.6 >99 33 14.7 ± 0.6 1.9 

4059572 (110) (2054) (4609) (36) 

Or-T'O monzonite and 11502348'18 20 063 1.76 1.176 20. 1 ±2.5 91 18 13.1 ± 07 2.7 

granite 4066588 (79) (1101) (4609) (61) 

C=j12 myloni te 125 0239721 20 0.36 1.06 1.184 19.2±3.1 99 11 13.4 ± 08 1.4 

4074546 (46) (676) (4609) (13) 

0[:"T13 granitic 1250239193 13 0.68 2.71 1.186 14.3 ± 2.0 85 27 

gneiss 4074497 (57) (1127) (4609) 

OFT14 leucograni te 12S 0245335 15 0.46 1.87 1.189 14.0 ± 2.5 99 19 

summit MI Bangs 4075485 (34) (688) (4609) 

OFT17 psammite 1250244732 20 0.77 2.94 1205 15.1,1.7 82 29 14 .0 ± 0.5 1.9 

4045895 (99) (1883) (4609) (56) 

Cr~'J pS[Unllllte 1250243912 20 037 1.43 1212 15.1, 2.6 >99 14 13.7 i. 0.8 1.8 

4075937 (37) (708) (4609) (19) 
'"::;:..-:W granite 1250242728 20 0.82 2.80 1220 17.1::1:1.9 99 28 

4077259 (100i (1700) (4609) 

0FT22 mylonite 12S 0241076 20 0.50 175 1.221 16.6 ± 2.3 >99 17 13.8 ± 0.7 2 

4078220 (63) (1104) (4609) (33) 
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TABLE 3-1. APATITE FISSION-TRACK DATA FOR NORTH VIRGIN MOUNTAINS, NEVADA AND ARIZONA 

SO I"lDle Rock UTM Elevation Number r. p, p, Central Pix)' 

~·JU:T'bcr Type Coordinates (m) of Grains x 1 0~ x 100 X 10:1 Age (Ma) (%) 

Daled Vem" Vem' Vern'" (±1 8 E.) 

0"':':3 biotite schist 1280243296 20 OA9 1.81 , 167 15.0:t:2.1 >99 

4083542 (61) (1131) (4609) 

C:=T2'lA fractured 1280244469 11 043 2.31 1.167 10A ± 2.0 92 

granite 4083477 (29) (776) (4609) 

CrT2ttB biotite gneiss 128 0244469 20 0.66 2.53 1.167 14.6 ± 1.9 90 

4083477 (68) (1296) (4609) 

~\ - ':','I\'_~lnel)US IrJd .. dCIl~tlj p, - IIl{,h,~'L:d u:lek d(,'n~I[) (r..:punt:d Induced [rJock .kmll) i, tWICe til..: mcasur~·d r.h.'IlSLly) 

;";~J:n:'er in r:lfentlll=si~ is lin: number ,,( IrJ..::ks ellunled for age .. :md flue nee calihratiun or Ihe number of track II1l::lsIJTcd for lengths 

I'. ·~.I~k den~ily in 1I1l1SCO\'ilC tldeLlnr con:nng ex -6 (1 0) ppm); Repurted \';lluc determined from ink'rpoLlIion of 

\:1Ill::~ for oet("ctors ("overing st:lnd:Hd~ at the top :lnll hottom o f the r~actor package~ (11Ui.'n.::c gradlclH correction) 
:-:; .~ ':m(~anl ("fror peO" = ehi·squ:1reJ ]lrflh:lhilit) .::: nu d,lI:1 

:::' ~51 X lO';\r',g=()5 LCt.! = ~ 772 ± 3~() for apati1e 

\:C::I:llr;:ck lenglh~ not currected jor length bias lLhlCl! :lnd ,lIhcrs, 19~2) 

Uranium Mean Track Standard 

Content Length (fJm) Deviation 

(ppm) (± 1 8.E.) TrLlck Length 

19 143 ct 1.5 1.5 

(4) 
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Figure 3-5: Apatite fission track data from the Virgin Mountain anticline, with important structural and 
sedimentary / tectonic features. Cross-section A-A shows results from the age-elevation traverse. See 
text for details and interpretation. 
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Sampb QFT I. QFT 2. QFT 3 13. QFT --I. QFr 6. and QIT 7 were collected awa) 

frorn major siruclurt.;s in order ttl ohtain spaced AI·T covcrJgc or thl' \11\11\ (Figure 35). 

I 

i Ages range from 18.0 :t. --1.1 'vIa to 1--I.7:t 1.1 Ma and appear to decrease from west to 

east. rtithough exceptions exi.,t (QFr 3B). Although we could consider the", ages to he 

stati.,tic:tily equivalent. track lengths from the youngest samples (13.6 ± 0.4 pm. 13.t):i. 

0.--1 Pill) arc long relative to the track length frol11 the oldest ""11[1le (12.4 ± O.X ~lin. Tahk 

3-1). although the laller sample has onl) l<-l COli filled tracks. Furthermore. 1. 7-2. 1 

standard deviations of track length frolll the youngest samples arc slllall rclative to the 

older .sample (3.9. Tahle 3-1). Sal1l[1ks QfT 5 and QFf 10 wcre col lected I meter and 

rough I) --100 meters helow the Great L"n confo rmity. respeetivel ). lI'here the overlying 

Tapeats Sandstone rests in depositional COIlIact (autochthonous). The samples sl1()uld 

lepresent the shallowest lel'Ch of Protero/.oil" crust in the VMA. 'lIId yield the oldest AFJ' 

ages: QFT:; yields the olcbt AFr age in the VMA (21 .7 ± 2.3 l'vla). and QFf 10 the 

second oldest (20.1 ± 2.5 \Ila. Table 3-1). 

S'lmple QFr 8 was collected from the Proterozoic footwall of the Hungry Valley 

fault in Lime Kiln Canyon (Figure 3-5) in order to estimate the amount of offset which 

may have occurred along thi s structure. s imilar to studies of Laramide faults by Kelle) ct 

al (200 I) in tile Grand Canyon. This sam[1ie eould not prove or disprove Laramide 

movement on the Hungry Valley fault. as it was at temperatures above 110°C (AFT 

annealing 70ne. age = 0) until 15 1I 1a. Sam[1les QFr 12 and QFr 13 werc collectcd on 

either side "f the Flbo\\ Canyon fault (Figure 3-51\). in order to test Anderson and 

Barnhard's (1993) hypotilesi., that significarllnonh tilting and offset of the basement 

culm inations took place along this south-dipping faull. We expeetedto find the younger 
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AFT age on the north side 01 the fault (uprhrown b lock), howner, this turned out to be 

the older age, If the age difference reriects the earlier cooling of QFT 12, it m,,, 

represent a slightly highercrlls1:tllelc!than QFT 13, and \\'ould suggest either I""t 1-1 

\Lt. north-side-d()\Vll llorm;iI 1ll0\'L'!l1Cnt ;dong;L north-dipping bull. or I('\"erst.:' Sl'll ... e 

movemellt along a south-dipping ('-lull. (liven the right-lateral offsc:t of Tareat~ 

sandstone where thc Elbow Canyon fault I1ll'rges with the Front / Spoon fault I Figure 3-2, 

3 - )1\), \\C bcline Ihe former to he true, cOlltradictory to Andersoll 'Illd Harnhard's (1993) 

interprctation of northward tiltlllg of the north hlock relative to the south hlock acrnss a 

south dipping norillal rault, \\ hich \\'ould halc resulted in e-'p,,,,,re of deeper crustal 

levels north of the fault. 

Samples QFI' 1-1, QIT 17, QIT 19, QFf 20, and QFI' 22 were collectL'd along an 

age-elevation traverse Crolll the Jleak of Mount Bangs (24-12 meters) to the opcning 01' 

I LlllCock Canyoll (900 mder.s, Figure 3-SJi), to determine if a ros.sil geothe,.,n is present 

ol'er a possible crustal depth of ISOO mete rs. A F-~r ages range from 1-1,0 + 2,S ~ la at the 

peak 01 i\1oulll Bangs to 17, I ± 1,9 Ma, and do not record younglllg i\ IT age \\,Ith 

decreasing elevation, as would be expected Cor a vert ically deepening crustal profile (i,e, 

Nacser, 1979: Fitzgerald and Gleaclow, I 99(), and ref'crenees therein, Sec Di.I'ClIssioll IIlId 

1111 (' rl'r~ 10 1 iOIl), 

Sample QFT 23 was collected SO Ineters cast 01 the monoclinal reverse fault in 

the nonhwcst corner or the VI\1A, and similar to QFf 8, yields a I:; Ma age neither 

indicative nor disproving of Laramide movement on thi s fault. Samples QFr 2-1i\ and 

QFr 24B were co ll ec ted frolll ProtcroLoic rocks I meter and:; meter., bcneath the basal 
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dci:lchmcnt Llult at the C;rcat L:"conformity (Figure ~--1-. 3-5). QFT 2-1-A was collected 

frolll qrollgly alterL'd fault gouge, and yields an anomalollsly young age Crable 3~ 1). 

QFT 2"IB yield.s a young age (14.0 ± 1.9 Ma) givc" its posi tion beneath thc Great 

(·"collformity. Since this boundary zonc is hca,ily Caulted and overlain by para-

autochthonous and allochtllllnous Tapeats sa"dstone. and the top 2-3 meters of 

ProlL'ro/oic h:lsement is heavily :1ltcrcd <llld consists or L.lLilt gouge. this young age is 

COIlSiS(CIll \vith n.: IlI(lVa I or ~OIl1C Prolero/.oic crust during inili~t1 detachment faulting 

and/or Iatcr deCormation anc! cxllLllllation (Figure 3-4). 

f)iscu .s.sion a"d lnterpretation 

Apatitc fission-track agcs and track Icngths from the VMA range from 22 Ma to 

14 VIa and 12.7 pill to 1-1-.7 pm (Tahle 3- 1), indicating that VMA crust below the Great 

l lnconformity cooiedthrough -I 10uC in the middle Miocene. Here we address and 

prm'i de tectonic interpretations for four main trends in the data: I) apparent 

soutlmcstward younging of AFT ages from Cabin Canyon (QFf 6. Figure 3-5A) to 

l3lack Ridge (QFf I. Figure 3-5A): 2) lack of a vertical age profile from the agc-

devallon Ir,,'ersc at Mount l3angs (Figure 3-5B): 3) shorter track lengths in 22-20 Ma 

samples rclati,'c to 14-17 Ma samples; and 4) regionally "young" (22-20 Ma) AFf agcs 

from direc tly below the depositional contacts with the VMA Great Unconformity (QFT 

5. QI-T ItJ). relative to their structurally equlvalcnt counterparts below the Gold Butte 

Rinck and the \\estern Colorado Plateau unconformities. 



Our interpret~tion of the apparent southwestward younging of AFr agcs, from 

18.9 + 1.1 f\1a in Lime Kiln ('anjoll and 17.2i 2.3 Ma III Cabin CanY<1I1 to 14.7 + 1.1 \l:J 

in soulil\\'cq I~lack Ridge. is thai they may record the progressi\'(." exhumatioll of <I scmi 

coherellt V~l;\ footwall block during IOP-[o-thc-,..,outhwcst transport or hanging \valls 

shallo\\ly soutwest-dipping normal Cauits. In our interpretation. Black Ridge "'b stdl 

thermally insulated (i.e. buried bencath >3-4 kilometers of crust) while the Cabin Canyon 

and Lime Kiln Canyon crust was exhull1ed to shallower than 3-4 kilometer raleodcpths. 

TllI:-. interpretation assumes minimal movement 011 the lIen Spring Fault. which would 

greatly complicate the rre-extensional position of Black Ridge and Bunkerville Ridge 

relative to the Cahin Canyon segment of the YMA core. We recognize that this 

assumption is controversial (see Campagna and Aydin. 199-1. Williams et al" 1997). and 

also recogni/c that these AIT sample distributions would be greatly cOll1plieated by 

ha\CIllcllt -penctrati ng dcform:llions. 

The agc-elev~ltion tran;rsc at i\10Unl Bangs records no evidence suggestive of a 

crustal profile. indicating that eitlter exhumation was too rapid to record paleodepths 

below the fossil partial annealing zone depth (i.e Gold Butte Block), and/or samples arc 

from a similar crustal depth clue to a "domed" crustal profile (Figure 3-5). Both scenarios 

are likel). given the rapid rate of regional extension (Brady ct ai., 2001) and the arched 

geoillctr) Cli' the Great Unconformity over the north-dipping Protcrozoic core of the 

northern VV\A. respectively. If a trend can be taken frolll the clata. ages appear to 

"young" towards higher elevations, wggesting that the apatite PAZ Illay have heen 

domed during or aftcr cooling of these rocks through their closure tcmperatures (see 

Figure 3-5 and "Tectonic Interpretation" section). 
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The 1\\'0 oldc,t/\FT <l~e, (~1.7 c 2.3 \Ia and 20.1 :!: 2.5 1\la. Figure 3-51 COllll' 

frolll I JIleler and -100 lllelers. respcCli\ei). helo\\ Ihc (,reat Unconforlllit). which 

separates Proterozoic rocks Irolll autochthonous (depositionally intact) Tapeats 

Santl-.tonc. Thc.\c ages arc regionally important hecallse they arc significantly youngl'1 

thall AFT ages from just helow the (JrC~lI Unconformity in the western Cr;l!ld Carlyon 

(61--15 ~Ia: NaC'CIet al. 19X9: Kclle) l'l al. 20(1) and thc Gold Butte bloe~ (50-34 1\la: 

['it/gerald ct ai.. 1991: Relncrs ct aI., 20(0). but preciate the onset of extension in the 

Lake Mead region (circa I X Ma). !\lean track lengths associated with these s<Hllple, 

range frolll 13.-1 P III to 12.X ~tlll (:',al'ser et al. 19X9: FitLgerald ct al.. 199 I: Kelley ct al. 

20() I: Tahle 3-1). notClhlj shorter than track lengths associated with 17-1-1 Ma I\I'T ages 

( 13,(, P JIl to 14.7 P lll. Tahle 3- I. ['it/ger,dd et al.. 1991). Cou pled with large ,wndard 

de\'iation track lengths (>2.:;. Table 3-1). the ,hort track lengths suggest protracted 

residence of 22-20 \1a ,aJllples within the AFT' partial annealing Lone (IIO"C - 70"Cl. 

prohahly beginning at 261\ la (Kelley. per,on cOllllllun). The silllibrity in trac~ length 

and stambrd deliation kngth in S<llllples I'mging fro III 61 Ma (Kelley ct ai.. 20(1) to 20 

[\I:t suggests regional. Illllg-li\·cd. ,\!O\\ coolillg o\'cr a 40 ~la time intcrqli. This 

repr~sents regionally persistent Paleocene to e:lrl) Miocene erosion. consistent with 

sedimentological anci tectonic studies (i.e. Beard. 1996). The onsct of Miocene extension 

is ll1:1r~ed by the abundance of 17-14 Ma AI·T :lges with long track lengths from the (,old 

Butte block :lnd the V,\IA. II'hich suggest rapid exhumation of these crystalline terrains 

durillg the middle l'.lioccnc, in agreement \\ llh dating or ashes in syntectonic sediments 

rFkard. 1996). and struciliral studies. 
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The relativ'cly young 22-20 ~ l a VMA .AFT ages heneath the V'vlA Gre"t 

linconf(lrmity. when cOlllpared to tile 'JO-50 [Vb ages of identical structural position in thc 

(;old [Jutte hl<lcK and the Grand Canyon. eln he resoh'ed when considered in the context 

of prL'-cxtens\o!Jal paleogeography (figure .1-6). In the Eocene. erosional be\'eling of 

I'hanerolOic strata from the northeast, whe re thc VMA was overlain by >5 kilometers of 

Camhrian through Cretaceous strata. to the sou th west, whc re the Gold Butte block was 

overlain hy 2.) kilometers of Cambrian through Pennian strata. to thc far southwest. 

where the Kingman uplift \"is aeri"lly exposed (Young, 1979). rcflec tccithe gentle north

dip of the Creat Unconformity and consequent northward deepening of the ProtcrOl.oic

Camhrian contact. Assuming a regionally cons istcnt geotherll1 of 25"C / kilometer, the 

top 1.5 ~iloll1cters of the Golel BUlle hlock resided in the AFf partial annea li ng Lone 

dunng this time. confirmed by the 50 fvIa to 3-1 Ivl a ages recorded at 0.1 to 1.2 ~ilometer 

paleodepths belo\\' the Cre"t l'llC(lnfonnit)' (Fitlgerald et al.. 1991). Conversely, the 

hase of the /\FT partial anneallllg 70lle was present "hol'e the Great Unconfonni ty at the 

V,\ I;\, due to thc incre~.sed thickness of Phanerozo ic scction. Proterozoic rocks exceeded 

tcmperatures of I 10°e. ancl AFT a~e, helow the Great Unconformity were zero clue to 

full annealing of tracKs. Steady erosion from the Paleocene to early Miocenc eroded 

most of the C,ctaceous section III the VMA , and began to expose Permian rocks in the 

I'\orth Virgin i\ loLlnt"ins by circa 25 Ma (Beard. 1996). Preliminary AFf modeling (see 

l\ppendix 13) suggcs ts that QFT 5 may have cntered the ArT partial annealing zone at 

this tillle. By 22-20 Ma, st ill prior to exte lhion, rocks imilleciiately beneath the Great 

l 'nconformity in the Vi'vIA Wl're well w' ithin AFf part ia l an nealing lone temperatures 

( I 10-70"(,). due to erosion of ovcrJ) ing :Ylesozoic strata (F igure 3-7). 
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Figure 3-6: Simplified paleogeographic sketch map of southeastern Nevada and 
northwestern Arizona during the early Cenozoic, modified from Beard (1996) and 
references therein. Inferred location of the Kingman uplift from Young (1979) and 
Bohannon (1984) . Erosional beveling of strata from NE to SW shown by inferred 
Eocene surface contacts between EP (Cambrian through Permian strata): PT 
(Permian to Triassic strata); J (Jurassic strata); and K (Cretaceous strata). 
Present positions of the Proterozoic core of the Gold Butte block and North Virgin 
Mountains (VMA) shown by heavy lines. During this time, prior to extensional 
unroofing, Proterozoic rocks of the Kingman uplift were exposed, those at Gold 
Butte were buried beneath 1-2 km of Paleozoic strata, and those at the North Virgin 
Mountains were buried beneath more than 4 km of Paleozoic through Cretaceous 
strata. The northward-thickening Phanerozoic section reflects the gentle north dip 
of the top-of-Proterozoic surface from the Kingman uplift to the North Virgin 
Mountains. See text for details. 
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SlIniiar southl\'ard belTI,ng on the Colorado Plateau prohahl, "ccounls for the FOl'ene 

"'IT ages in the II estern (Irand Canyon. IIh lch lies 50-60 kilomcters southcast of thc 

V\lA, '\r~r ages helol\' till' Crcat I 'nconfonnity should al,,) decre;l.sL' lIestllard IIlIo thl' 

Ha..,1Il and Range, with the IllcrL'a~cd dcpo~Jli()Jlal thickness of PalconlH': strata Wlthlll the 

Illiogeocllllc. anu increased structural th i ck. I H.!~S or the PhanCH)loic section due to th in-

s~lnned Sevier thrusting. Thus we expect pre-l'\lensional P, uter%il' crust in the Y"1)1. 

to have been hOlier nonh\\ald. paralklto the m iogeoclinal edge and SCller I ron I. and 

hOllel to the II cst. into the tl" ust tcrr;lin. 

X. T~ ct o ni c e volution of th e \'1\1:\ and regional implica t io ns 

We summarize our hcst h) pothesis for the Late I\ lesol<lic to recent teclon ic 

evolution of the Virgin Mountain anticline a,s follows (sec Figure ,-7): 

I. In the late Cretaceous. thrusting II IIhin the eas tern Sevier belt began to oledap 

spat",II) and temporall) I\'lIh dcvclopmcnt of basclllent-penl'tratlllg Laranllde faults e;l.\I 

of the Paicowic miogeoclinc (i.e. I)orr et al .. 1977). wherc L'<IIHrac lion produced steep 

1(!lcrSe faults and Illonoelinal drag-foIL" in PhanclozolC rocks In the Cirand Canyon II.C. 

Il untoon. 1990). Paired cast and wcsl-dippl ng monoclines developcd in thc forciand 01 

the Sevie r th rust he lt. loc;lIl)' lorming the west and cast limbs of an anticline (the YI\ II\I. 

respectively (f'igurc 3-7 A). The Proterozoic ba,cmcnt core in pans or lh" ,tructure lIa, 

I'Crlleall, uplifted an cstllllatcd 3 kllomelers, relative 10 strata to the east (i"lgurc 3-7,\). 

along a nonhea't-trending a\ls. the oricntallon 01 which II'"S strongl) controlled by 

ba,Clllent roliat lons. S ,lllilar structures developed at ,yslclllatic spacing intervals 
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Figure 3-7: Simplified C["{l-.s-!-.cctional reconstructions of the V irgin i\1ount;nrl anti~lillc. 
from east (right) to IITst (kfl). location sh(mn on Figure 3-2. No vertical e.\af!gcration. 
I)iffi cult) in halancinf! cf'(bs-sectiolh is a result of probable ou t-of-plane llIotlon "n 
P' edlllon t and Spoon faul ts. although unconstrained. 

Circa 25 i\[a cross-section, Fi~ttrc 3-7A: Pre-extensional geollletry ol'lhe Virgin 
1\lountain anticline. bound by the North I'vlonoc line. an unn amed monocline tll the ca.st. 
and Spoon / F ront reverse fall Its. The Protel'Owic eorc of the Y1\1.1\. a lthough c!c,ated. is 
OI'erl:lin by> 4km of Paleozoic and Meso/.oic strata. placin g sub-unconformity 
I' roterO/o ic basemcn t at temperatures above Ihe AFT partial annealing zone (sec text). 
Thickness of the post-Laramide. (1re-25 111 a Mesozoic section as shown by dashed line. 
inferred from regional thicknes.ses of the Moenkopi and Navajo Formations. "arll' 
Cretaceo", section eroded from thi s area. as marked by deposition of RainhOl\ Gardens 
on Jurassic Na"ajo Sandstone. however C retaccous str:Ua lie be neat h Rainho,,' Gardens 
cong loll1erate 5-10 k il ometers to south (i3ohan non , 1991: sec Plate I ). suggesting pre-25 
~ I a IIndul:lting struc tural topography. Rainbow Gardens hasal co ng lomerate is heing 
actively deposi tcd in the Tom and Cull Wash area. an d contains large l'enn i:1I1 claSh 
(Ikard. 19 f)6). deri,ed from the hanging \\'a ll of the cast 1l10nocline fault in our model. 

Circa IS-16 !\la cross-section, Figure 3-713: Early extensional geomclry of the Vi\ IA. 
marked by the initiat ion of Miocenc extension along steep. east-southeast dipping nOl'mal 
faults \\'hich sole int o a subhorizo ntal detachme nt fault system within the i3ri gh t Angel 
Sh:l le and at the Great linconformity ("SE-sidc down movement on de tachment faults". 
see rigllre 3-4). The North Monocline fault reac tivated in normal sense. Rainhow 
C;,mlens Member cong lomerale is aerially exposed. suggested by absence of the 
over lying IX-I-I1\ la Th umh :'I1emher in the North Virgin Mounta ins (i3eard. 1')')61. 
Thumb 1\ l ember actively deposited to thc ">Luh . Apatite fission-track sample QrT I () 

shallowe r than4 kilometers depth. suggcsted by the 20 Ma ArT age (see lC\ll. "hile 
other f\I-T s ites w ith in (17.1 Mal or he lm, (15.5) this depth durin g this init ial extension 
(see text for details ). 

Present day cross-sect ion, Figure 3-7C (modified from B ohannon and I.ucchitta. 1991): 
Includes mOl'emcnt along \I'es t-diJlping listric 1':lUlts (West Branch. Grand Wash). 
l11inimalnormal inve rsion of Spoon / Front and cast Illonoclinc faults. and large scale 
normaluffset along the Piedmo nt fault . sub-paral lel to steeply wes t dippin g Paleozoic 
strat:l. [:1st strands of the Piedmo nt faults arc projected to merge with the main Piedmont 
fault :It depth, and crosscut the Nort h M onoc linc fault. projected from th e south (Fi gu re 
J ·3). Projected ramp-flat geomc try of VMA core "exhuming" faults as deterlllined from 
field ohservations of numerous bedding parallel faults within the Paleozoic and Mesozoic 
section (this study: Bea rd . perso n. cOllllllun.; Bohann on, person. comlllun.). Location and 
depth of20. 1 1\ 1" .l\Fr age projected frolll QFT 10 (Figure 3-5) south of this section. 
Depth of basin f'i11 deposits. and thickness of Mesozoic sec tion in hanging \\all of 
I'i edmont fault inte rpre ted from se ismic imagi ng ( Bohanno n lOt aI. , 199~). 
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Figure 3-7 A: Early Miocene pre-extension: circa 25 Ma 
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throughout the Colorado Platcau during the Laramilk orogeny. allli some Protero/lllc 

rocb helo\\ the Great L'nconIOIllllt) cooled to bel()\\ 50'{' bl 70 \Ia (Kclle\ et al.. . . 

~()() I) . .-\ nonh-sloping. stluetulall~ controlled p,deotopograph) developed. as the' 

Kingman highlalllb to thc ,ollth of th e Vi'vIA formed dUring uplift (rigure 3-(»). In the 

l'onh Virgin i\lountains. "drapin g" of PhanerOloic ,cclion ovcr the ba,elllent lIplll!. and 

the local prc,enee of Sevier thrll't'. kepttclllpcratlll'c, at the Great Uneonfollnit) ah",,' 

the panIOti annealing teillperature of apatitc (>1 10 l".l'igure, 3-5.3-71\). CretaceOl" 

,cd""cnh \\"ere likely ,hed frolll the Scvier high"'nl" ,ou th and \\C,t oithc V\ 1/\. and 

dcpo,ited cast of the Vil-IA. in the IUlUre TOIll and Cull Wash arca. 

2. \'roillthe Paleogene to the carl) Jvli occnc (hgure 3-7A). lillie or nO tectonIC aclI\ II)' is 

rccord in the Virgin Ivlountall1' area. Ero,ion of highlalH" to the sou th and we,t 'tllpped 

Larailli de uplift, of their COl er roc'" and tiepo,itcd Eoccne "rim gravel".' onto tlte 

Colorado Plateau (LLIcchllta. I ')()(,). crmion in the South Virgin Mountaim bcvekd thc 

\1c"'!.OIC anu Paleozoic scction down to the Cambrian section in the south. and thc 

Perllllan section in the north (Lucchilla. 1966: \Iallhews. 1976: Bohannon. 19x-1. 

Lucchllla and Young. 19X6). 'jnchronous with progressive cooling of PrnterollllC nlck, 

helow th e Great L.·nconformit), in th e Gold 13ulle Block (Fit7gera ld. I(),)I). In the V~IA 

area. ero ..... iollal beveling cut clown only to Jurassic and Cretaceolls strata (rlglln.: J-7AL 

despite downward CUll ing by nonheas t-directed dr:linage. In th e early Miocene (-25 

Ma). paleocurrent and litho log ic relationship, lVititlll the Rainbow Gardens Member basal 

cong loillerate (Figu re 3-7 A) sugges t pre-ex tensional deposition in overall :--IE-I"Io\\ ing 

hr,"ded ,t reams. with locali!.ed SE-di rcc ted paleol"lo\\" off of an area of moderatc to 

ahrupt relief within the ;S:onh \'irgin I\loulllai n, (13eard. 1996). We interpret the local 



shedding of coarse Permian cia", into the Rainhow Gardens conglomerate (Beard. 19<)6) 

as 1\lrther evidence I'or pre-extensionaluplih of the VMA, where Permian Slrala II ere 

cxrosed in thc hanging walloI' the e:iSl. V!'vIA-hounciing reverse fault and associated 

nlonocline (Figure 3-7AI. We cannot disnllss the possibility that Permian section lias 

~!I .... ,o exposed ill hangillg walls uf lucal Sevier thrusts, although geologic c\'jckncc of thC~l' 

thrust:.. is not present in the yicinily or this cro:-. .... -~cClion. U~ing a 25°(' i~OlherJl1. the 

C3reat Unconformity was _,till at raleodepths or roughly 4 kilometcrs, equivalent to a 

Cambrian through Jurassic section, until 22-20 Ma. as dctermined from AFr data. 

Prcliminary modeling (Appendix 13) suggests that rocks directly below the (jreat 

l'nconfonnity may hayc entered thc AFT partial annealing zonc «110"(') h) 26 Ma. 

3. Although the timing 01' onset or Miocenc extension is unconstrained, regional 

qructural stullies of Andcrson (19R7). recognition that deposition or the Thumb I\klllber 

of the Horse Spring Fonn:ltion (16·14 Ma) w:" strongly controlled by extension:ti 

deforlllation and that thc Rainbow Cardens i\klllher was prc-cxtensional (Bcard. 1<)<)6). 

and clustered I\Ff ages from 17-14 l\'1a in the (Jold BUlle Block (Fitzgerald et al. I <)<) I) 

and V'.lA CJ abk 3-1. Figure 3-5). suggest that peak extensional tcctonism occurreci from 

16-14 :via. We propose that early cxtcnsion took placc along linked normal and 

subhorizontal normal dccollement laults, partially analogom to the ramp-fiat geometry 

characteristic or thrust belts (Figure 3--1. 3-713). Steer conjugate norillal faults ("r:1Il11"") 

soled Ollt into mechanically weak basal surfaces ("flats"). including the Moen~()pl shale 

unit (Anderson and Barnhard. 1')'.)3) in the I\icso/.oic section, the Blight Angel shale and 

Tapeats sandstone in the Cambrian section, and the Grcat Unconforillity, resultint! in the 

dramatic tcctonic thinning of these units (Figure 3-713). Extensional allochton, oittitcci 
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stl<lta \\ele tlansl<ltcd ah\)\ c <lutochthonllus basement rocks towards the "djacL'lll. stahle 

C'()loraLio Pl.llcau hluel\. 1Illhl' \'\1,\ and .... illlil.lf fault geollletries arc ohserved Illlhc 

(;old Bulte 11Ioc, I Karbtr<lllll't al. In prep). B,\s"melll -hounding normal faulh II ithlll the 

V~I!\ part"tll) pre'llillabl) rcacti,'ated Laral\\lde rewrse faulh along the e"st (Spoon / 

frolll fault. eastlllonociine fault) and west I "iorth Monocline fault) flanks (f' lgure 3-71l1. 

III ~la. I'igme 3-7('1. decphiling. west-dipping listric normal faults formed throughout 

the regIon. rcsultln~ In IIholesale cast ttlting of sel\\l L'oherent crustal hloeks Il.c. Gold 

HUlle block. Brady L't al.. ~()() I). and shift of the net cxtension direction to the west-

northwest (Brad) et al.. 2()() I). West -s ide-down displacemenl along large listric faults 

C;lSt oithe \ ~1'-\ (I.C (irand Wash fault. \Vest Branch fault. Figure 3-7C) resulted in 15-

()()" cast ttlting of Cambrian through early \ltllcenc strata. and "doming" of Ihe originally 

sub Illlrllllnt;tI dl,tachmCIll suriace at the Cireat l'nconformit). West-dipping. do\\nwart1-

steepcnlng. r;lIllp f\,tlnormal faults began to fortll along the northwest flank of the VMA 

(I.e, PicdillOIH fault. f'lgure J-7Cl. tectonically c\huming Protcrozoie rocks. IIhlCh cooled 

rapidl) thlOugh AI'-\' closurc temperatures from 16-1-+ Ma. Kinematically linked normal 

and lelt lateral faults lormctl thrnughLlutthe I.ake ~kad area during this time (Beard. 

Il)l)(): Iluebendolkl et al. 1l)')X). 

-I . Structural allalysis of the Virgin River lkprcssion suggests that peak upper crustal 

extension OCCUlTed frOll1 13-10 l'v1a, anclmay ha,'c exceeded 60% (Bohanno ll et aI., 

1')')3). Pnllcrlvoic rocks of the V\ I,\ were aeriall) exposed c1uring this time. and 

dcposit,'d Illlo the le'd sandstolle IIlllt (10-12 ,\Ia) of the Horse Spring Formation 

(iloh;1l1l101l et al.. I')'n: Figure 3-7(': "13--+ ~ I a basin lill deposits"). ~()r1hea't-striklng. 
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basement -penetrating. probable left-lateral faults of unKncmn dispiacenlent were active 

sheml) al'ter deposition and consolidation of the red sandstone unit (Figure 3-XJ, The 

()\t'rton pull apart basin. a result of left-lateral movement on the lien Spring-Biller Ridge 

fault (C'"11paglla and Aydin. 1<)04) prohahly formed somctime around 10 Ma (Beard. 

1996), We confirm that left lateral slip is probable (hut unconstrained) along strands of 

the Hen Spring fault. as east-IIcst striking red sandstone strata exposed on the north rlank 

of Gunkerville Ridge (Bohannon and Beard. personal communication) arc steeply 

dipping to overturned to the south and suh-parallelto the Hen Spring fault (Figure 3-SI, 

Mapping of the red sanlbtDrlC ,",tratigraphy reveals an unroofing sequence, where hasal 

units consist primarily of Paleozoic limestone clasts and grade upward (northward) into 

Cambrian-bearing units. and finally Proterozoic-bearing units. which contain locally 

derived granitic. amphiholitic, and metasedimentary clasts up to I mctcr in diameter 

(Figure 3-S), The prcsence of Proterozoic clasts in overturned red sandstone stratigraphy 

confirms that the hasement core of the V.\1J\ was at least partially exhumed prior to this 

period of basement-penetrating lert -Iateral faulting, 

S, Post 10 Ma. mo,t fault activity had ceaseel and the Virgin River began to subside over 

a large arca (Bohannon et aI., 1993). Recurring movement on the Piedmont fault (Figure 

3-7C) continued into the Quaternary, when fault scarps cut poorly consolidated 

Quaternary seciimel1l Oil the westlimh of the VlvlA, This JlloveJllent continued to utilize 

ProlcrOLoic fo! iations as zones or weakness. 



· m l 
Pliocene alluvlu I 

~ /.1 

c=J Triassic Moenkopi Formation c=J Red Sandstone Unit Conglomerates (no Proterozoic clasts) 

o meters 500 c=J Red Sandstone Unit Conglomerates (with Proterozoic clasts) 

Figure 3-8: A) Large Proterozoic clast in vertically dipping conglomerates to the north of 
Bunkerville Ridge. Clasts of Proterozoic metasedimentary gneiss and schist, amphibolite, 
granite, and pegmatite are large and sub-angular, suggesting local derivation from the 
exposed VMA basement. At the base of the conglomeritic section, no Proterozoic rocks 
are present, however "up-section", the frequency of lower Cambrian and Proterozoic clasts 
within the conglomerate increases, to a maximum of 5-15 percent (B). This pattern of deposition 
is suggestive of an unroofing sequence. Structural overturning of these rocks, a probable 
product of left-lateral strike-slip faulting along the Hen Spring fault, therefore appears to post-date 
extensional unroofing of the Proterozoic core of the VMA. This conglomerate was assigned to the 
middle Miocene red sandstone unit (12-10 Ma) of Bohannon (1984), suggesting that 
a component of strike-slip faulting and structural overturning post-dates 12-10 Ma. A local map 
of conglomaritic outcrops appears in Figure 8B. 
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<). Conclusions 

The Virgin ~IOllllt~111l allticll1H~ initial ly formed as a ba~elllcllt-corL:d uplift. 

flanked by (lutl\'ard-IT r~ing relerse faults and a"ociated monocltnal drag- tulel<. III 

Camhrian th rough N1esozolc ~trat~1 during Laramide contract ion (Figure ~-7A). Our 

L'\'iLicncL! for this '-Incestry il1('iuck", regional argumen ts (pos ition or V~lA between Sevier 

and I ,ar:L1l1itk orogclls, ..... ystL'JJl<lllC separa tion 11l1l:rval ... of Laralllilk munoclines,) and fi eld 

arguillenh I Laramide monocllncs mapped on e,"t and west flanKS of the V.\IA. large. 

prox imal Permian clasts in precxtensional Miocene conglomerate). The 0\'cra11 

northea, t-trendin g o ri entation "f thi , uplift lias stron gly controlkJ by northcast-striking 

Protel"l)/oic foliat io ns. II hi ch helped "direct" carly contract io nal ,trains and the 

cllnscquc iliuplift of the Vr\IA. The north plunge of the st ructu re" nOlunlikc the north 

plunge of the Kin gman uplift tll the so uth, ,uggcst lng that the comp li cated north-south 

lariation In ele\'ation of the top-ol-Protero70ic ,urface in the region rnay represent an 

e.\tenSlon-enhanced relict 01 I.ar,"nidc co nt raclion. The presence of Seller thrusts 

suggest, that the !Gading edge of the Sevier belt Illay have reached thi s area. and 

preservatloll or upper \kS070 ic and C'relaceou ... rock~ around the VrvlA suggest that it 

IVa, not an isolated. rapid I) eroding hi gh land ,uch a, the Kin gma n upllltlO the 'Duth. 

Slow regional cooling alld e rosion from the Eocene 10 thc carly Miocene beveled 

the PalcO/oic and Mcsozo ic SeCll(ln ove rl yi ng thc Proterozoic rocKs southward in the 

La ke :-'1ead regionIBoh,,,1I1on. 1')X-i). re,ulting in cooling bcloll the Great nconformit) 

to tcmperatures beloll the panial annealing 70ne in AF-T. While Protc rmoie rocks in the 

wcs tern (,rand Canyon alilithc (,old Buttc Bl OCK wcre within 2-3 kiloilleters of the 
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earth's surface at 75 -46 i\la, the VMA Proterozoic roek> remained deeply huried and 

thelmally insulated beneath Cambrian to Cretaceous strata until the early :'>llocelle, when 

rocKs directly heloll autochthonous ('amhl'l"n section in thc V:'> IA cooled sloll Iy thrnut!h 

the apatite p;lrllal alllll:a""~ I.OIlL: during CI"O"'IOIl. 

i'diddle Miocene extcns ion ( I ~-16 ~Ia) II,,, initiated along linked stcep nOllnal 

faults and ~lIbhori/.ol1la IIlOrlI1al fault~ \vith a cUlllulative geometry broadly analog~lU:' to a 

rampf'latthrust belt. Detachment hori/ons III the Hright Angel Shale and at the (ireat 

llnconlormity in the l'\orth Virt!in Mountains ,dlowed for southeast-directed transp''''t and 

"doll1ino block-style" tilting 01' Palcol.Oic and i\1csO/oie extensional allochtons, TIllS was 

foll()\\ed by pronounced rough I) cast-west e.xten"on along west-dipping listl'lc norlllal 

faults, which tilted the crust, domed the Great l'neonformity detachment surface, and 

locally enhanced basel1lenttopography, While these norlTlal faults undoubtedly 

interacted "'ith left-lateral strike-sl ip faults, the role of strike-slip faulting in generating 

the pronounced basel1lelll IOpograph) rL'm:nns highly unconstrained, Similar!), the role.s 

01 i",statlc uplift. north-south shortening, and lower / middle crustal 00\1 in generating 

the V:'>IA uplift remain unconstrained, and the importance of any of these processes is not 

testabk by any of the structural (Figure 3-3, 3-4), sed imentological (Figure 3-6, 3X), or 

AIT data we present (I'igure l-,'i), We do Iceogni/c the possibility that ob lique or stri ~c

slip 1ll00'cIl1elll on sOllle hascll1elll penetr:lling rault s (despite a lack of structural eVidence 

for 1ill"') could further complicate the geometries of OUf cross-sectional reconstructions 

n-'igurc 3-7), 

The Proterozoic corc of the VMA was aerially exposed sometill1e durint( 

dcposillon of the red sandstonc unit (13- 10 :'>Ja, Bohannon, 1<)84), noted by the presencc 
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of l'oarse, I"calll dcri\l~d Prolerozolc clasls in ~\roscd pre""llcd red salldslonc strala al 

Ihe base ol llunkcll'illc Ridge (I:igure 3-~l. Thesc unilS appear 10 hal'e hccn mcnurncd 

during probably lefl-slip along the lie n Spring Cault system, arte r Ihe Vi"!,\ was a mature, 

prominellt ~tructlire. 



Chapter -l: 

Detailed ,tructural and ketonic studics utilizing I\IASTER rcmote sensing imagery: 
'\ case study from the ~ol'th Virgin I\]ountains, Southeast Nevada and :'\orth\lest 

r\ rizona 

\ lark C. Quigley and Ke,,1 I' .. "ar"trom, Dcparllllcnt of Earlh and Planctar) Sciences. 
l lni\crsity of Ncw Mexico 

Simon J. Ilo(1k, Jet Propulsion Laboratory. :-':ASA 

I. Abstract 

,V10DJS/ASTER Airborne Simulator (MASTER ) data "ere acquired ovcr tile 

Lake Mead region. :sie\'ada and l\rilOna. in order to evaluate the uti lit y or the data lor 

geologicalillapping in a ,tructurally complex area. flight lines included co\'erage of the 

:"Jorth Virgin Mountains. a I"llggecil11ouIllain terrain straddl ing the Basin and Rangt:-

Colorado Platcau margin::> kill e<lst 01' Mesquitc. Nevada. This northeast-trending 

mountain uplirt is an as),mmcttic anticline co red by polydeformed ProterOloic crystalline 

rocks and o\'erlain by complC\l) faulted PhanerOloic sedimentary roch to the nonh. 

easi. and sou th. and unconsolidated sediment to the wcst. MASTER imagcs wcre used in 

conjullction with aerial photograph" prc\'iolls geologic mapping. and new geologic 

mapping and sampling transects to exami ne and refine seven I :24.000 quadrangles in the 

:'-iorlh Virgin 1\]ountains. Major advanccs included: I) Recog nition of regional teclOnie 

thinning in the lo\\'er Callibrian Tapeats Sandstone and Bright Angel Silale due to 

dctachment faulting, pro\idtng a baSIS for refined mode)" of :--1iocene extension in this 

region: 2) Recogniti on of complex fold-interference patterns in extremel) heterogeneolls 

Proterozoic basement due to ncar o rthogo nal Paleoprotcrozoic contractional events: 3) 
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Recognition of comrositiona l \'ariatiom, in Proterozoic granilOid plutons and surracruq,d 

rock, that correlate ",ith field observations. enabling accurate lithologic intcrpretations 

hctwcen mapped transects and in remote areas: 4) Remote mapping of Proterozoic shear 

zones due to their pmllion between lithologics with distinct spectral characteristics: )) 

Recognition of variat ions in alluvial fan comrosition, anli fan inter-fin geri ng that reflect 

the dominant source-rock types exposed in the adjacent mountain I'ronts: 6) Recognition 

of brinle faul ts in Proterozoic rocks where they offset lithological traces. and Quatcmar\' 

fault scarps that offsct alluvial fans, A primary benefit of the MASTER method is that it 

pro\'ides a sealc of lithologic "Iumping" that is appropriate for I :~4.()OO scale geo logiC 

mapping. We conc lude that the MASTER thermal infrared images dramatically incrcasc 

the crficiency and quality of geologic mapping in areas of structurally complex 

crystal line and ,cd imentary rocks in areas with good exposure and limited vegetation 

cover. to the extent that they are an essential component of any present or future gcologic 

mappi ng projects. 

2.1 ntroduction 

The MODIS/ASTER Airborne Simulator (MASTER) is a SO channel airborne 

imaging spectrometer developed to support the Moderate Resol ution Imaging 

Spectroradiometer (MODIS ) and Advanced Sp"c~bor11e Thermal Emission and 

Reflectance Radiometer (ASTER) science teams, ASTER and MODIS arc tIVO of I'ive 

instruments included 011 the Terra spacecraft launched imo Earth' s orbit in December 

1999, MASTER data were acquired over the north Vi rgin Mountains in October 19'1'1 in 
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order to el'aluate the usefulncss of \L\STER and ASTER-like dala for geological 

mapping in structurally complcx bascmenl rocks. Prcvious studics had demolhlralcd Ihal 

multispectral thcrmal infrared data acquired by instrumenls like Ihe ThL'rillal Infrared 

Multispectra Scanner (TIMS ) wcrc L"clullor geological mapping (I look et al. l'l()")) 

t-.1ASTER is the replacemenl for the six channel T1MS and has a wielcr spcc tral inlel 

d)namic range (I-[ook el al. 20(1). Th,' MASTER dala uscd inlhis S!Lldy wcre acquired 

from an altitude of 8.3 kilomcters and have a pixel size of approxllliatcl) 17 meters. 

3, Theoretical Framework 

The rellectance and eilli ssil'ity spcctra of minerals cxhihit diagnoslic fealures at 

\ ariolls wavelengths, providing a means for their remote ui:-.crilllinatil)Jl and 

identification. Silicatc minerals. '" hich compose most crustal rocks, cxhibit spectral 

features in the 8 to 12 ~m wavclength range or thcrmal infrarcd. FrameworK silicatcs 

such as quartz anci feldspar ha\'c 'IKe tral features at the shaner end of Ihis \\'al'Clcngth 

range whereas sheet and chain silical~s, and ~ilicates containing isolated SiO., lctrahedra 

have features at progressively longer wavelengths (llunt, 1980). This differcnce in the 

position of spectral features in silicatc minerals allows the d iscriminalion of Idsic frolll 

mafic crystalline rocks, quartz -dominated I'rom clay-dominated or carbOni/Ie-dominated 

sedimentary rocks, and quartz-rich from carbonate-rich sedimentary deposits (i.c. alluvial 

fans), with instruments thai sample across the thermal infrared wavelength range such as 

'vlASTER. 
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4. (;cologic Setting 

The :\orth Virgin t-.lountains (Figurc I-I. -\-1 J. located ''11prO\imatcly 1,0 km 

northeast of Las Vegas . Nevada. consist of highly metamorphosed and deformcd 

I'roter070ic rucks, unmct:lIliorphoscd and variably deformed Paleozo ic to middlc 

;\Iioccne sedimentary rocks, and gcnerally undeformedlatc Miocene to Quatnnary 

poorly consolidatcd scdimcntary rocks ancl basalt, This northeast-trending mountain 

uplift straddles the BaSlll and Ran);c - Colorado Plateau margin. \I ith reiatilely flat-IYln); 

Phancro7oic IT>d:s in the northeast. and complex I) foldecl and fa ulted PhaneroLoic rocb 

throughout the west ancl southeast scgmcnts. The complex geometry of the t'lorth Virgin 

t-.lountains is a product of dramatic Miocene cxtension and uplift supe rimposcd on 

Laramide-Sel itr COlli ract ional st ructures (Quigley et al. 200 I). rcsult i ng in an east-t i Ited. 

basement-cored anticline (the Virgin Mmll1fain Allliciil1c. VMA). The cast limb, although 

faultcd. is mostly intact. consisting of moderately east-clipping Camhrian through carly 

Mioecne sedimentary rocks separated b) erosional disconformities. The west li mh is 

highly attenuated. and prescnt only in the far northwest and mid-west segments of the 

VMA. Directly to the west of the VMA lies the Virgin River depression. which at 8 

kilometers deep (Bohannon ct aI., I ')93), is one of the deepest Neogene extcnsional 

basins in the Basin and Range. The dr:unatic vertical structural rclicl' of the top-of

ProteroLoic " 'rface (up to lOki 10lllcters) occurs ol'er a latend distance of 10- 15 

kiloll1etcrs. from the pcak of Ylount Bangs LO the deepest part of the Virgin Ril'er 

depression (Figure I-I). The nature and kinematic significance of the VillA has heen Lhe 

subject of Illueh dehate. and remains controversial and enigmatic (i.e. Beal. 1965: ;\Ioorc. 
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Westward-thinning 
Tapeats sandstone 
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Figure 4-1 : A) OEM of the North Virgin Mountains, at the boundary between the Colorado 
Plateau and Basin and Range. Flight line coverage shown by red boxes; B) Generalized 
interpretation of MASTER images, documenting lithologic traces and folds in the Proterozoic 
core of the VMA, flanked by Tapeats Sandstone (red) and Paleozoic and Mesozoic 
sedimentary rocks and Quaternary sediment. Major faults are shown. C) MASTER 
decorrelation stretch imaaerv. with maior aeoaraohic locations 



1')7C,: Hintze, 1<)86: Wernicke and Axcn. I<)~R; Anderson and Barnhard. 1<)<)3: Bohannon 

et al.. 1993: Langenheim et aI., 200 I. Quigley et aI., 200 I). 

Significant tectoni c houndaries lie in the \icinit) of the I\:orth Virgin \lount;lllls. 

including the Proterol.OIC proposed f\loja\ 'c - Ya\apai ProterolOic pro\'ince hound"r> to 

the cast (Karistrom and Bowring. 1988), the leading edge or low· angle Se\'ier thin 

skinned thrusting to the \\cst (/\ ,cn et al. I <)<)0), and the westcrn limit of Laralllilk Illgh 

angk re\'crsc faulting typically found \\ithin in the Colorado Plateau (Huntoon. 19<)0). 

and the breakaway zone for th e 13asin and Range Colorado Plateau transition (\\ 'ernleke 

et al .. I <)88). In splle of the tectonic sig nificance of thi s region. many areas rem;lln 

incompletcly mapped. although recen t elTorls have been made (Beard. 19'J:l. 191
)(); 

Billingsley, 1<)<)5: Billingsky and Bohannon, I <)<)5; Bohannon, I I)l) I: Bohannon ;mel 

' _ucch itla. 19<)1; Williamset al.. 1<)97 ). The usc of MASTER imagery is essenti,11 in 

completing geologic mapping and interpreting the variety of rock typcs and struc tures 

ranglllg from Paleoproterozoic to presenl. 

5, Data Processing 

MASTER data are provided as calibrated at-sensor radiance in Hiera rcilical Data 

Format ( IlDF ). The radianec emitled from the surface and ll1ea"lred by f\IAST"R rs 

affected by transmission through the atmosphere. Since thIS slud) utili7es the ground 

radiance data. the atmo,pheric component w;" relllO\Td using the approach described by 

I look et al. (1992). After rellloval of the atlllospheric compollcnt . thc groulld radiallce 

\'alues a re a function of the surface te mperature and emissi\'ity. 
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The temper~turc componcnt is highly correlated bet\\'cen channel> and dominates 

the ground radiance. Since thiS study is prirnaril} interested in variations in emissi\· ity. 

which relate to diffe rences in c'lI11position. the emissivity eomponent of the grou nd 

radiance \\ as cnhaneed using the deco rre lati on stretch (Gillesp ic et al" ILJX6) . The 

dccorrdat ioll stretch enhances ctlli s,\ i vi ty \'a riations while maintaining temperature 

elilTe rences. In a dceorrclation stretch image (Figure 4- 1. 4-2), emis.sivity \'ariation is 

displa)ed a.s color differences and temperature va riations are displayed as difl·erence.s in 

brightness. Thus, at higher eit'\·'ll ions. correspondingly cookr tem peratures and 

i ncrcased \'i.:;gcl<llion Cl)\ l' r dccrca~c i mage brightness and geologic i ntcrprctat ion 

heco mes more diffi cult. In Figure -1-2, lower elevation exposures arc hright and easily 

interpreted \\'here~ s higher elevations (Mount £langs, Figure -1-3) arc difficult to interpret. 

The dccorrelation stret ch images arc registered to existing maps llsing tic points 

and prin ted at a scale of I :2-1,()()0. Thesc data are taken into the field and used in 

conjunction with topographic maps. prev ious I :2-1.000 USGS geo logic maps, L'SGS 

1:2-1.0007.5 minute onhophotoquads, and LISGS 1:2-1 ,000 HAP80 onhophotos fo r new 

geologic mapping. They arc also w,ed to target "key areas" for more detailed ( I: 12,000. 

I :(1,000) examination. iv'lapping and sampling transects are conducted at regular 

intervals throughout the an::), and g~o logic data ;'extrapolatcd"' belwt:~n tran sects through 

use of the MASTER imagery. Sampling or distinct lithologies on the decorrelation 

stretch imagery is also conducted for further geologic correlation (Table 4-1). Despite the 

ease with which lilhologieally distinct units are picked oul. units containing similar 

composi tion s, de~ pitc different origins, (e.g. psammitc vs granodiorite. sec Figu re 4-3) 

'Ire essentiall y indistinguishable. In thi s easc, field traverses. previous mapping. and 
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Figure 4-2: MASTER decorrelation 
stretch image of parts of the 
Mount Bangs, Elbow, and Jacob's 
Well areas. See Figure 4-3 for 
geologic interpretation. 
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Figure 4-3: Geologic 
interpretation of the area 
covered by Figure 4-2. 
Major lithologic contacts, 
faults, and alluvial fan 
compositions were easily 
identified based on 
MASTER image 
interpretation 



foliation trends determined from the airphotos arc nl'cc"ary to map these units 

separately. 

Using the procedure outlincd abovc the first author mapped an area 01' 

approximatcl) 50 km ' at a scale of 1:2-1,000. anJ conducted detailed mapping nl key 

regions. 

6. Data I ntcl'prctation 

MASTER data acquired ovcr the North VirgIn Mountains were first correlated 

with existing geologic maps of the region to calihratc image characteristics (color. 

texture) with kn(}\\ n rock unIts. This was particularly useful within the Proterozoic core 

of the YMA. where the structural and lithologic complexities revealed by geological 

mapping (ie. Real. 1')65) were mimicked by :v1ASn,R imagery. Once a MASTER· 

geology templatc was established. MASTER data interpretation was broadened to cover 

large (>:;0 km~ ) areas of unmapped Proterozoic rocks within the Elbow Canyon. :--!OUIl[ 

Bangs. )jen Spring. Virgin Peak. I:llad Ridge, and Jacob's Well I :24.000 quadrangles. 

,\lASTER data led to ncw structural interpretations within the Cambrian section. and 

mapping of Quaternary fans in the Hlaek Ridge. Elbow Canyon. and Mount Bangs 

quadrangles. Data interpretation is herein arranged into Proter%ie. Phanerol.Oie. and 

Quaternary ~cctiolls. slIIlllllari7ing a(h' allce~ in lithologic and structural interpretations 

made from tht: data. and tectonic sii,!niricance of these interpretations. 

In 
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Proterozoic Geology 

Llthologlcs 

Thc crystalline core of thc V:VIA is composecl of Paleoproternzoic 

IIletasedi mcntary gnei" and schist (60%), granodiorite gneiss ( 13%), amphi bol ite gneiss 

(Y;), monlOgranite gneiss (SC,;), Icucopcgmatite dikcs (6'1c), ultramafic rocks (2' f), and 

teLlonic melange (2'k), the lallcr ot which is an intimatc mixture of ultramaric hOlldlllS, 

"I('psitk-marhle, chen, and calc-amphibolite gneiss, (jeologic observations and 

I"L'llininary gcochronologic data arc strongly correlativc with those from the C'crhat 

,\Iountains in NW Arizona (Duhendorfer et ai, 2001) and the Granite Gorges of the 

(irand Canyon (Ug et ai, 1996), '1 he V!'vIA rocks arc thus placed within the tl.lojavc 

1'1'0\ incc, a Palcoproterozoic terrain characterized hy upper-amphibolite to granulite 

facies mctamorphism, isotopically enriched Ph and Nd signatures (Bcnnett and DePaolo, 

I ()X?: \\' ooden and Dcwitt, I <)l) I Land "old" dctrital zi rcon ages (Wooden and M" kr, 

I ()<)(J), 

The complex folding and interfingering characteristic of the Paleoproteroloie 

rocks, from millimeter scalc to map scale, dissuaded complete, dctailed mapping of the 

COle of thc VMA until this stud),. Aftcr the work of Beal (I ()65), 50% of the !'roterO/oic 

core of the VMA remained unmapped ullliithe present. and the tcctonie history 

unstudied. 

The pelitic and semi-pelitic gne isses and schists appear purple in thc MASTER 

images (Figure 4-1. 4-2). The composition and texture of thi s unit are quitc variable on 

the outcrop scale. consisting of garnet-hiotite. garnct-biotitc-lTIuscovitc-sillilllanitc. 
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hornblende-biotite-garnet. and cordierite-mu;,co\'ite-biot i te-fibrol i te-domi natcd ;,ch ists 

with schi,tosc to gneissic and migmatitic textures. The semi-pelitic lithologlcs kl\c a 

li ghter purple tinge. due to the increased abundance of quartz in the assemblage, "ith 

chemical analyses yielding 54.77 % Si02 (Bet!, 1965). These rocKs commonly grade 

into psalllmitic gneiss, which 'Ippears reddi;,h-purrle in the MASTER illla~es and is 

dominated hy a ljuart/-feldspar-hornhlcndc-biotitc a;,semblagc. Chemical anal)scs yield 

70.gC)'} SI02- Although thc dilTerence in Si02 between the pelitic and psamlllitic units is 

rcl'lected in the spectral dara, and consequently the MASTER images. the grading 01 

Ihest.! units into one another allows for some LlllccrlainlY ill plaCCIllcnt of g~()l()gic 

contacts using the images , This problem is lessencd in that, at the 17 Illetel pi xci Sill', the 

\lr\STER images provide an average bulk compo;,ition, These t\l'O units ar,' delineated 

on the geologic interpretation map (Figure -+-3), with gradations betwec n them resoh'ahle 

by detailed field examination, and contain spectacu lar records or the polyphase 

Palcoprotcrozoic derormation that arkctecithe North Virgin Mountains , 

The amphibolitic units arc dominated by varying amounts or hornhlende, 

clino[lyroxene. plagioclase. garnet, and biotite, and contain metabasalt, "abhro, 

am[lhibolite gneiss. and hornblendite dikes, These units ap[lear as bright to palc blue 

bands in the images, with increasing brightness a function or increasingly Illafic 

composition. Ultramafic boundins, where large enough to either affcctthe bulk pisel 

s ignature (roughly 5 meters) or span an entire pixel (17 meters), arc silllilarly 

characterized by a bright bluc color. [t is thus difficult to dis tinguish thcse clillopyro,scltc 

+ hornblende ± orthopyroxene ultramafic units from the more mafic amphiholiti c units 

without field checking, Additionaltechniqucs are bcing devclo[lcd whi ch will ;!lIOl\ a 
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quantitative dcterminatinn of the \I'eight percent silica of the rock from the imagery and 

should help distinguish thcse units. The teelonic melangc unit. which contains intensel) 

intcrlaycred amphiholite. m,,,·blc. ultramafic rocks. and cherts. is not easily eharactcri/cd 

on the irnagl!s due 10 its compositionally anisotropic nature. although dominant foliation 

pallcrns and the larger tL'cl<mic slivers are evident. 

The granodiorite gnciss is composed dominantly of tddspar and quartz. with 

\'<trying amounts of hornblende. biotite. and garnet. This unit is perhaps the most 

variable in composition. ranging from a mafic composition similar to the amphibolite 

gnci." to that of a monzogranite . and thus appears as vcry pale to hright red on the 

images. Mingling tcxtures between the granodiorite and amphibolitic units are obscrvcd. 

~lIggcsting that the abundant granodioritic composition may represent an end-member 10 

a diflcrl!lltialing arc-Illagm:.nic system. 

Thc monzogranitc gneiss appcars brighl red in thc MASTER images. clue 10 high 

SiO, values. particularly in a sample analyzed by Beal (77.75% SiO,. 1965). MUltiple 

phascs of granitic intrusions inc lude quartz phyric. K-felclspar porphyritic. aplitic. and 2 

phases of pcgmatitic intrusions, thc latter of which arc the youngest of the Proterozoic 

rock units within the YNIA. Intrusions contain varying amounts of Illuscovite. sericite, 

biotite, and epidote. O"erall, di, tinguishing Illultiphase granitoids and pegmatites frolll 

olle anotllcr was only moderately successful. 

In thc farthe'lnorth section of Figure 4-2, scattered br ight red outcrops within the 

ProterOloic rocks wcre field mapped as Proterozoic quartzites (Figure 4-3). Although 

essentially indistinguishable from the Tapeats sandstone on thc MASTER images (sec 

helow). the presence of these bodies with in the Protcrozoic rocks of thc l\YM arc 
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imp(lrt,mt because quartzites havc not been mappeu within the GrClnd Canyon to the 

Immet"atc e,"t, but arc present farther west within the Mojavc crustal rrmlnce. 

SlIlicturl'.' 

l\lacroscopic to outcrop \call' I.,lruCllI f t:\ wcre mapped utilizing the litholog.ic 

in terpretatio ns described above. and comple x geometrics were targeted fo r tktailcd 

structural studies. The remarkable compositiona l hetcrogeneity of the rock types and 

intenSity of derormation allo",s for a correlation between lithologic trace and foliation 

trace. thus structural domains became evident rrom lithologic tracc Interpretation of the 

IIlla~~es. The following major structures \I ere identified: 

II The dominant regional foliation. as dete rmin ed rrom the images, " northeast-striking 

in southwest Black Ridge, nonh- and northwest-striking in north I3lad. Ridge and 

C;,)\,crnment Spring. northeast-trending south of Go\emment Spring, northeast-striking in 

Jacoh's Well. northcClst and north-striking in Elbow Canyon. and north-northeast striking 

in "Iount l3angs. North\lest and north-striking contacts appear to \I rap into northeast-

striking orientations in south",est I3lack Ridge. Clnd throughout the eentrClI a\is of the 

"\IA. This regional northeClst stnke is S2 regionally and in the Grand Canyon (lig et al. 

2) Large north-northwest-trending folds were mapped in the Black Ridge area, casil) 

visihle due to the involvement of bright blue colored amphibolitic roeks and bright red 

monzogranites. The north fold plunges vert ical ly and shows a nlushroom-shaped outcrop 

pallem suggestive of a RanlS<l) type-2 refolded fold (Figure -1-1). To the south of this 

fold. a similar scale. similar style fold appeClrs to have been rotated into a northeaq-

trending orientat ion. 
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3) Amphiholite layers arc strongly attenuated and houdinaged throughout the VMA 

.t) :-'10nzogranite dikes and plutons arc Illost comlllonly concordant with other litliologie 

contacts, and dominantly strike north to northeast. 

Summary 

The following tectonic illlerpretation stems from integrating M,\STER data \I ith 

geochronologic, structural. and metamorphic studies of the Proterozoic bascment. The 

northwest-striking fabri c mapped frolll MASTER imagery and ground data is associated 

with strains dcveloped during northeast-southwest contraction, and is folded and 

overprinted by the north-trending sub-vcrtical fabric readily visible on MASTER 

imagery. This northwest fabric (S,), where mappcd within the pclitic schist unit south of 

Gig Springs Canyon, is at a high angle to compositional layering (So). In Whitney 

Pockets, however. lithologic contacts strike northwest and cOlllain a bedding parallel S, 

foliation. Based on regional studies (i.e. Duebendorfer et al.. 2001; Ilg et al.. 199(,). D, IS 

typified hy bedding-subparallel thrusting and development of rccumbent nappe folds. 

The Big Springs area provides a rare glimpse into the hinge region of one or these nappe 

structures. wherc the F, ax ial plane (S,) is ortilogonalto hedding. 

Elsewhere, record of this event has been completely obliterated by the intense 

layer-paralic\' north and northeast-trending fabric (S2). The north-trending fabric "ppear.s 

to represent an intermediate finite strain state bctwcen thc northwest-trending S, fabric 

and the northca~t- lrcnding S2 fabric. This is visible on the images where north-trending 

lithologic contacts bend into northeast-trending orientations in Black Ridge anel to till' 

north and south or Elbow Canyon. Close examination of monzogranite plutons and 

dikes, easily ohservable on MASTER images, suggests syn-kincmatic emplacement of 
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these hodies during D2 (kfnrl1l:lIioll. For this reason. monzogranite units arc ob\crycd to 

Irend nOrlh and nOrlheasl on I"IASTER images. bUI rarely norlhwest. Kinemalic alled,sis 

of Ihe Virgin f'-Iounlain shear 70ne (Quigley el al. 2001) suggesls S) nchrnnous nOrlhwesl

side-up thrusting accompanying this upper amphibolite-facies. northwest-southeast 

directcd contractional cvcnt. 

Further structural sludics or the monzogranite intrus ions re\eallhallhcy ha,'c 

been almoslubiquitously Illylonilized during a lower-temperature dcronnmional event. 

crealing a folialion parallel. <,Irongl), fissile fabric (S,), This is due likely 10 Iheir 

quarlLofcldspalhic composilion. which would be rheologically weak relali,e 10 Illore 

l11;]fic unils under upper-greenschisl facies condilions. The posilion and orienlalion of 

lllon7ogr;1I1ile bodies on Ihe l\1ASTFR inlagcs Ihus correlates well wilh Ihe location or 

Ihese shear zones. which arc pari or a dextral-Iranspressi"e parlitioned deformalion zone 

preliminarily dated ;]1 circa 1670-1650 :via (Q ui gley el ai, 200 I), 

cinally, basement -penetrating brittle faulls are recognized where lilhologic Irencb 

arc sharply disrupled or arc al high angles 10 lilho log ic Irends across a linear Slructure, 

Pcrhaps thc best example of Ihis appears in thc center of Figure 4-2. where the Elbow 

CIIl)on fault separates north- rrolll northeasl-slriking lithologic domains (Figurc 4-3), 

Man y brittle struclures in Ihe North Virgin Mountains. howcver. have reaclivaled 

foliation planes and lilholog ie boundaries. and arc thus difficult 10 map using MASTER 

Phanerozoic Geology 

Lilhologies 



i\lost of the PhanerolOic rocks of th e V:v1A havc been recently remapped at 

: 2'+.000 scalc (Beard. 1993. 19<)(,; Bill ingslcy, 1995: Bi llings ley and Bohannon. 1995: 

Bohannon. 1991; Bohannon and Lli cc hitta, 199 1; Willianb et al.. 1997). MASTER 

images are thus excellen t for refini ng geo log ic contacts on th ese published maps. and 

targeti ng areas of stru ctu ral comp lex ity thai may have gone rrev iollsl y unnoticed. Most 

mapped strati graphic contacts correlated \\'ell w ith the illlag~s. Ilo\\'c\'cr. one 

unrecogn ized complexity was the thinning and/or struc tural removal of the lowe r 

Cambrian secti on. The main foclls of this s tudy was to utili7c M ASTER image ry to 

e.,am ine the apparent thinning of the Cambrian Tapea ts sands tone and the Bright Angel 

shalc at the Prote rozo ic - Phane rozoic interface . and to note the presence of Camhrian 

rocks at the northwest end of the VMA. which appeared in I\!ASTER images but were 

not noted on recent geo logic maps ( Billingsley and Bohannon. 1995 ). 

The Tapeats sa ndstone a ppears bri ght red on the images ( Fi gure '+-1, .+-2), and is 

noted hy rounded. di scontinuous outcrops that often trace the Paleoproterozo ic -

Cambrian contact throughout the VMA (th e "Great Unconformity". Powell. 1875). The 

o verly in g Bright Angel shale is rare ly visibl e on th e MASTER images. as it is extremely 

incompe ten t. and often occurs as a s lope dominated by Paleozo ic limestone clasb and 

sediment eroded from above. Small, purple-co lo red oUlnop' or the Bright Angel shale 

arc visible in the northe rn section o f Figure 4-2. The Esplande and Navajo sandstones, 

:rnd th e Mo nte Cristo member of the Redwa ll Formation are also present as bright rcd 

units in f'i g ure 4 -2. It is important to remember that the MASTER imagery maps 

mineralogy, not differences in struc ture , and s incc these arc all sa ndstones they appear 

si milar in the images. The rcmainde r of th e Phanerozoic sec tion is dominated hy calcitic 
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and dolomitic limcstones. which appear green Oil the l'vIASTER images. The ima~es used ... .. ' . 

in this stud) measure thc radiation frolll the surface in the therlllal infared r;Jri "I thc 

spcctrum (R-12 um) and do not havc sui ficicnt spectral resolution to enable the 

Illllestones to be distinguished from the dolomites. Limestone and dolomite abo nhlhit 

spectral features at shorter wavclengths in the short wave infrared (SWIR - 2-2.5 UIIlI. 

Given data with sufficient spectral detail in either of these wavelength rangcs it \\"tlllid he 

pO>sible to distinguish the limestone from dolomite. The MASTER instrulllcnt docs halc 

sufficient spectral resolution in th e SWIR and fllASTER data havc hccn used ill the arca 

to the south to distinguish thcse units (Hook et al.. in prep.) 

Stl"llctures 

The discontinuous outc rop pallerns of the Tapeats sandstone and the Bright Angel 

shalc, as ohserved in MASTER images, can be explained by one of three possibilities: I) 

burial 01 section by landslides of ovcrlyint: sedimeillary rocks. thus obscurin~ surlieial 

cspressions, 2) omission of section due to normal or reverse faulting, and 3) thinning of 

section due to basal faulting and assoc iated g li dc along bcdding planes. Allthrcc 

processes have occurrcd within the North Virgin Mountains. and thus distinguishing 

betwccn processes requires careful MASTER interpretation coup lcd with field checks. 

In Figure 4-2. all proecsses can be seen. In the south part of the image. scattered 

outcrops of bright red Tapeals sandstone trace the cast end of the Protel'll/oic exposures. 

and appear to be segmented by valleys and landslides of green Paleo/.oic limestones 

coming off thc high ridges to the immcdiate cast. This is illierpreted as a continuous 

north-trending section of Tapeats that arpears discontinuous due to hurial by surfi c ial 

processes (type I). Jnthe ccntral part of the image, these outcrops continue untilthl'l' 
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come against the Iclho\\ Can\'on fault (Figure -1-31. \\here Ihey cun'c to the nonheasl and 

disappear Irom the image'. The juxlapmilion of Paleozoic limcqones againstthc 

I'rolerolOic rocks acro." Ih" struclure. the cUrling and disappcarance of Tapeats 

oUlcrops, and the defleclion of Paieopmtem7olc lithologic traces along this cUrl'ed 

lineament to tilL' west. SU~t!L'\l that lhi:.- i~ 'lllo["mai fault with sufficient cli~pJacelllclll to 

omit the Tapeals sCCIIl"lllype 2). Inlhe nonh pan ofthc image, where the (~reat 

l 'neonfonnity trends cast \\est. bright rcd TapcalS outcrops graduall) hecome thlllner 

from cast tn we .... t. beforL' d1.,-:appearing completely. \Vhcll ground examined. nUIIlLTOll"i 

faults wcre ohscrved to sok Into the Bright Angel shale and Tapeats sandstone in thi s 

area. resulting in pronounc'cd hasalthinning of these units (ty pe 31. \\'hen this area wa.s 

explored further. a sub-holl/ontal normal fault was found along the Great Unconfortlllt). 

with Ihinned, domilio-st) k allochthonous faul l b locks of Tapeats sandstone overlying 

fault gouge and Protcro/oic h" .... emcnt. 

i\ very thin. nonhsoulh trending seellon of Tapeats is visible to the cast 01 t\\O 

smal l ridges of Pa lcoLole' limctone in Ihe fanhest northwest exposures of Proterozoic 

rocks. These ridges were pre\'iously mapped as i'roter%ic rocks. Ctililitlion of 

!/\STER imager) resulled in a re-intcrpretation of thesc units, and targeted Ihc thinned 

rapeals sandstone unit 1'01 ground study. When examined, it was found that Ihe TapcalS 

sandstone was hasally Ihinned. o\enurned 10 the east, and in fault contact wilh 

['mter%ic basemcnt. The similarly thinned I3right Angel ,hale ranged from overturned. 

I,) \crtical. 10 moderatcly we't-dipping. The ridges wcrc compm,ed or moderately west 

dipping tv!uav limeslone. This structure mimics those found within the Laramidc 

monocline, of the Grand Canyon. suggestin g that the VMi\ had a Laramide componcnt 
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01 uplift. Furtherillore. the presence of ClIllhrian section arclllng O\'er the V:-'IA help, 

define the overall struc ture as an anticline'. 

SUllimary 

The following conclusions rcsarlling the nature of Laramide contraction and 

t'.1ioccllc extension were drawn, based on integrating MASTER image intcrprclatioll with 

structural field data: 

\1onoelinal geometric'> in the CII11hriansection along the north\\"est limh of the Vl\IA. 

as noted from MASTER imagery and structu ral study. suggest that Laramide contract ion 

did occur here. and that some component of the VMA uplift IS due to Late Cretaceous 

contractional deformation: 

~. Proterozoic haSClllenlW<lS stfucturally decoupled from the Phancrozoic section during 

:-'Iiocene extcnsion. through soling of normal faults within the Bright Angel shalc. 

Tapeats sandstone. and the Great Unconform ity: 

l. Steep. bascment-penetrating nOfmal faults omilled large amounts of PhanerOioic 

scellon. and were e'bily mapped in ba.sement rocks where the fault trace ollset to 

Proterozoic lithological trace'> 

Quaternary Gcology 

AllUVial fan composition and mixing 

Some of the most dramatic i"catures visible on the MASTER images are the 

spectacular alluvial fan'> cascading to the west and cast off of the VMA uplift. Bulk 

alluvial fan compositions afe easily dete rmined from the MASTER images. and where 

di\linCl fan compo!-'itions arc in contact. intermi ngling ancimixing Signatures (lohatc

cuspate contacts and intefmediate "mixed" MASTER colors, respectively) are present. 
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Bright-rcd colored fans arc SiOl rich, 0\\ ing to derivation from a quartz-rich source 

region such as granitic bcdrock (southwest Black Ridge) or Phanerozoic sandstoncs (ea.st 

of Elbow Canyon and I-.lount Bangs). Fans are obsen'ed to redden-downward (a\Va~ 

from sourec region), a likely proxy for sediment malLlratioll. Bright-red bcach and eolian 

dcposits are also visible on the imagcs, prcsent ncar thc shores of Lakc Mcad. 

Rcddish-purple and redish-blue colored fans suggest intermediate SiO, 

compositions and are derived from Proterozoic ~ollrce rcgi()l1~ with \arying pro[loniolls 

of mctasedimentary gnciss and schist, amphibolite, and granite, On the northwest I'lank 

of the VMA, fans derived I'rom the immediate range front arc blue colored, due to the 

abundance or mafic rocks there. Fans that arc source canyon", pcn<':lraling deeper into the 

Proterozoic rocks are reddish purple, duc to the increasing abundance of psammitic and 

granitic gneisses easlv./ard or the range front. 

(,reen-colored fans arc dcrived from carbonate and dolomite sedimentary rocks, 

which dominatc thc Palcozoic and Mcsozoic sequence. The most dramatic carbonate fan 

sourccs thc Palcowic scction in thc Whitney Pockets area, This fan comes in abrupt 

contact with thc purple-red fans derived from Black Ridgc, suggesting a rcmarkahle 

compositional variance due to quite distinct source regions, Thc sharp contacts \\ hcre 

fans mcrge indicate immiscibility, rcminiscentof merging rivers with different water 

density, 

StruclUres 

Quaternary fault scarps are visible as linear features cutting the alluvial failS west 

of Elbow Canyon and Mount Bangs, Thc most dramatic of these is visible three 

kilometers north-northwest of Elbow Canyon, where the ,tccply wcst-dipping Picdmont 
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11I)[lI1al fault cuts Quaternary f,IIIS draining !"rom the west ran ge lront. llpon field 

l'xdmination, this fault lias ohscn-etl to have reactivated hi!!hly I"sik my lonltic foliation 

surf:lccs Itl the ProtcrOloic rncks. e"ldencc that Protem/oil' foliation traces have 

l'olllillued to inlluencc the gcoilletry of brittle deforillation from the Cretaceou.s through 

to the Quaternary. 

7. Conclusions 

Util izing new MASTER thcnnal infarcd illlagery in conjunction with detailed 

structural, metaillorphlc, and geochronologic studies resulted In the production 01 se\en 

quadrangles of geologic mapping by onc ;vI.S.studenl. Thesc maps were fundamelllal In 

de\'Cloping a tecton ic model for the long-livcd geologic history of the North Virgin 

,\Iountains. Detailed nell and rcfined geologic maps lIere produced for the onh Virgin 

:-'Iount:nns. and three !!eIH:rations of Pa!coproter%ic fabrics. a Laramide monocline. 

:-" I ioccnc detaehlllclll and stcep ly-dipping brittle faults. and Quaternary fault scarps IIcre 

delineated and targeted for further research. based on illlcrpretation of the iVlASTER 

thcrmal infarcd imagery. These results sign il'y th e importance of using multispectral 

thermal infrared data in geolog ic studi es of Proterozoic through Quaternary lithologics. 

and interpretation of cOlnpkx macroscopic hrittle :lIld ductik structures. II he re exposure 

\""rants this technique. MASTER thermal infrared imagery is an essential part of 

cfTiclcnt field mapping in the ~Ioj",c province and other regions of the world "ith 

minimal vegetation cover. 
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, .l'!,40 AppendIx A: AI'! Al'thcl'mochl'onology 

In this study, we take advalllage of the variable argon rctcnriviti<os ano 

clJlTcsponoing closure temperatures of hornblellde (500·550"C), hiotite (300·35()"C) and 

" . Iclospar (150·250oq, to examine the Proterozoic mid·crustal thermal evolullon 01' the 

0:VM crustal terrain, 



I\ PJ'enLii -.: Tahle I . ;\rgon iso topic results for micas and amphi bo les. 
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1075 ~'II O.15C6 5651 724 
::; l1CO ~ 1': 
o-J 100 ":9,02 

lo tol gas age 
no plateau 

0.2016 
1.878 

,",=5 

:: ~6a 
7_577 

1" 6 
? .co 

30:5 6 

Q-60B Biotite, wI.::: 0.36 mg, J:::O.OI5648, NM·134, lab#=52031-01 

5.9 
64 
38 
2.3 
3.2 
3.4 
2,5 

0.27 
4 5 

A 650 22.02 0177' ]f: n 8.03 2,9 
E 750 5';''::,: 0.0710 l!_658 7 ce 7? 

C 850 730Li 0,0830 7026 9 .? 6,1 
C 920 7e,; 3 CJ.C836 2532 11 4 6,1 
t ICCO 

10/5 
Go ,1iO 
" 1180 

1218 
J 12SC 
total gas age 

71W 

i'3'~3 

74 Q:::; 

76.8.: 
77.10 
76,21 

plateau MSWD=o i 3" 

0. 1196 
0.1752 
021n 
0.' 313 
0,2398 
02585 
n= 10 
n=3 

/i t!.9 
2.5:;0 
I 77< 
1.036 

02C56 
I 181 

st(>ps H·J 

8 t.6 
129 
824 
1~7 

7 10 
3·12 

9 ~ ,0 
25.2 

Q-90A Biotite, wI::: 0.74 mg, J:::0.OI5743, NM-134, lab#:::S2040-01 

A 550 53.26 0,5867 99,77 0431 
Ii 650 49.69 4. 272 24 60 0.430 
r 750 /688 08t.15 9 :'90 145 

C 820 8' 57 0.0230 4.16:) 6 1.9 
E: 900 8395 00094 1.3?1 208 

975 Bt. 07 C 0074 G ":9411 25,3 
G 1010 8406 00098 0,167l! 162 
H loaD 8334 00151 04706 33.6 
1 

J 
111 0 83 39 0.0230 0. 4348 2 l.J 

" L 
W 

1150 
1200 
13CD 
1650 

total gas age 

8324 
83_E3 
8419 

53 &5 

plateau MSI/JD= 7.8 " 

0,0 104 

O.C090 
00209 
0.0551 
n=13 
n=-- Y 

C 4467 
C 2811 
C 2238 
7469 

steps :'-M 

2 1.0 
356 
495 
129 

233 " 
224 6 

j ·12 

43 
29 
2.3 
39 

2 ' 
2.0 
41 
3 1 

0.87 
0 .12 
[1 ,60 

222 
5.<2,3 
69.3 
52.2 
33.8 
22.1 
492 
56.9 
2.1 5 
9.3 
41.8 
42_8 

928 
95 7 

956 
95.0 
95.9 
968 
963 
957 

803 
97.7 
99.2 
9a 9 
99.8 
99.0 
99_3 
99.7 
99,7 

996 

a.8 
86.1 
90,5 

924 
99_5 
998 
99.9 
99.8 
99 .8 
99.9 
999 
99.9 
97. 4 

,. P.r 

(%) 

'7 I 
<11.5 
550 
595 
70.9 
947 
992 
1CO.O 

58 
16.6 
266 
39 1 
43. 4 
62.6 

723 
88 4 
96.2 
1000 

27.7 

02 
0.4 
1. 0 
3.8 
12.7 
235 
30,5 
44 9 

54 0 
63.0 
78.2 
99_4 
100.0 

96. 2 

Age 

(r'\lc; 

7T 1 

8~' C;; 

83' 9 
97i.6 
9372 
868.4 
871 f 

9967 
843.1 

il ~C2 

116~ 9 
.366,9 
·3260 
i3~5 8 
137:::,.7 
139.12 
1":1~ J 

1'::2~,B 

14 i 2,7 

1273 .8 
1/.1:} 

575 
93· 

1396. 1 
147::8 
15142 
15159 
15199 
151C.0 
15 10.8 
15091 
1516,8 
15214 
1490.8 
1510,8 
1514 

- a 

., 
1 ~, 

10 

: ' 

.: 

, , 

;:,r 
I , 

" , . '. 
2C 

13 
12 

2c 
19 

22 
:>0 
L4 
, 3 
.;,4 

21 
48 
1.9 

9' 



Aprcndi.,< T:J.blt:! Argon IstHopiL: result:. lur micas <lIlU amrhihok:" 

:(,Ar/~~/l,t J',A~ , K/Co 'YA~' "OAr 

(x 101 (x 10 15 rr-c (%) 

Q81 Muscovite wt. = 0.58 mg, J=O.015495, NM-134. lab#=52023-0 1 
..1 t ..:7.'4 OC301 31118 1.61 16.6 604 07 

6~A ~6 6 I o.ooa~ 3082 l.86 60.7 984 1 5 
700 6216 0,0071 2315 2.90 7l <1 989 28 

C 775 68,8a 0,006t1 1..356 7.58 796 994 6 I 
, E2' 7216 COO33 U.6963 12.3 1558 <)<;71'5 

875 7363 COO26 0.5763 20', 1964 998 ?'J6 
G <;C{] 73.99 0.0018 0.2256 000.4 2609 9Q 9 29.5 

(2) 73.85 C,0014 0.3961 18.6 362,8 99 d 376 
I <,-75 73.83 OCOll 0 . .3329 32.2 4450 999 ~,16 

J 1010 7t! 14 C.COIt. C.4A25 21;. 6 372 a 99 8 t2.,: 
~, 1 C!:.Q i4 4 J C.OO 12 0.3834 25.1 £36.6 998 73.3 
LIllO 7".14 0.0007 C.3103 31.5 770.8 999 87.0 
',,1 1200 7363 0.C014 12110 9,79 352,7 99.5 91.3 
'I '300 n .69 0.0027 0.C;<;07 11 11 192.3 99.6 93 ' 

6~ 7451 O.CCO! 0.7799 IS 8 ##:!### 99.7 leoe 

10101 gas age 
plaleau MSVJD- 2:~ .. steps G·O 

2292 
182.0 

706.3 
851.0 

Q8 1 Homblende, wI. = 1.40 mg, J=O.015479. NM-134. lab#=S2024-01 
A aco 12CUI 2849 2799 0199 018 

IS:'O 8620 4953 5."86 0.693 010 
5 H':80 1029 11.15 5,195 3.75 0.C46 

I ~2(, 95,67 lQ,a7 4.688 371 0.047 
~ 1160 1305 9868 86.5A 0 CA4 0.052 
d 1200 1012 11.84 1521 0.154 0.043 

1300 9458 11.28 8 ISO 0.980 0045 
I< 165G 1034 1144 18,83 0.387 0.CLl5 
totol gos oge n:.8 9.96 0.053 
ploteou V.SWO:::8.3" " ~=5 s;eps F-K 5.31 0.046 

Q60B Hornblende, wt. = 2.03 mg, J=0.0155000, NM-134.lob#=52025-01 
A 800 1361 < 539 36.72 1.97 0 II 
6 8SO :028 13<9 10.10 0.8l5 038 
C 95(; <602 L9<l 3.144 3 32 0.26 
C 1020 81.58 5 333 3 587 4.22 0.096 
t lOao 0422 828,· 2871 164 O.oc2 

J 

I< 

1120 
, If-...o 

1200 
1300 
1<00 
1650 

lotol gos oge 

7J 131 
8922 
9818 
97.96 
92.39 
90.02 

plateou 'vlS'NO 1.1 

6 30~ 
7796 
9220 
8921 
8571 
a 273 
n:::\' 
r .:> 

.;011 
1388 
3.793 
4319 
7.699 

2;',12 

s:eps H 

1 70 
o alB 

" 36 
574 
0<61 
0355 
402 
101 

a G8! 
C.Q65 
0055 
0057 
0.059 
0062 
owo 
C C56 

993 
999 
991, 
995 
8 ~.O 
96.5 
984 
95.5 

92.3 
972 
983 
99.2 
99.8 
991 
96.1 
9Q6 
9Q4 
983 
922 

20 
90 
(.6.6 
839 
Bt.) 
863 
961 
JOO 

534 

4.9 
70 
153 
25.8 
665 
707 
72.8 
837 
98.0 
991 
'000 

?5 I 

(\ '.; 

835 t:j 

II??? 
12069 
13045 
1355 a 
1370 & 
1376 E 
1374t. 
l3il. .3 
13780 
~381 5 
13785 
13682 
13.135 
13815 
13{ .11 ,: 
1315 

9£36 
.110GB 
1720 
16·113 
'756 
1671 

i6179 
1682 

20':6 
6.18 

19522 
16877 
9587 
14695 
1627.3 
'4220 
15:290 
16785 
;6658 
15'10 3 
1497 

157e 7 
:6f,";; 

£2 
:; 3 
25 
IS 
!8 
16 
1.6 
I 7 
?I 
I 7 
I 7 

23 
1.9 

2 ' 
, 7 

6 
11:j ' 

66 
27 
5.1 
13 
92 

17' 

~ 3 
69 
23 
24 
I , 

" 1 
6 I 

2 ' 
-: 
By 

12 
2[; 



Appendix Tahlc I. Argon isolopjc result.; for mic~ts and amphiboles. 

10 remp 

CC) 

30Ar/J"Ar 

(x 10.3) 

J<:Ar, K/CC 

(x 10. 15 mel) 

Ql2 Hornblende, wt. = 2.61 mg, J=O.0155135, NM-134, lab#=52026-01 
A 800 1<0.1 9932 1038 0 e"5 0.051 
C 950 53.57 6.358 \438 0.678 C C80 
r 10/0 BO.63 11.0 1 !535 0 -527 0.046 

, ICcO 
1120 

9600 
93.96 

i )9 C.Ot...: 
0.0<5 

.l.;,;Ar ' 

(%) 

78.7 
93.0 
955 
99.8 
9<17 

G 1160 9432 

I i .L! I 
II 25 
II 75 
1/.18 
12 15 
1245 
1123 
n=IO 
r 7 

3.829 
4023 

31.31l 
5.110 
~.520 

4.882 
1697 

: I I 
O.3:l0 
13."3 

:-? 93 
0273 
0.':13 
37.9 

36." 

0.04.~ 91.2 
H 1200 95.10 D.DL!2 99.4 
I 1300 93.87 0042 99.6 
J 1400 9683 C041 995 
,( 1650 9598 C.045 95.7 
tolol gas age 0.045 
plateau MSWD=23" STeps E-K 0.044 

Q90A Hornblende, wI. = 1.93 mg. J=0.0IS585, NM-134, Lob#=52028-01 

A 800 133.3 5030 140.6 032~ 0.10 
6 850 119.3 1.510 23.76 C. '46 034 
C 950 89.28 1. 840 8.9QL! 0.68'-1 0.28 
C 1020 T! It. 2626 tl145 0)53 0.19 
t 1080 106.0 7.983 4385 235 0064 
F 112G 95.77 J087 3.5iO ItS 0.047 
G 116C 93.58 10.02 to ;86 7 . ..38 0.051 
H 

I 
J 
K 

1200 
I..3CO 
1400 
1650 

lotol gas age 

93.05 
91 17 
95.45 

95.74 

plaleou MSWO=74 " 

Q 741 
7351 
1162 
11.80 
n= 11 
n=6 

4.085 
6.438 
5.B26 
8.673 

steps F· K 

3.(J 

2. ~ a 
123 
OS96 
3'1 
322 

0052 
0.069 
0044 
0,C43 
O.C60 
0.050 

QI 08 Hornblende, wI. = 2.55 mg, .1=0.015718, NM-134, lohr# =52045-01 
A 800 l 77.5 1 1.116 68.18 I 43 0.045 
[; 850 :58.23 3.944 1609 0.425 C.13 
C 950 6397 
DC 1020 90 28 
E 1080 87.15 
F 1120 82.80 
G 1160 80.77 
~ 1200 8543 
I lJOO 8394 
J 1400 7406 
r< 1650 91.47 
lotol gas age 
plateau MSWO=192 " 

4.366 
5,443 
5433 
1i. 750 
t. B06 
5686 
6526 
7553 
1887 

n:;-11 

n=7 

10.32 
3.671 
2.001 
2.677 
11.10 
3424 
2.826 
1552 
19 II 

s!eps E-,( 

0870 
7 '".>1'. 

49.5 
485 
122 
5.18 
132 
0509 
C 654 

R:-:'.6 
75.4 

012 
0.094 
0094 
011 
011 
0090 
0078 
0.068 
0027 
oem 
0.091 

69 I 
94 .2 
912 
98.7 
994 
99.3 
99.5 
9')5 
986 
992 
9B,3 

892 
92", 
95.8 
99.3 
99.8 
995 
96.4 
993 
99.6 
946 
955 

(%) 

12 
30 
H 

56.9 
86 I 
86.9 
90.tl 
98.2 
98.9 
1000 

95.6 

09 
1.3 
3.1 
5.7 
i2 J 
57.8 
17.9 
88.0 
939 
97.3 
100.0 

879 

\7 

22 
32 
12.0 
69.9 
75.5 
769 
830 
984 
990 
ICD 0 

Bao 

AGe 

(Mn) 

'8r:p 

10:::<- ' 
142..19 

165 1 3 
1627.1 
1537 

1638.0 
16~51 

lt~9 

ItC6 
1628.1 
1639 

:61~ 

1871 
15·:4.5 
\4\27 
17~a2 

1653.1 
1625.1 
1618.7 
158'-:: ::,. 

16t.3.5 
1637.6 
16382 
163n 

L'L.66 ... 

IIG7 
12l9.) 
1589.7 
1558.3 
150 1. 7 
1'-;1\5 1 

J5329 
15183 
13a5 
~ 577 <: 

1:-,5J.<; 
152,1 

·10 

(Mo' 

19 
29 
70 
SO 
33 
20 
2.5 
26 
32 
il7 
6.0 
27 

35 ' 

67 
Ii 
56 
2.3 
20 
26 
t.4 

28 
22 
89 
69 
?? 



Appendix Tahk !. t\r~or. isotopic results Inr micas and amphiboles . 

'0 iemp ·')''Iv /~') Ar 3',\:/3<1A ; Y·Ar/J'iAr .wAf "<. K/Co t,cAr · 1'Ar Age z 10 
("C) (x 10"'1) (x IO'I~ mOl) (%) (9:'») (Mal (Me) 

Qtt-18 Altered bio tite, wt. = 0.70 mg, J=O.OI5342, NM-140, lob11=52508-0 J 

" "S.=; 1467 o 32Q6 23.7.-: 18.6 I C .0 52.3 28.8 200.5 '2 
B "'55 221Q 1.013 :9.32 e.38 050 7·1.6 .l'S t:c:a.3 
C 755 23.58 1001 11.45 811 C51 co ,.. 5l~ .:; ~8e.5 I -
0 855 77.55 03:254 1635 666 16 825 c,1.6 539.7 I 7 
F 935 30.77 08381 19.49 68i 061 81.~ 75.1 5872 20 

1010 38 .12 I 19~ lil01 0.61 0.43 81' ~ 

" 838 755.9 13 
Co 1()45 44.2/ 1767 5.386 163 0.29 9/'/. 863 91S4 3 7 
H 1115 ": 7<'15 2.987 2.623 355 0.17 9<;9 918 9798 2-

111.5 52.16 o QI,'O c..C31<1 282 0.56 99.'; 9(..1 1060.0 2t! 
, 185 56.Q6 06166 0.2Q02 IQ8 083 W." 91-,2 11326 ,6 

K 1235 57.25 08,,.12 Il'.72 0517 057 9'91. ICG.O 1132 I 77 
folal gas age n= 11 M7 0.91 521 7 I 7 
no plateau 

Qtt-20 Blotile, wI. = 0.61 mg, J=O.0151200, NM - 140, lob#=52509-0 1 

A 585 5390 0.0328 1290 15.7 155 929 80 '0 16.9 ' .8 
B 685 7215 0.CC70 1.865 ~O9 728 992 2QC 1323.2 2."' 
C 785 73.19 o 01 ~6 1.572 23.3 44.0 9(~'~: '0.9 1337.9 19 

D 855 72.13 OC213 1.70": 9 6·1 23_9 9'/ ' 4.::.8 i3237 ? 
E 9·35 72.94 C 0165 1.857 222 30,9 9';.3 t7.2 13337 20 
f 1010 7089 0014.' 1873 390 354 """ 772 13C6.7 20 

G 1045 7334 00100 1627 21.4 ,!a,J 99/. 382 1340.0 2,0 

H 11 15 75.60 O.DIIS 08677 23.1 44,3 9'~ 7 ICOD 13717 16 

10101 gas age n::.o 1952 .t.4.1 1305.9 1 1 

plateau MSWD=115 " n=7 steps B~H 1796 46.6 no 1336 31 · 

QN-21 Biotile, wI. = 1.03 mg, J=O.014910a, NM- 140, lob#:-:5246S-02 

/\ 58!.. 54 57 a 'ICC 9.88' 3'::.3 51 , 91: 7 82 1J299 2..:: 

B 685 73,20 o ce,t3 0,999<l SQ.3 1178 996 ?? 6 :327 ; 23 

r' 785 7613 0.r.o57 0.7670 68.7 89.2 ~f).7 e6,1 1365e ? ' 
0 855 71 ,50 0,00'/6 1.263 38.1 53.4 995 55.2 13041 21 

[ 'n5 72.50 Q,CC53 09466 74,5 96.4 996 730 13182 1.9 

f 1010 75.55 0.C044 06123 61 ? 1163 99.8 81.8 13586 21. 

G 1045 7638 Oo..'")4Y 1082 2C 7 1032 9<::;6 92 ,8 1367.' 22 

H II \.5 7842 o OC48 0, 4762 252 1073 99.8 98.8 '3951 22 

11/15 7897 o (Xl31 117? t! 89 167,0 99.6 1000 +399.ol 23 

tolol gas age n=9 4116 969 13:6.Q 20 

plateau MSWD=24.l ' • n_c S'cps B- 3B'3 101C 91.8 1351 e/ 

14,\ 



Appendix T ahk I. Argon isotopIc results for micas and amphiboh.>_ . 

10 TefTo .!~Ar/JQAr :JI Ar/" Ar ~Ar/JQAr '" Ar, K/Ca 4)Ar ' J"Ar Ag,' ;<:10 

r C ) (x 10") (x 10- 1, mol) (%) (%) (Ma'. (Ve) 

QN-14 Blolite, wI. ::: 1.04 mg. J:::O.OI49592, NM· 140. lab#:::S2466-01 
A 5k.."i 6':.23 000t6 7823 225 J 10 4 96" 58 11/f08 1.9 
B 665 76.44 00017 069,y, 99_5 3C6.6 997 31.4 1372 6 27 
S 7CtJ 7550 00023 03495 63.0 2245 99.9 47.6 1362.1 25 
0 E55 75.44 o COlO 07526 23.8 732 997 538 1359.7 2' 
E 935 76.83 00:;39 0.5403 41).2 131.5 998 656 1 j78 1 21 

IOIC 76.59 0.0040 05075 5/.3 126.2 998 804 i,37S3 2.1 
G ;S45 7671 00042 C.7875 242 120.5 99.7 866 13/57 19 
H 1 i \ (" 7608 0.0067 05471 266 76.4 99.8 93.5 13687 2 I 

11~::; 701 0.0037 0.2943 172 138.6 999 979 13522 1.9 
J 1185 7386 0.0031 0 4003 8 19 16<1.6 99.8 100.0 13410 2. 4 
10101 gas age n=lO 3384 182.4 1.'590 2.1 
plateau i\lISWD=32" n=9 steps 8-J 365.9 186.9 942 1365 IS" 

Qft-24b Blohle. wI.::: 0.94, J=O.OlS1612, NM- 140.lab#=52479·01 
A 5i!5 56.77 0.0066 3690 135 769 98.1 39 11039 18 
3 635 78.27 00013 0.2976 58.6 40 1.5 99.9 210 1410.1 20 
C- 755 73.89 00009 02234 71.6 598.7 999 41.9 1418 I LS 
c:; 855 78.9 1 00021 0.2158 28.4 242.7 99.9 502 1418_4 1.9 
E 9" wO 8C05 00016 01798 52_4 313.5 999 65.5 1432.7 23 

1:; r) 79.35 0.OCC9 0.1293 72.5 587.3 100.0 866 1.1 24 1 2.6 
v ·";·45 7882 00012 0_4;;59 19.0 42 1.9 998 92.2 14162 ; 9 
r ' , 5 7E.73 00017 01960 20 . .1 2949 999 98.1 ',:163 2.1 

; '45 7910 O.GG29 1021 639 1789 996 lGO.O 1,117.8 25 
101('1 gm agf' n::.9 'Ll27 L1333 r N)7 7 2J 
plaleau i.J.S·Nu=9.8 · • n-=8 steps B· 3::9.2 447.9 96.1 14!9 IC ' 

isot;:)PC :atios correced lor blenk, radioactive decoy, and moss discrimination, net corrected for intc'rer;ing ree 
Indly':LJal ar,ciyses show analytical erro r only, .Tiear nge errors also include error in J end Irrod;ati on parameters 

Anclyses ;n italics are exc luded from plareau age calcu lations 
• 2 0 errnr 

. . MS\-\'Q oc~side of 95% confidence Window. plateau errors multiplied by square root of MSWO 

116 



Summary or 4()Ar!39Ar lllica and hornblende agL',', 

Sample ~1in % WMA' ± WMA MSWD Steps 0/0
39 Ar TGA3 ±TGA' 

K,OI (Ma) (20) (Ma) (20) 
Q119 B 6,2 843,1 2 ,8 
Q60B B 6,4 1416 14 13 H-J 27,7 1279 3,6 
Q90A B 8,0 1514 9 7,8 E-M 96,2 1511 3,8 
Qft-14 B 9,8 1365 18 32 B-J 94,2 1359,0 4,1 
Qft-18 B 2,3 521. 7 3,4 
Qft-20 B 8,1 1336 33 115 B-H 92,0 1306 3,6 
Qft-21 B 10,3 1351 49 244 B- I 91.8 1317 4,0 
Qft-24b B 9,2 1419 10 9,8 B- I 96.1 1408 4.0 
Q81 M 10 1375 15 25 G-O 79,4 1364 3.2 

Q81 H 0.18 1638 17 8.3 F-K 53,4 2048 18 
Q60B H 0,50 1668 5 1.7 H-I 25.1 1571 5,0 

Q12 H 0.37 1639 20 23 E-K 95.6 1628 5,4 

Q90A H 0,48 1630 35 74 F-K 87.9 1638 5,4 

QI08 H 0.85 1524 52 192 E-K 88.0 1554 4,4 

I K,O calculated from sample weight and 39Ar concentratIon assumIng Q81 

muscovite contians 10.0 weight percent K,O. 

, WMA - weighted mean age calculated by weighting each step by the inverse of 
its variance. Error calculated by Taylor (1982) method. 

3 TGA - total gas age calculated by weighting each step by its 39Ar concentration . 

. , TGA - total gas age error calculated by weighting each step error by Its 

JlIAr concentration. 
Min - MInerai dated. B-Biotite, M- Muscovite, H-Hornblende 



,\ppt:nUIX Tahlc- :2 \"irgin :' l ourlti.lins K-fdu."PJr argon data, 

K/Co 

(C (x 10 ') (x 10' Mel) 

Q ft .. l 0 K· feldspar, wI. = 2.05 mg, J=O.01 494S4, NM .. 140. lob#=52459 .. 01 
r·. ,::....... N~ 7 0 C . t:365 t Ii'; 4.16 
B .teO /.tt12 CC055 7177 -; 927 
( '::::C 29.54 0.0160 5 :/1 '1.?13 ~1.9 

f" J 2·1.93 
E ~A.. 2,:) 32 
F "L": 07 

"fO 5056 
P [53 2.:185 

550 ;;535 
6C0 4~'91 

,.;. bOO 31 25 
L tee t.f, C'~ 

':-1 650 ~6 61. 
-.j 650 ,: c9 

(' 6&3 43.93 
P 700 so 94 
o 7ee l.610 
R 7804795 

S 750 53.81 
ISO =271 
7~.Q :.;~ 77 

V BC~ C 27 
Vi Bel, 61 . .37 
x 13:':0 6906 
v .-.~O 7'"'1:;2 
! ;<:C) 79GB 

l~. = 783: 
IB t;50 8236 
7( <;"'J 7P,98 

11 lOCO E':' 24 
Ze 1000 7545 
zr lD~ 71.3.1 
ze; 10SO 7352 

lH l1eO BO.88 
II 1100 77.38 
ZJ l1CO 7676 
ZI. lieO 7676 
Z~ 1100 77.40 
ZM 1200 8690 
m 1300 77 53 
Z( ,,!CO 72 n 
ZI :685 7445 
10 101 gas age 

C 0140 

.0210 
00267 
00221 
00126 
C01:3 
0.0124 
0.CG71 
0.0121 
00122 
001 3 
0.0144 
00139 
00073 

00081 
0.0081 
0009/· 
00085 
00078 
00078 
OOC83 
00057 
00062 
00042 
OOOle 
n (';()25 

0.0048 
0.C036 
0001.7 
00038 
00057 
0.0052 
OOOSO 
0.CQl2 

0.0034 
0.0035 
o CC25 
00028 
00031 
n .. 42 

636 
1911 

. 371 

v 72l.0 
3576 

07252 
1.664 

3990 
0.34h 
0.1133 
n 1857 
1821. 
0.3l.78 

0.570' 
0,383:-
021:;.0 

o 27?1 
03232 
00288 
0":695 

0)75" 
C l: ~ (.,: 
o lNh) 

03659 
(' '172 
03096 
0.2836 
Dill/!6 
02784 
06183 
0?334 
0.2611 
02662 
o 4Cl~t, 
04776 
03341 
o .~,Ot,:' 
G 1.'1'1:,1 

1.C!: 
• 28 

1 18 

23·1 
'24f.l 
220 
376 
379 

46' 
47 
/I C8 
5.53 
5.78 

5.Ll7 
S.75 
1\ 77 

528 
601 
B.5e 
9 ?6 
1 1 
136 
16 I 
18 '/ 
2J 4 

30.7 
387 
4.1 ? 

559 

63' 
1068 
1301 
1216 
76.4 

?3"-:O 
28 
462 

'157 :. 

1·18 

.1l! 9 
2.r. :: 
l? 
23. 
l.Oll 

4Q.6 

..112 
7i 5 
42.3 
l! 1.9 
45.1 
35.3 
36.8 
69.9 
63.1 
62.9 
53.~ 

60.1 
6: 8 
654 
61 7 
C;Dl 

82.4 
122.0 
llC.O 
2DB.l 
1066 
143.4 
107.8 
132.5 
90.3 
97 7 
1013 
122 B 
149.6 
146.2 

2059 
1820 
1636 
1373 

.:! f..f · 3"Ar 

950 
9:;' II 
949 
9f,:; 

979 
998 
989 
IGCr; 
996 
995 
994 

744 
99 B 
999 
9'1.9 
989 
998 
997 
99.6 

(')0) 

01 
0.2 

02 
03 
, ,I 

0.5 
07 
'.0 
'2 
15 
18 
21 
2.5 
2.9 
3.3 
3 7 
42 
46 
5.1 

1.:-7' ' 
9114 

6~D9 

750 ;' 
52'? a 
552.9 

10066 
5735 
5111 
8569 
6d19 
7157 
9522 
872 8 
9094 
10i27 
943.6 
972.0 
1062.7 

999 56 10469 
999 60 1077" 
998 61. 11)/5 
1000 69 1173.8 
998 77 12771 
999 85 130: t. 
99.8 r; 4 139.:).3 

999 10.6 13971 
999 '20 14461 
99? 1:t 6 1(.('.5 2 
999 ,,7 14205 
99.9 183 1360.8 
99.8 21.6 13841 
999 25.5 1336' 
99.8 30.3 1427 1 
99.9 35.8 13853 
99.9 45.0 1377 t. 
999 563 13774 
99.3 668 13649 
99.8 734 14997 
999 93.6 13666 
<;9 ¥ 96.0 132'" .1 

998 lCO:) 3473 
3622 

(\11"1' (mlr.) 

84 
6 • 

f :" 

4 

41 
31 , ~ 
26 
? : 
22 
3G 
,0 
1 , 

2.tl 
1'1 

18 
, . 
23 

23 
22 
2< 
u 
2 
2 
2~ 

2l 
2 1 
19 
18 
20 
n 
25 
23 
3 ~ 
20 
28 
32 

3 J 
2 
24 
2, 

104 
• n 8 
'i9.; 

'I? 
207 
29'"' 
110 
21 3 
292 
, 18 

21 2 
?(; '2 
09 

207 
293 
iO 2 
Zl5 
290 
11 3 
212 
'2',7 

1 I 
41 1 

11 2 
;:>' 4 
. 3 

21 " 
15 

~15 

l' 4 
2: 5 
103 
202 
;0.0 

199 
534 
'It. I 

2341 
0.1 
6 F 
, 2 

6, 



.-'\ppelll!i\ T,li'!' 2. Virgin i\l nunti.un, K -feldsp<lr a:--glln d:na. 

·e"'~ t.',l.r/IAt 3:N/3Qt\~ '"ilJk/J'N 'k, K/Cc 

, C) (x 10.3) (x 10·1~ 'no!) 

Qn- 14 K-teldspar, wt. = 2.26 mg, J=O.0148870, NM-140, lab#=52460-0 1 
;, L!~O 252 9 0.0: I? 53 ';0 a ?dQ 18 3 

,:::;0 ~6 59 0.0126 8:)0': 04:':6 40.7 
,150 lO.24 0.0<187 16.2_ 0391. 10.5 
.5;Ju 26 11 002t-9 393 075t. 20,5 
.~}O 2C.C6 00170 4.:1,5'7 107 30~ 

F 5.<JO a5~ COlt-,! .c)d(1 121 355 

J 5:':0 27.61 C.OC90 1/16 2.71 565 

II 

I 

550 11.36 O.(Xll,; 1301 346 69.A 
CCC IH93 C.oo" l.322 351 68.3 
tCC 2c W a CC76 05':',19 5 67.C 
me 2t. 21 0.CXJ63 03114 536 81.0 

L 0.;0 2537 0 CX:57 I AC8 4.39 89.3 
NI 650 3033 0.0118 0.6437 527 43 .3 
N 
r 

" R 

I 

L 

6~ :2730 0.0109 0,5936 4 86 46.B 
650 3069 G,OI2i 1()47 l1 CJ 42,2 
700 3320 00230 0.484e 343 22 2 
700 29 47 00191 o 734/! JJ4 26,7 
700 301.0 0.0264 2.059 2,60 19 ,4 
750 3(/' 29 0.029(') 1,015 2,39 17.6 
750 3367 0.C365 0957' 249 13,2 
750 35.C4 0 (;~!27 2566 220 1 i 9 
cGO 4268 0.G523 1.019 2.0' 98 

1// 8CO 4040 a.OSC3 1 '42 262 10.1 

x BcD 47.00 004.19 I 180 330 116 
I 

Z 
8';C: 45,96 O,~W 12'2 410 li.6 
= 53.58 0:JJ17 08045 4 93 16.1 

ZA 9CC 5168 C.()194 0954~ 68", 26,", 
ZB 950 5932 0.0146 0.722' 808 35.0 
zr 950 57.30 0,0106 0 ~·336 10.9 48,0 
ZC 1000 6328 0 CX:82 04829 123 62.3 
ZE 'OCX: 6315 0:073 05130 161 69.8 
!.f 1050 67.30 0.C080 07023 16.9 63.6 
lG 1050 66.02 0.C063 0.A324 254 80.8 
Zn 1100 6735 0.0078 0.1315 203 65 I 
Ii II CO 66 89 00063 03;16 335 80 4 
lJ IIX 6700 00055 0.2643 734 93.3 
lK 110C 6603 O.oot.2 03e~9 8'.6 121.6 
ZL 1100 68.72 00035 05350 897 100 
ire '200 67.67 00040 0.161.9 48.9 128 5 
if, l:)CO 7106 

'",;'1 

Z, t::s 
10 101 gas age 

6:; 4B 
7J 73 

Q,C02' 
O~2 
0:;02· 
r·42 

01523 
(l.eB?';, 

215.! 
131 ..J 

30t. I 
;:'11 

2453 
238,4 
2 L!:) a 
1762 

t·:·f.....r · ~QA: A:;;e 

(Ma) (%' ('r~) 

9)' 
<;Oi; 3 
881 
960 
., 5 
·/3 ~ 
Q( L 
'll a 
979 
'y'</ t. 
c.;(; 0 

98l 
994 
9Qil 

9<; . .<, 

99, 
C";Ci r 

9') :2 
997 

093 
992 
'193 
9',2 
9'/6 
995 
,,<) 6 
9'17 
9'18 
08 
9'17 
9'1.8 
997 
99.9 
9<:; Q 

9'18 
99.5 
9'19 
·OCO 
99 ~ 
·eo.o 

C.l '27242 
C 1 ·t()7.6 

02 76A I 
J:.. 5n 4 
C.3 l.13.7 
),1 4JJ, 

06 611 '2 
09 "061 
1 2 439.3 
I 7 6270 
2 I 5526 
25 5793 
3.0 6683 
3,4 61 i :; 
3.7 672.9 
40 7216 
43 651.8 
/;,5 661.8 
47 6254 
.19 727,7 
5 1 7542 
53 8822 
5,5 8J,j 6 

58 9639 
6 1 ~34 4 
6~ lC~3 

71102l8 
781138.6 
88 IIIC.2 
98 1195 
112 11932 
'2~ '2491 
14 8 12329 
16.5 1249.7 
194 12A5.: 
25,7 12<16.8 
326 126C; 
l03 '268.-
4t,5 12562 
628 13012 
74.0 12;0 4 
GOO 1310 I 

12~C,~ 

~ a me 

U",1a) (I"'"'or') 

?8 
9L 
104 
tl 
J , 

6 
, b 

16 
16 , , 
, 4 

'6 
1.5 
14 
I 7 

9 

21 
20 

2 I 
'8 
22 
18 
22 
I 7 
19 
23 
• :1 

, I 
L,J 
19 
30 
27 
26 

97 
~O 3 
23.1 
'0 

2':; J 
.:.c,= 

o 
206 
29,6 
10 ~ 
:<C.9 
£8.8 
10 .4 
20.2 
2Q,2 

20.5 
28.0 
i:J e 
LG.6 
295 
,- 2 

2 
I, 

209 
~ 1 J 

21.0 

2' 5 
I . , 

212 
Q& 
2G I 

91 
19 <; 

67 a 
1245 
2325 
57 
66 
71 
6 



Appendix Table 2. \,irgin ~ l ountain~ K f-:lcbpar argon <li.ll<l. 

10 Temp t.::J/>.r/JOAr J7ArF·)Ar !6Ar/3?r\r .l<,1ArK K/C~ 

('C) ex 10') ex 10· , mol) 

Qrt · 18 K· leldspar, wt. = 1.90 mg, J=O,O I .47.412, NM · 140, l ab#=52.461-0 1 

A 1.50 669.9 0.032i 8055 1.30 1.5 9 
B 4';0 4225 0.0161 '729 0.570 
r- 4')() 24.84 0.0037 I. 635 O.i199 137.0 
Q WO 1876 -00022 1 144 0969 
E 500 16.37 0.0104 1.799 1.33 1.7.2 
F sea 11 :1<'1 0.001,0 1.320 1 29 1 :26.3 
G 550 34.68 00047 1654 2.12 105.5 
H 550 11 44 00087 .() 0224 275 508 

550 11 24 0.0036 -a 2786 243 I'. I 8 
J 6CO .il6.81. 0.0085 1664 .il61 COO 
K IoCC 14 91 0.C082 -04658 385 62 2 
L loCO 15.82 00085 -0.5015 301 5'18 
tv1 650 2947 
N 650 21.78 
o t.50 22.02 
P 700 33.99 
Q 700 26.40 
R 700 26.89 
S 750 36.34 

750 3108 
U 750 3267 
V BCO 38.94 
W 8CO 40.45 
X 850 45.57 
Y 850 48.3 1 
Z 900 54 39 
ZA 9'J0 5839 
Z8 c,O 6326 
ZC 950 63.80 
ZO 1000 66.45 
Z, 1000 65.71 
ZF 1050 66.97 
ZG 1050 65.89 
lH 1 i 00 65.88 
II ' 1 CO 65.68 
ZJ 1100 66.69 
U 1100 68.56 
ZL IICO 69.14 
ZM 12CO 6737 
ZN '3eo 68.74 
ZO 1400 66.:4 
ZP 16A5 68.37 
to to I g as age 

00117 
0.0100 
0.0088 
0.0139 
0.0083 
00125 
0.Oi2S 
00100 
0.0!03 
0.0125 
0.0133 
00132 
0.0 124 
0.0107 
0.0077 
O.CCfl5 
0.0069 
0.0089 
0.0068 
0.0090 
0.0070 
00106 
0.0107 
00094 
0.0094 
00100 
00027 
C.OC25 
0.0025 
0.0028 
n=4? 

0.3872 
0.3774 
0.5952 
·0.3506 
-04162 
.()6958 
·07462 
-09239 
·10461 
0.0095 
'()2010 
094 16 
02018 
0.4462 
-00527 
0.12,c5 
01301 
0.3690 
01993 
02956 
02207 
0.8965 
0382<1 
06133 
08471 
I 134 
O. :..:92 
02421 
0.4663 
0.3505 

4.06 
364 
280 
340 
339 
2.68 
2.97 
287 
2.50 
263 
330 
476 
551 
656 
7.56 

89" 
10.9 
13.3 
16.3 
176 
21.6 
237 
272 
50.9 
504 
553 
6C.3 
453 ;:1 

45.9 

66.8 
10066 

150 

43.6 
5i .2 
53.0 
36 .8 
6: .2 
":0.9 
4:1 a 
SJ.8 
<96 
<09 
38.3 
38.6 
41 I 
47.6 

666 

74 a 
57 ~ 
746 
57.0 
725 
118.1 
t.7.5 
t;·l.O 

04 I 

51.3 
188.5 
205.0 

205.1 
18.1.8 
1466 

4(:Ar - j" Ar 

(~~) (%) 

965 a 1 11:.246 
8/.9 02 787 
9.1502536 
981 0.3 432.9 
96.8 0.5 3/8.1 
96.0 0 6 271. 9 
95.6 0.9 736.0 
100.1 I I 280.9 
1CO 7 I 4 278 ; 
990 1.8 939· 
100.9 22 360.9 
100.9 2.5 380.8 
99.6 29 6-18 . .1 

99.5 3.3 499 8 

99.2 3.6 5032 
1003 39 7K2 
100.5 42 5950 
100.8 Il 5 605.9 
lCO.6 t, 8 7771. 
100.9 5.1 685.2 
1009 53 710 
:00.0 5.6 818.0 
100.2 5.9 8114.4 
99~ 6.4 922.3 

99.9 6.9 968.9 
99.8 7.6 1060.0 
1000 8.3 1120.2 
999 9:-' 1187£ 
999 :0.3 1195.2 
99 a I 1 6 '230.2 
999 133 1221.0 
999 1,,0 12375 
999 1/2 1223.3 
99.6 19.5 1220.4 
99.8 ??2 1219.8 
99 7 2/.3 1232.5 
99 6 32.3 1256.5 
995 37.8 1263.' 
99 9 43.8 1243.4 
999 8S8 '261.2 
99.8 43.4 '225.6 
996 1000 1255.9 

12112 

14 
13 
1-\ 
7 I 
51 
52 
3. ! 

2.S 
21 
• 7 
'0;-

2~ 

22 
2.3 
29 
2 ) 
2.!: 
3 t1 

2 9 
? / 
J) 

:'.7 
L.8 

2" 
2.3 
2.7 
2 I 
2,1 

22 
20 
·8 

9 
1.8 
21 
23 
27 
1.8 
, .8 

'y 

. ~ a 
2..~ 7 
96 
Z'·1 
23 ... 1 
I' 0 
~I I 
E}f. 

I ! 

, ' 
2>1 9 
I ' 

~"\i .1 

?9.0 
(,14 

2r ,; 
,)~ .: 
: 0 

20 ~ 

:2) 1 
'06 
?n ~ 
II I 
2· 2 
I 2 
2 0 

;' .. 
2 
3 

93 
t)·l 

90 
i'i 2 
656 
1221 
233') 
oS 
, 7 

! 7 



Appe nu ix Tahh: 2. Virgin i\ lnulltdins K-fd cbpJf argUrl tial<l. 

t.GArrlAr 'l'Ar("'p.r 

(x 10') 

JiArr( K/Co 

ex 101~ mol) 

Q ft -20 K-feldspor. wI.:::: 1.87 mg. J=0.01 46928, NM- 140, lob# =S2462 -01 
t.. ~-) 05.2 0.0118 HO.62 1 Pol t!.l? 

:J ., c,,"'25 0.02:;'7 15.48 CCB& 199 
".; CJ 61.45 00004 1 i,ftl a !jIO 12i:i'"J!3 

53.90 O'(XJ65 Y 153 I,C9 1.02 

',,- ) 26.38 -Q,COlO 6829 L(o 
~n'") 22 .9E 0,(£69 3,C~5 1 n 

G !/./l 1,.199 0.00/4 2.690 2.<i 1 

" tJ· J 1066 0,0087 1.9C0 27a 
r :-, 2~ 21 0,0090 3823 267 

~ 

L 

o 
p 

~ 

s 

,:i 

x 
' ( 

Z 
ZP 

I' 

7:::.u 
1:, '() 

, 0 
dtO 

900 
')'X) 

"' 
L"'I 1000 

I, :000 
7';: :C~A) 

Z\7 lC50 
lH 1100 
l' 1100 
ZJ leD 
iK 1100 
lL 1100 
Zt,/ 200 
r. 1300 

33.95 

'635 
18,13 

2" 19 
21.84 
2418 
34 60 
30,06 
32 ,80 
4547 
t.:J38 
01 28 

57.73 
5dOl 

6827 
64 92 
83 21 
7633 
C)tl ]1 

6392 
9476 
84 L!4 

95,51 
83.89 
93 ,59 
82,81 
8222 
82.73 

85.49 
96.53 
85,03 

11 I t.OJ 76.02 

zp 1685 76.42 
10 10 1 gas age 

0,0069 
00086 
00066 
00061 
C 0079 
0,0087 
0,0095 
0,0094 
0,C092 
0,0109 
0,0105 
C.Cl03 
O,OWO 
o,Oloa 
0,0121 
0,009/ 
00075 
0,0045 
0,X53 
0,0037 
0,0046 
000/.0 
00043 
0,0042 
0.001.4 
0 ,0039 
0,0032 
00026 
0,0019 
0,0026 
0,0018 
0,0032 
00030 
n=-I.2 

1.223 
I.,W3 
06271 
0.5322 
Q.";4bQ 

o 808J 
0.5 190 
0.31 ~4 

042.02 
0.5CS2 
0./203 
06017 
0.1666 
0.3520 
0 .4972 
0.3941 
0.6346 
06594 
0.0279 
05928 
1.056 
0.59&7 
1012 
a 5~27 
0 ,3364 
0 ,4094 
0 43')/ 
05:57 
00127 
05672 
04432 
O , ~6<;:8 

o 7354 

il,6c) 

b.le 
5.01 
6.81 

8."" 
8 CO 
812 
1ll.9 
9·1 1 
102 
10.5 
909 
81,S 

985 

12 ° 
124 
\ /1 6 
153 
:m 1 

:'0 5 
31.5 
29.5 
449 

40.8 
43.7 
395 
735 
58,8 
498 
2'l1 

245.7 
290 
2.1 4 

9658 

15 1 

711 5 
6216 
58,6 

068 
734 
59 ? 
7],8 

832 
647 
58 a 
53 ,5 
54,4 

55.3 
46.7 
.13.7 

49.3 

508 
.17.1 
423 
52,5 
61 3 
112/ 
%8 
1366 
110 8 
1291 
,19.0 
120 .1 
116.1 
130 9 
1580 
1967 
2722 
197.7 

2822 
158.5 
1709 
1713 

·'.['Ar ' 

(%) 

r;66 
(r., 1 

0:;0.5 
95.0 
92,3 
96 I 
C)8 ? 
97 I 
94 4 
95.9 
9/.S 
99,0 
99.4 
99,f. 

99.0 
99.6 
99.7 
99.6 
997 
99.8 
99.6 
999 
998 
99.8 
99,& 

99.3 
r:;97 
997 
99.8 
99.7 
99,8 

99.7 
99.8 
997 
999 
995 
9'1.8 
99.7 
998 
99.8 
99.8 
997 

riAr 

(%) 

a I 
02 
03 
04 
0.5 
06 
09 
12 
1 5 
1,9 
25 
3,0 
37 
46 
5. 4 
6,3 
7,5 
8.4 
9.5 
106 
11,5 
12ll 
i35 

I ll .7 
16,0 
17.5 
19, I 
21? 
233 
266 
29.6 
:-\43 

385 
1130 
47 1 
547 
60,8 
660 
690 
9il5 
975 
100,0 

Age 

(Mo) 

43279 
i"6r. C 
jQ765 

10116 
55' .6 
5C6,4 

902 .3 
44::,8 
l14 5.5 

723 . .1 

3791 

42L! 
5<152 
499.1 
543,5 
738 .5 
657. 8 
706.7 
920,4 

838.9 
900.9 
11071 

1052.1 
12511 
12065 
1438.5 
13542 
1569 E 
ld 47.0 

15699 
14532 
1578.3 
1.146 ,8 

1557 ,6 
1,13.1 4 

14272 
14331 
14/)48 
1591,0 
1460.7 

351 Q 

1354 8 
13685 

::!c ia 

(Ma) 

7.0 
56 
58 
41 
3,3 
3. ' 
2,'1 
1.7 
2.0 
19 
1,3 

14 
20 
I I 
I I 
; 4 

12 
15 
'5 
'6 
.. 4 

1 <; 
2,0 
2.0 
1 8 
2.2 
2,0 
),ll 

I ' 
2(, 

23 
25 
2" 
2. i 
21 
2.6 
23 
7.4 
2.5 
41 

2.3 
1.8 

2':-

(min) 

94 
113 

93 
1 (,; 7 

':03 

103 
2[)7 

29 I 
10il 
20 t. 
';67 
95 

"0 2 

3.7 
20,0 
2 1 9 
, 11 

.:0 e 
291 
'02 
208 
II I 
2' .0 
Ie 9 
210 
,~ 3 

2 3 
I.: 

2 ' 

9.8 
19.6 
76 
' 62 
696 
125 . ..! 
242 a 
55 
6,7 
, I 

,..,,7 



.4.!'pcndix Table 2. Virgin t-.lounlain.'i K-feJdspar argon dat:-t . 

. [) T(,rnp f.f;Ar/J·;j'..' 

('S) 

N /J<I t., ~Io Ar ,J"Ar J'i Ar.,. K/Co 

(x 10.3) (x lO' l ! r:'"lCI) 

QN-21 K-Ieldspar, wf. = 1.88 mg, J=O.0147066, NM-140, labi#=S246J-Ol 
A A50 151 I 0.0627 52.80 I 95 8.1 
e "5C 1521 00:</,6 il13 0.899 20.' 

f 
G 
I' 

J 

,( 

L 
M 

450 
bOO 
SGO 
500 
550 
550 
550 
600 
60C 
60C 
650 

1251 
11.23 
8839 
8107 
18.05 
7.585 
71140 
1745 

9 A37 
1127 
16.65 

N 650 14.86 
o 650 17.L!5 

P 700 22.03 
(; ICO 23.16 
R 700 26.90 
S 750 3 1 .ilO 

750 33"5 
U 750 36.69 
Ij 800 4il.31 

W 800 47.56 
X 850 52.77 
Y 850 55.43 
7 9CC 58.48 
ZA '700 60 36 
;3 C1~. 62.64 
L~ 950 6445 
zr 1000 67.3A 
IE lOCO 6857 
zr 1050 71.13 
ZG 1050 12.0" 
ZH IICO 7471 
LI 1100 75.18 
I IICO 75.79 
/K IICO 7643 
11 IICO 7"91 
1"1 i2SlJ 75.31 
l". 1]:xJ 75.C6 
Z) 11.00 73.78 
7P 1665 7.3 .5'1 
lotol gas age 

\.;0292 

0.0316 
0.0270 
00318 
0.0373 
0.0322 
0.0:<96 
0.0399 
00334 
0.0314 
0.0/'06 
OO'J34 
0.0459 
00607 
D.OM i 
0.0703 
0.0173 
::l.Cea..! 
0.1030 
0.1168 
O.lOY 
0.1105 
0.0870 
0.0785 
0.0577 
O.::!,lt10 
00316 
C.0331 
0.0238 
0.0350 
0.0284 
0.0318 
0.0303 
0.0319 
00328 
0.0253 
0.0171 
0.Cee5 
0.0228 
C.OC66 
n-t.? 

8.323 
3.752 
3.8Ll 

5.475 
2045 
1.927 
2.228 
2564 
1.022 
2230 
I 102 
0.8385 
0 .8654 
I 106 
0.8125 
1.329 
2726 
09855 
1965 

05268 
I 137 
2.001 
1.206 
0.9289 
0.8540 
092::'7 
09158 
I (]()9 

09168 
I.OilO 

0.8368 
1.640 
07123 
07022 
0.7297 
0692.1 
0.5028 
03553 
0540: 
0.5531 

0726 
1.25 
140 
129 
2.39 
2.42 
222 
377 

4.01 
3.61 
437 
5.14 

4.22 
446 
05 
370 
3.83 
3.90 
3.68 
3il4 

419 
5.00 
5.57 
6.34 
8.04 
aao 
104 
I 1.0 
129 
132 
18.5 
185 
26.9 
51.3 
60.3 

751 
il57 
190.1 

410 
874 
7~7.6 

152 

17.5 
162 
18.9 
160 
137 
158 
172 
128 
153 
16.2 
12.6 
1l.8 

11 I 

8.4 
8.0 
7.3 
66 
58 
5.0 
1..4 

49 
4.6 
5.9 
65 
88 
i 1 0 

162 
154 

21 " 
146 

180 
16.0 
168 
16.0 
15.6 
202 
29.9 
597 
22.4 
77.0 
34.6 

(%) (%) 

89.5 
78.d 

803 
922 
87.2 
80.0 
96.7 
92.5 
91 2 
95.7 
968 
942 
98.1 

03 
04 
0.5 
06 
08 
1.0 
13 
1.6 
1.9 
24 
2.9 
3.4 
40 

Age 

(Mo) 

197t. 9 

291.0 
248.3 
317.9 
193.2 
164 0 
411.6 
1767 
171 1 
3957 
2270 
261.1 
387.8 

98.11 4.6 350.9 
98.6 5.2 4064 
98.5 58 499.5 
99.0 6.4 523.8 
98.6 6.9 5937 
975 74 670.C 
992 79 716t. 
985838026 
99 7 88 9026 
993 9.3 951.3 
98.9 10.0 1027.2 
99 4 10.7 1070.3 
995 11.5 1 \ 15.5 

996 126 1142.5 
996 1.37 1171,.0 
<;96 15.1 11989 
99 6 165 1237.5 
99.6 182 125A2 
99 6 19.9 12874 
99 7 22.3 1299.9 
994 24.7 133 1 1 

99 ) 28 2 1340.5 
997 349 13482 
99 I 428 13562 
997 526 1337.2 
99 S 5B.5 1342.9 
99.9 83.3 13" 0.3 
99.8 886 1323 4 

99.8 1000' 3203 
1246.2 

6'. 

56 
7.1 
l3 
3.9 
42 
22 
22 
23 
'6 
·4 

16 
1.5 
1.3 
1.7 
1.6 
1.6 
21 
2? 
26 
22 
22 
22 
2.1 
2.0 
22 
19 
1.9 

B 

2" 
19 
2.2 
1.9 
1.9 
20 
2~ 

1.9 
2.2 
24 
41 
2 
36 
?6 

c , 

28·, 
1 2 

L'36 
1.0 
2C 9 
7. ... , 6 

1 J 
C' J 
2c 7 
9J 

2Q? 
29.3 
9.8 
193 
253 
10.'i 
2rJ /I 
289 
Ie' 5 
2S 8 
107 
:I 1 ~ 

10 -; 
;.21 .3 
I 3 

2 • .:. 
1):) 

2i 2 
'If"' 

1 as 
83 
18.8 
56 : 
1 .. 3 a 
232 a 
~a 

67 
71 
t7 



Appt:ndix Tdbk 2. Virgin l\lountains K-fclLbpar argon uata. 

Y'Ar/'~ Ar Y'Ar" K/Co Temp 

("C) (x 10') (x 1O.1~ mOl) 

Q H·24b K· feldspar, wI. = 1.94 mg, J=O.0147650, NM·140, 
A ~50 1137,0 0.0230 139.3 1.02 
a 450 t-2,:'7 00373 2C.75 0.t-28 
C. 450 3552 -0.0104 19.83 0.402 

000 4476 0.0066 8.356 0719 
l 500 18.91 0.0228 2593 0.854 

500 21 10 00205 6.339 0.903 
G 550 31.42 0.0186 1.883 1.83 
h 550 2570 0.0275 I 287 ? 45 

550 27.91 0.0120 1.492 249 

K 

L 

M 

~ 

o 
p 

o 
R 
5 

; 

" " x 
" 
Z 
v.. 
ZB 
Z' 
LD 
ZE 
ZF 
ZG 
7f' 
2' 
lJ 

600 
600 
600 
650 
650 
650 
700 
700 
700 
750 
750 
750 
8:0 
8CO 
850 
850 
9C0 
geD 
950 
~5G 

ICCO 

1000 

1050 
1050 
11 00 
11 00 
1100 

1K 1100 
ZL 1100 
Zrv< IICO 
11' 12CO 
10 1300 
P i400 
10 1685 
m 1685 

3647 
35.78 
37.93 
'::9,78 
44,16 

52.04 
53.93 
49.15 
1.969 
5596 
52,0·1 
52.30 
57.39 
5504 
58.77 
56.28 
60.02 
57,57 
6040 
57.7e 

5937 
5848 
57.97 
57.95 

59.34 
58.22 
60 15 
6042 
61.12 
61.69 
5987 
58.75 
56,99 
59.97 
6827 

total gas age 

00133 
0.0127 
0.0094 
0.0121 
00103 
0.0234 
0.0224 
0.0 128 
00067 
00086 
0.0112 
0.0150 
0.0177 
0.0079 
0.DI88 
0.0078 
0.0189 
0.0060 
0.0154 
O.OO!:i l 
0.0117 
0.0050 
0.0076 
0.0052 
0.0056 
0.0060 
0.0044 
0,0036 
00033 
00032 
0.0034 
0.0032 
00031 
00030 
0.0130 

r, 4.1 

1,459 

07392 
1.Od4 
3.682 
0.9687 
4156 
5,238 
1.627 
1.972 
I! 231 
2673 
2.319 
3.059 
1.587 
2324 
0 .951 1 
2.958 
09078 
2.3.18 
1.301 
2.~8 

1 184 
1.601 
0.9483 
1.492 
1.327 
0.9788 
0.9162 
1 139 
\,336 
1220 
I 117 
I 152 
1 524 

19.02 

.;1,31 

535 
474 

669 
5.35 
484 

5.22 
3 47 
2.63 
312 
280 
243 
2.96 
311 
450 
4.59 
7.07 
688 
122 
I~.O 

22 a 
20.3 
36.0 
36 I 
22.4 
689 
1525 
1039 
601 
349 
119.8 
173.2 
315 
32.7 
0.941 

1030.6 

15 3 

lab#=52464-01 
222 
13/ 

77.6 
22.4 
24.9 
27.4 
185 
42,6 
384 
40 I 
544 
42.2 
49 6 
21.9 
22.8 
39.9 
76.3 
59.4 
45.6 
33.9 
289 
64 2 
27.2 
65.6 
27.0 
85.0 
33.0 
99.6 
43.5 
101.2 
67.5 
979 
91.2 
85.5 

116.1 
11.2 <'1 

154.7 

160.0 
148.0 
161.8 
162.5 

171 2 
393 
122.7 

~(;Ar' 

('Yo) 

964 
856 
83.5 
94,5 
96.0 
91 I 
98.2 
985 
984 
988 
994 
992 
9/.8 
99 t. 
97.6 
97 .1 
99.0 
988 
978 
985 
987 
984 
99.1 
98.8 
995 
98.5 
995 
989 
99, 
990 
994 
992 
99.5 
99 .3 
99.3 
99 .5 
99.6 
994 
994 
994 
99~ 

994 
99 ,2 
91.8 

(%) 

Age 

(Val 

o 1 5~30 

0.1 775 
O,L c':'5 
0,' 875e 
0.3 427.8 
0,4 4~O,5 

0.6 617.0 
0.8 .CT} I 
1 1 (J 138 

1 5 7694 
20 761 I 
? 5 796.4 
3 I 977.0 
36 900.7 
.11 1009,6 
116 1033.4 
5.0 976.7 
52 9133,4 
5.5 1067.8 
58 'O~6::: 

60 1021.7 
6.3 lC9L!.O 
66 ~065,9 

7011 16.9 
7.5 1086.8 
82 1132.2 
88 1105.7 
100 11 40.2 
112 1",),19 

13.3 1'26.7 
15.3 1117.6 
18,8 1108.6 

22.3 '111.0 
24.5 1128 6 
31 ,' 11 132 
45.9 11423 
56.0 1146,3 
61.9 1155.2 
652 11625 
76.9 1137.3 
93.7 1121,7 
967 1096.3 
999 1137.5 
ICOO 11806 

1 !20 I 

(\110'1 

12 
'2 
: 3 
, .4 

td 
50. 

30 
25 
21. 
22 
1.6 
2 Ii 
1.8 
2' 
21 
2.5 
2·1 
2.9 
Jl 

.' 3 
30 
2 7 
2Y 
24 
2 I 
21 
22 
1.8 
2a 
1.6 
16 
I.e 
1.8 
16 
2.0 
23 
33 
1.9 
'9 

21 
28 
19 
21 
9(: 

~ 9,5 

2S 6 
10,1 
2; 0 
28.7 
97 
70 4 
?c 6 
98 
20 r.: 
285 
10.0 
19.7 
28 i 
103 
.. r 8 
:;89 
'C 4 

")07 

:09 
20.9 
108 
2\ ' 

112 
7. < 

12 
21 1 

8.0 
183 
393 
5.3 

119,1 

1247 
1166 

6' 
J I 
J I 
r 7 

6 / 



) 

,-\ppcnJI.,( TJhk::::. VirgIn .\lount:lins K-fc!,.J"r~!r Llrg(ln data. 

'J ~6Ar ;).; ! .... r 

(x 10") 

3'1 A;~ 

(x '0. 15 mo!) 

QdS K-Ieldspar, wI, 1.93 mg, J=O.0156761, lab#=S20dd-Ol 
/, 450 113),1 0,0113 31,60 167 
6 4CO 51.26 O.COO9 5792 0.166 

4!",O 44,04 

r. 50..'10 62,55 
E teO 25.57 

['co 2'56 

G 550 79.9,1, 
H 550 26.3":: 
1 550 ?8.33 
J 600 5175 
K 600 31.77 
l 6CO 3 i.60 
M 6~O 50,11 
N 650 35,46 
o 650 38,04 
jJ 700 <111,911 

Q 700 39.11 
R 700 41.59 
S 750 46.13 

750 t12,12 
J 800 47.99 
\j 800 4471 
IN 850 5O.7Ll 

X 850 5\.03 
\' 900 59.8":: 

Z 900 58.79 
lA 950 68.76 
Z3 950 66,81 
ZC 1000 7606 
ZD 1000 71.6< 
ZE 1050 78.00 
Zf 1050 74.92 
ZG I 100 83.03 
ZH 1 100 77.40 
Zi 1100 7843 
LJ 1100 80.51 
lK 1100 82.57 
ZL 1200 88,32 
ZM 250 85,67 
ZfJ lJCO 72.81\ 
20 I.-:CO 75.33 
ZP 1 7CO 77 .08 
tolal gas age 

0.0283 
0.0034 
0.0051 

OOCOO 
0.cc85 
0.0050 
0.0092 
0.0055 
0.0025 
0.0000 
0.0060 
O.OOOC 
0.0005 
0.0025 
0.0002 
0.0032 
0.CC04 
0.0019 
0.0065 
0.0007 
Oe.cl5 
000C9 
0.0025 
0.0014 
O.C053 
000'0 
OOG6? 
0.0021 
O'(XJ43 
00029 
0.0035 
00029 
0.0026 
0.0023 
0.0017 
0.0016 
0.0011 
Q,[C2B 

00088 
0.0043 
n=1;2 

11.55 
4511 
? 014 
3416 
325:1 
1913 
2685 
2 III 
2 047 
I 224 
1710 
08769 
0.6906 
05907 
06749 
I 112 
09460 
05379 
08388 
05684 
04651 
04065 
0.3965 
0.5482 
06619 
04' 51 
06481 
05369 
Q.:'i590 
0,4465 
07171 
0.5085 
0596) 
08193 
099<11. 

05790 
051':::4 
o tl793 
08155 
2.557 

0.~,35 

I 18 
123 
1.06 
2.32 
2.16 
1.9] 
3.19 
3.39 
3.13 
465 
465 
412 
1194 

5.06 
465 
520 
5,66 
742 
776 
909 
978 
10.8 
12,6 
:1\,7 
't,B 

21.7 
23.8 
31 I 
25. i 
39.7 
42,2 
511,0 
63,"/ 
/(,2 

82.3 
?1 Ii 5 
,~5 6 
159 
2.' .1 

!.fC;Y,B 

K/Co 

4:),3 

56? . 

18.0 
149,3 
<;.:; 1 

dJ.G 
1;)1.3 

55.7 
92,2 

2':~O 

2,:232 
14.6 

1115 ,9 

200.t 
21356 
108.6 
1411,S 

267.1 

78.6 
684,9 
143,9 
571.2 
2rJ58 
37"2 L, 

95.9 
c .. 2./i 
735 

2422 
1180 
1749 
14 /.4 

:76.6 
lv.]7. 
220 .2 
3C6.B 
3i8.2 
463,) 

1 t~,1 

sa 1 

'0/ .3 
.loS7.J 

.:<JAr " 

992 
966 
922 
978 
97f.; 

952 
988 
97.8 
97.1 
927 
9R a 
98.8 
989 
99,2 
eN4 

9<; ,6 

99.4 
99.2 
99,3 

99.6 
99-1 

99.6 
99.1 
9';/ 

998 
99.7 
99.1 
<;<)8 

<;<)/ 

99.7 
998 
998 
';97 

99.8 
99.7 
99.7 
996 
99.8 
99,8 
if? 8 
996 
990 

02 
03 
03 
as 
06 
OJ 
1.0 
12 
14 
18 
21 
25 
30 
3.5 
4.0 
45 
51 
5.6 
6.1 
6.8 
7.6 
84 
94 
10.5 
117 
131 
10 
166 
18.9 
21.6 
25.0 
21.7 
321 
36.7 
427 
tt97 

580 
67.1 
907 
957 
97 f. 

lCGO 

Age 

(Mal 

526.:1 2 
10365 
888.7 
'213.3 
595,£. 
·'il3.J 
1/'53,2 
611.8 
61.6.9 
1061.5 
1172 
710,5 
10.17.5 
792 3 
8397 
958.8 
8587 
899.5 
976.7 
911,5 
10076 
955.0 
1053.3 
1058. ' 
i 191.6 
1175.6 
1316.4 
12'.':).7 
1413.3 
1358.5 
1(.38,6 
1399.3 
150' 0 
1431 I 
I t.43,8 
14693 
14943 
1565.4 
1533 ) 
1372 0 
l,j09 7 

1.: 19.3 
"4162 

74 
/4 
84 
5.1 
~: 2 
~. 1 
3 .. 

26 
31 
30 
21 
22 
? I 
19 
22 
20 
2.3 
22 
1.9 

8 
20 
16 
19 
i6 
19 
1.6 
23 
~I 

20 
1.8 
/,3 

21 
22 
n 
22 
23 
]0 ,I. 
35 
23 
21 
1 '; 

24 

1; ,3 
.::1 ..: 
6,7 
1 i 2 
E' 3 
2..; 6 

1 .5 

2 ' 
29,9 
I' ,5 
2' .6 
').9,-; 

I I 3 
2 5 
298 
11,3 

2: ,3 

J ;6 
216 

11 "' 
2i ,5 

11.7 
21 7 
11 5 
2' .5 
1 L8 
:- .5 

1 .7 
2;.7 
lC,8 
15,9 

I e 7 
25,7 

640 
1 ~O,2 

::51 1 
44 
50 
49 
52 



Apl1CnJlx T~lblc 2. Virgin .Mountains K-fcldspar ar~~()n d~lta, 

!O Temp 

("C) 

.ll Ar;~"l\r 3t !.J ;3" A; 

ex 10.3
) 

$I\r" K/Co 

(x 10
15 mot) 

Q95 K-Ietdspor, wt. =1.88 mg, J=O.OI571948, NM- 134, lab#=52046-01 
A 450 6 11 2 OCJC.X)) 4859 0,17£l 

450 26.cL. O.OOCXJ 11 57 a 18t. 
4.')0 27.83 0 CXXXJ 2284 0.120 

r 500 50.59 00C(X) 6.217 0300 
; 51)0 16.28 oocoa 1.551 0.n9 

500 1928 0.0000 -1.2766 0.197 
G SSG 96.92 00145 2.587 0.792 353 

H 550 23 77 0.0050 -1.9786 a 398 102 9 
550 21.24 0.0000 5487 0.322 

J 6()O 

;( 600 

L 600 
M (,50 
~, 650 
o 650 
r 700 
Q "100 

R 700 

S 750 
750 
800 

39.62 
20.62 
2244 
3161 
2433 
23.71 

3374 
25.28 
27.06 
29.14 

28.70 
29.78 

v eGG 31.13 

VJ 350 34119 

X 850 35.53 

Y 9C{) 37.82 
Z oeo 39.99 
ZA 950 4253 
ZS :t:::o 4262 
lC lOCO 4551 
Zi) lCCO 46 15 
zr: 1050 t!?3<'1 

ZF 1050 4843 

ZG IICO 52.88 
z~, l1CO 5218 

Z' 1100 5<195 

lJ 1100 5875 
lK 100 61.tB 
ZL i 200 63.45 
lr,,\ '?SO 60.85 
l"J I"1CO 61.Cl 
/(' ,400 64.29 
1P 1700 1763 

to tal gas age 

0.0024 
00056 
O.aceo 
00259 
0.0170 
0.0000 
0.0114 
0.0269 
o OC(X) 

OOC(X) 

0.0293 

00323 
00397 
0.0489 
00083 
0.0459 
0.0251 
0.0248 
o CC65 
0.0203 
0.0130 
0,019.1 

0.0158 
00151 
0.0155 
00105 
O.OIC<> 
00059 
0.C032 
O.OC26 
0.0000 
0.0207 
0098t. 
n..:42 

05584 
0.9673 
0.1837 
-02946 
0.0681 
-2.4967 

-25572 
00104 

-0.9{197 

-32267 
·1.0726 
-1.4366 
0.4699 
-0.7445 

08216 
0 .2742 
-0.9785 
-10049 
-0235:.1 

0.1700 
03249 
-0.07":1 

0.8135 
0 .9403 
0.8076 
I 560 
3096 
4481 

03980 

0.3731 
0.5620 
1.0'7 

2643 

0663 
05-17 
0429 
0.627 
0.638 
0579 
0.8t.8 
078 ' 
0635 
0.654 
0.693 
0.762 
0.736 
0.793 
o 80~ 
0.965 
1.0 I 
1.28 
1<5 
216 
253 
368 
319 
5. 12 

~.B7 

6.50 
7.42 
876 
112 
267 
3.50 
3.67 
I 56 

iQ(;O 

155 

208.9 
91.1 

19.7 
30.0 

44.7 

19.0 

17.4 
15.8 
12.9 
10.4 
61 4 
11.1 

20.3 
20.6 
598 

252 
393 
26.3 
32.3 
33.8 
32.9 
484 
48.0 
87.0 
1600 
198.1 

246 
52 

94.2 

(%) 

976 
87.: 

75 "7 

91- 3 
970 
101.8 
n2 
1024 
922 
99.5 
Qo.5 
996 
1002 
998 
103.0 
102.2 
999 
10 1 .0 

:03.2 
lO1.C 
iOi.t! 

(%) 

Age 

(Ma) 

0.4 .1222 
06 561 
07 516 
1.0 1026 
I 2 <00 
I.!! 485 

'21 !661 1 

75 584 
2.8 48~ 

3" 8702 
., 9 50] 

4.3 543 
48 7290 
5.4 5834 
6.0 5863 
6.7 781 I 
756033 
8.0 6<149 
8.6 698.4 
9.2 677.6 
10.0 700.5 

99.5 107 7i5.6 

iOO.6 11.4 785.1 

99 2 12. I 795.7 
997 130 839.9 
100.7 13 9 884.6 
100.6 15.1 9282 
ICC.· i6.4 9259 
998 lB.4 972 £. 

99 7 20.7 9822 
1000 24 I 10358 
99 5 27.1 1016.9 
994 31.7 1086.7 
995 36.2 1076.5 
99 I 422 1115.9 
984 490 1166.3 
975 57.0 1200 4 
99.B 673 1246\ 
998 918 120B9 
997 95.0 1210.3 

995 98.6 :255.4 
956 lCJO.O 2335,J 

11.13.2 

:!la 

(Ma) 

2' 
'0 
5: 
20 
2t. 
27 
8,5 
'4 

8 
B.:'
'0 
13 
91 
8.3 
9.7 
6.9 

7/ 
85 
87 
8.1 

70 
74 
7 I 
69 
65 
5.7 
5,0 
46 
35 

30 
)6 
28 
1.9 
21 
22 
22 
22 
2' 
1 7 
2.6 
28 

66 
32 

(mn) 

It. 
)' .: 
29.8 
,13 
21 2 
297 
116 
2' 6 
300 
I' 5 
2: 5 
299 
11 t. 
2i .5 
29 7 
II 2 
71 11 

297 
115 
2' , 
115 
2' .5 
11.7 

21.7 
11.6 
21.6 
118 
218 
116 

21 7 
'09 
, 5.8 
:08 
25.6 
64.1 

130.0 
2514 
43 
50 
50 
55 
52 



Appendix Table 2. Virgin l\loulll ains f\.-feldspar argon Liata. 

ID Y'Ar/C,Ar 

(x 10 3
) 

39 Ar< K/Cc 

(x lOiS mol; 

Ql19 K·leldspar, wt. = 1.89 mg, J=0.0155686, NM-134 , l ob#=52027-01 
A leo J,)3.7 00252 1O,l.1 1.7a 20.2 
3 lSO -l~ 8'3 00369 1288 Oo7!; 13.8 
C <SU 3'23 00288 1840 0.637 17.7 
D '<)11 32. c2 0.0206 6245 I 26 247 
E ~O '2.19 0.0184 8073 152 27.7 
r ~O '0.0,1 0 .0059 II 70 I 52 86.4 
G 5.50 29/.5 00 120 4.5'8 3,05 42.6 
H 550 6 772 00098 5302 3.12 520 
I ':~O ~73 · 00083 7117 303 6\,5 
J tOO 2" 13 0.0077 3 145 5.32 66.4 
K ceo 7 J2t 0.OG35 3.980 533 1468 
L 6CO e 17.3 0.0077 5.430 476 66.2 
tv: 650 16 . .3) Q,OC51 2.882 6<17 99.8 
N 650 10.<,9 0,0019 3,565 6,71 268.8 

o 650 1298 a,QOlla 5,220 600 116.2 
P 700 16.41 0.0038 2.228 6.82 132.7 
Q 700 '631 0 .0037 3608 7.75 1395 
R 700 '8 '4 0.0026 5.576 6.65 199 4 
S 150 2"1.1 0.0010 2956 7.36 5245 

750 L' 3J 0.C028 0.4N6 7.86 182.5 
U 6CD 23 93 0,CX:<l7 C 5%6 941 109.5 
V aDO 2:',79 0,0024 04531 992 215.5 
\'I 650 26.66 0.00 16 0 .2720 10.9 315.4 
x 850 3C,3 1 0,0016 0 ,4466 11 1 317. 1 
Y 900 3<:45 0.0035 0,3302 1 t 5 143.8 
Z 9CO 35.18 00031 0.5414 129 165.7 
ZA 950 40.17 0.0045 0.5173 147 112.6 
ZJ 
ZC 
ZD 

leX 
leco 

ZE 1050 
ZF 1050 
ZG 1100 
lH 1100 
ZI 1100 
ZJ 1 iCO 
ZK l1CO 
Z~ 12ea 
Z~A 125G 
Z~l 1300 
ZO I~oo 

3~ 26 
i!301 
J! 26 
4\.53 

40.80 
4011 
40.84 
433 1 
4.'; 65 
4664 
5267 
5123 
49 46 
48.26 

ZP 1700 47 ,66 

10101 gos age 

C.002? 
o (]()31 
0.0024 
00031 
00027 
0.0033 
0 .(]()29 
0.0029 
00026 
00025 
0.0023 
00020 
0.0027 
0.(]()78 
0 .0030 
n",42 

C.5701 
0.4425 
0.4806 
03932 
0.4007 
03556 
0.3021 
0.3021 
03803 
0.5038 
02820 
0.1699 
03004 
0.9765 
2.776 

1 7 !: 

22.6 
263 
366 
286 
48,3 
5c 1 
76.8 
91 a 
I' 54 
496 
iJ' .0 
404 
107 
32.1 

959,9 

156 

227 I 

1625 
211.6 
165.8 
187.6 
152.5 
173.2 
173 3 
197.6 
206.9 
223.6 
252.5 
188.2 

65.0 
1706 
193.8 

4VAr ' 

(%) 

}I,\r 

(%) 

Age 

(lv:o) 

99 3 02 .3755.0 
917 03 908.6 
82.S 03 wef: 
943 05 7039 
812 0.6 2703 
679 08 1957 
95,4 1 I 65-'1,'-: 
76,5 1.1; 140,0 

686 17 126,] 
95.9 2.3 535 1 
829 28 15663 
80 I 33 i75.0 
9'.6 40 3385 
9C / 4 1 259.0 
87.9 53 295.0 
95.8 6.0 395.0 
93.3 6.9 383.7 
91.0 7 5 420.6 
96.3 8.3 562.8 
992 9.' 513.1 
992 10.: 5681 
9Q 4 '1 1 585.6 
996 :n 664 0 
99,5 1311 694,3 
99.6 146 772.5 
99 5 16.0 784.7 
996 17,5 8733 
995 ':),3 357 =-
996 211 9222 
99 6 244 8923 
997 '282 8973 
99.6 31.2 884.7 
997 36.3 8730 
99.7 423 886.0 
99 7 50.3 927.8 
997 605 949.9 
99.6 72.5 982.0 
998 77.7 1078.7 
99 9 91.J 1056.9 
99,8 95.5 1028,1: 
99 4 96.7 1006.0 
982 1000 987.7 

8978 

c " 
60 
3 " 
:\1 
37 

I ' 
L (", 

I J 
C' 93 
I , 

I' 
I.U 
12 
1.0 

I 
'.3 
1,5 
") 

, J 

12 
I I 
12 
13 
1,,3 

12 

14 
. r. 
1 [j 

9 
i6 
L"3 
i8 
1 7 
23 
20 
23 

7 
1.8 
1.8 
1 1 

limp 

(r"in) 

116 
• I.e 
7(;8 

I 3 
;3 
/'16 
'1.6 
2' .6 
:}'"',(l 

15 
2· 6 
;49 

'4 
2'1. 

n8 
II 3 
21.1 
29 i' 
" 1.6 
:.::1 9 
11,1 

)16 

117 
217 

11 i 
21 ) 

118 
.U 
I I ' 
7 1 1 
Ir.9 
15.9 
10,7 
)!;,g 

67.6 
129.6 

2467 
44 
.'i 3 
::'0 
52 
to9 



Appendi, B: ,\patilc fission-lrack thenllorhronolo"Y 
~-

liranium atoms decay hy tll'O dilTerentlllcchanisllls; lkcay by u. and ~ elllll1ision 

tll isotopes of Pb, and by the spontaneous nuclear fission 01 primarily 2"1', which 

produces t\\ 0 roughly equ:!1 and Illghl) char~ed parts (Spcar, 1993), When these t\\O 

ioni/cd fragments move rapidly away from another umkr thcir mutual rcpulsion, thev 

create a damaged rcgion in the host crystal ovcr a distance of I 0-15 ~tm, I\t high 

tcmpcralUres (> II O"C for apatite), th is region qu ic kl y anneals by diffusion, and any 

evidence for this transfer of cncrgy from the particles to the ato ms of the cryst:!1 is 

cffectively lost. At temperatures belolV th e host mineral's closure temperature « 80"C 

for apatite) the annealing process shuts off, and the damaged regions, or "fiSSion tracks" 

accumulate at a rate proportional to the amount of uranium In the sam pic and the uraniurn 

decay constant. At tempcratures with in the host mineral's "partial annealing Lone" (80-

I I ()"C for apatite), Af7f ages and track lcngths arc reduced compared to the original I\Fr 

ages and lengths .• \l ean track lengths within the PAZ are typically X-13 ~lIn ( Kel lc) et a l. 

200 I), The number of tracks present is proportional to the time passcd since the rock 

passed through the closure temperature for the mineral of interest: "hen the mineral is 

etched In aCid, these tracks becomc more easily Vis ible under a microscopc, and can thus 

he cOlillted. Fission-trach length i:-. a function of the cooling. rate and can thus I,c lIscd to 

157 
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:\ Icthods 

!\ratite fIssion tracks are separated uSing standard magnetic and heavy liquid 

techniques. and (bted using the external detector mcthod, as outlined below: 

I) :'iount apatite grain in epoxy, polish and etch for 25 seconds in 5 \[ I [NO, to 

reveal fission tracKS 

:) Place a muscoyite detcctor on the age mount and send sample to Tc"" ,-\&;1,1 

,\Juciear Scicnce Center for irradiation. Calibrate ncutron fiuence using C"I-Ii 

glass anei Durango apatite, fiuence eietermineeiusing zeta of 4771 and trad. counts 

in CN-6 glass l1luscoyite eictcctor 

J) Count the fiss ion tracks in the age mount and l1luscovite detector at IOOOx power. 

Ddermine ages using the formula X of FleISher and Walker. 1975. leasure track 

kngths following the method outlined in Kelley et ai, 1992. 

4) Preliminary AFr Illodeling was done using the fission-track length program or 

Ketcham ct al. in review. While results have yet to be quantified. preliminary 

models of QFr 5 were run. the results or which appear in the text. 



,\ppendix C: Stru ctura l data from the :\'orth Virgin :'I founta ins 

The following tablcs include Coliation . lineation. hCtkling. and Cault nleaSurClllents 

taken at stations throughout the Korth Vi rgin :'I 1oLlntains. 

[59 



,<\rrencii x Table 3: Structu ral data from the Korth Virgin I\ [ountains 
5tation No. 51 51 dip 52 fol 52 dip 52 fol152 AP 52 dip 

001 000 000 72 611 92 50 
002 000 000 0 0 0 0 
003 000 000 a a o. 0 
004 000 000 158 49 or 0 
005 000 ODD' 244 54 a a 
006 000 000 34 15 a • a 
007 000 000 .- 225 57 a a 
008 0001 000 273 27 f 268 1 38 
009 1 ODD' 000

1 
3001 62 268 1 54 

010 000 000 258 54 308 62 
011 000 000 37 1 36 a a 
012 000 000 310 89 a 0 
013 000 000 258, 32

1 25~1 a 
014 000 0001 268' 41 16 
015 000 000 270 51 0 a 
016 000 000 252 41 a a 
017 000 000 272 43 310 54 
018 0001 000 262, 65 9s 90 
019 000 000 7 1 74 a 0 
020 000 OOOi 90 60 a a 
021 000 000 92 61 40 60 
022 000 000 000 000 a! a 
023 000' 000 78 32 a' a 
024 ' 000 1 -.~ 

000 82 60+-- a a 
025 000 000 85 60 a a 

I , 
026 000 000 58 62 0 a 
027 000 000 122 38 a a 
028 000 000 58 67 a a 
029 000 000 43 65 a a -

0001 85 a a 030 000 51 
031 1 000 000 251 541 ~t 

a 
--

0001 264' 032 000 39 0 
-~-

000' 033 OGO 262 34 a a 
034 000 000 290 38 a a 
035 0001 000 278 30 a 0 
036 000 000 256 52, a a 
037

1 

0001 000 282 801 21 66 
000

1 --. 
651 

-

038 000 1 256 163; 18 
039 000 000' 198 45i a a 

I 
040 000 0001 262 46 ~I a 
041 000 000 242 43 0 
042 000 000 38 62 a r a 
043 000 0001 22 63 31' 59 -'- 78' 044 000 0001 61 51 64 
045 000 0001 89 53 

o-,~· a , 
046 000 000 59 28, a a 
047 000 000 ? 42 0 a 
048 000 noo 12 f/) 0 0 
019 000 ODD ? ' ,,8 a 0 

IC,O 

, --



,\ppcllclix Table 3: Slru~tura l data frol11 1he :'-:orth Virglll \ lountains 
050 000 000 6 63 a a 
051 

~ 
000 OCO 103 61 a a 

052 000 000 a a 
053 000 000 6 25[_ a a 
054 000 000 21 44 334 10 
055 000 000 50 55 a a 
056 000 000 65 90 a a 
057 000 000 74 74 a a 
058 000 000 210 88 a a 
059 000 000-1--- 220 90' a a 
060 000

1 
000 64 621 a a 

061 000 000 70 59 a a 
062 000 000 68

1 
56 55 61 

063 000 000 91 37 a a 
064 000 000 125 15 a a 
065 000 000 75 63 o~ a 
066 000 0001 40 17 a a 
067 000 0001 68 8~ 75 90 
068 000 000 244 88 245 53 --~ 

069 000 000 278 83 228 78 
69 000 000 75 90 55 90 
70 000 000 245 85 a a 

071 000 000 48 80 23 1 7 1 
072 000 000 262 80 262 80 
073 000 000 10 51 ~I a 
074 000 000 25 70 a ---
075 000 000 50 76 235 78 
076 000 000 230 85 a a 
077 000 000 39 74 a a 
07B 000 000 244 63 a a 
079 000

1 
000 a a a a 

aBO! 000 000 761 57 252 45 
OB1 000 000 at 90 11 82 
OB2 000 000 48( 61 a a 
OB3 000 000 45' 73 55 76 
OB4 000 000 15 90 a a 
OB5 000 000 4 81 355 78 

OB6 1 000 000 a a a a 
OB7 000 OOoi 31 47 a a 
OBB 000 000, 6 77 a a 
OB9 000 000 64 84 75 76 
090 000 000 a a a a 
091 000 000 225 25 a a 
092 000 000 264 16 a a 
093 000 000 265 61 a a 
094 , 000 000 245 54 305 82 
095

1 
000

1 
000 85 82 a a 

0% 000 000 7') ! 71 0 0 
097 00') ()I)O ~1 0[; () 0 
098 OLJ 000 5 ,,~ 0 l 

16 1 



Appendix Table 3: Structural data from the North Virgin Mountains 
099 000 000 70 70 0 a 
100 000 000 34 59 0 a 
101 000 000 64 74 a a 

000 ' 
~ , 

102 000 345 57 a a 
103 000 000 60 65 a a 
104 000 000 90 81 a a 
105 000 000 74 64 a a 
106 000 O~O~ 54 38 a a 

- OOO~ -
107 000 283 66 a a ----
108 000 000 8 1 49 a a 
109 000 000 79 51 85 51 

- --~-~ 

11 0 000 000 52 39 178 36 
111 000 000 355 25 a a 

-~~~ 

11 2 000 000 78 39 a a 
11 3 000 000 63 58 a a 

~ 

114 000 000 212 79 a a 
--~ 

11 5 000 ' , 000 215 75 a a 
11 6 000 , 000 61 6 1 a a 
117 000' 000 25 56 a a 
11 8 000 000 258 88 87 70 

119 ~ 000 
42 91 a a 

120 
090 OO} 

91 36 a a 
121 000 000 68 68 901 83 

, --
64; 0 1 

122 000 000 63 a , 
123 000 000, 236[ 47, a a 
124 000 000 

_
260

1 
80 a a 

---

~F 
125 000 000 72 76 89 
~-~ 

-~232 ' 126 000 000 31 0 a 
127 000 000 71 ' 8 1 a 0 

128 000 000 49 87 a a 
129' - 000 000 61 62 72 64 

~-

130 000 000 84 63 29 62 

131 000 000 94 61 a a 
- ~~-. 

132 000 000 58 61 a a 
~-'- 105' 

- , 
133 000 000 69 a a 
134 000 000 90 41 a a 
135 000 o~t-- 284 34 340

1 
23 

136 000 000 221 r 76 179 59 
-

2 141 ~-_67f 137 000 000 a a 
138 000 000 22 1 46 225 59 

139 ' 000 000 160 _661 125 68 

140 
, 

000 000 22 1 54 355 60 
~ -

141 000 000 155' 75 a a 
.-- oDor --~ 

142 OOO~ 195 73 200 54 

143 000 OOO t 25 73 a a 
144 000 000 10 76 a a 
145 000 000 fi:T 74 a a 
146 000 000 2:;11 37 0 0 

147 000 000 0 a () 0 

148 000 (JOO 203 <'1 0 () 
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,\rrendix Tahk 1: Structural data from the :--iorth Virgin ~ 1 ()unt"ln, 

149 000 000 229 69 a a 
200 000 000 a 01 a a --

201 000 000 a a a a 
202 000 000 245 41 a a 
203 000 000 76 66 a a 
205 000 000 175 51 a a 
206 000' 000 98 66 01 a 
207 000 000 2101 56 350 88 
208 000 000 5< 701 a a 
209 000 000 270 89 a a 
210 000 000 a a a a 
211 000 000 a a a a 
213 000 000 215 68 a a 
213 000 000, 246 81 a a 
214 000 000' 259 59 a a 
215 000 000 254 86 205 78 
216 000 000 29 41 196 72 
217 000 000 345 45 a a 
220 000 000 175 81 a a 
221 000 000 75 80 a a 
222 000 000 a a a a 
223 000 0001 25 1 51 218 48 
234 000 000 45

1 
80

1 
01 a 

235 000 000 260 401 01 a 
236 000 000 210 64 a a 
237' 000 000 155 28 a a 
238 000 000 259 41 a a 
239 0001 000 a a a a 
240 000 000 a a a a 
241 000 000, a a a a 

-- - -

242 000 OOOi 231 71 a a 
243 000 000: 170 63 a a 
244 000 0001 , 51 38 a a 
245 000 000 0 u a a 

J1 000 000 1 761 89+ 01 a 
J2 000 ooot -~ 89t a a 
J3 000 000 70 89, a' a 
J4 000 000 65 88 a a 
J6 000 000 66 83 a a 
J8 000 000 75 88 a a 
J10 000 000 68 75 a a 
J11 000 000 253 78 a a 
J12 000 000 61 71 a a 

c 
J13 000 000 65 85 a a 
J14 000 000 24 1 88 a a 
J15 oool 000 62 89 a a 
J1 6 000 000 55 72 a a 
J1 7 000 000 70 H<) 0 0 

,I I a UfiO (IOu 2'tn III 
J21 OOc) 000 US H8 (l (, -------
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,\pp~ndix Table 3: Structural data rrom the North V irgin lV[ountains 

J22 000 000 265 66 a a 
J 23 000, 000 79i 86r a a 
J24 0001 000:- , 245 64 a a - -
J25 000 000 65 47 a a 

300 000 000 46 59 a a ow -

300 000 15 , 42 a a 
301 OOOL 000 313' -511 a a 
302 000' 000 155 36 0 a 
303 000 000 141 26 a a 
304 000 000 310 69 at- a 

-

30~ -305 000 000 411 150 61 
306 000 1 000 a a a a 
307

1
_ 000 OOOi a a ~ a 

308 000 000 70 83 a a 
308 000 000 61[ 80 a a 

----

258 451 308 OOO+- ilOO
I 

a a 
308 000 000 74 88 Q, a 
3D!) I 000 000 58 79 O· a 

000- 230' 
-

309 000 881 a a , -
310 _0001 000 2401 88" a a 
311 000 0001 255 86 a a 
311 , 000 000 54 57 'or Q 
312 000 000 a a a a 

- 14 [ ~ 

313 330 43 76, 14 71 ,- -
313 a a 11 75 a a -

a' 
-

3131 306 41 37 86 a 
314 a a 29 , 44 a a 
314 3~ 44 , 20l - 72 '- 27 65 

-

315 70 48 33 81 a a 
3151-

- -

36 41 55 88 270 69 
-

-_ 274L 
-

411 316 a a a a 
--;or' - -, 

317 a a 355 54 a a 
318 a a 344 44 a a 
3191-

-

94 30 1:J6 71 a a 
320 000

1 
000, 215 66 a a 

- -OOO~ 
-

320 000 205 58 a a 
3201 000 000 240L ~21_ a 0 

- -
321 000t- 000 234 39 a a 
321 000 0001 220 60 a a 
322 000 000 202 , 53 a a 

'~ 

671 323 000 000 20 a a 
-\ 

324 000 000 61 65 a, a 
_ 325 ; - 000 000 204 1- 38 a a 

311-
-

326 000, 000 46 a a 
327 000 0001 6 51 a a 
328T 000 000 234, 86 a a 
329 000 1 000 161 - 79' a a 
330 000 -000: 810 38 a a 

-

331 000 000 8 88 0 0 , 
332 000 000 ?(") S 86 0, 0 
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Appendix Table 3: Structural data from the 'iorth Virgin ~ l ountail1s 

333 ' ODD , 000 102
1 

45 0 0 
400 000 ' 000 25 54 0 0 
401 000 000 . 30 61 30 52 
402 000 000 31 56 a a , 
403 000 000 6 36 a a 

- - -
404 000 000 340 45 0 a - - -

405 000 000 5 49 0 0 ---
406 000 000 35 47 0 0 
406 000 000 351 46 0 a --- --
406 000 000 9 47 0 a ---
406 000 000 265 5 1 a a ------
406 000 000 266 76 0 a --- a 406 000 000 330~ 54 0 
407 1 

---~--

000 000 

':~1 
45 0 0 

408! - 000 ' 
-_ .. _- -

0 000 0 0 
409 000 000 64 0 a 
410 000 000 170 42 0 0 
411 000 000 0 0 o. 0 

-----
412 000 000 248 84 a a 

- -- -- -
413 000 000

1 
a 0 0 , a 

414 000 000 0 a a a 
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,\ppendl\ Table 3. Structural data frum thc 'iorth Virgin Mountains 
Station No. Lin unknown Trend L-tectonite trend F2FA trend 

001 60 175 0 0 0 0 -

002 0 0 0 0 0 0 
003 01 0: 0 0 0 0 
004 36 335 0 0 0 0 
005 23 328 1 290 0 0 
006 12 145 0 0 0 0 
007 01 0 0 0 0 0 
008 26' 38 0 0 0 0 
009 42 308 0 1 a 62, 84 
010 ' a a a a' a a 
011 0' a' a a a a 
01 2 a a a a a a 
013 32 330 a a a a 
014 a =+- a a a a a 
015 a a a a a a 

.-

016 a a a a a 0 -
017 a a a a a a 

-

01 8 a 0 0 a a 0 
01 9 0 a 0 a 0 a 
020 31 120 0' a 0 a 
021 0 0 a 0 0 a , , 

0 0 1.10 89 022 0 0 
023 0 0 oT 0

1 
0 a 

024 ' 0 0 a a 0 0 
, 

025 0 0 0 a a 0 
026 0 0 a o. 0 0 
027 0 0 0 a' 0 a 

-
028 11 56 0 0 0 0 
029 0 0 0 0 0 0 
030 0 0" 0 0 0 0 

~ 

031 0 0 0 0 0 0 
032 0 0 0 a 0' 0 
033 31 352 0 a a a 
034 12 308 1 a 0 a a 
035 20 89 of a a a - at 036 OJ 0 0 a a , -
037 a 0' 0 0 16 98 
038 a a a a a a 
039 '2l_ 0 64 364r a a 
040 a Or a a a, a 

- aT 04 1 a a a a a 
042 6 11 101 a 0 0 a 
043 a 0 0 0 36 44 
044 20 89 a 01 39 121 , 
045 18 116, 8 122 a a 
046 a 0 a a 0 a 
047 dO 102 0 0 0 (' 

048 I) (' , 
" T! 1 ,? (l 

L_O'19 :)0 (ll 0 0 0 ---
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Appendix Table 3: Slructllral cJala from the :\onh Vir£in JI, [ounlains 
~ 

05 0 63 94 47 122 0 0 
051 0 0 0 0 0 0 -
052 0 0 0 0 0 0 
053 

, ---- -

0 1 0 0 17 12 0 .- -
054 11 70 0 0 0 0 - .--
055 0 0 0 0 0 0 
056 0 0 o[ 0 0 0 -
05L __ 9 249 0 1 0 0 0 

~- -
01 058 0 0 0 0 0 

~. - -
059 0 o~ 0 0 0 0 --
060 0 0 0 1 0 44 185 - • --OT 061 0 0 0 0 0 
062 0 0 1 0 0 0 0 
063 25 11 3 0 0 0 0 
064 0 0 0 0 0 0 
065 0 0 ' 0 0 0 0 

270 ' 
- - - -

066 15 0 0 0 0 
067 0 0 0 0 0 0 -
068 22 38 0 0 0 0 -- o[ 069 0 0 0 78 355 

69 , 15 25 1 0 0 0 0 

7°f 221 55 0 ' 0; 0 0 
o' -

071 01 0 0 0 0 
oT -

onl ~f 0 0 34 264 
- ,-

073 0 0 0 ' 0 0 
074 1 oT t . 

0 30 41 0 0 - 0 1 075 0 0 0 25 54 
076 0 0 0 or 0 0 
- , 

077 48 78 0 0 0 0 . -
078 0 0 0 0 1 0 0 
~--

0 ' 079 0 0 0 0 0 --- -
080 30 4 1 0 o· 0 0 --

0 1 081 22 17 0 0 0 ---
082 0 0 a 0 1 0 0 
083 47 83 a or a a 
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Appendix Table 3: Structural data from the I'\orth Virgin Mountains 
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Appendix Table 3: Structura l data from the North Virgin Mounta ins 
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I 051 l 
052

1 
i 

053 
I 

054 -r-
055-;-

- - - t 
- I 

056 I 
I 

057
1 } I 

-
058 

~~t- - -
059 
060 i IFault slick - 21/206, 70/010 

j 061 + 062 
063 

, , 
-

064 
+ 065 ! 

~ 

066
r 

i fault 295/81,49/300, could be F4 .~ -
067 

06,{ 
-

~S2 273/51 ,481031, ~ 
-~ - -

069 _Folds may be shear related, not S2 
691 

~ 

I fault 222/89,241044 , 
70 

, 
- 07iT- S2,2 wk fabric in grani te -

072 : 
-

073 L ___ 
074 ' - I , 
075 - -

076[ 0 - - -
077 , 0 

~ 

078 
079 ,205/47 --
080 more s2 = 268/64 , 355/44 --
081 212142 

. -- -

~ 082 
083 -

[ 084 
085 

, 
I I 

086 040/48 beds ove rturn 236/86, 180180, 040/48 --
087 
--- - , I 088 
089 

-

090 r-
091 

093r_ 
-- , -

- -l--
0931_ , 
094 

095+ r rl 096 
097

1 
r 098 

179 



099 
100 
101L-
102 ' 

103 
10"L-
1051 
106' 
1 07 
10sr--
109 
1101 
1111 
112 
113 

1141 
115 
116 
117 
118 

119) 

r-
f 

--J.--

i
f 
L 

T - -I'-t-
- hinge 254/04, 030/69 __ 

T 

t-
c 

1201 
121T 
122 
123 _,- I ±-'C 

124 

125, L '_1 __ 
126 

127' +- I 

~~~ =1= t -+ 
131 -r 
1321 I' 

--!c::j~j;::-: -=~~~l cc::-::-:c::4 t _ 
138l more folds 220/50,49/295 see not~s 
139) 
140 f.-
141 
142 
143 
144'-
145 
146, 

see notes 

t 
I 

I 
1 

~ ; 

I I , 
I 

147 1°0,7122 .IS?I" Ilmesione 356/72, 511360 
148 ; 

180 



J1 

Appendix Tabl e 3: Structural data from the North Virgin Mountains 
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Appendix Table 3: Structural clata From the North Virgin Mountains 
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Appendix Table 3: Structural data from the North Virg in Mount3ins 
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