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Abstract

(U-Th)/He studies of the Southern Snake Range Metamorphic Core Complex, NV and
Gypsum Valley Salt Wall, Paradox Basin, CO, USA

by

Sarah Lynn Evans

Dr. Andrew D. Hanson, Examination Committee Chair

Associate Professor of Geology

Associate Dean of the Honors College

University of Nevada, Las Vegas

This dissertation presents three studies that investigate extension in the Southern Snake Range
(SSR) metamorphic core complex (MCC) of east-central Nevada and a thermal anomaly
associated with the Gypsum Valley salt wall (GVSW) of southwestern Colorado. Low
temperature thermochronologic studies using the (U-Th)/He system have been applied in
numerous geologic settings to understand erosional and tectonic denudation processes. Two of
the studies presented use (U-Th)/He thermochronology, combined with other techniques, to
investigate the extensional history of the SSR and the extent of the GVSW thermal anomaly.
Both of these studies present novel methods for understanding the thermal histories of the study
area using (U-Th)/He thermochronology. The third study uses geologic mapping to document the
complexly deformed upper plate of the SSR metamorphic core complex.

The extensional history of the SSR, located in the Northern Basin and Range (NBR), is
constrained using computer modeling of new zircon and apatite (U-Th)/He (ZrnHe and ApHe)
ages and previously published low-temperature thermochronologic analyses from the footwall of
the Southern Snake Range Décollement (SSRD), the major detachment fault of the MCC. The

combined analytical and modeling approach suggests that extension within the SSR was episodic

during the Cenozoic, and occurred in three major pulses during the Eocene, Oligocene, and
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Miocene. The interpretations of the timing, rate, and magnitude of extension from this study
suggest that the collapse of the Nevadaplano, a plateau of thickened crust located in the Sevier
hinterland, initiated prior to ~17 Ma. Additionally, this study found no relationship between the
extensional history of the SSR and nearby magmatism during the Cenozoic. Both of these
conclusions are in contrast with previously published research for the NBR.

The size and magnitude of a suprasalt thermal anomaly associated with the GVSW, a salt
wall of the northern Paradox Basin, was investigated using the combination of ApHe
thermochronology and thermal maturation analyses of rock samples located in a suprasalt
position, or a position above or adjacent to the top of a salt body. Previously published modeling
of salt thermal anomalies suggests sedimentary units located in suprasalt positions will be at
elevated temperatures, compared to regional temperatures, for a distance of one to three salt radii
from the contact between salt and other rock units. Evaluating the predictive capabilities of salt
thermal anomaly models using field based studies has important implications for the energy
industry because these thermal anomalies may influence hydrocarbon maturation, petroleum
reservoir cementation, or the locations of geothermal fields associated with salt bodies. The
combined ApHe and thermal maturation analyses show no evidence for a thermal anomaly at the
size or scale of the model prediction. The apparent absence of a salt thermal anomaly associated
with the GVSW may be the result of thermal conductivity contrasts between salt and adjacent
sediments that are not conducive to the development of a thermal anomaly, or the result of
significant convective or advective heat transfer near the salt body. These interpretations suggest
that future salt thermal anomaly models should incorporate convective and advective heat

transfer mechanisms, and location specific values for thermal conductivity contrasts.
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The final study presented uses geologic mapping to document the complex structures due
to extension within the SSR metamorphic core complex. A map at the 1:24,000 scale of the Red
Ledges 7.5’ quadrangle, located at the southern edge of the SSR, was completed using traditional
field techniques. This new geologic mapping was completed at a higher resolution than
previously published maps of the area, and as a result provides more detailed documentation of
this portion of the complexly faulted upper plate of the SSR MCC. The higher resolution
mapping can be used by researchers investigating the specific extensional history of the SSR, or

by researchers investigating deformation patterns within upper plates of MCCs.



Acknowledgements

This research was made possible by a variety of funding sources, and support from numerous
individuals. Funding sources include the President’s UNLV Foundation Graduate Research
Fellowship, the Fay and Jack Ross Fellowship, an American Association of Petroleum
Geologists Grant-in-Aid, Graduate Student Research Grants from the Nevada Petroleum and
Geothermal Society, Graduate and Professional Student Association Research Grants, a Graduate
Student Research Grant from the Geological Society of America, Geoscience Departmental
scholarships, the Department of Interior, and funding from the STAR (Salt and Thermal
Anomaly Research) Consortium at UNLV.

Dr. Andrew Hanson provided the everyday practical advice, scientific guidance, and
humor in the office and field that made this research possible. I am now a better scientist, field
cook, and person because of him. Thank you Andrew for being both interesting and illuminating,
and for never making me feel (too) ridiculous for screaming-at-the-top-of-my-lungs while
hopping from foot-to-foot when I heard a rattlesnake.

The members of my committee, Dr. Wanda Taylor, Dr. Brenda Buck, Dr. Terry Spell,
and Dr. Liam Frink were also instrumental in my growth as a scientist while at UNLV. Without
their suggestions and guidance, I would not have been able to complete my degree or have found
employment following graduation. Dr. Wanda Taylor provided invaluable assistance in
retrodeforming geologic cross sections, and discussion of extension in eastern Nevada during the
Neogene. Dr. Brenda Buck’s guidance and advice greatly improved the description of
Quaternary deposits and surfaces.

Dr. Kip V. Hodges, Dr. Matthijs van Soest, Michelle Aigner, and Dr. Wendy Bohon

provided the support and infrastructure necessary to complete the (U-Th)/He analyses presented

Vi



in this work. Dr. Richard Styron was an important collaborator for the research presented in
Chapter 2, and without his help the results and interpretations would have been impossible. I
would also like to thank my multiple field assistants, Kirellos Sefein, Joseph Miller, Robert
Springs, Marcio Cardoso Jr., and Richard Ness, who helped with the collection of samples and
the completion of the mapping presented in Chapter 4.

Finally, thank you to all of my friends and family that supported me throughout the

completion of my dissertation.

vii



This dissertation is dedicated to the fifteen rattlesnakes I counted and the others I never saw—

your tolerance of my presence is greatly appreciated.

viii



Table of Contents

APPIOVAL PAGE c...uuueiiieriinniiininnicsinricssnricsssnissssssssssnssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnsssssnss ii
ADSTIACT. . eeiiiiniiitensteistensteineecstesseessstssssecssessssssssessssssssssssassssessssssssssssassssesssassssssssassssesssnsssaassns iii
ACKNOWICAZEIMENLS ..ouuererunriersnricssnnicsssnecsssnessssnesssnossssssssasssssssssssssesssssssssssossssssssssssssssssssnsssssssssssns vi
LISt OF TADIES ccuueeeureiniiiiiitiiniintinneeniensticsnnisnesssessssecssnssssesssessssesssnssssssssessssessssssssssssasssssssaases Xiv
LIS Of FiUIES...cuuuiiiisniiiisniininiininrininicssnicssssissssnsssssnssssssssssssssssssssssssssssssssssssssssesssssssnsssssnsssssnss XV
Chapter 1: DisSertation OVETIVIEW .....cceicevvercssercssnicssssicssssssssssssssssessssessssssssssssssssssssssssssssssssssess 1

Chapter 2: Zircon and apatite (U-Th)/He evidence for Paleogene to Neogene extension in

the Southern Snake Range, Nevada, USA ......ciiiiiveinnsencssnncssnnicssnncssssncsssssssssnssssssssssssssanes 5
1. INErOAUCTION..cuueiieiiniicniiieeitensnicsnessnecssesssneessesssnssssesssnssssesssassssesssassssesssnssssasssassssessansssansns 6
2. Regional Geologic Setting.....c.ccccervuriervericsiniisssnrcsssncssnncssasssssssesssssessssesssssesssssssssssssnssssansess 8
3. Snake Range Geologic Setting ........cccovvererrercssricssnicssanicsssnessssnesssssessssesssssosssssssssssssssssoses 11

3.1 Extensional History of the SSRD ............cccccccooiuiiiiiiiieiieeeeee et 11
4. (U-Th)/He Thermochronology .........ccceeveccssnecsssnncssnncssssncssssssssssssssssesssssssssssssssssssnsassanes 13
o1 (U-TR)/HE RESUILS ...ttt ettt et e eaee e e e 14
4.1.1 Zircon (U-Th)/He RESUILS ...........ccccceeiceiiieieieeaeesiie et 15
4.1.2 Apatite (U-Th)/He RESUILS...............cccooccuiiiiiiiieieiieeie et 16
4.2 Thermochronologic Data INterPretation ..................cceeceeeeeeieeaneeeiianiesieeeeeeeee e 16
5. Thermochronologic Modeling.........ccccueeevveeiissnrcsssnncssnncssnnncssnrsssssnesssssesssnessssnsssssrssssssssanes 19
5.2 CONSIPUCTION OF PFIOFS ....oeveeeee ettt eaee e enees 21
5.2.1 Filtering of Priors to Fit Structural CORSIFAINLS ..............cc.ccoveeeevevieeeiiaiieeieeeieeeen, 23
5.3 Calculating Likelihood with Pecube....................cccooocuieiiaiieiiiiaiieeieieee e 24
5.4 POStEriOr SAMPLITG ..........ooooeieiiieeee ettt ettt et e 25

X



S5 MOAEI REOSUILS ...ttt ettt 25

5.6 Relationships Between Model Variables and ReSUlLs.................cccccovevveeieeenieecraneannne. 28
5.6.1 Relationship Between Crustal Heat and Deformation..................ccccccoevvevveeerannennnn.. 28
0. DISCUSSION «eeeevuereniisneisnecssnnssnncssnnsssncsnssssnsssnssssesssnssssssssassssessssssssssssassssssssnsssassssassssesssssssassss 29
6.1 Extension in the SSR and NSR .............cccccoiviiiiiiiieiieee et 30
6.2 Sedimentary Evidence for SSR EXIENSION ...............ccccoccueeiuieiieeiiaeieeeeeeiee e 32
6.3 Cenozoic Magmatism and Extension in the SSR...............cccocevviioniieioiiiiieeiieeieeeen 33
6.4 Conceptual EVOIUtion Of the SSR ...........ccccooeiiiiiiiiiecieee e 34
6.5 Regional Context Of SSR EXIENSTON ...........cc.ccceevieeeieiieeiiesiie et 35
7. CONCIUSIONS c.cuuiireeisuenisnecsnnssaenssensssecssnssssesssnssssesssnssssssssassssessssssssssssassssesssnsssassssassssasssssssassss 37
FRGUI @S cceiieeiiiiiiinnirininiinsticnsnnicssnnicsssnscssssesssssssssssssssssesssssssssssssssssssssssssssssssssssssssssssnssessnsssssnss 39
TADIES ceueeeenriririninenittenttienntiesnnecsaeecssanessssnesssnessssneessssssssssssssssessssasssssssssssasssssessssssssssaesssnes 57

Wall, Paradox Basin, CO ......iiceeeinncnnnneeeeeececccssossansesteccessssssssasssssecssssssssanssssssssssssssssasssssessssssssens 59
ADSTIACT cccviiiiiiiiicieniinntenstenneiieesstesssessssnssasessessssssssnssssesssnssssssssssssassssassssesssnsssassssasssesssase 59

1. INErOAUCTION..ccueiieiiitecsnncnensteectecsnicsnesssnecssessssecssesssssessnssssssssessssesssnsssansssassssssssasssassssassnne 60
1.1 Application of (U-Th)/He thermochronology and thermal maturation indicators......... 63

2. GEOLOGIC SELLIME .ccuvverersrrrcrsuricssnnicssaricsssressssnsssssssssssosssssosssssssssssssssesssssssssssessssssssssssssnsssssnss 66
2.1 Formation of the Paradox Basin and relevant stratigraphy.................cccccevevevcveennnnn. 67

2.2 Timing and mechanism of SAlt MOVEMENL ..................cccoceuevcieiiiiiiaiieeeee e, 69

2.3 Tertiary surface exposure Of the GVSW........cccocveioiiioiiiieeieeeece e 70

3. MEthOdOIOQY .cccuvriennriisnnrinssnnisssnnessssnesssncssasnsssssssssssssssssssssssesssssesssssesssssessssssssnsssssnsssssnsssses 70
30 Ty Roy QIA TAL ...ttt 71



3.2 (U-Th)/He thermoChronology .............cc.cccoeviaiiiiiiieiiieiieeieeee e 73

3.3 Salt distance MEASUFEMENLS ................c..ceveeiiiieiieii ettt 74
3.3.1 SUFfACE MEASUFETNEILS ..........ocev ettt ettt et e eaee e enees 74
3.3.2 SUb-SUTTACE MEASUTEIENLS. ..........c.eeeeeeiieeeeeiieee ettt 74
4. RESUILS oueeeeereiniiininitiennicsininiineennicsstessessseesssecssnssssssssassssesssassssssssassssesssssssassssassssesssssssassss 77
4.1 Tnar, Roy QNA TAL FESUILS ...t 77
4.2 Apatite (U-Th)/He FESUILS ..........c..cccoeevueeiiieieiieeeeeie ettt 77
5. DISCUSSION «eeeerurrrsueisncisneessnnssanessensssecssnssssssssassssessssssssssssassssessssssssssssassssesssasssassssassssssssasssassss 78
5.1 Thax, Ro, and TAIL iNLETDICLALIONS ..........cocuveeeeeiiieiieiieee et 78
5.2 (U-Th)/He results and distance t0 SQll..................cccccceeecvevcieiiiiiiiieiieeieeeeeee e 81
5.3 Apparent absence of a suprasalt thermal anomaly.................c..cccoeevevvieevieencieiraneenne. 83
5.3.1 GVSW geometry and modeling [iterature....................cccoccevveevieeecienieaieeseeee e 84
5.3.2 Burial depth of the GVSW .......c..ooeiiiiiiii et 85
5.3.3 Thermal CORAUCTIVIEY COMIFASES ...........occuieeiaiiieiiesiie et 86
5.3.4 Potential impact of advective or convective heat transfer................cccoecveveveeeveneennn.. 89
0. CONCIUSIONS c.cuueiiriiireeinecsnissaenssecsssecssnsssaesssnesssesssnssssssssassssessssssssssssassssesssssssassssassssesssssssassss 920
FRGUI @S cceiieeiiiiiiinnriininiinsnicnsnnicsssnicssssisssssssssssssssssssssssssssssosssssssssssssssssssssssssssssssssssssnssessnsssssnes 92
TADIES couueeereeeirrnsinnnnistenitecsnnisnesssnsssecssessssesssessssesssessssssssesssassssesssassssssssassssessssssssssssassssasssnse 110

CoUNIES, NEVAUA ...rrcneeerieeeecrrssssnnereerecessssssnssssssecessssssssnssssssesssssssssanssssessssssssssnssssssssssssssnnansans 113
1. INErOAUCTION..ccueeieiiiteertiiiteitecstecsaesssnesssnesseessnssssessseesssesssassssssssassssessanssssssssassssasssnsssaasss 113
2. MIEthOdS.c.cuueeiniiineinennnensneninensnnnsnecssnssssesssesssnesssessssesssnssssesssnssssssssessssssssesssssssassssasssesssase 113
3. Description of Map URILS .....cccvveiiciveiiissnncsssnncssnncsssisssssisssssssssssssssssssssssossssssssssssssssssssnsess 115

xi



3.1 QUALEINATY URILS ...ttt ettt e e e e e 115

3.2 CONOZOIC URILS ...ttt e 117

3.3 PAlEOZOIC URILS ...t ettt 121

Q. STFUCKUTC cuuveeuerreeisnensnecsannssaesssnssssecssessssssssnssssssssessssssssssssassssssssassssesssassssesssssssassssassssassanse 125
4.1 Pre-Oligocene UNCONFOTMILY..............cccoeveeeieeiieeieecee ettt 125

4.2 CroSs SECHION A=A ..ottt 125

4.3 Cross SECHION B-B .......c.cooiiiiiiiiiii ittt 126
TADIES ceureeeeennensinnnecstenstecsneisnensaessssecssessssesssnssssesssessssssssesssassssessssssssssssassssesssasssassssassssesssnse 127
Appendix 1: Supplemental material for Chapter 2 .........cueeienveensenieensecsseecsenssnecsneccnne 128
1. OVerview 0f CONTENLS .....ccceireiiirecssennseeisncissecsnsssseessncsssecssnssssssssessssessssssssssssassssessssssssesss 128
1.2 Paleodepth RECONSIIUCIION ..............cc.ooccueeieiaeiieiiieeiie et 128

1.3 REPFINT POFMUISSION ...ttt et e e 129

1.4 SUPPOFEING TADIES ... 129
APPENAIX 1 FIGUIES cccoourrieirnriiisnniissnnessssrcssssncssssnossssnssssssssssssssssssssssssssssesssssosssssssssssesssssssssssss 130
Appendix 2: Supplemental material for Chapter 3 .........inennirnsenneensecsseecsensseccsanesnne 135
1. OVerview 0f CONTENLS ....cccveineeiirecseniseeisenssnecsnssssesssncsssecssnssssesssesssseesssssssssssassssesssasssesss 135
APPENAIX 2 FIGUIC..coieoeriirsrrinsrnresssnncssssncssssncsssnsssssssssssssssssesssssssssssssssssssssssssssssssssssosssssssssssss 136
APPENAIX 2 TADIES ccoeouvriiisniiissnninisnnesssnicsssnncsssncssssnsssssssssssessssssssssssssssssssssosssssssssssossssssssnssss 138
Appendix 3: Plate of preliminary geologic map of the Red Ledges 7.5’ quadrangle......... 140
Appendix 4: “YAr/PAr data from CRAPLET 4 .....ueceeeereeerennersersessesesesessessessessessessessessessesens 141
1. OVerview Of CONTENLS .....ccceireiirrecssenssaensnnsssecssnssssesssncsssecssnssssssssassssesssnssssssssassssessssssssasss 141

2. ANAlYtical ProCeAUIES.....coueicrvuricssuricssanisssancsssnncssssnsssssssssssssssssesssssesssssssssssssssssssssssssnsssses 141
APPENAIX 4 FIGUIES ccccuerierrnriirrnninssnnessssressssncssssnsssssssssssssssssssssssssssssssssssssssssssssssssssssosssssssssssss 142

xii



APPENIX 4 TADIES .ccuuerieiiniiiiiiniiniinieentensninaessecsssiestisssessseessseesssssssssssassssesssssssassssasnss

References

CUTTICUIUIN VIAC ... ceeereeeeeneeerereereereereesesssessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssasssses

xiii



List of Tables

Table 2.1 (U-Th)/He age data........ccuceeervricssrccssnncssssncsssncssassossssssssssssssssssssssssssssssssssssssssosssssss 57
Table 2.2 Pecube modeling input PArameters .........cceveecccrrcssnnecssnricssssesssssesssssesssssosssssossnsees 58
Table 3.1 Salt thermal anomaly predictions from modeling literature............cceceeevuernnene. 110
Table 3.2 Mudstone sample data .........ceeeevveiiivniissnncissnncsssnsssssnsssssesssssessssssssssesssssssssssssanes 111
Table 3.3 Apatite (U-Th)/He data........cueeevveievvercsssnncssnicssnnssssssssssnesssssessssssssssssssssssssssssanss 112
Table 4.1 *°Ar/*® Ar ages of volcanic units in the Red Ledges quadrangle...............ccevn... 127
Table A1.1 Replicate zircon (U-Th)/He analyses .........ccccevvercrvuricssnccssnnecssnncssnncssnsrcssssncsenns 133
Table A1.2 Replicate apatite (U-Th)/He analyses ......cccceevueererssuensecssnecsnnssnccssnccsnecsaessncens 134
Table A2.1 Replicate apatite (U-Th)/He analyses ......cc.cceeveeeserssuensuecsseecsnnssannseeccsnecsaessnens 138
Table A2.2 Well data from Chapter 3..........ccoiiiivveiensvnicssnncssnncssnnesssssessssssssssesssssssssssssanes 139
Table A4.1 12RS03, sanidine, single crystal fusion” ...........ccccceceeeerereseesesessesessessesacnsassnenes 152
Table A4.2 12SR08, amphibole, 22.18 ME™ ........ccccuereererrerrereerenneseesesaesassassessesassasssassasasnsses 153
Table A4.3 12SR09, plagioclase, 17.90 ME" .......ccccceeeereererrereesecnesassessesassassessesassasssassasasnsses 154
Table A4.4, 14SRO01, single crystal Sanidine” ...........cccceereeeereereeneseesesaessesassessesassassssassasasnsses 155
Table A4.5 14SR02, single crystal plagioclase” ..........ccceceeeeceereeneseesesnesaesessessesassassssnssasassnsses 156

X1v



List of Figures

Figure 2.1 Generalized geologic map, sample locations, and cross section ..........cceceeeueeenee 39
Figure 2.2 Zircon and apatite (U-Th)/He versus distance from the SSRD............cc.cceueuu.e. 41
Figure 2.3 Example of model Cross SECtion .........ccoeeenveecseisseensenssnecsenssnensncsssecssssssacsssacnns 43
Figure 2.4 Comparison of modeled and measured cooling ages .......ccceeeeerueecseecsuercsnecsancnne 45
Figure 2.5 Modeled extension hiStOries........cceeeniiisensecssecsenssnnisecsssecssessssesssecsssecssnsssaceses 47
Figure 2.6 Histograms for the posterior model results of the SSR..........cccoeevuvevueeserinnnne 49
Figure 2.7 Plots of various variables used in models ...........cceeuerveensennuensensseecserssncnsencnnne 51
Figure 2.8 Interpreted model hiStories........uccieeenirnseensecnsnensennsnensecssnecsenssnesssecsssecssnsssacenes 53
Figure 2.9 Conceptual evolution of the SSR.......uuieniiiniinieisenniinntinneennensnecsnesssnesssecenne 55
Figure 3.1 Location map of Study Area .........cccvveeeevvercivencssnicssnicssssicssssesssssessssesssssssssssossnsees 92
Figure 3.2 Conceptual model for use of (U-Th)/He dating.........ccceeeeeruersruensuecsseecsuercsnecsancnne 94
Figure 3.3 Simplified geologic map and Cross SECtion ........ccceeveeecvericssenccssnressnressnnessnsresnsnes 96
Figure 3.4 Interpolated Paradox salt Surfaces .......cceeveeeseesseensennsnensenssnensnecsssecssesssncessecnne 98
Figure 3.5 Thickness of Paradox salt and interpreted cross section ........c.cceeeeeeeecsuerseneene 100
Figure 3.6 Plot of R, and (U-Th)/He versus distance to $alt .........ccceeeereervercrscercscercscencsenns 102
Figure 3.7 Plot of R, and (U-Th)/He versus depth to salt.........ccccceeeevuriervercsscercscercscnnrcsanns 104
Figure 3.8 Plot of R, and (U-Th)/He versus salt thickness.........ccceceeesueesersrensecsseecsersnenne 106
Figure 3.9 Paleo-isotherm interpretations..........ceeiecisecsseissensecsssecsnsssaesssecsssecssesssacns 108
Figure Al.1 Paleodepth recoOnStruCtion .........ceeieiinseisenisnecseissnensecsssecsnssssesssessssesssesssaesns 130
Figure A1.2 Previously published journal article reprint permission .........cc.cceeveeeruercuncee 132
Figure A2.1 Well I0CAtIONS ..ccuuiinueeirercsiiisensnnnseecssnnssniisecsssecsessssesssessssesssnssssssssassssssssssssassss 136
Figure A4.1 12SR03 (SANIAINE) «.ceeeervricrsnricssnnecssnncsssnncssnncssssnsssssssssssesssssssssssesssssssssssssnssssanss 142

XV



Figure A4.2 12SRO08 (AaMPhibole)......ccicoueiiiveiiiisnriissnncisnncssnncssnnnssssnisssssesssssesssnssssssssssssssanes 144

Figure A4.3 12SR09 (PIagioclase).......ccoveeervurecsrnrcsssnncssnncssnncssssnsssssesssssessssssssssssssssssssassanss 146
Figure A4.4 1T4SRO1 (SANIAINE) «.cevrerrricrsnrisssnnesssnncsssnncsssncsssssossssssssssessssesssssesssssssssssssnsssssnss 148
Figure A4.5 1T4SRO02 (PIagioclase)......ccceveeervurccssnncsssnncssnncssnnncssssesssssssssssessssesssssssssssssnsassanes 150

xvi



Chapter 1: Dissertation overview

This dissertation presents research from two geologic investigations into (1) the tectonic
evolution of the Southern Snake Range (SSR) metamorphic core complex (MCC) located in
east-central Nevada, and (2) the magnitude and extent of a salt thermal anomaly within the
Paradox Basin, southwestern Colorado. Chapter 2 “Zircon and apatite (U-Th)/He evidence for
Paleogene to Neogene extension in the Southern Snake Range, Nevada, USA” and Chapter 4
“Preliminary map of the Red Ledges 7.5’ quadrangle, White Pine and Lincoln Counties,
Nevada” address the tectonic evolution of the SSR MCC by focusing on extension in the lower
plate (Chapter 2) and in the upper plate (Chapter 4) of the core complex. Chapter 3 “Constraints
on the salt thermal anomaly associated with the Gypsum Valley salt wall, Paradox Basin, CO” is
an outcrop based study that evaluates the predictive capabilities of mathematical models of salt
thermal anomalies near the Gypsum Valley salt wall (GVSW) in the Paradox Basin, Colorado.
Although the investigations into the evolution of a Basin and Range metamorphic core complex
and a Paradox Basin salt wall are not located within similar geologic settings, both investigations
apply low-temperature thermochronology in novel ways to better understand the geologic
history. The work presented in this dissertation highlights how low-temperature
thermochronology may be combined with fieldwork and other techniques to understand various
geologic processes.

Chapter 2 presents thermokinematic modeling of new zircon and apatite (U-Th)/He
analyses and previously published zircon and apatite fission track data [Miller et al., 1999] to
constrain the timing, magnitude, and rates of extension in the SSR. Quantifying the extensional
history of the SSR MCC, an important extensional feature of the Basin and Range, has

implications on the evolution of extension within the province. The thermokinematic modeling



methods presented in this chapter builds upon previously published methods, and this new
approach can be applied to a variety of extensional provinces to quantify the rates, timing, and
magnitude of extension. The research presented in Chapter 2 was originally published in the
journal Tectonics in 2015 by Evans et al. [2015]. The article was written in collaboration with
Dr. Richard H. Styron, Dr. Matthijs C. van Soest, Dr. Kip V. Hodges, and Dr. Andrew D.
Hanson. Dr. Styron developed the new Bayesian Monte Carlo method incorporating Pecube (a
thermal modeling software package [Braun, 2003; Braun et al., 2012]) and the computer scripts
used to implement this new modeling technique. As a result, this chapter contains original work
and writing from Dr. Styron throughout, and particularly in section 5 on the modeling technique
and discussion of the validity of the posterior modeling results. (U-Th)/He analyses were
completed at Group 18 Laboratories at Arizona State University. Dr. van Soest and Dr. Hodges
developed the protocol for (U-Th)/He analyses, age reductions, and error analysis. The
presentation of the error analysis of the (U-Th)/He data in Chapter 2 is summarized from Group
18 Laboratories operating procedures, with additional input from Dr. van Soest and Dr. Hodges.
The discussions of the (U-Th)/He data and thermokinematic modeling results with Dr. Styron,
Dr. van Soest, Dr. Hodges, Dr. Hanson and Dr. Wanda Taylor were crucial to the development
of the ideas presented in Chapter 2. The entire publication also benefitted from careful editing
and written input from co-authors of the journal article, and editing from dissertation committee
members, the editorial staff of Tectonics, and two anonymous reviewers.

Chapter 3 investigates the size and magnitude of a salt thermal anomaly associated with
GVSW located in the Paradox Basin of southwestern Colorado. Similar to Chapter 2, this study
uses apatite (U-Th)/He (ApHe) thermochronology in a novel way to understand the thermal

history of the area. The ApHe technique was combined with thermal maturity analyses (vitrinite



reflectance, Rock-Eval pyrolysis data, and thermal alteration index) in an outcrop based study
aimed at investigating a possible thermal anomaly associated with the GVSW. The magnitude
and size of salt thermal anomalies have been predicted using modeling techniques [e.g., Selig
and Wallick, 1966; Geertsma, 1971; Jensen, 1983; O’Brien and Lerche, 1984; Vizgirda et al.,
1985; Jensen, 1990; Yu et al., 1992; Mello et al., 1995, Petersen and Lerche, 1995]. This study
investigates the usefulness of these models for predicting the size and magnitude of a thermal
anomaly associated with the GVSW. The findings from this study suggest the salt thermal
anomaly models are not predictive near the GVSW, which has important implications for use of
these models by the energy industry. The ApHe analyses from this chapter were also completed
at Group 18 Laboratories at Arizona State University following the analytical procedures and
error analysis developed by Dr. Hodges and Dr. van Soest. The description of error analysis is
summarized from procedures developed by Dr. Hodges and Dr. van Soest. Analyses of
mudstones used in this chapter were completed by StratoChem services, and analytical
procedures are summarized from the company website (www.stratochem.com) and from
references cited in the chapter. Interpretations from this chapter were completed in collaboration
with Dr. Hanson, Dr. Hodges, and Dr. van Soest.

Chapter 4 presents a new geologic map of the 7.5’ Red Ledges quadrangle, located in the
southernmost SSR. This new map of the complexly faulted and folded upper plate of the SSRD
may be used in future investigations into geologic processes of MCC. The geologic mapping was
completed in collaboration with Dr. Hanson, and several field assistants were present during the
mapping process: Kirellos Sefein, Joseph Miller, Robert Springs, and Richard Ness. The
mapping and description of Quaternary deposits and surfaces greatly benefitted from the input of

Dr. Brenda Buck. *°Ar/*’Ar analyses of mineral separates from the volcanic units presented in



Chapter 4 and Appendix 4 were completed at the Nevada Isotope Geochemistry Laboratory
(NIGL) at the University of Nevada, Las Vegas by Dr. Terry Spell and Kathleen Zanetti. NIGL
provided tables and graphs depicting the results of these analyses in Appendix 3. Dr. Taylor
reviewed early versions of this map, and provided valuable input on retrodeformation of cross

sections and the final version of the map presented.



Chapter 2: Zircon and apatite (U-Th)/He evidence for Paleogene to Neogene extension in
the Southern Snake Range, Nevada, USA

Abstract

Despite decades of study, the timing, rates, and magnitude of extension in the Basin and Range
are poorly quantified in some areas. This study integrates new zircon and apatite (U-Th)/He
analyses (ZrnHe, ApHe) with published thermochronologic data to quantify these extensional
parameters in the Southern Snake Range (SSR) of east-central Nevada. The new ZrnHe dates
range from 40.7+4.9 Ma in the western SSR to 21.0+3.3 Ma near the present-day trace of the
Southern Snake Range Décollement (SSRD), and the ApHe dates range from 15.142.4 Ma in the
central SSR to 13.6+0.7 Ma closest to the SSRD trace. These new and previously published low-
temperature thermochronologic cooling ages were inverted for the extensional history of the SSR
using a Bayesian Monte Carlo method incorporating Pecube. The posterior extensional histories
indicate three significant pulses of extension occurred during the Paleogene and Neogene: (1)
~50-45 to ~38 Ma (Eocene), (2) ~33-30 to ~23 Ma (Oligocene), and (3) ~23-20 to ~10-8 Ma
(Miocene). Modeled rates of extension were low at < 0.5 mm a'; however, more rapid rates
possibly occurred during the Eocene and the Miocene based on posterior histories. Net
cumulative extension from posterior histories is 19.8 to 34.9 km, with a mean of 29.7 km. About
10-18 km of extension occurred during the Eocene and Oligocene. Model results indicate no
relationship between extension and magmatism in the SSR. Our new model results and

interpretations also indicate extensional collapse of the Nevadaplano intiated prior to ~17 Ma.
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1. Introduction

Over the past several decades, geologic research has focused on the structural history (e.g., the
style, timing, rates, and magnitude of extension) of the Basin and Range of western North
America. In particular, metamorphic core complexes (MCC) have been a focus of intense study
because these features have accommodated large-magnitude extension [e.g., Coney and Harms,
1984; Buck, 1991; Wernicke, 1992]. Determining the structural history of MCC is particularly
important for understanding large-scale driving mechanisms for extension within the sub-
provinces of the Basin and Range [e.g., Sonder and Jones, 1999]. However, despite intense study
of MCC in the Northern Basin and Range (NBR) during the past several decades [e.g.,
Armstrong, 1972; Allmendinger et al., 1983; Miller et al., 1983; Bartley and Wernicke, 1984;
Dallmeyer et al., 1986; Wells et al., 1990; Hodges and Walker, 1992; MacCready et al., 1997,
Wells et al., 2000; Colgan and Henry, 2009; Konstantinou et al., 2012] the structural history has
not been strictly quantified throughout the Cenozoic for some of these important features. In the
Southern Snake Range (SSR), part of the Snake Range MCC (Figure 2.1a), the structural history
is only partially understood for the Southern Snake Range Décollement (SSRD), the main

structure responsible for extension in the range [e.g., Miller et al., 1999].



Quantifying the structural history (e.g., timing, magnitude, and rates of extension) for the
partially understood SSRD provides new evidence that may be used to address important issues
about the extensional history of the NBR. Some models for the evolution of the NBR suggest
there are regional links between magmatism and extension [e.g., Gans et al., 1989; Best and
Christiansen, 1991; Axen et al., 1993; Best et al., 2013b], and the validity of these proposed
models can be addressed at the scale of the SSR once the extensional history is better
understood. Hypothesized relationships between the Snake Range MCC and other extensional
structures of the region [e.g., Taylor, 1990; Taylor and Bartley, 1992; Axen et al., 1993] may
also be tested with information about the extensional history. Additionally, the timing of the
collapse of the Nevadaplano may be inferred for this portion of the NBR given quantitative
values for the onset and magnitude of extension in the SSR, as previously completed in other
regions [e.g., Colgan and Henry, 2009]. To constrain these important extensional parameters and
address these issues, new thermochronologic data, zircon and apatite (U-Th)/He analyses (ZrnHe
and ApHe), were determined for the SSR. These new data were integrated with previously
reported zircon and apatite fission track ages (ZmFT and ApFT) [Miller et al., 1999] by
modeling the data using the software package Pecube [Braun, 2003; Braun et al., 2012] and
methods modified from Styron et al. [2013]. Styron et al. [2013] defined a methodology for
using the Pecube software package to model timing, magnitude, and rates of extension in a
Tibetan MCC. Those methods are refined into a more efficient Bayesian inversion for a
multistage extensional history, as well as thermal parameters (radiogenic heat production and
Moho temperature) that control thermochronometric cooling ages.

The integrated thermochronologic data and modeling allows us to address several

important research questions regarding the extensional history of the SSR, such as: (1) Did the



majority of extension in the SSR occur during a Miocene period of extension along the Snake
Range-Deep Creek fault system as proposed by Miller et al. [1999]? (2) Are there additional
periods of extension in the SSR, similar to those documented in the Eocene and Oligocene in the
better studied Northern Snake Range (NSR) [e.g., Lee, 1995]? (3) What is the magnitude of
extension in the SSR and how does it compare to previous estimates by McGrew [1993] and
Miller et al. [1999]? (4) Is there evidence for pre-Cenozoic extension in the SSR as documented
in the upper crust of the NBR west of the SSR [e.g., Druschke et al., 2009; Long et al., 2015]?
and (5) Does our understanding of temporal relationships between extension and magmatism,
relationships to other regionally important structures, and timing of Nevadaplano collapse need
to be revised in light of these new data?
2. Regional Geologic Setting
The tectonic history of east-central Nevada extends to at least the late Proterozoic, when
Neoproterozoic to Devonian strata were deposited in the passive margin of western North
America following the breakup of Rodinia [e.g., Dickinson, 2006]. Passive margin sedimentation
in the region ceased in the Late Devonian with the onset of the Antler Orogeny [e.g., Poole et al.,
1992; Dickinson, 2006]. Late Devonian to Pennsylvanian strata of east-central Nevada were
deposited in basins associated with the Antler orogeny (e.g., Antler foreland basin) and other late
Paleozoic deformation [e.g., Trexler et al., 2004]. The overall thickness of Neoproterozoic to
Permian strata in the NSR are estimated at ~10 to 12 km [Miller et al., 1983], and between 10 to
15 km regionally [Miller et al., 1992].

During the Jurassic to Cretaceous this area of east-central Nevada experienced several
episodes of plutonic intrusion, metamorphism, and large-scale folding [e.g., Miller et al., 1988;

Dickinson, 2006]. Several Jurassic aged plutons are exposed in the SSR, NSR, and possibly in



the Schell Creek Range (SCR) [Lee and Christiansen, 1983; Miller et al., 1988]. Jurassic
metamorphism reached amphibolite grade in the SSR and was associated with the intrusion of
the Snake Creek-Williams Canyon (SCWC) pluton [Miller et al., 1988; McGrew, 1993] at ~160
Ma [Lee and Christiansen, 1983]. East-central Nevada was also intruded by several plutons
during the Cretaceous between 110 and 75 Ma [Miller et al., 1988]. The SSR also experienced
minor metamorphism around the time of emplacement of a two-mica granite, the Pole Canyon-
Can Young Canyon pluton [Miller et al., 1988; McGrew, 1993] at ~79.1 to 79.7 Ma [Lee et al.,
1970; Lee et al., 1986]. Penetrative metamorphism in the Cretaceous occurred in the NSR
[Miller et al., 1988; Lewis et al., 1999; Cooper et al., 2010], SCR, Deep Creek Range, and Kern
Mountains [Miller et al., 1988]. Based on thermobarometric studies, the footwall of the Northern
Snake Range Décollement (NSRD) was buried to depths of 25-30 km [Lewis et al., 1999;
Cooper et al., 2010] during Cretaceous metamorphism at ~88 Ma [Cooper et al., 2010]. No
thermobarometric studies have been completed in the footwall of the SSRD to ascertain depths
of burial prior to Cenozoic extension.

East-central Nevada occupied a hinterland position during the Sevier orogeny [e.g.,
DeCelles and Coogan, 2006]. During the Sevier event, this part of the hinterland was uncut by
thrusts based on several studies of the sub-Tertiary/Oligocene unconformity [e.g., Armstrong,
1972; Miller et al., 1983; Long, 2012], leading several authors to conclude that the Sevier
hinterland prior to the Tertiary was a thick, elevated orogenic plateau [e.g., Coney and Harms,
1984; DeCelles, 2004]. This “Nevadaplano” [DeCelles, 2004], was located between the Central
Nevada thrust belt to the west [Taylor et al., 2000] and the Sevier fold and thrust belt to the east
[Coney and Harms, 1984; DeCelles and Coogan, 2006]. Its elevation may have been > 2 km in

the Late Cretaceous based on a clumped stable isotope study of carbonates from eastern Nevada



and central Utah [Snell et al., 2014]. Although this region was not involved in thrusting during
the Sevier orogeny, some areas underwent syn-convergent extension. This phenomenon is well
documented by the onset of mid-crustal extension in the Cretaceous in the Raft River-Albion-
Grouse Creek MCC [Wells et al., 1990] and Ruby-East Humboldt MCC [Hodges and Walker,
1992], and by the onset of surface-breaking normal faulting in the Egan Range of east-central
Nevada [Druschke et al., 2009] and in the Eureka Culmination of central Nevada [Long et al.,
2015].

Following the Sevier orogeny, east-central Nevadan crust was highly attenuated, and
experienced minor plutonism and voluminous volcanism during the Cenozoic [e.g., Coney and
Harms, 1984; Gans, 1987; Miller et al., 1988; Dickinson, 2006]. Crustal thicknesses of ~50 km
in the Sevier hinterland were thinned to present day thicknesses of ~30-35 km during Cenozoic
extension in the NBR [Gans, 1987]. Extension in the NBR occurred on both high-angle faults
and on low-angle detachments [e.g., Miller et al., 1983; Bartley and Wernicke, 1984; Gans,
1987; Miller et al., 1999].

Multiple periods of extension of varying intensity have been proposed for the Snake
Range and the associated Deep Creek Range and Kern Mountains fault systems [Armstrong,
1972; Miller et al., 1983; Lee, 1995; Miller et al., 1999]. Lee [1995] proposed three discrete
extensional events at 48-41 Ma, 30-26 Ma, and 20-16 Ma in the NSR using “’Ar/*’Ar MDD
modeling of potassium feldspars. A rapid period of extension in the Miocene around 17 Ma was
documented in the NSR, SSR, SCR, Deep Creek Range, and in the Kern Mountains based on
ZmFT and ApFT data [Miller et al., 1999]. Quaternary to present day extension on high-angle
range bounding faults in east-central Nevada has also been documented [e.g., Dohrenwend et al.,

1996; Wesnousky and Willoughby, 2003; U.S. Geological Survey and Nevada Bureau of Mines
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and Geology, 2006; DePolo, 2008]. A geodetic study documented modern day “distributed
extension” from east-central Nevada to west-central Utah [Kreemer et al., 2010].

3. Snake Range Geologic Setting

The NSR is a Cordilleran MCC with a ductilely deformed and mylonitized lower plate in contact
with a brittlely extended upper plate along a detachment surface [e.g., Miller et al., 1983; Coney
and Harms, 1984]. Geologic investigations of the NSR have established a detailed tectonic
evolution of the core complex based on mapping, structural analyses, interpretations of
geophysical data, thermobarometric, and thermochronologic studies [e.g., Allmendinger et al.,
1983; Miller et al., 1983; Bartley and Wernicke, 1984; Gans et al., 1985; Lee and Sutter, 1991;
Lee, 1995; Lewis et al., 1999; Miller et al., 1999; Cooper et al., 2010]. The Cenozoic evolution
of the SSR and SSRD has been less intensively studied [e.g., Armstrong, 1972; McGrew, 1993;
Miller et al., 1999], possibly because the SSRD was not initially recognized as structurally
linked to the NSRD [e.g., Miller et al., 1983]. Nevertheless, the SSRD accommodated a
significant amount of extension during the Cenozoic [e.g., McGrew, 1993; Miller et al., 1999],
and a systematic study of the timing and rates of extension is necessary to fully understand
extension in the NBR.

3.1 Extensional History of the SSRD

The SSRD is currently a low-angle structure that is exposed throughout the SSR [e.g.,
Whitebread, 1969; Figure 2.1b]. The SSRD separates metamorphosed Neoproterozoic to
Cambrian strata and Mesozoic and Paleogene intrusions in the lower plate [Lee and
Christiansen, 1983; Miller et al., 1988] from unmetamorphosed Cambrian to Permian strata in
the upper plate [Whitebread, 1969; McGrew, 1993]. Additionally, the upper plate of the SSRD

contains a variety of Cenozoic volcanic units and minor sedimentary deposits [Whitebread,
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1969; McGrew, 1993; Miller et al., 1999]. Although, the SSRD was originally interpreted as a
thrust fault, [e.g., Drewes, 1958; Misch, 1960], it was subsequently recognized as a Tertiary
extensional feature [Armstrong, 1972] and as part of the extensive (~150 km along strike)
Miocene Snake Range-Deep Creek fault system [Miller et al., 1999].

The exact timing of extension along the SSRD is unclear. Cataclasis and mylonitization
of a ~36 Ma pluton [Miller et al., 1988] in the SSR suggests extension occurred post-intrusion
[McGrew, 1993]. Pre-Oligocene extension may be recorded by ~40-42 Ma ZmFT ages from the
lower plate of SSRD and a pre-31 Ma conglomerate in the upper plate of the SSRD, but the exact
timing, amount, and rate of extension prior to the Oligocene is not understood [Miller et al.,
1999]. Lee et al. [1970] interpreted K-Ar ages from the SSR to indicate movement on the SSRD
between ~17-18 Ma, but attributed these ages to thrusting along the SSRD rather than extension.
Miller et al. [1988] reinterpreted these K-Ar ages to be the result of intrusion of the Young
Canyon-Kious Basin pluton at ~36 Ma and hydrothermal alteration. Finally, a fission track study
interpreted extension in the SSR to have occurred along high angle normal faults sometime
before 31 Ma, based on the ZrmFT data and a pre-31 Ma conglomerate, and again at ~17 Ma,
based on ApFT data [Miller et al., 1999]. This Miocene extension was interpreted to have been
“rapid,” though no formal slip rate was defined, and to have occurred along the strike of ~150
km of interconnected extensional faults in the SSR, NSR, Kern Mountains and Deep Creek
Range [Miller et al., 1999].

Overall extension on the SSRD has been estimated at 8 to 24 km based on a
retrodeformable cross section constructed by McGrew [1993]. The ~17 Ma period of extension
documented by the ApFT data is thought to have accommodated ~15 km of slip on the SSRD

based on an assumed high-angle fault geometry and a 35 °C km™ geothermal gradient [Miller et
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al., 1999]. No Cenozoic slip rate has been determined for the SSRD by previous research. This
study combines previously collected ApFT/ZrmFT data and new zircon and apatite (U-Th)/He
data with finite element modeling to better understand the overall timing, magnitude, and rates of
extension in the SSR during the Cenozoic.
4. (U-Th)/He Thermochronology
ZmHe and ApHe thermochronology has been applied to a variety of tectonic settings to
understand near surface and upper crustal (<10 km) processes [e.g., House et al., 1998, Stockli et
al., 2000; Farley, 2002; Ehlers and Farley, 2003; Reiners, 2005; Stockli, 2005; Colgan et al.,
2006; Flowers et al., 2008; Schildgen et al., 2009a; Colgan et al., 2010, van Soest et al., 2011;
Styron et al., 2013]. These thermochronometers can be used to determine when a sample cooled
below a specific temperature (i.e., closure temperature) [Dodson, 1979] or temperature range
(i.e., helium partial retention zone, HePRZ) [e.g., Wolf et al, 1998]. The ZrnHe
thermochronometer has a HePRZ of 140-200 °C [Wolfe and Stockli, 2010], and a closure
temperature that ranges from 175-193 °C given a cooling rate of 10 °C m.y." for typical grain
sizes [Reiners, 2005]. The ApHe system has a HePRZ between ~40-80 °C [Wolf et al., 1998;
House et al., 1999; Stockli et al., 2000], and has a closure temperature of ~75 °C [Farley, 2000].
Assuming a conservative geothermal gradient of 30 °C km™ for the NBR during the Cenozoic,
the ZrnHe and ApHe thermochronometers would record exhumation of upper crustal rocks from
~6.7 to 1.3 km depth. These low-temperature thermochronometers are thus powerful tools for
understanding the exhumation of lower plate rocks of MCC in the upper crust.

Ten rock samples were collected for ZrnHe and ApHe analysis from the Jurassic SCWC
intrusion [Lee and Christiansen, 1983] at ~1-1.5 km intervals along an almost 10 km long

horizontal transect roughly parallel to the ESE slip direction of the SSRD [McGrew, 1993]
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(Figure 2.1b). Stockli [2005] outlined this sampling strategy for low-temperature
thermochronometers in extensional tectonic settings to determine the magnitude of extension and
fault slip rates.

4.1 (U-Th)/He Results

Mineral separation and single-grain (U-Th)/He analyses were completed in the Group 18
Laboratories (NG’L) at Arizona State University using techniques similar to those described by
Schildgen et al. [2009a and 2009b] and van Soest et al. [2011]. Raw zircon and apatite (U-
Th)/He dates were corrected for the loss of *He in the outer ~20 um of the mineral structure
(alpha ejection correction) using standard methods from Farley et al. [1996], Farley [2002], and
Hourigan et al. [2005]. Individual dates for 44 zircon and 11 apatite crystals are reported in the
supplementary data tables Al.1 and Al.2 with uncertainties based on analytical imprecision
alone; the error-weighted mean dates for sets of zircon or apatite analyses from each sample are
shown in Table 2.1. In many cases, the dispersion of ZrnHe or ApHe dates from a single sample
exceeded the variation that might be expected given the magnitude of analytical uncertainties. As
a result, for each ensemble of ZrnHe or ApHe dates of a sample, clear outliers were determined
using the Hampel identifier, as described by Pearson [2011], assuming a threshold value of 4.
Any outliers determined by this method were rejected and the weighted mean was recalculated.
Final dispersions were evaluated using mean squared weighted deviation (MSWD) [Wendt and
Carl, 1991]. For groups of dates without excess dispersion, the uncertainties reported in Table
2.1 represent two standard deviations of the error-weighted mean (20ym) based on the
propagation of analytical uncertainties alone. For groups of dates with excess dispersion, the
calculated 20, values were multiplied by the square root of the MSWD and the result was

reported as an expanded uncertainty 26,,, in an attempt to account for the scatter. The reported
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uncertainties do not take into account natural zoning of U and Th isotopes within the crystal
lattice [e.g., Hourigan et al., 2005].
4.1.1 Zircon (U-Th)/He Results

We obtained ZrnHe dates for all ten rock samples. The dates range from 40.7 + 4.9 Ma
for a sample collected near the western end of the horizontal transect to 21.0 = 3.3 Ma for a
sample closest to the SSRD trace (Table 2.1; Figure 2.1c; Figure 2.2). The distribution of ZrnHe
dates in the SSR is bimodal, with a cluster of Eocene dates (37.0 + 5.4 to 41.5 = 2.4 Ma) in the
western portion of the transect, and an abrupt transition to Oligocene dates (21.0 + 3.3 to 26.4 +
3.9 Ma) in the central to eastern portion of the transect (Figure 2.1c; Figure 2.2). The Eocene
population shows no apparent age progression from west to east. However, the Oligocene dates
show a systematic decrease in the direction of extension, with the youngest dates coming from
samples collected closest to the trace of the SSRD (Figure 2.1c; Figure 2.2).

Nine of the ten weighted mean dates are overdispersed as shown by greater than
anticipated MSWD values [Wendt and Carl, 1991]. All ZrmHe dates were evaluated for
correlations with effective uranium concentration (eU) to assess if radiation damage may have
contributed to dispersion of replicate dates (Table Al.1) [e.g., Reiners, 2005; Guenthner et al.,
2013]. A single aliquot 12WC02 z03 was found to have a high eU and a significantly younger
date compared to the other 12WCO02 replicate analyses. However, this replicate was excluded
from the error-weighted mean date based on the outlier identification method (Table 2.1; Table
Al.1). No other samples showed a significant range in eU values with a corresponding
correlation to ZrnHe dates; as a result, radiation damage is not considered to be a major factor in
the overdispersed dates. Instead, this overdispersal may be the result of parent isotope zonation

within the zircon crystals, which was shown by Hourigan et al. [2005] to contribute to
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overdispersed ZrnHe dates. Although zircons with obvious optical zoning were not chosen for
analysis, it was impossible to completely avoid zoned grains since non-acicular zircons in the
SCWC commonly exhibit some zonation [Lee et al., 1968]. This is considered to be the most
likely cause of the over dispersed ZrnHe dates.

4.1.2 Apatite (U-Th)/He Results

Only three samples yielded apatite grains suitable for (U-Th)/He dating (Table 2.1). All three
were collected in the central to eastern portion of the footwall transect. ApHe dates from the
three samples decrease from 15.1 + 2.4 Ma in the central portion of the transect to 13.6 +£ 0.7 Ma
closest to the SSRD (Figure 2.1c; Figure 2.2). In the western section of the transect a previous
study documented < 0.02 wt. % apatite present in the intrusion [Lee et al., 1973], and the few
apatites observed contained inclusions, rendering them unfit for conventional ApHe analysis
[e.g., Wolf et al., 1996]. Only the ApHe dates from sample 12SCO03 exhibit significant
overdispersion, and this is most likely due to unrecognized inclusions containing U, Th, or Sm.
None of the ApHe samples showed a large range in eU values among replicate analyses (Table
A1.2). Therefore, radiation damage is not considered to be a major factor in the overdispersed
dates as observed in other ApHe date populations [e.g., Shuster et al., 2006; Flowers et al.,
2009].

4.2 Thermochronologic Data Interpretation

Ranges of denudation rates were estimated for the SSR using (U-Th)/He and fission track
samples that were dated by multiple thermochronometers (n=6). We used these rates to assess
the relative influences of erosional and tectonic denudation in the SSR. For the (U-Th)/He data,
denudation rates were calculated from samples 12SC03, 12SC05, and 12SC07 (Table 2.1) [e.g.,

Reiners and Brandon, 2006]. The previously published ZrnFT and ApFT data for samples
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93SRFT-29, 93SRFT-30, and 93SRFT-31 from Miller et al. [1999] were also used to estimate
denudation rates in the same manner. The Reiners and Brandon [2006] method assumes nominal
closure temperatures for each thermochronometer (ZrnFT: 240 °C, ZrnHe: 180 °C, ApFT: 110
°C, ApHe: 65 °C; 10 °C Myr" cooling rate) when determining cooling rates, and assumed
steady-state geothermal gradients to calculate denudation rates.

Minimum and maximum cooling rates were calculated for each sample based on the
errors of each date. For example, 12SCO03 has a minimum calculated cooling rate of 4.05 °C Myr
" and a maximum cooling rate of 5.27 °C Myr"'. Although these cooling rates are less than 10 °C
Myr", as assumed for the nominal closure temperature, the ~5-6 °C difference does not
significantly change the closure temperature of either system for typical grain sizes [e.g.,
Reiners, 2005]. The cooling rate minimum, average, and maximum values were then divided by
a range of geothermal gradients from 10-50 °C km™. These calculations lead to an estimated
minimum denudation rate of 0.08-0.4 km Myr' for sample 12SCO03. This analysis was completed
for all six samples, and the range of denudation rates for the SSR is 0.08-2.25 km Myr™'. Two
samples (12SC03 and 93SRFT-29) with Eocene ZrnHe and ZrFT dates, closest to one another
in the range, were used to calculate Eocene denudation rates between 0.15 and 6.35 km Myr™.

These calculated denudation rates are 16 to 1270 times greater than the present day
median global outcrop erosion rate of 0.005 km Myr' [Portenga and Bierman, 2011]. Although
the median outcrop erosion rates from Portenga and Bierman [2011] are only calculated for the
present, the significantly higher denudation rates estimated for the SSR suggest that even if
erosion rates were higher in the past (e.g., during a warm Eocene climate) unreasonably higher
rates would be necessary to attribute the majority of denudation in the SSR to erosional

processes. As a result of this comparison, erosional denudation is assumed to be negligible, and
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the majority of exhumation is considered to be of tectonic origin for the SSR.

The ZmHe and ApHe cooling ages for the SSR are progressively younger in the
extension direction, as expected for exhumation along a normal fault (Figure 2.2) [e.g., John and
Foster, 1993; Wells et al., 2000; Stockli, 2005]. The observed age distribution in the central and
eastern part of the transect is consistent with exhumation due to unroofing by extension along the
SSRD during the Oligocene starting at ~26-25 Ma, and continuing into the Miocene to at least
~13.6 Ma based on the youngest ApHe age in the transect. The mechanism for Eocene cooling of
the western portion of the transect below ~140 °C is less clear from these data alone. The onset
of extension interpreted from the ZrnHe data is 8 to 9 m.y. older than a previous estimate for
movement along the SSRD from ApFT data [Miller et al., 1999]. This difference in minimum
age for the onset of extension is a function of the higher closure temperature of the ZrnHe system
in comparison to the ApFT system.

A one-dimensional paleodepth reconstruction [e.g., Stockli et al., 2003] of the available
low-temperature thermochronologic data was completed using the retrodeformable cross section
of McGrew [1993] (Figure Al.1). Difficulties in quantifying the errors associated with the
paleodepth reconstruction, and a lack of definable age-depth relationships does not allow for
direct interpretation of the timing and rates of exhumation in the SSR. Instead, to better
understand the extension history of the SSR based on our new data and previously published
ZmFT and ApFT data, a Pecube [Braun, 2003; Braun et al., 2012] modeling approach was used.

Pecube is an ideal tool to investigate the tectonothermal history of the SSR, as it is well
suited to modeling multiple-sample thermochronological datasets given relatively simple
deformational scenarios. In particular, the relatively time-invariant fault geometry of the SSRD

at depth [McGrew, 1993] avoids Pecube’s limitations on time-varying fault geometry.

18



Furthermore, the nature of our dataset (~30 footwall thermochronometer ages, with few samples
yielding multiple ages from multiple thermochronometers) makes it more suitable for an analysis
tool that exploits the spatial and structural relationships between samples to constrain the time-
temperature-exhumation history of the samples, rather than a tool that emphasizes single-sample,
multiple-thermochronometer analysis such as HeFTy [Ketcham, 2005].

5. Thermochronologic Modeling

We reconstruct the extensional history of the SSR through a Bayesian inversion incorporating
the thermokinematic modeling program Pecube as well as structural estimates for total strain and
fault slip [e.g., McGrew, 1993] using methods derived from Styron et al. [2013]. The inversion
essentially takes random tectonothermal histories for the SSR, filters them so they are within
structural constraints (section 5.2.1), uses Pecube to predict thermochronometric ages for each
history, and selects posterior histories based on the goodness of fit between the predicted and
observed thermochronometer ages. This process yields joint posterior probability distributions
for the thermal and tectonic variables in the inversion.

The Bayesian approach to inversion for continuous model variables is well described
mathematically [e.g., Sambridge, 1999; Sambridge and Mosegaard, 2002; Tarantola, 2005] but
here we focus on a procedural description, and use mathematical descriptions as an aid rather
than as the most compact description of the process. Bayesian inversion or inference involves
taking initial estimates of probability distributions for each variable of interest, and then refining
those estimates based on how well predictions made by the variables compare to observations.
The initial estimates are called 'prior probabilities' or simply "priors,’ and the refined probabilities
are known as "posterior probabilities." Whether a distribution is a prior or posterior distribution is

solely based on whether it will be refined in the inversion step at hand, and in many instances the
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posteriors for one inversion step form the priors for another. However, in our methods this
iteration does not happen.

The priors map to the posteriors through another distribution called the ‘likelihood,’
which encapsulates the goodness of fit between the model predictions and the observations. This
is summarized by Bayes' rule:

p(T D) xp(Mp(DIT) €Y)
where p(T) is the prior probability distributions for all variables in T (in our case, variables that
represent the thermal and strain history); p(T | D) is the posterior probability distributions, i.e.,
the probability distributions of the variables T given the data D; and p(D | T) is the likelihood,
i.e., the probability of observing the data D given that the parameters T are true.

5.1 Pecube Model Setup

The Pecube finite element model (FEM) covers the entirety of the SSR, with an areal distribution
of 119 km E-W by 32 km N-S. The upper surface of the model is the modern topography, taken
from SRTM data [Farr et al., 2007]. Topographic evolution is modeled as steady-state across the
FEM. The model extends to 30 km depth, based on the present day distance to the Moho in the
Snake Range [Gans, 1987]. Node spacing in the FEM mesh is 900 m in the x, y, and z
directions. The FEM has two faults, the SSRD and Wheeler Peak Fault (WPF) (Figure 2.3). The
retrodeformable cross section of McGrew [1993] suggests the fault geometries of the SSRD and
WPF remain relatively constant throughout extension. The geometries of the faults in the
subsurface for the model are taken from McGrew [1993]. The mineral elongation of mylonites
exposed in the eastern SSR documented by McGrew [1993] was used to define the slip direction
of the SSRD at 105° and a generalized strike for the structure at 015°. This inferred strike is

similar to a generalized strike of 007° calculated based on a corrugation axis of the SSRD from
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mapping of McGrew et al. [1995]. The Pecube software does not allow for lateral or temporal
changes in fault geometry. The strike orientation of the SSRD in the east-central SSR (closest to
the measured mineral elongations) must be extrapolated to the northern and southern portions of
the range. As a result, the modeled trace of the SSRD farther away from the east-central portion
of the range is less representative of the mapped trace of the SSRD.

Pecube uses several variables to calculate the 'steady-state' geothermal gradient in the
FEM, which is then perturbed by tectonic deformation; variables used to define this are the
temperatures at the model surface and base (the Moho in our FEM), thermal diffusivity,
atmospheric lapse rate, and radiogenic heat production. We fix the FEM surface temperature,
thermal diffusivity, and atmospheric lapse rate, values that are reasonably well constrained
relative to the Moho temperature and radiogenic heat production. The Moho temperature and
radiogenic heat production are solved for in the inversion. Table 2.2 lists the values for all fixed
parameters in the model.
5.2 Construction of Priors
The initial step in the inversion is construction of geologically reasonable priors. In order to
solve for both the coupled strain history and thermal state of the crust, representative model
variables were defined (Table 2.2).

The strain history of the SSR is separated into independent histories for the SSRD and
WPEF. These histories are then discretized into several time intervals with different slip rates. The
time boundaries of each slip interval and the slip rates for each interval are all randomly sampled
from uniform probability distributions.

Slip on the SSRD has four intervals between 80 and 5 Ma, with the beginning and end

points for the entire slip history occurring anywhere in this interval, and possible slip rates
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between 0-10 mm a™' at any time. Note that successive intervals are allowed to have the same
slip rate, so substantial changes in slip rate are not enforced between intervals.

Direct evidence (i.e., cross cutting relationships) to define the boundaries for onset and
completion of extension on the SSRD are poor, and previous work largely inferred the slip
history of the SSRD from thermochronologic data [e.g., Lee et al., 1970; Lee et al., 1980; Miller
et al., 1988; Miller et al., 1999]. The most direct evidence for timing of motion along the SSRD
comes from the ~36 Ma Young Canyon-Kious Basin pluton [Miller et al., 1988] which contains
both mylonitic and cataclastic deformation features that are interpreted to be a result of motion
along the SSRD [McGrew, 1993]. Armstrong [1972] also interpreted an Oligocene age of motion
based on a normal fault mapped as cross cutting Oligocene volcanic strata of the Needles Range
Group [Whitebread, 1969; Best and Grant, 1987] that was interpreted to either merge into or was
truncated by the SSRD. Miller et al. [1999] described fanglomerates on the eastern edge of the
SSR that contain Oligocene aged volcanic clasts and interpreted these strata as deposits directly
related to extension on the SSRD after the Oligocene. Although these relationships point to an
Oligocene age and younger period of extension on the SSRD they do not preclude pre-Oligocene
periods of extension on the SSRD. The Eocene ZrnHe dates from the eastern portion of our
transect suggest extension may have begun prior to the Oligocene. Therefore, a maximum age
for extension on the SSRD is set at 80 Ma, based on the timing of Cretaceous metamorphism
recorded in the Pole Canyon-Can Young Canyon pluton at ~79.7-79.1 Ma [e.g., Lee et al., 1970,
1986; McGrew, 1993].

Three intervals of slip between 40 and 0 Ma were defined for the WPF. Slip rates at any
time on the WPF were defined between 0 and 4 mm a'. The WPF is active, defining the lower

age bound, and has a slip rate of < 0.2 mm a’' [Sawyer, 1998; U.S. Geological Survey and
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Nevada Bureau of Mines and Geology, 2006]. McGrew [1993] also included either this structure,
or a similarly oriented structure, in an intermediate stage of extension in the SSR; as a result, an
intermediate age in the range for slip history of the SSRD (40 Ma) was chosen as an upper age
bound. Fewer modeled intervals of slip are used for the WPF due to its shorter extensional
history in comparison to the SSRD. Similar to the SSRD, these intervals allow variability within
the model.

Moho temperatures were varied between 600-1100 °C, and radiogenic heat production
from 5-50 °C Ma™”. These broad ranges were chosen because these parameters are not well
constrained for the SSR; however, they combine to yield upper-crustal geothermal gradients of
20-55 °C km'', bracketing Tertiary estimates for the Basin and Range [e.g., Foster and John,
1999; Stockli et al., 2002; Gorynski et al., 2013; Long et al., 2015]. The combination of these
thermal parameters with the strain history variables yields a prior distribution p(T), where T is
the set of probability distributions for each variable t in T. Each p(t) is independent of the
others.

5.2.1 Filtering of Priors to Fit Structural Constraints

When constructing p(T), we chose probabilities p(t) for each ¢t that are individually reasonable
(or at least possible) and considered independent. However, many combinations of the variables
yield extension histories that violate constraints from geologic cross sections by producing
unreasonable magnitudes of net extension. Therefore, we only considered the subset of p(T') that
is consistent with geological constraints, which we call p(T | G), or the probability of T given
geological constraints G. From a practical perspective, by reducing p(T) to a much smaller, or

much more sparse p(T | G) before the computationally-intensive Pecube modeling, the total
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computation times may be reduced by one or two orders of magnitude with no loss of statistical
robustness, as p(t | G) may be very similar to p(t) for any t.

A very effective way to reduce p(T) to p(T | G) is to filter samples from p(T) that
predict net extension outside of acceptable bounds determined by geologic cross sections [e.g.,
Styron et al., 2013]. We arithmetically calculate the net extension for each sample of p(T) given
fault dips from the FEM and strain history variables from the p(T) sample and accept into
p(T | G) only those with net extension values between 8 and 35 km. This estimate is in part
based on the 8-24 km of allowable extension from a non-unique retrodeformable cross section
that assumes a specific SSRD upper plate geometry and a footwall cutoff in the Cambrian Pole
Canyon Limestone [McGrew, 1993]. The total allowable extension was increased from 24 to 35
km so the model would not be overly constrained by a single interpreted cross section; however,
the models were not forced to a total of 35 km of extension. We iteratively sampled and filtered
p(T) until p(T | G) had 9999 samples, which were then run in Pecube.
5.3 Calculating Likelihood with Pecube
We use Pecube to predict thermochronometer ages at our sample locations, in order to calculate
p(D | T). Pecube models were run on the Eureka cluster at the National Supercomputing Center
for Energy and the Environment at the University of Nevada, Las Vegas. Each model took
between 0.5 to 2.5 hours to compute. Parallelization of about 100x allowed us to run the ~15,000
CPU hours of computation in a little over a week. Out of 9999 jobs, 18 (0.2%) finished with
errors, and therefore the total number of runs considered is 9981.

We evaluate each model from p(T | G) by calculating the relative model likelihood

p(D | T) using the equation
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exp(-x*)

p(DIT)= (2)
( Xmin)
where y? is the goodness-of-fit statistic for normally-distributed data
1 v ﬂ )?
x?= ﬁzliv=1 l o2 3)

U is the error weighted-mean date, 2 is the modeled age, and oy is the standard deviation of the
weighted mean. Since the constant of proportionality in equation (1) is unknown, we normalize
p(D | T) relative to the best-fitting model [ Tarantola, 2005].

5.4 Posterior Sampling

Once the relative likelihoods were calculated for each model, we calculated the posterior
p(T | D), or 'sampling the posterior' in Bayesian terminology, by selecting models from p(T | G)
proportional to their likelihood [e.g., Mosegaard and Tarantola, 1995]. In practice this is done
through selection of models whose likelihood is larger than a number randomly sampled from
the uniform distribution [0,1). This random number is independently generated for each
comparison.

5.5 Model Results

p(T | D) contains 39 models out of 9981 considered. Figure 2.4 shows the observed and
modeled ages plotted by longitude (a good proxy for down-dip distance on the SSRD). These
plots show that the model ages match measured dates within 2 in most cases, except for three
ApFT and two ZrnHe samples. It is possible that unrecognized complications in the fault
geometries (e.g., corrugations, fault splays, etc.) of the SSRD and WPF were not represented in
Pecube causing the modeled ages to not accurately represent measured ages. However, it is also
possible that the measured values were themselves spurious results. The three ApFT samples

were interpreted as only partially reset [Miller et al., 1999], and the two ZrnHe samples have
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unacceptably high MSWD,,, values. Despite these misfits, overall the modeled ages and
measured thermochronologic ages are generally in good agreement.

The posterior distribution p(T | D) is the complete solution to a Bayesian inverse
problem. However, because of the multivariate nature of p(T | D), we transformed the strain
variables into extensional histories in order to describe and make inferences from them (Figure
2.5).

The results indicate that extension in the SSR starts during the Eocene at ~50-45 Ma
(Figure 2.5a and 2.5b). Extension rates begin to increase in the SSR at ~50 Ma (Figure 2.5a).
However, the median and mean onset of extension for the 39 best-fit models is ~45 Ma.
Cumulative extension in the SSR by the Eocene-Oligocene boundary (Figure 2.6a) shows a
slightly bimodal distribution, with 23 of the 39 fits requiring greater than 2 km of extension prior
to the Oligocene. The mean amount of extension accumulated prior to 34 Ma is 5.8 km, with a
range of 0.9-9.8 km of extension over the central 50% of results (25" to 75" percentile interval;
Figure 2.5b). Extension rates during the Eocene are generally slow at ~0.5 mm a™ (Figure 2.5a).
However individual modeled histories show variability in the extension rate with some results
showing periods of extension with rates as high as 6 mm a”' (Figure 2.5a). Despite these low
rates of extension, we regard this phase as likely responsible for producing the Eocene cooling of
the higher-temperature and highest-elevation thermochronometers along the western end of the
transect.

Following the inferred onset of extension in the Eocene, the model results show low
extension rates from ~38 to ~33-30 Ma, where all but one modeled history show extension at
rates of < 0.5 mm a" (Figure 2.5a). Modeled extension rates increased again in the early

Oligocene, and remained at levels comparable to the Eocene extension rates until the Oligocene-
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Miocene boundary. Although the overall rate of extension from ~50-45 to 38 Ma and from ~33-
30 to 23 Ma was rather slow, it was significant enough to produce cumulative extension of ~10-
18 km for most modeled histories by 23 Ma (Figure 2.6b). The mean cumulative extension of all
model fits is 11.3 km, with a range of 6.7-15.5 km over the central 50% of modeled histories for
net cumulative extension at the Oligocene-Miocene boundary. This period of extension is
inferred to be responsible for the Oligocene ZrnHe cooling ages observed in the SSR.

Modeling results further suggest that the significant but relatively slow extension during
the Eocene and Oligocene was followed by a period of more rapid extension during the Miocene.
The most rapid extension rates occur at ~16.5 Ma (Figure 2.5a); however, a histogram of
modeled extension rates at 16.5 Ma (Figure 2.6c) shows about half of the model fits have
extension rates of < 1 mm a”'. Some individual models show more rapid extension rates of 6 and
8 mm a”', although most do not show rates greater than 3.5 mm a”'. At that time, the WPF may
have begun to extend at extremely low rates (Figure 2.5c). This fault may have initiated as early
as ~20 Ma, and the modeling results indicate extension started by ~10 Ma (Figure 2.5¢). The
modeled extension rates on the WPF increased steadily after 10 Ma, but remain very low at < 0.3
mm a”' until present day (Figure 2.5¢).

Overall modeled cumulative net extension in the SSR ranged from 19.8-34.9 km. Figure
2.6d shows that most results have cumulative net extension amounts at the higher end of that
range. The central 50% of results have a range of 27.5-32.3 km of cumulative net extension, and
a mean cumulative net extension of 29.7 km. The contribution of WPF to cumulative net
extension is minor, with a mean extension amount of 2.8 km and a total range of 1.5-3.9 km for

all modeled histories (Figure 2.5d).
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5.6 Relationships Between Model Variables and Results

No single variable is strongly correlated with model likelihood, and therefore no variable
strongly influences the results. Additionally, the posterior variables p(T | D) are poorly
correlated, which seems to indicate that the results are essentially random. However, inspection
of the results in terms of ‘metavariables’ (i.e., combinations of input variables that better
characterize the system) show data patterns, although due to the high dimensionality of the
system, some scatter still exists in many plots. This is illustrated in Figures 2.5 and 2.7. For
example, Figure 2.5a, the extension rate history for the SSR, shows that throughout the Miocene,
when the majority of extension occurred, there is an order of magnitude variation in posterior
slip rates. However, Figure 2.5b shows that during the same time, the cumulative exhumation is
much more tightly bracketed. The magnitude of cumulative exhumation, combined with the
geothermal gradient, directly controls whether a given thermochronometric sample has passed
through its thermal sensitivity window (partial retention or partial annealing zone). As a result,
the timing of cumulative exhumation is more important for determining cooling ages than the
rate at which the samples cool through this window. Additionally, the individual slip rates are
generally more ephemeral and noisy than the cumulative extensions. Similarly, Figure 2.7 shows
that the posteriors display more structure (e.g., linear relationships, clustering) when
metavariables are plotted (Figure 2.7d-f) rather than the Pecube input variables (Figure 2.7a-c).
5.6.1 Relationship Between Crustal Heat and Deformation

The model results are not sensitive to particular values for the Moho temperature or
radiogenic heat production. However, the results are sensitive to the geothermal gradient, which
is a function of both of these variables. More specifically, a tradeoff exists between the

geothermal gradient and the minimum amount of extension on the SSRD necessary to exhume
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all thermochronometers from below their partial retention or annealing zones. This is illustrated
in Figure 2.7d: below the dashed line, no posteriors are present; however, above the dashed line,
the posteriors are somewhat evenly distributed, indicating this threshold. Because the posteriors
plot above a line, rather than on a line, we interpret this to be a threshold effect rather than an
optimal combination of variables.
6. Discussion
The new (U-Th)/He thermochronologic results combined with fission track data from Miller et
al. [1999] and Pecube modeling suggest three significant periods of extension occurred during
the Neogene and Paleogene for the SSRD and WPF (Figure 2.8): (1) ~50-45 to ~38 Ma
(Eocene), (2) ~33-30 to ~23 Ma (Oligocene), and (3) ~23-20 to ~10-8 Ma (Miocene). These
periods of extension were defined based on clusters of increased extension rates of individual
modeling histories (see Figure 2.5), and does not imply extension occurred continuously in the
SSR during each of the periods. These periods of extension are considered largely driven by
tectonic rather than erosional processes based on the denudation rates discussed in section 4.2.

The first two periods of extension most likely occurred on the SSRD and related upper
plate structures, while the third period of extension was probably accommodated on both the
SSRD and WPF. A younger period of extension during the Miocene, possibly starting at ~10-8
Ma, continuing to present day occurs solely on the WPF (Figure 2.5), an active range bounding
normal fault [Sawyer, 1998; U.S. Geological Survey and Nevada Bureau of Mines and Geology,
2006]. However, the contribution of this period to the overall extensional history of the SSR is
minor.

Our modeling results suggest that extension in the SSR could be accommodated, at least

in part, on a structure with a dip similar to the SSRD of McGrew [1993]. Extension in the SSR
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has previously been interpreted to occur on a high-angle normal fault during the Miocene that
subsequently rotated to the present day low-angle orientation of the SSRD [Miller et al., 1999].
Our modeling results suggest that tectonic denudation by a low-angle detachment, as shown in
the McGrew [1993] cross section, also matches the observed distribution of cooling ages.
However, our methodology does not preclude the interpretation of Miller et al. [1999] because it
does not explicitly address the possibility of variable fault geometries (e.g., rotation of fault
planes) through time.

Modeled extension in the SSR appears to have been relatively slow throughout much of
its history. Despite relatively slow rates, mostly < 1 mm a’', extension produced a mean
cumulative net extension of 29.7 km. Our modeled magnitude of extension in the SSR is higher
than the ~15 km of Miller et al. [1999] (only estimated for the Miocene) and similar to the upper
end of the 8-24 km range for the Cenozoic from McGrew [1993]. The discrepancy between our
estimate of total net extension and Miller et al. [1999] is likely due to significant pre-Miocene
extension in the range. Our cumulative net extension estimate for the WPF, 2.8 km, is in good
agreement with first-order extension estimates based on an assumed planar high-angle normal
fault and depth to basement in Spring Valley from gravity data [Maniken et al., 2007].

6.1 Extension in the SSR and NSR

An Eocene period of extension is documented in the NSR by Lee [1995] from ~48-41 Ma,
similar to the first period of SSR extension. The similarities in timing of extension in the SSR
and NSR suggest that the NSRD and SSRD have been intimately linked structures since the
Eocene, rather than strictly during rapid extension in the Miocene [e.g., Miller et al., 1999]. Lee
[1995] only reported cooling rates in the NSR, and as a result it is impossible to compare rates of

extension between the NSRD and SSRD. However, the NSR was significantly more deformed
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during Cenozoic extension than the SSR [e.g., Miller et al., 1983; Bartley and Wernicke, 1984],
and it is reasonable to assume that extension rates were faster in the NSR than those suggested
by the Pecube modeling for the SSR.

Based on our modeling, the quiescent period between the first and second period of
extension in the Oligocene is coincident with plutonism in the SSR at ~36 Ma [Miller et al.,
1988] and volcanic activity in the region [Gans et al., 1989] (Figure 2.8). It also coincides with a
period of slow cooling documented in the NSR [Lee, 1995].

Modeled rates of extension increased again in the SSR during the Oligocene at ~33-30
Ma and continued until the Miocene (Figure 2.8). This second period of extension has not been
previously reported for the SSR, and occurs during major Needles Range Group volcanism
associated with eruptions of the Indian Peak Caldera Complex [e.g., Best and Grant, 1987; Best
et al., 1989; Best and Christiansen, 1991]. A similar pulse of Oligocene extension was
documented by potassium feldspar MDD modeling [Lee, 1995] and by *°Ar/’Ar and stable
isotope analyses of white mica [Gébelin et al., 2011] in the NSR. The similar timing of extension
in the NSR and SSR during the Oligocene further substantiates a link between the NSRD and
SSRD throughout the Cenozoic.

Our model results show that the most rapid extension in the SSR began during the third
extensional period at ~16.5 Ma (Figure 2.8). Rapid extension was previously interpreted by
Miller et al. [1999] for the greater Snake Range-Deep Creek fault system at ~17 Ma based on
ZmFT and ApFT data. However, our results show that in the SSR there was an increase in
extension rates that started during the early Miocene (~23-20 Ma) and extension rates remained

relatively high until the middle Miocene (~10-8 Ma). We interpret this to mean that extension in
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the SSR occurred over a significantly longer period of time than the short period interpreted by
Miller et al. [1999].

The mean cumulative net extension for the SSR, 29.7 km, is significantly less than the
estimated 60 km of net slip on the Snake Range décollement (NSRD) by Bartley and Wernicke
[1984]. However, the estimate of slip for the NSRD by Miller et al. [1999] is 12-15 km during
the Miocene. Our net cumulative extension for the SSR during the Miocene is 15-20 km, only
slightly more than estimated for the NSRD by Miller et al. [1999].

6.2 Sedimentary Evidence for SSR Extension

Strata preserved within the upper plate of the SSRD corroborate the Eocene and Miocene periods
of extension in the SSR suggested by our thermochronologic and modeling results (Figure 2.8).
In the southernmost SSR, a ~40 m thick clast-supported conglomerate containing plutonic and
carbonate clasts, informally named the Murphy Wash conglomerate, is capped by the ~31 Ma
Cottonwood Wash Tuff (unpublished *°Ar/*’Ar age reported by Miller et al. [1999]). This
conglomerate has been used as evidence for pre-31 Ma extension within the SSR, but the timing
was only loosely bracketed as latest Eocene to early Oligocene [Miller et al., 1999]. Our
modeling data suggest this period of extension occurred from ~50-45 to 38 Ma, and the
extension must have created sufficient topography to act as source for this conglomerate.
Furthermore, the plutonic clasts, if they are locally derived from the SSR, requires that extension
during the Eocene was of sufficient magnitude to expose one or more of the plutonic bodies
presently located in the lower plate of the SSRD at the surface. It seems reasonable that these
plutonic clasts were locally derived as they are in an areally-restricted, thin deposit, and clasts
are sub-rounded to sub-angular. This relationship between conglomerate deposition and

extension in the Eocene suggests that higher estimates for net cumulative extension may be more
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reasonable than the modeled lower magnitudes prior to 34 Ma (see higher magnitude population
in Figure 2.6a).

During the Oligocene to early Miocene, the Sacramento Pass Basin formed between the
SSR and NSR [e.g., Miller et al., 1999]. The increase in extension rates at ~23 to 20 Ma in the
SSR is concurrent with interpreted rock avalanche deposits in the basal Sacramento Pass basin
stratigraphy [Martinez, 2001], suggesting the acceleration in extension rates at ~20 Ma in many
of the model results is geologically significant.
6.3 Cenozoic Magmatism and Extension in the SSR
Volcanism in east-central Nevada during the Eocene produced andesitic and rhyolitic lava flows
(Figure 2.8) [e.g., Gans et al., 1989]. During the Oligocene to early Miocene voluminous ash
flow tuffs erupted from the Indian Peak Caldera complex (Figure 2.8) [e.g., Best and Grant,
1987, Best et al., 1989; Best and Christiansen, 1991; Best et al., 2013b]. Studies of east-central
Nevada volcanism have suggested a spatial and temporal link between the timing of extension
and magmatism in the region. Gans et al. [1989] interpreted magmatism to have thermally
weakened the crust driving the onset of extension, and as a result, the onset of extension in the
region was either syn-magmatic or immediately post-magmatic. They documented upper crustal
extension in east-central Nevada post-eruption of andesite and rhyolite lavas and ash-flow tuffs,
which initiated at ~40 Ma, and argued that extension was concurrent with the eruption of the
Kalamazoo Tuff at ~35 Ma [Gans et al. 1989]. Axen et al. [1993] interpreted the onset of
extension in the northern portion of their “eastern-belt of extension” (includes the SSR) to be
either syn- or post-volcanism. In contrast, Best and Christiansen [1991] and Best et al. [2013b]
found no evidence for significant, regional scale syn-magmatic extension during Oligocene and

early Miocene Needles Range Group volcanism (~31-20 Ma). Our results and interpretations for
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the timing of extension show no clear relationship between extension and magmatism in the SSR
(Figure 2.8). Extension in the SSR initiates in the Eocene at ~50-45 Ma, based on the modeling
results, prior to the east-central Nevada volcanism and extension documented by Gans et al.
[1989]. Our model interpretations suggest it is either minor or nonexistent during the intrusion of
the Young Canyon-Kious Basin pluton at ~36 Ma [Miller et al., 1988], and is significant during
and following the eruption of the Needles Range Group [Best and Grant, 1987; Best et al., 1989;
Best and Christiansen, 1991]. If strictly interpreted, none of the temporal relationships expected
in this region between extension and magmatism [e.g., Gans et al., 1989; Best and Christiansen,
1991; Axen et al., 1993; Best et al., 2013b] are supported by our new data at the scale of the SSR.
This absence of a relationship between extension and magmatism at the scale of a single range is
not a new interpretation in the NBR; Taylor [1990] documented a similar lack of relationship
between volcanism and extension at the scale of the North Pahroc and Seaman Ranges. Further,
Axen et al. [1993] suggested local relationships between extension and volcanism may be
variable, with extension initiating prior to volcanism and continuing after volcanism, similar to
our interpretations from the SSR. It is possible the SSR is too small scale to record any
regionally applicable temporal relationship between extension and magmatism. Larger scale
relationships between extension and magmatism are not refuted by our data [e.g., Axen et al.,
1993].

6.4 Conceptual Evolution of the SSR

Our new thermochronologic data and Pecube modeling of these data, combined with previously
published low-temperature thermochronologic data from Miller et al. [1999], allowed us to
define three periods of extension in the SSR. A conceptual model for the evolution of the SSR

based on these interpretations, and ideas from Armstrong [1972], Miller et al. [1983; 1988],
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McGrew [1993], Miller et al. [1999], Martinez [2001], and Long [2012] is presented in Figure
2.9. This evolutionary model suggests extension began earlier, in the Eocene, than previously
interpreted from low-temperature thermochronology or conglomerate deposits in the SSR [Miller
et al, 1999]. Although our data do not preclude even earlier, syn-convergence extension, the
thermochronologic data and modeling provide no direct evidence for pre-Cenozoic extension in
contrast to other portions of the NBR [e.g., Wells et al., 1990; Hodges and Walker, 1992;
Druschke et al., 2009; Long et al., 2015]. However, our model does incorporate surface breaking
extension along the SSRD during the Eocene-Oligocene, based on the cooling of rocks, now
exposed at the surface, below ~200-140 °C (ZrnPRZ) during the Eocene. Further, we infer that
extension on the SSRD was of sufficient magnitude to exhume a footwall pluton to the surface
prior to ~31 Ma (Figure 2.9) based on the presence of plutonic clasts within the Murphy Wash
conglomerate. Our modeling corroborates interpretations that extension was more rapid during
the Miocene [e.g., Miller et al., 1999], but extension most likely occurred over a significantly
longer period of time. Finally, extension on both the WPF and SSRD are responsible for creating
the geologic relationships observed in the SSR today (Figure 2.9).

6.5 Regional Context of SSR Extension

Extension in the SSR interpreted from the Pecube modeling is broadly coincident with cooling
related to extension in the NSR during the Cenozoic [e.g., Lee, 1995]. Extension during the
latest Eocene to early Oligocene documented by Gans et al. [1989] in east-central Nevada (north
of the SSR) overlaps the second period of Oligocene extension in the SSR. Our results and
interpretations support coincident extension in the SSR, NSR, Deep Creek Range, and Kern
Mountains during the Miocene in agreement with Miller et al. [1999]. Previous workers also

suggested that the Snake Range décollement (NSRD and SSRD) has a structural link to the
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Stampede detachment/Seaman breakaway or these structures form a regional extensional belt
[e.g., Taylor, 1990; Taylor and Bartley, 1992; Axen et al., 1993]. The timing of extension in the
SSR during the Oligocene and Miocene are similar to the periods of extension interpreted by
Taylor [1990] for the Seaman breakaway; therefore, our new data and models further corroborate
a possible structural link between these detachment systems during at least the Oligocene and
Miocene. The interpreted periods of extension in the SSR, from our modeling of low-
temperature thermochronometers, are also broadly coincident with extension during the
Cenozoic in the Raft River-Albion-Grouse Creek MCC and Ruby-East Humboldt MCC [e.g.,
Dallmeyer et al., 1986; Saltzer and Hodges, 1988; Mueller and Snoke, 1993; McGrew and Snee,
1994; Wells et al., 2000; Colgan and Henry, 2009; Colgan et al., 2010; Konstantinou et al.,
2012].

Our new data and model interpretations suggest an onset of extension and possible
collapse of the Nevadaplano prior to ~17 Ma [e.g., Colgan and Henry, 2009]. The new data and
model interpretations do not constrain whether the upper crustal extension in the SSR during the
Eocene and Oligocene represents extension that directly contributed to the collapse of the
Nevadaplano. However, the magnitude of extension by the Oligocene-Miocene boundary in the
SSR is between ~10-18 km for most model histories (Figure 2.6b), suggesting a significant
amount of extension occurred in this area prior to ~17 Ma. It is possible that the extension in the
SSR represents early onset extensional collapse of the eastern Nevadaplano prior to collapse in

the western portion of the plateau at ~17 Ma [e.g., Colgan and Henry, 2009].
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7. Conclusions

The integration of low-temperature thermochronology and Bayesian thermokinematic modeling
suggests extension in the SSR was episodic throughout the Cenozoic. These results allowed us to
address the five questions initially proposed in this study as follows:

(1) The new thermochronologic data and interpreted modeling results suggest around half
of the extension within the SSR occurred pre-Miocene. Eocene and Oligocene extensional
magnitudes are significant compared to overall extension in the SSR, and cooling during this
time is well documented by the thermochronologic data. This contrasts with Miller et al. [1999]
who interpreted the majority of extension to be Miocene in age. The rate of extension was
relatively low throughout the Cenozoic in the SSR at < 0.5 mm a’'; however, individual
modeling histories suggest periods of rapid extension rates, especially at ~16.5 Ma. These
modeling histories are in agreement with the period of rapid extension reported by Miller et al.
[1999] during the Miocene.

(2) Three significant periods of extension in the SSR were defined based on modeling
results at ~50-45 to ~38 Ma (Eocene), ~33-30 to ~23 Ma (Oligocene), and ~23-20 to ~10-8 Ma
(Miocene). These three periods of modeled extension in the SSR are broadly coincident with
cooling related to extension in the NSR [e.g., Lee, 1995].

(3) The magnitude of extension in the SSR based on modeling ranges from 19.8 to 34.9
km for all modeled histories, and has a mean value of 29.7 km. This total magnitude is slightly
higher than the estimate by McGrew [1993] based on a palinspastic reconstruction of the SSR.
Our estimate for the total magnitude of extension in the SSR is also higher than estimates for the
SSRD reported by Miller et al. [1999]; however, their estimate only included extension on the

SSRD during the Miocene, whereas our estimate is for the entire Cenozoic.
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(4) The new and previously published low-temperature thermochronologic data for the
SSR are exclusively Cenozoic and thus do not speak to the issue of whether or not there was
significant Cretaceous extension in this range as has been suggested for other parts of the NBR.
The models were built to permit the possibility of an initiation of extensional activity in the
Cretaceous, but the modeling results showed that such an early start is not required by the
available low-temperature thermochronologic data.

(5) Overall, the timing of Cenozoic extension in the SSR was similar to Cenozoic
extension in the NSR [e.g., Lee, 1995; Miller et al., 1999] and in other areas of east-central
Nevada [e.g., Gans et al., 1989; Taylor, 1990]. Extension and magmatism in the SSR have no
clear temporal relationship; however, regional scale relationships [e.g., Gans et al., 1989; Best
and Christiansen, 1991; Axen et al., 1993; Best et al., 2013b] are not ruled out. Our interpreted
periods of extension in the SSR further support a large-scale extensional belt in east-central
Nevada during the Oligocene and Miocene stretching from the Stampede detachment/Seaman
breakaway, through the SSR, and north to the NSR, Deep Creek Range and Kern Mountains
[e.g., Taylor, 1990; Taylor and Bartley, 1992]. Given the timing of extension from the Eocene to
Miocene in east-central Nevada and magnitude of extension we documented for the SSR, it is
possible extensional collapse of the Nevadaplano in this region began well before the ~17 Ma
time-frame suggested for the NBR to the west and north of our study area [e.g., Colgan and

Henry, 2009].
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Figure 2.1 Generalized geologic map, sample locations, and cross section
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Figure 2.1: Generalized geologic map, sample locations, and cross section: (a) Location of the
Snake Range in east-central Nevada between the Central Nevada thrust belt (CNTB) of Taylor et
al. [2000] and the Sevier fold and thrust belt (SFTB) [e.g., DeCelles and Coogan, 2006]
(modified from Miller and Gans [1989], DeCelles and Coogan [2006] and Long [2012]). Dashed
lines indicate generalized thrust faults, teeth on hanging walls. Dashed and dotted lines are state
outlines. Black polygons are generalized range outlines. (b) Simplified geologic map of the
central Southern Snake Range showing the location of (U-Th)/He samples (this study) and
fission track samples of Miller et al. [1999] (map modified from Whitebread [1969], McGrew
[1993], and Miller et al. [1999]). Names for intrusions are from Lee and Christiansen [1983] and
McGrew [1993]. (¢) Generalized cross section of McGrew [1993] for the central Southern Snake
Range with (U-Th)/He dates projected into the line of section. Abbreviations: REHR-Ruby
Mountain-East Humboldt Range, RAG-Raft River-Albion-Grouse Creek Range, SR-Snake
Range, OR-Oregon, ID-Idaho, WY-Wyoming, UT-Utah, AZ-Arizona, NV-Nevada, and CA-
California, SSRD-Southern Snake Range Décollement, WPF-Wheeler Peak Fault, SC-WC-
Snake Creek-Williams Canyon Pluton, YC-KB-Young Canyon-Kious Basin Pluton, ZrnHe-

zircon (U-Th)/He age, ApHe-apatite (U-Th)/He age, VE-vertical exaggeration.
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Figure 2.2 Zircon and apatite (U-Th)/He versus distance from the SSRD
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Figure 2.2: Zircon and Apatite (U-Th)/He versus distance from the SSRD: Plot of measured
zircon and apatite (U-Th)/He age versus distance from the SSRD. Nominal slip rates are
calculated using a simple linear regression and inverse of the regression slope [e.g., Stockli,
2005]. Equation of linear regression and correlation coefficient are shown. Black dashed line is a
visual aid for changes in ages. Age values and error bars are those quoted in Table 2.1.

Abbreviations: ZrnHe-zircon (U-Th)/He age, ApHe-apatite (U-Th)/He age.
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Figure 2.3: Example of model cross section: East-west oriented cross section example of the
Pecube model setup for the SSR. The SSRD geometry in solid blue and WPF geometry in solid
red is taken from the McGrew [1993] retrodeformable cross section. Dashed blue line is the
extrapolated extension of the SSRD to the edge of the model. Vectors indicate velocity of rocks
modeled relative to the stable hanging wall. The intersection of the middle of the thermal
sensitivity window of each thermochronometer is indicated on the cross section. Abbreviations:
SSRD-Southern Snake Range Décollement, WPF-Wheeler Peak Fault, SSR-Southern Snake
Range, ApHe PRZ-apatite (U-Th)/He partial retention zone, ApFT PAZ- apatite fission track
partial annealing zone, ZrnHe PRZ- zircon (U-Th)/He partial retention zone, ZrnFT PAZ- zircon

fission track partial annealing zone.
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Figure 2.4: Comparison of modeled and measured cooling ages: Plot of all measured and
modeled cooling ages from the posterior distribution versus location in longitude within the SSR.
Measured ages for the ZrnFT, ApFT, ZrnHe and ApHe systems are represented by colored
circles and error bars (ZrnHe and ApHe: 26,,; ZrnFT and ApFT: 25). Please see Table 2.1 for
ZrmHe and ApHe values and errors and Miller et al. [1999] for ZrnFT and ApFT values and
errors. Colored ‘x” symbol represents the modeled cooling age for the 39 best-fit models. The
overall agreement between modeled ages and measured ages is relatively good. Please see
section 5.5 for a discussion of the ages with poor agreement. Abbreviations: ZrnFT-zircon
fission track age, ApFT-apatite fission track age, ZrnHe-zircon (U-Th)/He age, ApHe-apatite (U-

Th)/He age, SSRD-Southern Snake Range Décollement.
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Figure 2.5: Modeled extensional histories: Extensional history for the entire SSR (a and b) and
for the WPF (c and d) from 39 of 9981 runs, where each colored line represents the relative
likelihood of a particular model history based on Bayesian inversion of the p(T | G ) to produce
the posterior distribution p(T | D) (see section 5.3 and 5.4 of text for further explanation). Purple
colored model histories are relatively more likely than blue colored model histories. The red line
represents the median extension rate and cumulative extension through time for the SSR. The
dark gray shaded area represents a 25"-75" percentile bound around the median for the modeled
histories. Light gray shaded area represents a 5-95™ percentile bound around the median for the
modeled histories. (a) The extension rate is low on average throughout the Cenozoic in the SSR;
however, individual model histories show a fair amount of variability. (b) The median onset of
extension for the SSR is ~45 Ma and a median net cumulative extension of ~30 km. (c)
Extension rate on the WPF is very low on average at < 0.5 mm a™. (d) The median onset for
extension on the WPF is ~19 Ma, however accumulation of extension in the system does not

occur until ~10 Ma.

48



Number of Modeled Histories
Number of Modeled Histories

0
0O 2 4 6 8 10 12 14 0 5 10 15 20 25
SSR Cumulative Extension at 34 Ma (km) SSR Cumulative Extension at 23 Ma (km)

14 : - - - : - - 7

12} @ 6| @
10} 5|

4|

3L

Number of Modeled Histories
Number of Modeled Histories

| 521
I.Iol. .

0 . L
o 1. 2 3 4 5 6 7 8 18 20 22 24 26 28 30 32 34 36
SSR Extension Rate at 16.5 Ma (mm a™) SSR Net Extension (km)
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Figure 2.6: Histograms for the posterior model results of the SSR: (a) Cumulative extension at 35
Ma shows a slightly bimodal distribution. Sixteen modeled histories have < 3 km of extension
accumulated by 35 Ma. The remaining 23 of 39 modeled histories have > 4 km of extension by
35 Ma. (b) The histogram for cumulative extension at 23 Ma shows 28 of 39 modeled histories
have > 10 km of extension accumulated in the SSR. (¢) The extension rate at 16.5 Ma is the
highest modeled for the SSR. The histogram shows half of the modeled histories require < 1 mm
a’ extension rates, and almost all modeled histories require < 4 mm a’' rates of extension. (d)
The majority of the modeled histories (35 of 39) require > 26 km of total net extension in the
SSR during the Cenozoic. This extension is accommodated on both the WPF and SSRD
structures; however, the earliest onset of extension on the WPF is early Miocene and only

accounts for a mean 2.75 km of extension based on the modeled histories.
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Figure 2.7: Plots of various variables used in models: Scatterplots of priors (grey dots) and
posteriors (colored circles) for various combinations of variables. The top row (a-c) shows
variables directly used in the inversion, whereas the bottom row (d-f) shows ‘metavariables’
derived from the input variables which offer more insight into the results, as shown by the
distributions of the posteriors. (a) Variables determining the thermal state of the crust; no
relationship is observed. (b) Total (i.e., modern) extension across the SSR compared with Moho
temperature; no relationship is observed. (¢) Timing of the start of the second slip interval on the
SSRD versus the slip rate for that interval. Times older than ~30 Ma have very low slip rates,
suggesting that little cumulative exhumation occurred during this time; however, if the second
interval is younger, faster rates are acceptable. (d) Total SSR extension versus the mean
geothermal gradient in the upper crust. The dashed black line indicates a threshold amount of
extension required to exhume the thermochonologic samples through their thermal sensitivity
windows, which is dependent on the geothermal gradient. (e) Upper-crustal geothermal gradients
versus cumulative extension at 17 Ma. The posteriors are somewhat more clustered between
~13-23 km, relative to the total extension shown in b. (f) Cumulative extension versus slip rate at

17 Ma. This plot shows the posteriors to be much more tightly clustered than in plot c.
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Figure 2.8: Interpreted model histories: An interpreted plot of the percentile envelopes for the
posterior model histories for the SSR from Figure 2.5. Gray bars show extensional periods
discussed in section 6.1. The vertical black dashed line indicates the median and mean onset of
extension in the SSR. Thin black line indicates the most rapid period of extension in the SSR
from the modeled histories at ~16.5 Ma. The horizontal dashed black lines indicate the relative
timing between the deposition of the Murphy Wash conglomerate (MWC) [Miller et al., 1999] in
the SSR, development of the Sacramento Pass Basin (SPB) [Martinez, 2001], and the three
periods of extension interpreted from the modeling. Solid black bars denote the timing of
magmatism in the immediate region of east-central Nevada [Miller et al., 1988; Gans et al.,
1989; Best and Christiansen, 1991] relative to defined extensional periods. Abbreviations:
MWC-Murphy Wash conglomerate, SPB-Sacramento Pass Basin, SSR-Southern Snake Range,

ECNV-east-central Nevada, NR-Needles Range, YCKB-Young Canyon-Kious Basin pluton.
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Figure 2.9 Conceptual evolution of the SSR
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Figure 2.9: Conceptual evolution of the SSR: Conceptual evolution of the SSR based on our
modeled history of extension in the SSR, and ideas presented in Armstrong [1972], Miller et al.
[1983], Miller et al. [1988], McGrew [1993], Miller et al. [1999], Martinez [2001], and Long
[2012]. These figures are not to scale, and orientations, locations, and stratigraphic offsets are
conceptual. (a) Prior to extension during the Cenozoic, the area of the present day SSR was
intruded by Mesozoic plutons, underwent Mesozoic metamorphism, and was broadly folded
during the Sevier orogeny [e.g., Miller et al., 1988]. No significant structural relief existed in the
region based on the relatively flat sub-Tertiary unconformity [e.g., Armstrong, 1972; Miller et
al., 1983; Long, 2012]. (b) Based on the posterior model histories the onset of SSR extension
occurred at ~45 Ma, and was, at least initially, accommodated solely on a structure similar in
orientation to the SSRD of McGrew [1993]. (c) Extension in the Oligocene began at ~33 Ma
following a period of relative quiescence in the late Eocene based on our model histories.
Exposure of a footwall pluton at the surface prior to or during the early Oligocene is necessary if
the plutonic clasts present in the Murphy Wash conglomerate beneath the Cottonwood Wash
Tuff [Miller et al., 1999] are locally derived. (d) Rapid Miocene extension occurred, and was
concurrent with the development of the Sacramento Pass Basin [Martinez, 2001]. (e) A present-
day conceptual block diagram for the SSR based on Miller et al. [1999] and McGrew [1993].
Abbreviations: SSR-Southern Snake Range, J-Jurassic, K-Cretaceous, pC-pre-Cambrian, P-
Permian, SSRD-Southern Snake Range Décollement, MW-Murphy Wash, WPF-Wheeler Peak

Fault.
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Tables

Table 2.1 (U-Th)/He age data

Sample [ atitude® Longitude'Elevation Age®  +26,,° =20, MSWD,, Aliquots
(°N) (W) (m) Ma)  (Ma) (Ma)

Williams Canyon Samples (zircon)

12WCO01 389474 1143292 2710 37.0 0.61 54 78 3
12WC02 389484 114.3366 2567 415 0.67 24 12 4°
12WC03 389512 1143449 2472 40.7 0.53 49 84 5
Snake Creek Samples (zircon)
12SC01 389444 1142983 3316 417 0.60 2.6 19 4
12SC03 389425 114.2886 3224 402 0.66 0.89 18 4°
12SC04 389418 1142715 2944 264 0.34 39 133 5
12SC05 389378 1142614 2666 250 0.33 28 71 5
12SC06 389354 1142525 2671 21.7 0.26 31 150 6
12SCO07 389296 1142431 2538 21.1 0.30 1.7 34 4
12SC08 38.9223 114.2328 2373 21.0 0.30 33 120 4
Snake Creek Samples (apatite)
12SC03 389425 114.2886 3224 151 0.29 24 66 5
12SCO05 389378 1142614 2666 152 0.38 0.7 35 3
12SC07 389296 114.2431 2538 13.6 0.38 0.7 3.1 3

*WGS 1984 datum

*Weighted mean of aliquots not excluded by Hampel identifier

“Propagated analytical error of weighted mean

%Expanded error calculated by multiplying the square root of MSWD,,, and G,,,,
An aliquot was excluded from weighted mean age based on the Hampel identifier
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Table 2.2 Pecube modeling input parameters

Parameter Value
Fixed Parameters
Model Dimensions (length, width) 119 km E-W and 32 km N-S
FEM Node Spacing (X, y, z directions) 900 m
Thermal Diffusivity” 25 km’ Myr!
Moho Depth® 30 km (present day)
Surface Temperature® 15°C
Atmospheric Lapse Rate 0 °C k™
Prior Parameters®

SSRD
Generalized strike of structure 015°
Span of slip history 80-5 Ma
Slip rates 0-10 mm a™
Number of slip intervals 4
WPF
Span of slip history 40-0 Ma
Slip rates 0-4mma’
Number of slip intervals 3
Thermal Parameters
Moho temperatures 600-1100 °C
Radiogenic heat production 5-50 °C Ma™

*From Whittington et al., 2009
®From Gans, 1987

‘Global mean annual temperature
d5ee section 5.1 and 5.2 for discussion of values and references.
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Chapter 3: Constraints on the salt thermal anomaly associated with the Gypsum Valley salt
wall, Paradox Basin, CO

Abstract

Thermal anomalies associated with salt bodies have been described and modeled in multiple
sedimentary basins. The modeling literature suggests that salt thermal anomalies cause elevated
temperatures in sedimentary units located above salt bodies (suprasalt positions), and extend
laterally one to three salt radii into adjacent sedimentary units. This study tests these predictions
using a novel paired thermal maturity analysis and low-temperature apatite (U-Th)/He (ApHe)
dating approach in the suprasalt Jurassic Morrison Formation adjacent to the Gypsum Valley salt
wall (GVSW), of the Paradox Basin, Colorado. Nine thermal maturity (vitrinite reflectance,
Rock-Eval data, thermal alteration index) analyses of mudstones and seven ApHe analyses of
sandstones were completed over a ~16 km (~9.9 mi) horizontal transect adjacent to the GVSW.
The mudstone samples yielded thermally immature results adjacent to the GVSW. The ApHe
ages adjacent to the GVSW range from 20.24+2.1 Ma to 4.6+1.2 Ma, and are the result of cooling
within an ApHe partial retention zone prior to well-documented erosional exhumation of the
Colorado Plateau after ~10 Ma. Neither set of analytical data shows evidence for a positive
magnitude suprasalt thermal anomaly associated with the GVSW. These results suggest
modeling predictions for the size and magnitude of salt thermal anomalies cannot be used with
confidence in all sedimentary basins, and the failure of the predictions for the GVSW may be
due to the thermal conductivity values or heat transfer mechanisms used in the modeling
literature. Using outcrop based studies to understand the applicability of salt thermal anomaly

modeling has important implications for the energy industry, because thermal anomalies may
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affect the location of geothermal prospects, and hydrocarbon maturation or reservoir quality in
basins containing salt.

1. Introduction

Thermal anomalies, or local temperature deviations from surrounding regional temperatures,
associated with salt structures in sedimentary basins have been modeled for decades in the
geologic literature [e.g., Selig and Wallick, 1966; Geertsma, 1971; Jensen, 1983; O’Brien and
Lerche, 1984; Vizgirda et al., 1985; Jensen, 1990; Yu et al., 1992; Nagihara et al., 1992; Mello
et al., 1995, Petersen and Lerche, 1995; Nagihara, 2003]. This focus on modeling research has
provided constraints on the location and type of thermal anomalies expected to be associated
with salt bodies. The salt thermal anomaly literature suggests that temperatures of sedimentary
rocks adjacent to the top of a salt structure (suprasalt position) are higher than regional
temperatures away from salt, and temperatures lower than regional values are found in
sedimentary units located below salt bodies (subsalt position) [e.g., Selig and Wallick, 1966;
Jensen, 1983; O Brien and Lerche, 1984; Vizgirda et al., 1985; Blackwell and Steele, 1989; Yu et
al., 1992; Mello et al., 1995; Peterson and Lerche, 1995]. This general temperature arrangement
of salt thermal anomalies is a result of the “chimney effect” [Jensen, 1983], which is a “wicking”
of heat through salt structures from lower crustal levels to higher crustal levels because of the
higher thermal conductivities of salt in comparison to many other sedimentary rocks [e.g., Selig
and Wallick, 1966; Jensen, 1983; O’Brien and Lerche, 1984; Blackwell and Steele, 1989].
Blackwell and Steele [1989] reported thermal conductivities of salt between 4.80 and 6.05 Wm’
'K at 20 °C, whereas shale and sandstone range from 1.05-1.45 Wm™'K™' and 2.50-4.20 Wm™'K"
" at 20 °C respectively. These ranges are important because modeling literature shows that the

greater the contrast between the thermal conductivity of salt and the surrounding rocks, the
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greater the size and magnitude of the anomaly associated with the salt body [e.g., Jensen, 1983;
Jensen, 1990; Mello et al., 1995; Petersen and Lerche, 1995].

The constraints on the size and magnitudes of salt thermal anomalies from the modeling
data are conflicting (Table 3.1). The modeling literature suggests the geometry of the salt body,
particularly the width of the salt structure, will influence the extent of the salt thermal anomaly
[e.g., Jensen, 1983; O’Brien and Lerche, 1984; Jensen, 1990; Yu et al., 1992; Petersen and
Lerche, 1995]. However, individual models predict varying relationships between salt diapir
width and size of thermal anomalies. Some models predict the extent of the thermal anomalies to
be two or three times the radius of the salt body [Jensen, 1990; Petersen and Lerche, 1995],
whereas others suggest the thermal anomalies only extend about one radius away from the salt
body [O’Brien and Lerche, 1984]. The magnitudes of thermal anomalies, or temperature
increases or decreases relative to regional values, also conflict somewhat between studies. For
example, the models incorporating salt movement, exposure of salt at the surface, and conductive
and advective heat transfer used by Mello et al. [1995] show the subsalt negative thermal
anomaly may be as high as 85 °C for some salt bodies. In contrast, a model of a buried salt
structure using only conductive heat transfer, based on a specific diapir, suggests the negative
subsalt thermal anomaly may only be up to 20 °C [Jensen, 1983]. The differences in sizes and
magnitudes of thermal anomalies from the modeling literature (Table 3.1) are the result of
numerous factors, including: the type of heat transfer mechanisms incorporated in the models
(e.g., conduction only, conduction and advection, conduction and convection), static or mobile
salt bodies, inputs for thermal conductivity of sedimentary units modeled, and salt geometry
[e.g., Jensen, 1983; O’ Brien and Lerche, 1984; Mello et al., 1995; Petersen and Lerche, 1995].

The discrepancies between the model studies highlight the difficulty in capturing the
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complexities of heat flow within sedimentary basins containing salt bodies. To further
understand heat flow within salt containing sedimentary basins, outcrop based studies are
necessary to evaluate the predicted size and magnitude of salt thermal anomalies from the
modeling literature. However, few studies have documented salt thermal anomalies in the
literature using geochemical analyses from either outcrops or drill cuttings [e.g., Rashid and
McAlary, 1977; Hanson, 2014].

Field based studies incorporate the geologic complexities of a particular sedimentary
basin that may be difficult to parameterize and model, and as a result may provide new insight
into the size and magnitude of salt thermal anomalies. Hanson [2014] used vitrinite reflectance
data, a proxy for paleo-temperature, to show the thermal anomaly associated with a diapir in
northeastern Mexico may extend into surrounding sedimentary units two to five times the radius
of the salt body. This difference between outcrop based findings and modeling results (c.f. Table
3.1) shows the need for new field studies in other sedimentary basins to quantify salt thermal
anomalies. Additional research that constrains the size and magnitude of salt thermal anomalies
has important applications in the energy industry. Previous work has highlighted the potential
impacts of increased or decreased temperatures near salt and the thermal maturation of salt
adjacent petroleum source rocks [e.g., Rashid and McAlary, 1977; O ’Brien and Lerche, 1984; Yu
et al., 1992; Mello et al., 1995; Petersen and Lerche, 1995]. Additional work has shown the
possible impact of anomalous temperatures near salt on the rates of quartz cementation
petroleum reservoir rocks [e.g., Hanson, 2014]. Also, Jensen [1983] recognized the application
of identifying and quantifying thermal anomalies associated with salt to geothermal energy

production. As a result, additional research from field based studies that confirm or deny the
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predictive capabilities of salt thermal anomaly modeling in sedimentary basins may have
important implications for the energy industry.

This study combines petroleum industry standard thermal maturation indicators (vitrinite
reflectance, thermal alteration index, and Rock-Eval data) and apatite (U-Th)/He (ApHe)
thermochronology to constrain the size and magnitude of a thermal anomaly associated with the
Gypsum Valley salt anticline or salt wall [e.g., Shoemaker et al., 1958; Cater and Craig, 1970]
located in the Paradox Basin of southwestern Colorado, USA (Figure 3.1). The use of ApHe
analyses to constrain the extent and magnitude of salt thermal anomalies is a novel approach, and
has not been previously applied in this way. The combination of these techniques has the
potential to provide information not only on the size and scale of a salt thermal anomaly
associated with the Gypsum Valley salt wall (GVSW), but also insight into the locations of
paleo-isotherms.

1.1 Application of (U-Th)/He thermochronology and thermal maturation indicators

Vitrinite reflectance (R,), Rock-Eval pyrolysis (Tmax), and thermal alteration index (TAI) data
have been traditionally used by the petroleum industry to understand both the thermal maturation
of potential petroleum source rocks and the thermal histories of sedimentary basins [e.g., Dow,
1977; Waples, 1980, Peters, 1986; Tissot et al., 1987; Peters and Cassa, 1994]. The thermal
maturity of a rock, typically associated with petroleum source rocks, is classified as thermally
immature (never heated >60 °C), thermally mature (heated to oil-generation window, ~60-150
°C), or thermally postmature (heated to gas-generation window, ~150-200 °C) [e.g., Peters and
Cassa, 1994]. Therefore, the combination of R,, TAI, and Tyax analyses can be used as an
imprecise proxy for paleo-temperature. As a result, these techniques can be used to quantify the

size and the relative magnitude of a salt thermal anomaly by comparing the thermal maturity
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levels of analyzed samples near salt to those far from salt [e.g., Hanson, 2014]. If analyzed
samples were located in a suprasalt position, then higher thermal maturity levels would be
expected within the influence of the thermal anomaly and lower thermal maturity levels would
be expected outside the extent of the thermal anomaly [e.g., Selig and Wallick, 1966; Jensen,
1983; O’Brien and Lerche, 1984; Vizgirda et al., 1985 Yu et al., 1992; Mello et al., 1995;
Peterson and Lerche, 1995]. Thus, the size or extent of the thermal anomaly associated with a
salt body may be directly measured, and the magnitude of the thermal anomaly could be inferred
by the relative differences in thermal maturity levels.

Traditionally (U-Th)/He thermochronology, an isotopic dating technique that relies on
the thermally controlled retention of the He daughter product, has been used to understand the
cooling and exhumation history of rocks within the upper crust to understand the timing and
rates of a variety of tectonic and erosional denudation processes [e.g., House et al., 1998; Stockli
et al., 2002; Stockli et al., 2003; Reiners, 2005; Stockli, 2005; Flowers et al., 2008; Schildgen et
al., 2009a and 2009b; Styron et al., 2013; Gorynski et al., 2013; Evans et al., 2015]. In contrast,
this study uses (U-Th)/He thermochronology in a new way to infer the location, and suppression
or elevation of paleo-isotherms adjacent to the GVSW due to the chimney effect of salt bodies in
sedimentary basins. The inferred locations in paleo-isotherms could then be used to determine
the size and magnitude of a past salt thermal anomaly. Figure 3.2 illustrates the expected patterns
of (U-Th)/He cooling ages along a horizontal transect adjacent to a currently exposed salt body
given either elevation or suppression of paleo-isotherms due to a suprasalt or subsalt thermal
anomaly. If collected samples were originally located in a suprasalt position, then the salt
thermal anomaly models predict paleo-isotherms would be elevated adjacent to salt with respect

to regional paleo-isotherms away from salt [e.g., Selig and Wallick, 1966; Jensen, 1983; O’Brien
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and Lerche, 1984; Vizgirda et al., 1985 Yu et al., 1992; Mello et al., 1995; Peterson and Lerche,
1995]. As a result, if samples are taken from approximately the same stratigraphic horizon and
are exhumed at the same rate, then cooling ages within the salt thermal anomaly’s influence
would be younger compared to regional ages (Figure 3.2a). In contrast, if samples collected
adjacent to salt were originally located in a subsalt position, then the modeling literature predicts
paleo-isotherms would be suppressed adjacent to salt [e.g., Selig and Wallick, 1966; Jensen,
1983; O’Brien and Lerche, 1984; Vizgirda et al., 1985 Yu et al., 1992, Mello et al., 1995;
Peterson and Lerche, 1995]. Therefore, if samples are collected from the same position in a flat
lying stratigraphic horizon and are exhumed at the same rate, then cooling ages will be older
within the salt thermal anomaly compared to regional cooling ages (Figure 3.2b). The size or
extent of the thermal anomaly can be inferred from the distance from salt where a “break™ in
ages between anomalously old or young ages and regional ages is located. Absolute temperature
increases or decreases, or magnitude of anomaly, associated with salt can only be broadly
constrained using thermochronology. If the cooling ages of the ApHe thermochronometer are
“reset” by the salt thermal anomaly, then this suggests the magnitude of the anomaly was at least
within the ApHe partial retention zone of ~40-80 °C (see section 3.2) [Wolf et al., 1998; House
et al., 1999; Stockli et al., 2000; Farley, 2002].

The combination of the industry standard techniques and the novel ApHe approach will
provide new information on the size and magnitude of the salt thermal anomaly associated with
the GVSW. The modeling literature predicts that thermal anomalies are present within one to
three radii of the salt body (Table 3.1) [O’Brien and Lerche, 1984; Jensen, 1990; Petersen and
Lerche, 1995]. The width of Big Gypsum Valley, the location of the GVSW, is about 3.2 km (2

miles) along most of the length of the valley [Cater and Craig, 1970]. Therefore, the modeling
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literature predicts there is a positive thermal anomaly of up to 30 °C [e.g., Vizgirda et al., 1985;
Yu et al., 1992], that extends ~1.6-4.8 km (~1-3 mi) into the suprasalt sediments adjacent to the
GVSW. The new data from the thermal maturity indicators and ApHe analyses were used to test
this hypothesis, and to evaluate the use of the thermal anomaly modeling predictions in this area
of the Paradox Basin.

2. Geologic setting

The study area is located in the Paradox Basin, on the eastern edge of the Colorado Plateau of
southwestern Colorado (Figure 3.1). The northeastern section of the Paradox Basin has multiple
salt walls and salt domes exposed at the surface [e.g., Shoemaker et al., 1958; Cater and Craig,
1970; Baars and Stevenson, 1981; Trudgill, 2011], including the GVSW (Figure 3.1b, Figure
3.3). These salt walls and domes are the result of the depositional history and evolution of the
Paradox Basin, and subsequent surface exposure of the structures by Tertiary deformation and
dissolution [e.g., Cater and Craig, 1970; Trudgill, 2011]. Understanding the depositional history,
basin development, and later dissolution provides an important framework for analyzing the data
collected in this study. The goal of this study is to understand the GVSW thermal anomaly.
Therefore, the review of the geologic background of the GVSW focuses on two relevant
stratigraphic intervals: the salt-containing Pennsylvanian Paradox Formation and the salt-
adjacent Jurassic Morrison Formation where analytical samples for the study were collected
[e.g., Shawe et al., 1968; Cater and Craig, 1970]. The timing of salt movement in the area, the
burial history, and exposure of the GVSW are also outlined, because this information is relevant

to the interpretation of R, TAI, T, and ApHe analyses.
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2.1 Formation of the Paradox Basin and relevant stratigraphy

The Paradox Basin is a peripheral foreland basin associated with the Uncompahgre Uplift, a
block of metamorphic and igneous basement rocks initially uplifted in the Pennsylvanian to the
Permian by the Ancestral Rocky Mountains orogeny [Barbeau, 2003]. The present-day GVSW
region was located within the foredeep of this foreland basin, and the area was a restricted
marine environment during the deposition of the oldest formation of the basin, the Pennsylvanian
Paradox Formation [Barbeau, 2003]. The Paradox Formation is divided into multiple members
[e.g., Trudgill, 2011], but the formation may be generally characterized as alternating layers of
evaporites, black shale, limestone, and sandstone [e.g., Shawe et al., 1968; Cater and Craig,
1970; Barbeau, 2003; Trudgill, 2011]. Evaporites were the major rock type deposited in the
Paradox Formation, and the formation may have contained >70% halite near the GVSW based
on well log data [Cater and Craig, 1970]. The original thickness of the Paradox Formation
northwest of the study area was around 2500 m (~8202 ft), and the original thickness was
influenced by pre-Pennsylvanian structures present on the “floor” of the Paradox Basin [e.g.,
Trudgill, 2011]. The evaporite rich portion of the Paradox Formation, or Paradox salt, was
mobile after burial, and created the salt walls and domes found in the northeastern portion of the
Paradox Basin [e.g., Shoemaker et al., 1958; Cater and Craig, 1970; Trudgill, 2011]. Following
deposition of the Paradox Formation, the basin transitioned from a marine to terrestrial
environment, as recorded by the Pennsylvanian Honaker Trail Formation and the Permian Cutler
Group [e.g., Barbeau, 2003; Trudgill, 2011]. During the Permian the sediment supply rate was
greater than accommodation in the Paradox Basin, and the Cutler Group filled the foreland basin
[Barbeau, 2003]. The thickness of the Honaker Trail Formation and the Cutler Group decreases

near many salt walls in the Paradox Basin due to salt movement towards the surface during the
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Pennsylvanian and Permian [e.g., Cater and Craig, 1970; Trudgill, 2011]. The thicknesses of
these formations also increase between salt walls in “minibasins,” or areas with increased
accommodation due to salt removal in the subsurface during the passive diapirism of the Paradox
salt [e.g., Cater and Craig, 1970; Trudgill, 2011].

Following deposition of the Permian Cutler Group, up to ~1009 m (~3310 ft) [Shawe et
al., 1968] of terrestrial sedimentary rocks characteristic of the Colorado Plateau region, were
deposited from the Triassic to the Jurassic near the GVSW [e.g., Shawe et al., 1968; Cater and
Craig, 1970]. The Morrison Formation is the targeted sampling interval for this study, and is the
youngest Jurassic unit exposed in the area [Stokes and Phoenix, 1948; Shawe et al., 1968; Cater
and Craig, 1970]. The formation is composed of mostly sandstones, mudstones, and
conglomerates deposited in a fluvial environment, and it is divided into two members, the older
Salt Wash Member and the younger Brushy Basin Member [e.g., Stokes and Phoenix, 1948;
Shawe et al., 1968; Cater and Craig, 1970]. The Salt Wash Member is primarily composed of
sandstones deposited within fluvial channels, whereas the Brushy Basin Member is dominated
by mudstones deposited between fluvial channels [Stokes and Phoenix, 1948; Shawe et al., 1968;
Cater and Craig, 1970]. Notably, the Jurassic Morrison Formation is the first unit to completely
bury the Paradox salt of the GVSW [Stokes and Phoenix, 1948; Shawe et al., 1968; Cater and
Craig, 1970]. The burial of the GVSW by the Morrison Formation places this unit unequivocally
in a suprasalt position. Although, the Morrison Formation covers the GVSW, its thickness may
vary up to ~107-167 m (350-550 ft) near the GVSW, with the thickest portion located in the
Disappointment Syncline and the thinnest portions over the top of the GVSW and Dolores
Anticline (DA) (Figure 3.3) [Cater and Craig, 1970]. This suggests the salt was still somewhat

mobile during the Jurassic, and influenced the depositional patterns of the Morrison Formation
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[Cater and Craig, 1970]. Mobile salt may also have been present below the DA, a structure
formed over an area of thickened salt in the subsurface, during the Jurassic [e.g., Shoemaker et
al., 1958; Cater and Craig, 1970]. The published cross sections of Stokes and Phoenix [1948] do
not document changes in thickness of the Morrison Formation over the GVSW, DA, or within
the Disappointment Syncline, possibly because subsurface information was not yet available
from drilling (Figure 3.3b).

In the Cretaceous both non-marine and marine sedimentary units, with a minimum
thickness of ~536-884 m (~1760-2900 ft), were deposited on top of the Morrison Formation
[e.g., Shawe et al., 1968; Cater and Craig, 1970]. Shawe et al. [1968] hypothesized the area
around the GVSW was covered by an additional 1524 m (5000 ft) of late Cretaceous and
Tertiary sediments, that were subsequently eroded away during the Tertiary. These data suggest
the Jurassic Morrison Formation adjacent to the GVSW was buried by ~2060-2408 m (~6760-
7900 ft) of sedimentary material.

2.2 Timing and mechanism of salt movement

Based on variations in thicknesses of strata adjacent to GVSW from the Honaker Trail Formation
to the Morrison Formation, Cater and Craig [1970] estimated that Paradox salt was mobile from
the Pennsylvanian to late Jurassic. The period of salt movement near the GVSW is longer than
the estimated 100 m.y. for the northern Paradox Basin salt walls near Moab, Utah [Trudgill,
2011]. Despite the possibly diachronous periods of movement, passive diapirism from sediment
loading is considered to be the mechanism behind salt movement throughout the basin [e.g.,
Cater and Craig, 1970; Trudgill, 2011]. The passive diapirism created exposed salt walls at the
surface starting in the Pennsylvanian [e.g., Cater and Craig, 1970; Trudgill, 2011], and

“minibasins” of thickened sequences of sediments between salt walls because of salt removal
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[e.g., Trudgill, 2011]. The GVSW was probably exposed at the surface from the Pennsylvanian
until the Jurassic, when the Morrison Formation was deposited across the exposed salt [Cater
and Craig, 1970]. Inherited pre-salt structures, mostly normal faults, underlying the Paradox
Formation, interpreted from sub-surface data, are also hypothesized to greatly influence the
location of salt walls throughout the Paradox Basin [e.g., Cater and Craig, 1970; Baars and
Stevenson, 1981; Trudgill, 2011].

2.3 Tertiary surface exposure of the GVSW

Cater and Craig [1970] suggested the Tertiary period of surface exposure of the GVSW began
during the late Cretaceous to Eocene Laramide orogeny when the Pennsylvanian to Tertiary
stratigraphy was folded over the GVSW and DA salt [e.g., Dickinson et al., 1988]. This folding
may have caused minor faulting adjacent to the GVSW and DA (Figure 3.3), and these faults
contributed to the eventual exposure of the GVSW [Cater and Craig, 1970] during uplift and
exhumation of the Colorado Plateau during the Tertiary to Quaternary [e.g., McMillan et al.,
2006; Hoffman, 2009; Cather et al., 2012; Karlstrom et al., 2012; Roberts et al., 2012; Lazear et
al., 2013]. Dissolution of the subsurface salt of the GVSW was hypothesized to increase during
exhumation of the Colorado Plateau, and this dissolution and removal of salt caused the faulting
and folding of post-salt stratigraphy into Big Gypsum Valley (Figure 3.3) [Cater and Craig,
1970]. These geomorphic and structural processes eventually created the current landscape,
where the long axis of Big Gypsum Valley is parallel to the GVSW in the subsurface (Figure
3.3) [Stokes and Phoenix, 1948; Cater and Craig, 1970].

3. Methodology

Seven paired mudstone and sandstone samples, and two individual mudstone samples were

collected along an ~16 km (~9.9 mi) horizontal transect perpendicular to the edge of the GVSW
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(Figure 3.3). The nine samples were collected either from the Salt Wash Member or the Brushy
Basin Member of the Morrison Formation. The mudstone samples collected were analyzed for
R,, TAI, and Ty« to constrain thermal maturity of sediments adjacent to the GVSW [e.g., Dow,
1977; Waples, 1980, Peters, 1986; Tissot et al., 1987; Peters and Cassa, 1994]. All seven
sandstone samples were analyzed using the apatite (U-Th)/He technique to constrain the thermal
history of the Morrison Formation near the GVSW. Samples were collected with <409 m of
elevation difference in order to mitigate the influence of burial amount or differential
exhumation on sample thermal histories.

3.1 Thax, Ro, and TAI

StratoChem Services, a petroleum industry service company, analyzed the nine mudstone
samples collected from the Morrison Formation for R, Tmax, and TAIL Samples were assigned
aliases prior to analysis by StratoChem Services to prevent sequential sample numbering from
influencing subjective microscopic analyses [e.g., Hanson, 2014].

Each sample underwent Rock-Eval pyrolysis, a whole rock step heating method that
determines the amount of hydrocarbons released at particular heating steps [e.g., Peters, 1986].
Tmax 18 recorded at the temperature when the largest amount of hydrocarbons is emitted during
the second step of the heating schedule [Peters, 1986]. Whole rock samples analyzed by
StratoChem Services varied between 63.0 to 68.5 mg, and were heated from 0-650 °C using a
defined heating schedule for 20 minutes. Higher Ty« values are associated with greater thermal
maturity [e.g., Peters, 1986]. Tmax values <435 °C indicate thermally immature rocks [Peters and
Cassa, 1994]. Values between 435 and 470 °C indicate thermally mature rocks, and values >470

°C indicate post mature rocks [Peters and Cassa, 1994]. Errors were not reported for the Tpax
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analyses, but may be between 1-3 °C according to Peters [1986]. The measured T,y values for
individual samples are reported in Table 3.2.

In preparation for R, and TAI analyses each whole rock sample was sieved, digested
using HCI and HF, and then separated by heavy liquids to concentrate kerogen, or insoluble
organic material [e.g., Dow, 1977], similar to methods described by Dow [1977] and Peters and
Cassa [1994]. The concentrated kerogen was mounted in an epoxy plug and polished for
microscopic analysis [e.g., Dow, 1977; Peters and Cassa, 1994]. Vitrinite particles, a type of
kerogen from land plants, were identified within the polished mount using reflected light
microscopy [e.g., Dow, 1977; Peters and Cassa, 1994]. Increasing temperatures and length of
time at elevated temperatures increase the R, value (% reflectance) of vitrinite within a sample
[e.g., Dow, 1977; Waples, 1980; Peters and Cassa, 1994]. R, values range from ~0.2-0.6 for
thermally immature rocks, ~0.6-1.35 for thermally mature rocks, and >1.35 for post-mature
rocks [Peters and Cassa, 1994]. The mean R, and standard deviation (lc) of the analyzed
population for each sample are quoted in text and reported in Table 3.2.

Plant spores present in the sample mount were assigned a TAI value (Chevron scale),
using methods similar to those described by Peters and Cassa [1994]. Similar to vitrinite
particles and R, values, time and paleo-temperature change the color of spores and pollen within
a sample in a predictable manner from yellow (lowest temperatures) to black (highest
temperatures) [Dow, 1977; Peters and Cassa, 1994]. The observed color is assigned a numerical
value and TAI values range from ~1.5-2.6 for thermally immature rocks, ~2.6-3.3 for thermally
mature rocks, and >3.3 for post-mature rocks [Peters and Cassa, 1994]. The TAI value or value
range is reported in Table 3.2 for each sample, and no errors are reported for TAI data per

industry standards.
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3.2 (U-Th)/He thermochronology

ApHe analyses can be used to determine the thermal parameters of the upper crust (e.g., past
geothermal gradients) and the timing of exhumation of rocks within the upper crust [e.g., House
et al., 1998; Stockli et al., 2002; Stockli et al., 2003; Reiners, 2005; Stockli, 2005; Flowers et al.,
2008; Styron et al., 2013; Gorynski et al., 2013]. The ApHe thermochronometer uses the
thermally controlled retention of *He produced by radioactive decay of U, Th, and Sm isotopes
to date the time apatite crystals within a sample cooled through either the closure temperature
[Dodson, 1979] or helium partial retention zone (HePRZ) [e.g., Wolf et al., 1998]. For the ApHe
thermochronometer the closure temperature is ~70-75 °C [Farley, 2000; Farley, 2002] and the
HePRZ is from ~40-80 °C [Wolf et al., 1998; House et al., 1999; Stockli et al., 2000; Farley,
2002]. As a result, for typical geothermal gradients (e.g., 20-35 °C km™) this system records
exhumation of rocks in the upper 1.1 to 4 km (0.7-2.5 mi) of the crust.

All seven sandstone samples collected were dated using the ApHe technique. Each
sample was dated using three or more single-grain analyses at Group 18 Laboratories at Arizona
State University following analytical techniques and mineral separation procedures described by
Schildgen et al. [2009a and 2009b] and van Soest et al. [2011]. All of the dates reported in Table
3.3 are corrected for alpha ejection from the outer ~20 um of the grains as described by Farley et
al. [1996], Farley [2002], and Hourigan et al. [2005]. Evans et al. [2015] outlines the error
analysis and Hampel outlier identification technique used to assess the ApHe analyses. In
addition to the statistical methods, outlier ApHe aliquots were identified based on visual
recognition of anomalous date population distributions; these overdispersed aliquot populations,
particularly those with dates that are too old, occur due to undetected U, Th, or Sm bearing

inclusions in apatite crystals [e.g., Farley, 2002]. Table 3.3 reports the error-weighted mean
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dates and uncertainties, and Table A2.1 reports the individual aliquot dates and uncertainties for
each sample.

3.3 Salt distance measurements

To identify the size or extent of a thermal anomaly associated with the GVSW, it is necessary to
measure the distance of the nine samples from the salt body. For each sample measurements of
the distance along the surface to the edge of the GVSW and distance to sub-surface salt were
completed in ArcGIS.

3.3.1 Surface measurements

The western side of the GVSW is located at the edge of Big Gypsum Valley based on the
geologic map of Stokes and Phoenix [1948]. Surface distance from each sample to the edge of
GVSW was measured along a line perpendicular to the edge of salt. The samples were also
projected onto the cross section A-A’ (Figure 3.3b) from Stokes and Phoenix [1948], and the
distance to the edge of salt was measured. The two methods of surface measurement do not yield
appreciably different results (<120 m). Projection of samples along the cross section allows for
an easier visual understanding of mapped fault zones in relation to sample locations; as a result,
these surface distance measurements are used to assess the thermal anomaly associated with the
GVSW.

3.3.2 Sub-surface measurements

The distance measurement from each sample to sub-surface salt are to a modeled “top” of
Paradox salt surface. This modeled surface was created through interpolation of measurements of
depth to top Paradox salt from publically available drill well data in the study area (Figure 3.4a).
Additionally, a depth to base Paradox salt surface using similar methods was created (Figure

3.4b). The combination of these interpolated surfaces was used to create an isopach map of the
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Paradox salt for the study area (Figure 3.5a). All surface contours, depth measurements, and
thickness measurements (Figure 3.4 and 4.5a) are reported in feet to remain consistent with the
original data, and this allows for future comparisons with other drilling data that is typically
recorded in feet. Conversions to metric are made where feasible given available space on figures.

The interpolated depth to top and base Paradox salt surfaces were created from 26 drill
wells located in the study area (Figure A2.1). The 26 well records document a depth in feet to top
Paradox salt, and 25 report a depth in feet to base Paradox salt. The majority of the depths (21 of
26) reported were true vertical depth, and the remaining depths were corrected to true vertical
depth based on deviated well reports available in the public record. All true vertical depth
measurements were corrected to be relative to ground level using either the kelly bushing height
or derrick floor height, and the specific correction chosen was based on well log reports. The true
vertical depth measurements to top and base Paradox salt for each well location are shown in
Figure 3.4a and Figure 3.4b, and are reported in Table A2.2. The thickness of the Paradox salt at
each well was also calculated from these measurements. The values for thickness at each well
location are shown in Figure 3.5a and reported in Table A2.2.

The spline interpolation function in ArcGIS was used to create the depth to top and base
Paradox salt surfaces using well data and pseudo-well data created from surface exposures of
Paradox salt (i.e., where depth to top salt is zero) (Figure 3.4). This type of interpolation method
creates a curved surface that is required to intersect all input data and is well suited to modeling
“smoothly varying surfaces” [Childs, 2004]. The amount of curve of the interpolated surface
(e.g., how much the surface varies up or down between input data points) can be controlled using
a “tension” parameter or weight [Childs, 2004]. For the depth to top and base Paradox salt

surfaces the spline interpolation tension was increased to a weight of two. This value of two was
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chosen by comparing multiple iterations of interpolated surfaces using various tension weights to
the expected geologic characteristics from the mapping and cross section of Stokes and Phoenix
[1948]. Both interpolated surfaces created are bounded by the edge of Big Gypsum Valley,
location of the GVSW [e.g., Stokes and Phoenix, 1948; Cater and Craig, 1970], and the spatial
distribution of available well data (Figure 3.4). The depth to base Paradox salt surface (Figure
3.4b) is smaller than the top Paradox salt surface (Figure 3.4a) for two reasons: (1) there are no
corresponding pseudo-wells for the base Paradox salt because the base of Paradox salt is not
exposed in Big Gypsum Valley, and (2) the southernmost well location never drilled completely
through the Paradox Formation. Despite the differences in data between the two surfaces, the
area closest to the sample locations has good data coverage.

The isopach map of Paradox salt thickness (Figure 3.5a) was created using the raster
algebra tool in ArcGIS. The interpolated depth to top Paradox salt surface (Figure 3.4a) was
subtracted from the depth to base Paradox salt surface (Figure 3.4b) to create the isopach map.
The smaller depth to base Paradox salt surface controls the extent of the isopach map. Actual
measured thicknesses from well data (labels in Figure 3.5a) agree with the isopach map derived
from the interpolated depth to top and base salt surfaces. This agreement suggests the
interpolations presented in Figure 3.4 are representative of the geology near the GVSW. The
derived isopach map (Figure 3.5a) also generally agrees with an isopach map of Paradox salt
from Shawe et al. [1968]; however, the new map presented in Figure 3.5a contains more well
data than was available in 1968. The thickness of Paradox salt in the subsurface is shown along

the Stokes and Phoenix [1948] cross section in Figure 3.5b.
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4. Results

4.1 Tyax, R,, and TAI results

Tmax data for the nine analyzed mudstone samples range from 331 to 395 °C. These values
indicate the samples are thermally immature (Tp.x<435 °C) [Peters and Cassa, 1994]. The R,
data range from 0.38+0.10 to 0.62+0.14. Eight of the nine samples are thermally immature
(Ro<0.6), and a single sample (14GV15) may be thermally mature at 0.62+0.14 [Peters and
Cassa, 1994]. The total number of R, analyses for each sample was significantly fewer (1 to 13
analyses) than the suggested 50-100 analyses for reliable data [Peters and Cassa, 1994]. TAI
values for the nine samples range from 2.1 to 2.7. Similar to the R, analyses, eight samples are
thermally immature (TAI=1.5-2.6), and single sample (14GV15) is thermally mature (TAI=2.2-
3.6) [Peters and Cassa, 1994].

The TAI and R, data are internally consistent, which suggests that despite the few
vitrinite reflectance analyses per sample, these data are reliably recording thermal maturity. The
Tmax data shows thermal immaturity for all samples, which broadly correlates with the TAI and
R, data; however, a significant exception is the single R, and TAI thermally mature sample
(14GV15). This particular sample has 13 individual vitrinite analyses and the mean R, is
consistent with the TAI value. However, the error associated with the R, analysis permits the
possibility that 14GV15 is thermally immature (R,=0.62+0.14), and therefore consistent with the
Tmax data.

4.2 Apatite (U-Th)/He results
ApHe dates for the seven samples of the horizontal transect are Miocene to Pliocene in age, and
vary from 20.2+£2.1 Ma to 4.6£1.2 Ma (Table 3.3). Five of the seven samples are less than 10 Ma

and the dates range from ~8.4 to 4.6 Ma. Four of the seven samples are overdispersed, and
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outlier aliquots were excluded from the final date calculation based on methods described in
section 3.2 (Table 3.3 and A2.1). Each sample aliquot population was analyzed for radiation
damage, a possible cause for overdispersed ApHe dates, by comparing the effective uranium
concentration (eU) and aliquot dates [e.g., Shuster et al., 2006; Flowers et al., 2009]. No
correlations between aliquot date and eU were observed in these data. It is more likely the
overdispersed sample dates are due to unrecognized U, Th, or Sm bearing inclusions [e.g.,
Farley, 2002] or U, Th, Sm zonation within an analyzed crystal [e.g., Hourigan et al., 2005].

5. Discussion

5.1 Tyax, R,, and TAI interpretations

The thermal maturity analyses (Tmax, Ro, TAI; Table 3.2) indicate the sampled section of the
Morrison Formation is thermally immature, within error, for ~16 km (~9.9 mi) adjacent to the
western edge of the GVSW. For simplicity of the following discussion, R, will be used as a
proxy for all three thermal maturity indicators (Tmax, Ro, TAI) because these systems, within
error, yielded internally consistent results.

Figure 3.6a shows R, does not vary with increasing distance from the edge of the GVSW.
Sample 14GV15 located within one salt radius, does record a higher average R, value than the
other eight samples located further from salt (Figure 3.6a). However, because this sample may be
thermally immature within the error of measurement it is not possible to interpret the presence of
a salt thermal anomaly based on this sample alone. Instead, the almost invariable R, values
indicate there is no unequivocal thermal anomaly associated with the GVSW. To understand if
any relationship existed between thermal maturity and the nearest salt, which may be in the
subsurface, the depth to salt below each sample and R, were plotted (Figure 3.7a). There is no

correlation between depth to salt and thermal maturity of the sample (Figure 3.7a). For example
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samples 14GV15 and 14GV13 have similar R, values, within error of measurement, and very
different depths to salt of ~1000 m and ~2500 m (~3280 ft to ~8202 ft). To investigate if salt
thickness may have influenced thermal maturity, the isopach map (Figure 3.5a) derived from the
interpolated drill data was used to determine thickness of salt below each sample. The plot of salt
thickness and R, shows samples with similar values, within error of measurement (e.g., 14GV15
and 14GV13), are located over different salt thicknesses of <500 m and >1500 m (<1500 ft and
~5000 ft) (Figure 3.5a, Figure 3.8a).

The consistent thermal maturity of the mudstone samples across ~16 km (~9.9 mi)
indicates there is no identifiable thermal anomaly related to the GVSW within the suprasalt
Morrison Formation. This interpretation directly contrasts with the salt thermal anomaly
modeling literature that predicts the thermal maturity of suprasalt samples will be higher than
regional thermal maturities within one to three salt radii [O Brien and Lerche, 1994; Jensen,
1900; Petersen and Lerche, 1995]. Based on the lack of correlation between thermal maturity
and distance to salt or thickness of salt, it seems most likely the thermal maturity recorded by R,,
Tmax, and TALI is solely the result of burial by overlying sedimentary units.

An estimated ~2060-2408 m (~6760-7900 ft) of Cretaceous to Tertiary strata were
deposited near GVSW on top of the Morrison Formation [Shawe et al., 1968; Cater and Craig,
1970]. These estimates agree well with Colorado Plateau wide studies that suggest ~1500-2000
m (~4921-6561 ft) of overburden were removed near GVSW in the Cenozoic [Pederson et al.,
2002; Lazear et al., 2013]. Using the study area specific estimate, the 60 °C paleo-isotherm, or
upper temperature limit for thermal immaturity [Peters and Cassa, 1996], would have been
located near or below the collected samples Tertiary prior to erosional denudation (Figure 3.9).

This paleo-isotherm reconstruction assumes a 10 °C average surface temperature, and a
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geothermal gradient of 20 °C km™, based on paleo-geothermal gradient estimates and present
day measurements in the central Colorado Plateau of east-central and southeastern Utah [e.g.,
Bodell and Chapman, 1982; Hoffman, 2009]. If these thermal parameters are correct then the
maximum burial depth from Shawe et al. [1968] and Cater and Craig [1970] may be
overestimated by up to 260 m, because three thermally immature samples are located below the
60 °C paleo-isotherm for the maximum burial depth (Figure 3.9b). However, this overestimation
is not conclusive because the reconstruction makes multiple assumptions that may affect the
location of the paleo-isotherm including: the topography of the Jurassic surface, paleo-surface
temperature, and paleo-geothermal gradient. Bodell and Chapman [1982] showed the outer rim
of the Colorado Plateau, where the GVSW is located, currently has higher heat flows than the
central portion of the plateau; therefore, a higher paleo-geothermal gradient may be more
appropriate near the GVSW. However, significantly higher paleo-geothermal gradients near
GVSW would require the depth of burial of the Morrison Formation from multiple studies [e.g.,
Shawe et al., 1968; Cater and Craig, 1970; Pederson et al., 2002; Lazear et al., 2013] to be
greatly overestimated, and this seems unlikely given the multiple approaches used to arrive at
these estimates. If the average burial depth estimate from these studies is appropriate (~1954 m)
and the paleo-geothermal gradient was higher than ~26 °C km™, then the Ro, Tmax, and TAI
would have recorded thermally mature samples (e.g., heated >60 °C) near the GVSW. Because
these samples were not thermally mature, it seems unlikely that significantly higher paleo-
geothermal gradient estimates are warranted near the GVSW, and that the thickness estimates of
Cretaceous to Tertiary strata are generally reasonable.

Despite some uncertainties in the paleo-isotherm interpretations, the R,, Tmax, and TAI

analyses from the Morrison Formation adjacent to the GVSW are most likely the result of burial
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by Cretaceous and Tertiary units. This suggests there is not a suprasalt thermal anomaly
associated with the GVSW of sufficient extent or magnitude to affect the thermal maturity of the
Morrison Formation. Therefore, the currently published predictive capabilities of the salt thermal
anomaly models are poor near the GVSW.

5.2 (U-Th)/He results and distance to salt

The seven ApHe ages may increase in age with increasing distance from the edge of salt (Figure
3.6b) with two exceptions, 14GV 14 (5.9+0.2 Ma) and 14GV04 (4.6+1.2 Ma). An alternative, and
equally reasonable, interpretation of these ApHe data would be there is no variation in ApHe age
with distance from salt with two exceptions, 14GV08 (13.2+4.2 Ma) and 14GV02 (20.2+2.1
Ma). Only sample 14GVO0S is located near a mapped fault zone (Figure 3.6b), and this suggests
neither faulting within the stratigraphy or hydrothermal fluids flowing along faults are the cause
of these “outlier” sample pairs. A simple linear regression of the data does show a positive
correlation between ApHe age and distance (Figure 3.6b); however, the correlation is weak
(r*=0.33). The “outlier” sample pairs make it difficult to interpret a definitive ApHe age-distance
from salt trend. Therefore, these data do not unequivocally show the ApHe age-distance from
salt trend expected for a positive suprasalt thermal anomaly extending one to three radii from the
edge of salt (Figure 3.2a) [e.g., O Brien and Lerche, 1994; Jensen, 1900; Petersen and Lerche,
1995]. Similar to the thermal maturity analyses, no ApHe age and depth to salt or ApHe age and
thickness of salt correlations exist (Figure 3.7b and 3.8b). The depth to salt for samples 14GV18
and 14GV02 are nearly identical at ~1750 m (~5741 ft), and the ApHe ages recorded by these
samples are ~6.3 Ma and ~20.2 Ma respectively (Figure 3.4a and Figure 3.7b). Samples 14GV14
and 14GV16 have similar ApHe ages, and are located over <500 m (<1640 ft) thick salt and

~1500 m (~4921 ft) thick salt respectively (Figure 3.5a and Figure 3.8b).
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The equivocal ApHe age-distance to salt trend, and lack of correlations between depths to
salt or salt thickness suggest no positive suprasalt thermal anomaly of sufficient extent or
magnitude to affect the ApHe thermochronometer was present on the western flank of the
GVSW. Instead, the ApHe ages likely reflect cooling below the ApHe PRZ due to the well-
documented exhumation of the Colorado Plateau after around 10 Ma [e.g., McMillan et al.,
2006; Hoffman, 2009; Cather et al., 2012; Karlstrom et al., 2012 and references therein; Roberts
et al., 2012; Lazear et al., 2013]. If exhumation of the Colorado Plateau after ~10 Ma is
responsible for the timing of cooling recorded by ApHe ages adjacent to the GVSW, then ApHe
ages for all samples are expected to be <10 Ma. Although five out of the seven ApHe ages
adjacent to the GVSW are <10 Ma, samples 14GV08 and 14GV02 have cooling ages of ~20.2
Ma and ~13.2 Ma respectively. Hoffman [2009] documented similar “anomalously old” ApHe
ages in samples from the central Colorado Plateau and attributed these ages to cooling within an
ApHe PRZ for long periods prior to the <10 Ma exhumation event. This interpretation was based
on the idea that long periods of cooling within a HePRZ may cause anomalous ApHe ages due to
variability in He diffusivity within individual apatite grains [e.g., Wolf et al., 1996; Farley, 2002;
Flowers et al., 2009; Hoffman, 2009]. Based on the paleo-isotherm reconstruction, the ApHe
samples adjacent to the GVSW were likely also located in the upper portion of a paleo-HePRZ
prior to erosional removal of overlying Cretaceous and Tertiary units after ~10 Ma (Figure 3.9).
Even if a higher geothermal gradient of ~26 °C km™ is more appropriate, the ApHe samples
buried below the maximum estimated ~2408 m (~7900 ft) would still have been within the ApHe
PRZ. Therefore, the >10 Ma ApHe ages for samples 14GV08 and 14GV02 may be the result of
cooling within the paleo-ApHe PRZ adjacent to the GVSW, similar to samples from the central

Colorado Plateau prior to the well documented period of exhumation after ~10 Ma [e.g.,
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Hoffman, 2009]. The combination of the paleo-ApHe PRZ adjacent to the GVSW and the
majority of samples recording ApHe cooling ages <10 Ma suggests the equivocal ApHe age-
distance trend is not due to a salt thermal anomaly, but rather due to exhumation of the Colorado
Plateau after ~10 Ma [e.g., McMillan et al., 2006; Hoffman, 2009; Cather et al., 2012; Karlstrom
et al., 2012 and references therein; Roberts et al., 2012; Lazear et al., 2013].
5.3 Apparent absence of a suprasalt thermal anomaly
Salt thermal anomalies are documented in the literature from well temperature data and thermal
maturity indicators, and modeling has suggested suprasalt thermal anomalies increase local
temperatures up to 30 °C and extend one to three salt radii into adjacent sediments (Table 3.1)
[Rashid and McAlray, 1977, O’Brien and Lerche, 1984; Jensen, 1983; Vizgirda et al., 1985;
Jensen, 1990; Yu et al., 1992; Mello et al., 1995; Petersen and Lerche, 1995; Hanson, 2014].
However, the thermal maturity indicators and ApHe data from the suprasalt Morrison Formation
adjacent to the GVSW show no evidence of a positive thermal anomaly. However, the total
absence of a suprasalt thermal anomaly is not precluded by this study. Interpretations of data
from this study suggests that if a positive suprasalt thermal anomaly is present it must extend less
than one salt radius, and be of a small enough magnitude that it would not influence the location
of paleo-isotherms. Either way, the available data show no compelling evidence for the presence
of a positive suprasalt thermal anomaly extending one to three salt radii into sedimentary units
adjacent to the GVSW as predicted by the modeling literature [e.g., O Brien and Lerche, 1984;
Jensen, 1983; Vizgirda et al., 1985; Jensen, 1990; Mello et al., 1995; Petersen and Lerche,
1995].

The apparent absence of a suprasalt thermal anomaly associated with the GVSW suggests

the predictive capabilities of the modeling literature are insufficient near Gypsum Valley. To
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examine the possible reasons for the limited applicability of the salt thermal anomaly modeling
literature to the GVSW, parameters used in the modeling literature are discussed and compared
to the geology of the GVSW. Thermal anomalies associated with specific salt bodies in
sedimentary basins may be influenced by the geometry of the salt body, depth of burial, thermal
conductivity contrasts between salt and the adjacent sedimentary units, and heat transfer
mechanisms [e.g., Jensen, 1983; O’Brien and Lerche, 1984; Mello et al., 1995; Petersen and
Lerche, 1995]. Understanding the mismatch between parameters used in the modeling literature
and the geology of the GVSW provides new information for future modeling studies of salt
thermal anomalies, which have important implications for the energy industry.
5.3.1 GVSW geometry and modeling literature

The geometries of salt bodies have been modeled using both simple rectangular or
cylindrical shapes [e.g., Selig and Wallick, 1966; O’Brien and Lerche, 1984; Jensen, 1990], and
by more complex geometries [e.g., Jensen, 1983; Yu et al., 1992; Mello et al., 1995; Petersen
and Lerche, 1995]. The two-dimensional geometry of the GVSW interpreted from the depth to
top and base Paradox salt does not have a complex shape (Figure 3.5b), and at a first-order may
be well approximated by a modeled two-dimensional rectangular or rounded salt body attached
to a base layer of salt [e.g., Selig and Wallick, 1966; Jensen, 1990; Mello et al., 1995]. As a
result of the general similarity between the geometries of salt bodies in the modeling literature
and the geometry of the GVSW, it is unlikely that a mismatch between the models and the
GVSW is the cause of the over predicted extent and magnitude of a suprasalt thermal anomaly
associated with the GVSW. One cavaet to this interpretation is that in three-dimensions the

modeling literature of cylindrical salt bodies is not representative of the elongate GVSW.
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However, because three-dimensional models are not available in the literature the impact on
suprasalt thermal anomalies is difficult to assess.
5.3.2 Burial depth of the GVSW

Mello et al. [1995] created models that show the burial depth of salt in a basin can have a
significant influence on the type of thermal anomaly expected. From these models Mello et al.
[1995] estimated that salt bodies located within ~1.5-1.8 km of the Earth’s surface have a
significant reduction in the magnitude of the positive suprasalt thermal anomaly and an increase
in the magnitude of the subsalt thermal anomaly. Following the onset of Paradox salt motion in
the Pennsylvanian and prior to the deposition of the late Jurassic Morrison Formation the GVSW
was probably exposed at the surface or very close to the surface [Cater and Craig, 1970]. As a
result, any thermal anomaly associated with the GVSW from the Pennsylvanian until the Jurassic
would have been confined to subsalt positions [Mello et al., 1995]. However, the GVSW
following the deposition of the Cretaceous Mancos Shale was buried by ~753-1393 m (~2505-
4480 ft) of overburden [Shawe et al., 1968; Cater and Craig, 1970]. As a result, a positive, if
possibly reduced, suprasalt thermal anomaly is predicted to be associated with the GVSW
following deposition of the Cretaceous Mancos Shale [e.g., Mello et al., 1995]. Sometime during
the Tertiary the depth of burial of the GVSW probably exceeded the ~1.5-1.8 km value [e.g.,
Shawe et al., 1968; Cater and Craig, 1970; Pederson et al., 2002; Lazear et al., 2013], and
therefore a “full strength” suprasalt thermal anomaly would be expected [Mello et al., 1995].
This positive suprasalt thermal anomaly would then be predicted to persist until erosional
denudation removed enough overburden to have exhumed the GVSW to within ~1.5-1.8 km of
the surface [Mello et al., 1995]. This exhumation probably occurred sometime after ~10 Ma

based on a study of the amount and timing of erosion on the Colorado Plateau [e.g., Lazear et al.,
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2013]. Based on the burial history of the GVSW, models of Mello et al. [1995] predict a
suprasalt thermal anomaly would be present during at least part of the Tertiary, and would have
disappeared entirely once the GVSW was exposed at the surface. The thermal maturity indicators
(Ro, Tmax, and TAI) record the maximum maturity of a sample, and because these data suggest
the Morrison Formation never reached temperatures above those expected for simple burial by
overlying strata there is no evidence for a paleo-suprasalt thermal anomaly during the Tertiary.
Therefore, the apparently absent suprasalt thermal anomaly associated with the GVSW cannot be
explained by insufficient burial or present day exposure at the surface.
5.3.3 Thermal conductivity contrasts
The contrast between salt thermal conductivity and the thermal conductivity of typical
sedimentary rocks is a fundamental principle cited for the presence of salt thermal anomalies in
sedimentary basins [e.g., Selig and Wallick, 1966; Jensen, 1983; O’Brien and Lerche, 1984;
Blackwell and Steele, 1989; Jensen, 1990; Yu et al., 1992; Mello et al., 1995; Petersen and
Lerche, 1995]. The amount of thermal conductivity contrast between salt and the sedimentary
rock adjacent to salt has a positive correlation with the magnitude of the predicted salt thermal
anomaly (e.g., the higher the contrast the higher the thermal anomaly magnitude) [e.g., O Brien
and Lerche, 1984; Jensen, 1983; Jensen, 1990; Mello et al., 1995; Petersen and Lerche, 1995]. If
the thermal conductivity contrast between the GVSW and adjacent sedimentary units is lower
than predicted by the modeling literature, then this may explain the absence of the positive
suprasalt thermal anomaly.

There are multiple factors that control the contrast in thermal conductivities between salt
and adjacent sedimentary units. Shale has a significantly lower thermal conductivity range (1.05-

1.45 Wm'K™") than either sandstone (2.50-4.20 Wm™'K™") or salt (4.80-6.05 Wm™'K™") at 20 °C
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[Blackwell and Steele, 1989]. Shale is also known to have variable thermal conductivity, with
higher thermal conductivity along beds, but the specific values of the directional thermal
conductivity are not known [Blackwell and Steele, 1989; Waples, 1994]. As a result, it is difficult
to evaluate the specific effect this may have on the extent and magnitude of salt thermal
anomalies. If horizontal thermal conductivities of shales adjacent to the GVSW are significantly
higher than the values used by the thermal modeling literature, then the apparent absence of the
suprasalt thermal anomaly may be due to a lack of significant thermal conductivity contrasts
between salt and laterally adjacent shales. However, this hypothesis is highly speculative, and
may not be a significant factor in sedimentary basins containing salt.

The thermal conductivity of salt decreases more significantly with increasing temperature
than either sandstone or shale, which may affect the thermal anomalies associated with salt
bodies [e.g., O Brien and Lerche, 1984; Jensen, 1983; Blackwell and Steele, 1989; Lerche, 1991,
Mello et al., 1995; Petersen and Lerche, 1995]. Using data from Mello et al. [1995] the thermal
conductivity contrast between salt and sandstone or salt and shale is ~1.3 to 3.8 times greater at 0
°C, and the contrast is between ~1.1 to ~2.7 times greater at 100 °C. At the temperatures of
interest (<100 °C) near the GVSW, this decrease in thermal conductivity does not alter the
contrast between salt and adjacent sedimentary units significantly. Therefore, a temperature
dependent alteration of the thermal conductivity contrast between salt and adjacent sedimentary
units should not have been an issue near the GVSW.

Mello et al. [1995] specifically addressed the variability in thermal conductivity contrasts
between salt and adjacent rock units due to variations in rock type. A sedimentary basin
composed of only shale and salt was modeled, and observed to have a higher positive suprasalt

thermal anomaly (~25 °C) compared to a basin modeled with only sandstone and salt (~6 °C)
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[Mello et al., 1995]. Jensen [1990] and Petersen and Lerche [1995] also varied the relative ratio
of thermal conductivity of salt to adjacent sedimentary units, which simulates more realistic
scenarios where sedimentary basins include multiple rock types. These researchers found a
similar reduction in the positive suprasalt thermal anomalies in basins with lower thermal
conductivity contrasts between salt and adjacent sediments. In addition, Vizgirda et al. [1985]
found that varying the thermal conductivity of salt and adjacent sedimentary units was necessary
to accurately model well temperature data near a salt body in the Gulf of Mexico. If the thermal
conductivity contrast between the GVSW and adjacent sediments was similar to the lower
contrast ratios modeled [e.g., Jensen, 1990; Mello et al., 1995; Petersen and Lerche, 1995], then
the apparent absence of a positive suprasalt thermal anomaly may be explained. Mudstones,
mostly collected from the mudstone rich Brushy Basin Member of the Morrison Formation [e.g.,
Stokes and Phoenix, 1948; Shawe et al., 1968; Cater and Craig, 1970], were analyzed for
thermal maturity using R,, Tmax, and TAI. Sandstones, mostly collected in the predominately
sandstone Salt Wash Member of the Morrison Formation [e.g., Stokes and Phoenix, 1948; Shawe
et al., 1968; Cater and Craig, 1970], were analyzed using the ApHe thermochronometer. If the
apparently absent suprasalt thermal anomaly is due to a low thermal conductivity contrast
between the GVSW and adjacent sediments, then the thermal anomaly might be expected to be
absent in the sandstone rich Salt Wash Member but present in the mudstone rich Brushy Basin
Member. However, neither set of data record the presence of a positive suprasalt thermal
anomaly. This suggests that the contrast in thermal conductivity between the GVSW and the
Morrison Formation is not the cause of the apparent absence of the positive suprasalt thermal
anomaly [e.g., Jensen, 1990; Mello et al., 1995; Petersen and Lerche, 1995]. There is a

potentially important caveat to this interpretation. If the thermal conductivity contrast between
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the GVSW and the entire package of adjacent sedimentary units averaged out to a low value
(e.g., sandstone to salt thermal conductivity contrast) rather than a high value (e.g., shale to salt
thermal conductivity contrast), then this may explain the apparent absence of a positive suprasalt
thermal anomaly [e.g., Jensen, 1990; Mello et al., 1995; Petersen and Lerche, 1995]. However,
in the absence of detailed thermal conductivities of all sedimentary units adjacent to the GVSW,
including eroded Cretaceous and Tertiary material, the influence of thermal conductivity contrast
on the magnitude of a suprasalt thermal anomaly cannot be evaluated.

5.3.4 Potential impact of advective or convective heat transfer

An additional parameter that may create mismatches between observed and modeled salt thermal
anomalies are the modeled mechanisms of heat transfer (e.g., conduction, advection, convection)
within a basin. Many models suggest only conductive heat transfer, or heat transfer through
vibrations between atoms [e.g., Beardsmore and Cull, 2001], is important adjacent to salt bodies
[e.g., Jensen, 1983; O Brien and Lerche, 1984; Vizgirda et al., 1985; Jensen, 1990; Nagihara et
al., 1992; Petersen and Lerche, 1995]. However, other researchers have employed convective or
advective heat transfer mechanisms, or heat transfer by the movement of fluids or solids within
the crust [e.g., Zhao et al., 2008], when modeling salt thermal anomalies [e.g., Yu et al., 1992;
Mello et al., 1995]. If advection and/or convection are an important mechanism of heat transfer
within some sedimentary basins, then models employing only conductive heat transfer may not
accurately predict the extent and magnitude of a salt thermal anomaly in these basins. The
potential influence advective or convective heat transfer may have had on a GVSW suprasalt
thermal anomaly is not known. Convection of fluids due to the presence of salt and associated
thermal anomalies have been modeled in a sedimentary basin [e.g., Evans and Nunn, 1989];

however, these authors suggested that convective heat transfer would be secondary to conductive
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heat transfer near salt bodies. Fluid flow near salt walls in the Paradox Basin has been
documented [e.g., Morrison and Parry, 1986; Chan et al, 2000], but no specific studies
regarding the GVSW are known. However, advective and/or convective heat transfer is likely to
occur in some sedimentary basins. If these mechanisms played a large role in heat transfer
adjacent to the GVSW this may explain the lack of a suprasalt thermal anomaly. This suggests
that models of salt thermal anomalies should incorporate advective and conductive heat transfer
unless there is compelling geologic evidence that suggests their effects are negligible.

6. Conclusions

The new thermal maturity data and ApHe ages collected adjacent to the western flank of the
GVSW show no evidence of a positive suprasalt thermal anomaly extending one to three salt
radii from edge of salt as predicted by modeling literature [e.g., O’Brien and Lerche, 1984;
Jensen, 1983; Vizgirda et al., 1985; Jensen, 1990; Mello et al., 1995; Petersen and Lerche,
1995]. The invariable thermal immaturity of R,, Tmax, TAI analyses from samples collected in
the suprasalt Morrison Formation adjacent to the GVSW are consistent with burial beneath
~2060-2408 m (~6760-7900 ft) of Cretaceous and Tertiary strata [e.g., Shawe et al., 1968; Cater
and Craig, 1970]. The new ApHe ages from samples, also located within the suprasalt Morrison
Formation, are consistent with burial beneath Cretaceous and Tertiary strata, followed by the
well known erosional exhumation of the Colorado Plateau after ~10 Ma [e.g., McMillan et al.,
2006; Hoffman, 2009; Cather et al., 2012; Karlstrom et al., 2012 and references therein; Roberts
et al., 2012; Lazear et al., 2013]. The combination of interpretations from the thermal maturity
indicators and ApHe analyses suggests that salt thermal anomaly models are not predictive for

the GVSW. A comparison of modeling parameters and geologic information from the study area
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suggests that thermal conductivity contrasts and/or heat transfer mechanisms used in the
modeling literature may not be representative of the GVSW and adjacent rock units.

The new interpretations from this field-based study suggest that models of salt thermal
anomalies are not broadly applicable to all sedimentary basins. This finding is similar to a
previous outcrop based study in La Popa basin, Mexico showing an unexpected extent for a salt
thermal anomaly associated with the El Gordo diapir [Hanson, 2014]. Understanding basin
specific salt thermal anomalies, and appropriately modeling their extent and magnitude has
important implications for the energy industry because salt thermal anomalies may affect thermal
maturation and cementation rates, both critical considerations for petroleum systems [e.g.,
Rashid and McAlary, 1977; O’Brien and Lerche, 1984; Yu et al., 1992; Mello et al., 1995;
Petersen and Lerche, 1995; Hanson, 2014]. Additionally, if salt thermal anomalies are to be used
as a geothermal resource [e.g., Jensen, 1983], understanding basin specific controls for the
presence or absence of salt thermal anomalies is important. This suggests future models of basin
heat flow where salt is present should be basin specific for accurate predictions of size and

magnitude of suprasalt thermal anomalies.
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Figure 3.1: Generalized map showing the locations of salt structures and important features of
the Colorado Plateau after Shoemaker et al. [1958], Byerly and Joesting [1959], Case and
Joesting [1972], and Lawton and Buck [2006]. (a) Location of inset map (Figure 3.1b) in the
western United States. (b) Outline of the Paradox Basin, with the location of salt structures,
laccoliths, and major structures of the central and eastern Colorado Plateau from Byerly and
Joesting [1959] and Case and Joesting [1972]. Location of map in Figure 3.3a is indicated by
solid line, locations of maps in Figure 3.4 and 3.5a are indicated by dashed line, and the red line
indicates the location of the sample transect. Abbreviations: SV-Salt Valley, FV-Fisher Valley,
SBV-Sinbad Valley, CV-Castle Valley, PV-Paradox Valley, MV-SPV-Moab Valley-Spanish
Valley/Pine Ridge, GV-Gypsum Valley, LV-DV-Lisbon Valley-Dolores Anticline, UD-
Upheaval Dome, SD-Scheafer Dome, LD-Lockhart Dome, Mts.-mountains, AZ-Arizona, CA-
California, CO-Colorado, ID-Idaho, NB-Nebraska, NM-New Mexico, NV-Nevada, SD-South

Dakota, WY-Wyoming.
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Figure 3.2: Conceptual diagram of how (U-Th)/He thermochronometry may be used to identify
paleo (a) suprasalt and (b) subsalt thermal anomalies associated with a salt body presently
exposed at the surface. The cross section shows the present day location of the salt body, and the
predicted configuration of paleo-isotherms based on this section of the crust being located in
either a suprasalt or subsalt location prior to exhumation and exposure of the salt body at the
surface. Stars indicate locations of samples at depth in the past, and their present day location at
the surface after exhumation. (a) (U-Th)/He cooling ages are expected to be younger than
regional ages adjacent to salt bodies if paleo-isotherms were elevated due to a suprasalt thermal
anomaly; (b) (U-Th)/He cooling ages are expected to be older adjacent to salt bodies if paleo-
isotherms are suppressed by subsalt thermal anomalies [e.g.,Selig and Wallick, 1966; Jensen,
1983; O’Brien and Lerche, 1984; Vizgirda et al., 1985; Blackwell and Steele, 1989; Yu et al.,
1992, Mello et al., 1995; Peterson and Lerche, 1995]. Abbreviations: ApHe-apatite (U-Th)/He,

ZrnHe-zircon (U-Th)/He.
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Figure 3.3 Simplified geologic map and cross section



Figure 3.3: Simplified (a) geologic map and (b) cross section showing the sample locations in the
Morrison Formation, and their spatial relationship to salt structures near Gypsum Valley,
redrawn from Stokes and Phoenix [1948]. Apatite (U-Th)/He ages and vitrinite reflectance
values for each sample are projected onto the cross section line. Note that the cross section in (b)
is extended beyond the original cross section of Stokes and Phoenix [1948], indicated by the

dashed lines, in order to project samples 14GV01 and 14GV02 into the line of section.
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Figure 3.4: Spline interpolated (a) depth to top Paradox salt surface, and (b) depth to base
Paradox salt surface from publically available well data. Location of these Paradox salt surface
maps is indicated in Figure 3.1b. Depth measurements from each well to top and base Paradox
salt are in labeled in feet. The depth measurements are available from Colorado Oil and Gas
Conservation Commission, and reported in Table A2.2. Sample locations are labeled in (a), are

the same for (b). Interpolation of surfaces and contouring were completed using ArcGIS.
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Figure 3.5: (a) Isopach map for the Paradox salt derived from subtraction of depth to top Paradox
salt (Figure 3.4a) from depth to base Paradox salt (Figure 3.4b) in ArcGIS. Contours for the
isopach map surface were completed in ArcGIS. Thickness measurements of Paradox salt for
each well are labeled in feet. The thicknesses calculated from well measurements (labeled
values) and from interpolated surfaces (contoured surface map) are in good agreement. Location
of the isopach map is indicated in Figure 3.1b. (b) Interpreted cross section of Stokes and
Phoenix [1948] (Figure 3.3b) that includes the Paradox salt at depth based on the interpolated
maps from Figure 3.4. These top and base Paradox interpolated surfaces show the location of
thickened salt below the Dolores Anticline, thin salt below the Disappointment Syncline, and the
geometry of the Gypsum Valley salt wall. The apatite (U-Th)/He ages and vitrinite reflectance
values along the horizontal transect are projected into the line of section. Note that the cross
section is extended beyond the original cross section of Stokes and Phoenix [1948], in order to
project samples 14GVO01 and 14GVO02 into the line of section. The dashed black line represents

the original base of the Stokes and Phoenix [1948] cross section.
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Figure 3.6: (a) Plot of R, values and distance from the Gypsum Valley salt wall (GVSW). Error
bars shown are 1o of the analyzed population (Table 3.2). Distance to salt was measured from
the projected location of samples into the cross section A-A’ to the edge of Big Gypsum Valley
(Figure 3.3). Within error of measurements there is no relationship between variation in thermal
maturity of samples and distance from salt. The dashed line shows a simple linear regression of
the data, and the correlation is weak (r’=0.15). (b) Plot of apatite (U-Th)/He (ApHe) age and
distance from the GVSW. Error bars shown are 2c,,, of the included aliquot population (Table
3.3 and A2.1). Distance to salt was measured from the projected location of samples into the
cross section A-A’ to the edge of Big Gypsum Valley (Figure 3.3). There is no unequivocal trend
in these data with distance from the GVSW. The dashed line indicates a simple linear regression
of the data, and positive correlation between distance and ApHe age is weak (r’=0.33). The
arrows on both plots indicate the width of one to three radii of the GVSW. Gray bars on both

plots indicate the location of individual faults along the cross section A-A’.
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Figure 3.7: (a) Plot of depth to Paradox salt and measured R, for each sample. Error bars shown
are 1o of the analyzed population (Table 3.2). The depth to Paradox salt is from the interpolated
depth to top Paradox surface shown in Figure 3.4a. No correlation between depth to Paradox salt
and R, is observed. (b) Plot of depth to Paradox salt and apatite (U-Th)/He (ApHe) age. Error
bars shown are 20, of the included aliquot population (Table 3.3 and A2.1). The depth to
Paradox salt is from the interpolated depth to top Paradox surface shown in Figure 3.4a. No

correlation between depth to Paradox salt and ApHe age is observed.
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Figure 3.8: (a) Plot of thickness of Paradox salt and measured R, for each sample. Error bars
shown are 1o of the analyzed population (Table 3.2). The thickness of Paradox salt is from the
calculated isopach map shown in Figure 3.5a. No correlation between thickness of Paradox salt
and R, is observed. (b) Plot of thickness of Paradox salt and apatite (U-Th)/He (ApHe) age. Error
bars shown are 2c,,, of the included aliquot population (Table 3.3 and A2.1). The thickness of
Paradox salt is from the calculated isopach map shown in Figure 3.5a. No correlation between

depth to Paradox salt and ApHe age is observed.
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Figure 3.9 Paleo-isotherm interpretations
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Figure 3.9: Conceptual reconstructions of paleo-isotherms using the cross section from Stokes
and Phoenix [1948]. (a) Dashed and dotted lines show the minimum paleo-surface and
corresponding paleo-isotherms, and (b) dashed lines show the maximum paleo-surface and
corresponding paleo-isotherms. The locations of the paleo-surfaces are estimated by the burial of
the Morrison Formation by Cretaceous and Tertiary strata [Shawe et al., 1968; Cater and Craig,
1970]. The locations of the paleo-isotherms assume a 20 °C km™ geothermal gradient [e.g.,
Bodell and Chapman, 1982; Hoffman, 2009], and an average surface temperature of 10 °C.
Conceptually, elevating the geothermal gradient will compress isotherms, and move them closer
to the paleo-surfaces; however, the general geometry of isotherms will remain the same. Given
the assumptions used, the maximum paleosurface (b) from Shawe et al. [1968] and Cater and
Craig [1970] is overestimated because vitrinite values <0.6 are located below the 60 °C paleo-
isotherm. (c) Cross section from Stokes and Phoenix [1948] showing restoration of post-burial
faulting [e.g., Cater and Craig, 1970], and the projected tops of the Morrison Formation over
modern day topography. This reconstruction assumes thickness changes in the Morrison
Formation were not significant enough to sufficiently alter the Jurassic surface prior deposition

of Cretaceous and Tertiary strata.
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Tables

Table 3.1 Salt thermal anomaly predictions from modeling literature

Size of Salt Magnitude of Magnitude of
Refer Thermal Positive Suprasalt  Negative Subsalt
elerence Anomaly Thermal Anomaly Thermal Anomaly

(# of salt body radii) (°O) (°O)

O'Brien and Lerche [1984] 1 NSP NSP
Jensen [1983] NSP 10 20

Yu et al. [1992] NSP <30 NSP

Jensen [1990] 3 6-24 6-24

Vizgirda et al. [1985] NSP <30 NSP

Petersen and Lerche [1995] 2-3 NSP NSP

Mello et al. [1995] NSP NSP <85

NSP=No specific prediction
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Table 3.2 Mudstone sample data

Sample [ atitude® Longitude® Elevation R,  Error® Numberof R, TAJ Tomax

CN) W) (m) (%) _ (¢lc) _ Analyses (&9)
14GV0l  37.99424 108.99176 2151 0.46 0.1 13 2.4-25 390
14GV03  38.02553 108.99290 2165 0.45 0.07 5 24-25 395
14GV05 38.04588 108.96469 2062 0.53 0.1 8 2.5-2.6 342
14GV07 38.05564 108.94453 1992 0.45 0.01 2 2.4-25 364
14GV09 38.07602 108.89899 1826 0.38 0.01 2 2.1-23 347
14GV11 38.08249 108.89282 1810 0.50 NA 1 2.5 331
14GV13 38.05822 108.90097 1778 0.53 0.07 5 2.5-2.6 333
14GV15 38.08499 108.84612 1756 0.62 0.14 13 2.6-2.7 339
14GV17 38.08375 108.87289 1897 0.49 0.08 2 2.5 373

*WGS 1984 datum

PError based on standard deviation of given population of analyses

“Thermal Alteration Index (Chevron scale)
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Table 3.3 Apatite (U-Th)/He data

Sample Iatitude® Longitude® Elevation Age®  +26,,° +20,° MSWD,, Aliquots

v/

(°N) (°W) (m) (Ma) (Ma) (Ma)
14GV02 3799435  108.9907 2149 202 0.7 2.1 104 %
14GV04 3802585  108.99091 2144 46 1.2 0.9 0.6 3¢
14GV08 3805466  108.94401 1967 132 0.3 4.2 201.0 5
14GV12 3808225  108.89203 1822 8.4 0.5 1.6 115 5e
14GV14 3805836 108.90128 1776 59 0.2 0.2 15 5e
14GV16  38.08499  108.84612 1756 6.4 1.0 15 22 5
14GV18 3808375 108.87289 1897 6.3 0.5 1.6 8.8 5

*WGS 1984 datum
*Weighted mean of aliquots not excluded by Hampel identifier
“Propagated analytical error of weighted mean:; italics indicate appropriate error for a given sample

Expanded error calculated by multiplying the square root of MSWD,,, and G, italics indicate
appropriate error for a given sample

°An aliquot was excluded from weighted mean age based on the Hampel identifier or outlier identified
from age population distribution
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Chapter 4: Preliminary map of the Red Ledges 7.5’ quadrangle, White Pine and Lincoln
Counties, Nevada

1. Introduction

This chapter includes the accompanying unit descriptions and methodology used to produce the
new geologic map of the Red Ledges 7.5’ quadrangle (Plate A3.1). The map area is located in
the southern portion of the Southern Snake Range (SSR), a Cordilleran metamorphic core
complex [e.g., Coney and Harms, 1984]. The mapped area is within the upper plate of the
Southern Snake Range Décollement (SSRD), and was one of the first locations where extension
along a detachment was recognized as Tertiary in age [e.g., Armstrong, 1972]. Portions of this
quadrangle were previously mapped at the 1:147,300 scale (north of the White Pine-Lincoln
county line) [Hose and Blake, 1970] and at the 1:200,000 scale (south of White Pine-Lincoln
county line) [Tschanz and Pampeyan, 1961]. Armstrong [1972] included a generalized geologic
map of the northwest corner of the quadrangle. All of these maps show multiple extensional
structures, bedrock composed of Paleozoic carbonates/siliciclastics, and generalized Tertiary
volcanic and Quaternary units [7schanz and Pampeyan, 1961; Hose and Blake, 1970;
Armstrong, 1972]. The new geologic mapping at the 1:24,000 scale documented the extensional
structures in more detail, differentiated the Tertiary volcanic units using new *Ar/*’Ar dating,
and defined several new Tertiary volcaniclastic and Quaternary units. This new mapping may be
useful for future studies regarding the relationship between extension in the region and Tertiary
volcanism/sedimentation.

2. Methods

Standard field mapping techniques as outlined by Compton [1985] were used to produce a new

geologic map of the Red Ledges 7.5’ quadrangle at the 1:24,000 scale (Plate A3.1). Two
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retrodeformable geologic cross sections were completed based on the new geologic mapping
[e.g., Dahlstrom, 1969]. Unit descriptions for the area, which are necessary for mapping, are
provided below.

Ages assigned to Quaternary units are based on a comparison of the landform
characteristics to the well-correlated and dated landforms described by House et al. [2010]. The
landform characteristics of the Quaternary units documented in the descriptions include: type of
geomorphic surface, relative stratigraphic relationships between the surfaces, surface
morphology, degree of desert pavement development, soil petrocalcic horizon development
exposed in arroyos and washes, and a description of the sedimentary deposits. Nomenclature for
the landform types is from Peterson [1981]. Stages of petrocalcic development described from
natural exposures were based on the classification scheme of Gile et al. [1966]. No soil pits were
completed within the quadrangle; therefore, age determinations should be treated as best
estimates given natural exposures.

Some Cenozoic volcanic units were analyzed using *°Ar/*’Ar analyses performed at the
Nevada Isotope Geochronology Lab (NIGL) to determine precise ages of the units. Five analyses
were completed, and are reported in Table 4.1 and within the individual map unit descriptions.
An overview of analytical procedures and all data used to calculate each *Ar/’Ar age are
reported in Appendix 4.

Paleozoic units were assigned ages compiled from Lincoln and White Pine counties maps
and reports [Tschanz and Pampeyan, 1961; Tschanz and Pampeyan, 1970 and references therein;
Hose and Blake, 1976 and references therein], as well as larger scale maps of nearby quadrangles

in eastern Nevada and western Utah [Whitebread, 1969; Hintze, 1986; Hintze and Best, 1985].

114



The ages assigned to each Paleozoic unit are the broadest ranges from the literature, because no
new age determinations from fossil compilations were completed in the Red Ledges quadrangle.
3. Description of Map Units

3.1 Quaternary Units

Qa: Active wash and active alluvial deposits (Holocene)

Unconsolidated silt to boulder size sediments deposited within active channels, terraces
associated with the active channels, and fine grained sediments in small floodplains associated
with the active channels.

Qay: Young Alluvium (Holocene to latest Pleistocene?)

This unit includes the geomorphic surfaces and deposits of inactive inset alluvial fans [e.g.,
Peterson, 1981] in the map area and some topographically higher terraces along currently active
washes. These surfaces have planar to muted bar and swale topography. The inset alluvial fans
are dissected near their apexes, and have up to 3 m of relief between active channel bottoms and
the Qay surfaces. The amount of relief decreases downslope between the active channels and
Qay surfaces to <0.25 m near the axial drainage channel of the valley. The amount of
topographic relief between the Qay surfaces and the older Qai surfaces are difficult to
characterize for the entire quadrangle. Southeast of Murphy’s Wash the relief is ~1 m between
the surfaces. In other cases, especially downslope from the apexes of the fans, the amount of
topographic offset is not discernable. The Qay and Qai alluvium downslope from the apexes of
the fans were differentiated on laterally continuous surfaces by using the upslope designation.
The undersides of surface clasts generally have discontinuous to continuous carbonate coatings
less than a few millimeters thick. Moderate to absent desert pavement is present on the surface.

Clasts of reworked petrocalcic horizons and carbonate-coated clasts are present at the surface in
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some locations; however, wash cuts and other natural exposures do not contain in situ petrocalcic
soil development. Among other characteristics (i.e., relief, surface topography) the absence of a
well-defined petrocalcic horizon exposed at either the surface or within wash cuts was used to
differentiate the Qay and Qai units.

The deposits of the Qay unit consist of unconsolidated, poorly sorted sediment composed
of silt to cobble sized material. Clasts are angular to sub-angular and are primarily Paleozoic
carbonates and siliciclastic units, fragments of petrocalcic horizons in some locations, and
Cenozoic volcanic units are common in fans near volcanic outcrops.

Qai: Intermediate Alluvium (middle to late Pleistocene?)

This unit is composed of the geomorphic surfaces and deposits of the remnant alluvial fans [e.g.,
Peterson, 1981] within the quadrangle. The geomorphic surface is characterized by a planar
surface with rounded edges near active washes. The relief between the remnant fan surface and
active wash is between ~10 to 24 m in the upper portion of the fan along John’s Wash. Further
downslope the relief between the active wash and remnant fan surface is <1 m. Topographic
relief between the Qai and Qay unit is variable, with up to ~1 m relief southeast of Murphy’s
Wash and little discernible relief in other areas of the quadrangle. In these areas Qai is
distinguished from Qay primarily by the presence or absence of a well-defined petrocalcic
horizon exposed at either the surface or in natural wash exposures. Surface clasts of the Qai
alluvium have discontinuous to continuous carbonate coatings. A thick (<1 m) indurated
petrocalcic soil horizon (Stage III to IV petrocalcic development [Gile et al., 1966]) is often
exposed at the surface or in wash cuts. A laminar horizon is locally present within the petrocalcic
horizon. Desert pavement development is weak to moderate on portions of the surface, and

absent where the petrocalcic horizon is exposed at the surface. On the surfaces there are angular
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petrocalcic horizon fragments. On satellite imagery and in air photos, the Qai unit has a
distinctively lighter color compared to the Qay unit due to the prevalence of the exhumed
petrocalcic horizon and/or petrocalcic clasts at the surface.

Deposits in the unit consist of unconsolidated to poorly consolidated sediment composed

of silt to cobble sized material. Clasts are angular and are primarily Paleozoic carbonates and
siliciclastic material, fragments of petrocalcic horizons, and minor Cenozoic volcanic material.
Qao: Old Alluvium (early Pleistocene?)
This unit consists of geomorphic surfaces and sedimentary deposits exposed in the northeastern
section of the quadrangle and along Murphy’s Wash in the northwestern section of the
quadrangle. This unit is characterized by a ballena landform morphology [e.g., Peterson, 1981],
and has been dissected by modern channels. In some locations, the degree of relief between
modern channels and the surface is up to several meters. The majority of surface clasts have
continuous to discontinuous carbonate coatings. A moderate to moderately-well developed desert
pavement is present on the top of the surface, and may also be present along the rounded sides of
the surface near Murphy’s Wash.

The deposits within the northeastern section of the quadrangle are well bedded and
indurated containing angular pebble to boulder-sized clasts of Paleozoic carbonates and
siliciclastic units, and Cenozoic volcanic units. In the wash cuts of deposits in the northeastern
section, a sandy matrix with calcite cement surrounds the clasts. Along Murphy’s Wash the
deposits are unconsolidated granule to boulder sized angular clasts and sediments derived from
local Paleozoic carbonates and siliciclastic units.

3.2 Cenozoic Units

Tsy: Volcaniclastic sandstone, younger (Oligocene?)
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Poorly exposed, typically thinly bedded, medium to coarse grained, white to light green or gray
lithic arkose. Contains subangular to subrounded clasts and the sandstone is moderately to
moderately well sorted. Age relative to surrounding units is difficult to determine due to limited
exposure. The unit is < 10 m thick in the map area.

Tv4: Volcanic unit of unknown age (Oligocene?)

White to light gray rhyolite (?) of unknown age or correlation, that contains 20 to 30%
phenocrysts up to 1 mm in size. The phenocrysts include quartz and sanidine. Pumice up to 1
mm is also present. The unit is thin (<5 m), and is exposed in isolated pockets in the map area.
Tv3: Volcanic unit of unknown age (Oligocene?)

Orange to green weathering dacite of unknown age or correlation to other known volcanic units
of the region; phenocryst assemblage is hornblende, quartz, sanidine, and plagioclase. Pumice is
also present in this unit. This unit is not extensive and is only present in an isolated section of
the map area.

Tv2: Volcanic unit of unknown correlation (Oligocene)

Ledge to cliff forming crystal-rich dacite that weathers a pink-purple to red, and is purple-
reddish to red on fresh surfaces. Orientations of this unit were taken along compaction foliation
defined by eroded voids from elongated pumice, fiamme, or flow banding. Phenocryst
assemblage is somewhat variable, but includes quartz, plagioclase, amphibole, biotite, and
sanidine. The tuff also includes pumice that varies in size from ~10-0.5 cm. A **Ar/*’Ar
weighted mean age of 28.20 + 0.55 Ma (14SR02) was determined for this unit from 21 single
crystal fusion ages of plagioclase. This unit is ~130 m thick in the map area.

Tww: Wah Wah Springs Formation (Oligocene)
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Light purple to pink dacitic tuff that forms cliffs and ledges. The upper portion of this unit is less
resistant and weathers into more rounded outcrops. At the base of the unit, a thin vitrophyre is
locally present. Orientations of this unit were taken along compaction foliation defined by eroded
voids from elongated pumice, fiamme, or flow banding. Overall, the unit contains abundant
phenocrysts and pumice. The phenocryst assemblage includes quartz, sanidine, plagioclase,
amphibole, and biotite. The biotite crystals are significantly smaller compared to the Cottonwood
Wash Tuff. Two **Ar/*’Ar age analyses were completed in the unit within the map area. Near the
base of the unit an amphibole plateau age of 30.28+0.35 Ma (12SR08) was determined. The
upper portion of the unit is 30.13+0.33 Ma (12SR09) based on a plagioclase plateau age. These
ages are in good agreement with the recognized age of 30.06+0.05 [Best et al., 2013a]. This unit
is > 152 m thick in the map area.

Tcw: Cottonwood Wash Tuff (Oligocene)

Light pink, pink-gray, pink-red to purple-pink dacitic tuff that contains abundant crystals and
pumice. Forms cliffs and ledges; some portions contain numerous vertical joints. Some portions
of the unit also form slopes, and have platy weathering. Orientations of this unit were taken
along compaction foliation defined by eroded voids from elongated pumice, flamme, or flow
banding. Phenocryst assemblage includes quartz, sanidine, plagioclase, amphibole, and large
biotite. Two *’Ar/*’Ar weighted mean ages were determined for this unit. The basal portion of
the unit is 31.54+0.07 Ma based on 13 single crystal fusions of sanidine (12SR03). This age is
slightly older than the age of the Cottonwood Wash Tuff [Best ef al., 2013a], but this unit has
been included because it is too thin to map throughout the quadrangle. The middle portion of the

unit is 31.05+0.10 Ma based on 14 single crystal fusions of sanidine (14SR01). The latter age is
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in good agreement with the established age of 31.13+0.09 [Best et al., 2013a]. The unit is up to
~213 m thick in the map area.

Tvb: Volcanic breccia and sandstone (Oligocene?)

White sandstone and volcanic breccia that is characterized by boulder to pebble sized white
clasts and a pink colored matrix. Clasts within the sandstone portion of the unit contain quartz,
biotite, and sanidine. Forms a white, rubble-covered slope below the cliff forming Cottonwood
Wash Tuff.

Tvl: Volcanic unit of unknown age (Oligocene)

Pumice-rich white reworked rhyolitic tuff (?) that contains crystals of quartz, sanidine, and lithic
fragments. This unit is very thin (~4 m), and is only present in one section of the map area.
Mapping indicates this unit underlies the Cottonwood Wash Tuff and caps the Tco near John’s
Wash.

Tvc: Volecaniclastic sandstone and mudstones, undifferentiated (late Eocene? to Oligocene?)
Medium to coarse grained, poorly bedded, poorly exposed sandstones, and a thinly laminated
mudstone derived from nearby volcanic units. The unit weathers into low rounded and banded
pink, green, orange, white, and red mounds. Stratigraphic thickness is difficult to determine
based on limited outcrop exposure.

Tso: Volcaniclastic sandstones, older (late Eocene to Oligocene?)

Light green to white and medium green, thinly bedded lithic arkose that is typically poorly
exposed. The sandstone is moderately sorted, and contains subangular to subrounded clasts
derived from surrounding volcanic material. Thickness is ~40 m based on cross section B-B’.

Tco: Conglomerate (late Eocene? to Oligocene?)
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Polymict, clast-supported, pebble to boulder conglomerate that is homogeneous and indistinctly
bedded. Matrix is composed of red to pink sandy matrix and is cemented with calcite. The
subangular to subrounded clasts are primarily composed of carbonates, minor chert and
sandstones derived from surrounding sediments, and rare felsic plutonic material. In the map
area, this unit is poorly exposed and covered by Quaternary deposits. Directly north of the map
area the conglomerate unit is ~40 m thick. This unit was mapped as Tco by Whitebread [1969].
3.3 Paleozoic Units

MPe: Ely Limestone (late Mississippian to Permian)

Light grey to medium grey wackestone to packstone, which forms a stair-step outcrop pattern
and varies from thickly laminated to thickly bedded. Limestone ledges contain abundant chert
nodules and are generally fossiliferous. Fossils include bivalves, gastropods, brachiopods, and
some crinoids. The Ely Limestone is up to ~708 m thick in the map area; however, this is a
minimum estimate because the regionally overlying Arcturus Formation is not present in this
area.

Msw: Scotty Wash Quartzite (late Mississippian to early Permian)

Medium to fine grained sandstone that is reddish orange, purple-orange or brown-orange, on
weathered surfaces, and tan to buff on fresh surfaces. The sandstone is a well-sorted quartz
arenite that contains rounded to well-rounded grains. A distinct sugary texture is present in this
unit, along with some small scale cross stratification. Overall the unit is medium to thick-bedded.
Typically forms a resistant cliff that has a blocky weathering morphology. Thickness of the unit
is estimated to be ~305 m in the map area.

Mc: Chainman Shale (Mississippian)

121



Dark brown to black, on fresh surfaces, thinly to thickly laminated shale. The shale is grey to
orangish-grey on weathered surfaces. This unit forms topographic bowls and slopes. In general,
this unit is very poorly exposed in the map area. A minimum estimate for thickness is ~216 m.
Mj: Joana Limestone (Mississippian)

Light grey to light bluish grey wackestone to grainstone that typically forms a prominent
rounded cliff overlying the slope-forming Pilot Shale. In some parts of the map area, the more
massive section of the Joana overlays a few meter thick section of thin to medium bedded
limestone. The unit contains significant amounts of broken crinoids, rugose corals, and some
bivalves. Some cross stratification and chert nodules are present, along with abundant calcite-
filled veins. Weathered surfaces commonly have well-developed rillenkarren morphology. Due
to structural complexities, it is only possible to estimate the minimum thickness of the Joana
limestone at ~101 m from map pattern. The cross sections suggest the Joana may be as thick as
~122 m thick.

MDp: Pilot Shale (late Devonian to early Mississippian)

Light orangish yellow to light greenish grey calcareous siltstone to shale, that varies from thinly
laminated to thinly bedded. Typically forms slopes and topographic bowls in the map area, and is
usually poorly exposed. The fragments of rocks exposed on slopes make a distinct clinking
sound when moved. In the map area it is up to 202 m thick.

Dg: Guilmette Formation (middle to late Devonian)

Dark to medium grey to purple-grey thinly to thickly bedded and massive limestone and
dolostone that alternately forms ledgy slopes and rounded resistant cliffs. Some rounded resistant
cliffs correspond to ancient bioherms, and some sections of the formation are fossiliferous.

Fossils present include abundant gastropods, crinoids, stromatoporoids, and brachiopods. Locally
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red and yellow altered and brecciated zones are present. White and yellowish sparry calcite
occurs in some veins and fractures. Poorly to moderately developed rillenkarren is present in
exposures in rounded cliffs. The unit is ~704 m thick in the map area.

Ds: Simonson Dolomite (middle Devonian)

Alternating medium to dark brown and light to medium grey dolostone that is thinly laminated to
thinly bedded. Wavy laminae are present, but even laminations and bedding are more common.
Some layers contain smooth shelled brachiopods. This unit typically weathers into stair-step,
laterally continuous ledges. Thickness of this unit is ~291 m, but this is likely an underestimate
of true stratigraphic thickness due to structural complexities in the map area.

Dse: Sevy Dolomite (early to middle Devonian)

Light grey, unfossiliferous mostly thickly bedded dolostone. Generally has a homogeneous
crystalline or sugary texture. The unit weathers into laterally continuous, evenly bedded ledges.
The Sevy Dolomite is up to ~116 m thick in the map area; however, this is only a minimum
estimate since the base of the unit is never exposed. Whitebread [1969] estimated a thickness of
~244 m for the SSR, and this value was used when constructing cross sections.

SOIf: Laketown and Fish Haven Dolomite, undivided (late Ordovician to Silurian)

Dark gray to dark brown weathering dolostone that contains thick tan chert bands that give
outcrops an overall light and dark banded appearance. Fresh surfaces of the unit are extremely
dark, almost black, and are finely crystalline. Stratigraphic thickness of the unit is impossible to
estimate in the map area due to structural complexities. A thickness of ~198 m was used in cross
section construction based on an estimate from Drewes [1958] for the SSR.

Oe: Eureka Quartzite (middle Ordovician)
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Light whitish grey to orangish white sandstone that is heavily altered along faults in the map
area. Due to alteration it is difficult to distinguish primary sedimentary structures and
characteristics. Typically has red and orange silica-filled fractures. Stratigraphic thickness is not
possible to estimate in the map area because the unit is heavily faulted. Drewes [1958] estimated
a thickness of ~110 m for the SSR, and this estimate was used for cross sections.

Op: Pogonip Group, undivided (early to middle Ordovician)

The undivided Pogonip Group mostly consists of the medium gray to dark gray, thickly bedded,
crystalline House Limestone in the map area. This unit typically contains orange-red or yellow-
red mottling, with sparse chert nodules present. The contact between the underlying Notch Peak
Formation and Pogonip Group was mapped at the transition from a more rounded outcrop
characteristic below to a ledgy outcrop characteristic above. This morphologic change coincides
with a greater amount of chert present, a regionally recognized marker for the transition from the
Notch Peak Formation to the House Limestone. The Pogonip Group was mapped as undivided,
because near the Murphy Wash Fault zone the rock units are not easily differentiated into the
constituent members of the Pogonip Group due to deformation. These undifferentiated units
consist of an unfossiliferous, thinly laminated dark gray carbonate and a thinly bedded,
unfossiliferous, cherty dark blue-gray carbonate. The Pogonip Group is at least 170 m thick in
the map area; however, this is a minimum estimate because the contact with the overlying
Eureka Quartzite is not exposed. A thickness of ~914 m was estimated by Drewes [1958] for the
Pogonip Group in the SSR, and this value was used in the cross sections.

OCnp: Notch Peak Formation (late Cambrian)

Medium gray to dark gray, coarsely to finely crystalline, massive to thinly bedded, carbonate that

contains calcite veining and rare chert nodules. This unit typically forms sheer cliff faces, but
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may also form more rounded cliff sections interrupted by small slopes. The upper portion of the
unit, near the contact with the overlying Pogonip Group, has a rounded outcrop characteristic and
contains stromatolites. The unit is ~264 m thick in the map area; however, the Murphy Wash
Fault truncates the base of the section. Whitebread [1969] estimated the thickness of the Notch
Peak Formation at ~518 m directly north of the map in the SSR, and this estimate was used in
cross section construction.

4. Structure

4.1 Pre-Oligocene unconformity

Previous researchers have suggested that Tertiary volcanic units near the map area were
deposited on relatively unfaulted, low-relief Paleozoic units [e.g., Armstrong, 1972; Miller et al.,
1983]. The new mapping shows instead that the pre-Tertiary or pre-Oligocene unconformity is
variable. Locally the unconformity occurs between Tertiary volcanic units and the Devonian
Guilmette Formation. In other locations in the map area it occurs between Tertiary sedimentary
units and Mississippian to Permian units. Based on typical unit thicknesses in the map area,
locally up to ~1237 m of Devonian to Permian stratigraphy must have been removed prior to
Tertiary volcanism. This finding is in agreement with the exhumation map of Long [2012]. These
interpretations indicate that the map area was not an unfaulted low-relief region as previously
suggested [e.g., Armstrong, 1972; Miller et al., 1983].

4.2 Cross section A-A’

The A-A’ cross section is retrodeformable given material moving in and out of the plane of
section as indicated on the structures. Oblique motion on the easternmost east-dipping normal
fault and a west-dipping normal fault in the central portion of the cross section are consistent

with slickenlines measured within these fault zones. The mean vector of these measurements are
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indicated on the map. Fault bends near the cross section location provide additional evidence for
oblique motion along normal faults within the line of section. This section also indicates that the
Paleozoic stratigraphy within the northern portion of the map area were folded prior to later
normal faulting. The folding of the Paleozoic stratigraphy shown in A-A’ may be related to
folding in the Late Jurassic to Eocene western Utah thrust belt [Greene, 2014] to the east of the
map area.

4.3 Cross section B-B’

This cross section is retrodeformable given oblique slip, as indicated in the cross section, along a
presently east-dipping thrust fault. Although, this currently east-dipping thrust appears to be a
normal fault, restoration of the pre-Oligocene unconformity to horizontal is consistent with a
west-dipping thrust fault. The retrodeformation of the cross section shows that thrust faulting
occurred in the map area prior to the Oligocene. The thrust faults located in B-B’ are also
consistent with a thrust fault in the north-central portion of the map. The thrust faults within B-
B’ and mapped in the north-central portion of the quadrangle may be related to thrust faulting
documented within the Late Jurassic to Eocene western Utah thrust belt of Greene [2014] located

directly east of the map area.
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Tables

Table 4.1 “*Ar/*Ar ages of volcanic units in the Red Ledges quadrangle

Latitude’ Longitude® Age *lo Mineral Analysis Interpre.ted
Sample N N Age Type Phase Tve Volcanic
( N) ( W) (Ma) (Ma) Analyzed yp Unith
. Single
Weighted 1 Cottonwood
12SR03 38.6573 114.2818  31.54 0.07 Mean Age Sanidine C1y§tal Wash Tuff
Fusion
. Single
Weighted o Cottonwood
14SRO1 38.7103 114.2687 31.05 0.10 Mean Age Sanidine Clystal Wash Tuff
Fusion
Wah Wah
12SRO8  38.6585 1142777 3028 035 Dltean o hibole UK Springs
Age Sample .
Formation
Wah Wah
12SR09 386570 1142757 3013 033 DA€ b ioclase DU Springs
Age Sample .
Formation
Weighted Single
14SR02  38.7099 1142649 2820 0.55 oMY plagioclase  Crystal Unknown
Mean Age Fusion

*WGS 1984 datum
*Based on ages reported for volcanic units by Best and Grant [1987] and Best et al. [2013a]
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Appendix 1: Supplemental material for Chapter 2

1. Overview of Contents

This appendix contains a supplementary figure (Figure Al.l1) and two tables referenced in
Chapter 2 (Table Al.1 and A1.2). This appendix also contains information about reprinting of
the article presented in Chapter 2 (Figure A1.2).

1.2 Paleodepth Reconstruction

Figure Al.1 is a paleodepth reconstruction of the zircon and apatite (U-Th)/He data from this
study (ZrnHe; ApHe) and zircon and apatite fission track data from Miller et al. [1999] (ZrnFT;
ApFT) using the retrodeformable cross sections from McGrew [1993]. The depth errors
associated with the reconstruction are difficult to quantify based on the method of reconstruction.
The use of the retrodeformable cross section requires projecting spatially distributed samples in
the Southern Snake Range into the present day cross section line. It is difficult to estimate how
accurate these projections are for samples located far from the line of section given possible
structural complexity of the footwall of the Southern Snake Range Décollement (SSRD).
Following projection of samples into the post-extensional cross section, the locations of the
samples were determined in the pre-extensional cross section by placing them based on their
relative positions to the Snake Creek-Williams Canyon pluton, and surrounding strata. The errors
associated with this methodology are difficult to estimate. From the pre-extensional cross section
paleodepths were measured from the sample to the top of the uppermost strata. However, it is not
clear from the pre-extensional cross section if the interpretation includes the youngest Paleozoic
units of the Southern Snake Range (e.g., Joana Limestone, Chainman Shale) in the upper plate of
the SSRD. The presence or absence of these units would increase or decrease the overburden for

several of the samples. As a result of these issues, the data are plotted without depth error bars.
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There are no clear trends in the cooling ages that show partial retention zones or partial annealing
zones that could be used to understand rates and timing of exhumation. Additionally, the ZrnFT
and ApHe cooling ages are small data populations to analyze. ApFT ages do not clearly show a
trend, other than most cooling ages agree within error over ~2 km of paleodepth. The ZrnHe
cooling ages may show the characteristic decrease in age with increase in depth [e.g., Stockli et
al., 2003]; however, there are three Eocene ages that are clear outliers in this trend.

1.3 Reprint permission

Please see Figure Al.2 for correspondence with Tectonics for permission to reprint the
previously published journal article in this dissertation.

1.4 Supporting Tables

The supporting tables Al.1 and A1.2 contain the individual aliquot dates for each zircon and
apatite (U-Th)/He analysis. These individual aliquot dates were used to calculate the error-
weighted mean dates for each sample shown in Table 2.1 of Chapter 2. See section 4 of Chapter
2 for sample collection explanation. See section 4.1 of Chapter 2 for an explanation of the (U-
Th)/He analytical procedures, treatment of outliers, and error-weighted mean age calculation

used by the Group 18 Laboratories at Arizona State University.
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Appendix 1 Figures

50 T T T T T
re+ ZrnHe
. e+ ApHe
re4 ZrnFT
—0— &+ ApFT
55/ O * |
—0—
—0—
€
X
= —o—
= —o—
S 6.0 1 ® .
B L
S o) ——o0
g ® —e— Pa—
—O0—
—0——
@ o
—e— —o0—
——
6.5 e— i
—e— —0—
—e—i
——
—o— F—0=—0——
—Fe—
—e—
L ——
70 1 ! I ] ]
10 20 30 40 50 60 70

Cooling age (Ma)

Figure Al.1 Paleodepth reconstruction
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Figure Al.1: Zircon and apatite (U-Th)/He data from this study and zircon and apatite fission
track data from Miller et al. [1999] were used to create a paleodepth reconstruction using the
retrodeformable cross sections of McGrew [1993]. Ages and errors for (U-Th)/He data are
quoted in Table 2.1 of the text. Ages and errors for the fission track data are from Miller et al.
[1999]; however, errors were plotted as 2c. Depth errors are difficult to quantify using the
reconstruction method due to uncertainties in overburden amounts and placement of samples in
the pre-extensional cross section of McGrew [1993]. No definable age trends are present in the
ZmFT, ApHe, or ApFT data. A possible decrease in ZrnHe ages with depth is present, except for
three significant Eocene aged outliers. Abbreviations: ZrnHe-zircon (U-Th)/He, ApHe-apatite

(U-Th)/He , ZrnFT-zircon fission track, ApFT-apatite fission track.
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publications <publications@agu.org> Thu, Nov 19, 2015 at 7:33 AM
To: Sarah Evans <evanss3@unlv.nevada.edu>

Dear Sarah,

Thank you for your note. AGU does not require formal permission to reproduce articles for educational
purposes provided that full attribution is provided. This includes inclusion in dissertations.

Please let us know if you need anything further.

Best regards,

Joan Minnehan

From: Sarah Evans [mailto:evanss3@unlv.nevada.edu]
Sent: Wednesday, November 18, 2015 4:39 PM

To: publications <publications@agu.org>

Subject: Publication Question

Dear Publications Team at AGU,

I have question regarding the use of published material from the AGU journal Tectonics. I am Ph.D. student, and I
have a published article (doi:10.1002/2015TC003913) that I need to include as a chapter of my dissertation in order
to complete my degree.

My question is do I need to have a special publication permission, or some sort of release form, in order to have the
material published without infringing on copyrights in my dissertation? The published material in the dissertation
will not be in the same format as the journal article, but it will be the same exact material. I read the information on
the website about publication on the author's website, but I didn't find anything explicit for republishing in
dissertations. If I need to direct this question to another party please let me know. Thank you for your help in this
matter.

Best,

Sarah Evans

Sarah L. Evans
Ph.D. Candidate

Department of Geoscience
University of Nevada, Las Vegas

TEC 122B

evanss3@unlv.nevada.edu

Figure A1.2 Previously published journal article reprint permission
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Appendix 1 Tables

Table Al.1 Replicate zircon (U-Th)/He analyses

Termination Termination

i b U Th Th/U 7 £ i i b . . Mass F¢
Aliquot® Age® +2¢6° zl¢? zl¢? eU ‘He! =l¢° Radius (1)* Radius (2)* Length' Length Iy Length (2) Fd
(Ma) (Ma) (umol/g) (umol/g) (umol/s) (umol/g) (umol/g) (umol/g) (umol/g)  (um) (um) (um) (um) (um) (ug)
Snake Creek Samples
12SC01: 38.94442°N. 114.29828°W: 3316 m
12SC01z01 393 1.1 3338 0027 0849 0004 025 354 0178 0.002 30.1 303 1812 26.0 217 25 0.696
12SC01z02 420 12 2611 0021 1666 0007 064 300 0162 0.002 303 30.1 164.8 227 179 23 0689
12SC01z03 410 12 20130 0.161 7654 0031 038 2193 1.155 0.014 386 338 2481 20.7 198 54 0746
12SC01z04 458 14 1470 0012 0820 0.004 056 166 0.098 0.001 345 39.0 1892 490 390 33 0.730
12SC03: 38.94246°N. 114.28855°W: 3224 m
12SC03z01 411 12 6438 0050 2206 0009 034 69 0367 0.004 423 450 266.8 323 24 82 0.784
128C03z02 347 10 5457 0043 1653 0007 030 3585 0.260 0.003 37.2 37.7 2534 211 234 58 0755
12SC03z03 397 11 7.043 0054 2070 0.010 029 753 0.384 0.005 618 578 276.1 321 399 152 0833
12SC03z04 399 11 2938 0024 0824 0004 028 3.13 0.160  0.002 56.2 60.4 3532 616 529 17.5 0835
12SC04: 38.94184°N. 114.27149°W: 2044 m
12SC04z01 220 06 3213 0026 1241 0005 039 350 0.099 0.001 454 734 1776 494 64.1 63 0.792
12SC04z02 347 10 3680 0029 1066 0005 029 393 0.175  0.002 36.2 318 2143 306 20.1 39 0.728
12SC04z03 258 07 0901 0.007 0699 0003 078 1.07 0.035 0.000 454 472 3717 729 705 11.0 0.796
12SC04z04 266 07 1372 0011 1150 0005 084 164 0056 0.001 542 42 3857 75.0 772 12.7 0.804
12SC04z05 293 09 4026 0037 0889 0006 022 424 0159 0.002 340 421 2242 281 338 49 0751
12SC05: 38.93781°N. 114.26141°W: 2666 m
12SC05z01 255 07 3876 0033 1071 0005 028 413 0.135  0.002 53.0 599 3209 723 40.1 145 0827
12SC05z02 249 07 5276 0048 1739 0009 033 568 0.182  0.002 62.9 56.0 4517 351 529 25.8 0.843
12SC05z03 276 08 6.119 0053 1395 0006 023 645 0228 0.003 478 422 373.6 236 319 12.6 0.798
12SC05z04 211 06 3940 0035 0987 0004 025 417 0.113  0.001 479 487 3013 311 584 10.5 0.803
12SC05z05 289 09 3488 0033 0824 0006 024 368 0.136 0.002 450 471 3619 582 555 113 0.799
12SC06: 38.93544° N. 114.25247°W: 2671 m
12SC06z01 267 07 3280 0025 1217 0006 037 3.57 0122 0.001 331 359 28211 412 364 51 0738
12SC06z02 192 05 2356 0018 0904 0005 038 257 0.063 0.001 58.0 487 4642 692 788 192 0.825
12SC06z03 189 05 4547 0035 1466 0007 032 489 0.118  0.001 377 311 2545 240 244 48 0.735
12SC06z04 276 08 5025 0039 1788 0008 036 545 0.193  0.002 408 413 2804 411 379 72 0774
12SC06z05 197 06 2690 0025 0968 0006 036 292 0074 0.001 336 347 2394 377 338 42 0731
12SC06z06 252 07 5757 0053 1.089 0.007 0.19 6.01 0.194  0.002 437 384 3328 313 273 92 0779
12SC07: 38.92962°N. 114 24306°W: 2538 m
12SC07z01 206 06 4239 0034 1804 0009 043 466 0.123  0.001 53.0 491 3152 348 404 12.8 0814
12SC07z02 196 06 3206 0026 1202 0006 038 349 0.088 0.001 399 332 3846 332 387 83 0757
12SC07z03 214 06 2633 0021 1103 0005 042 289 0.079 0.001 537 473 303.0 316 380 12.1 0811
12SC07z04 239 07 2641 0022 1215 0006 046 293 0.090 0.001 459 477 3440 518 43 114 0801
12SC08: 38.92229°N. 114 2328°W: 2373 m
12SC08z01 182 05 2132 0016 0704 0003 033 230 0.054 0.001 64.7 625 3484 69.8 744 19.0 0844
12SC08z02 206 06 2977 0024 1129 0005 038 324 0085 0.001 357 340 3073 433 400 57 0742
12SC08z03 219 06 3333 0025 0936 0004 028 355 0.100  0.001 382 347 2118 287 408 41 0740
12SC08z04 266 07 3205 0025 1891 0008 059 365 0.124  0.002 375 349 2804 24 334 59 0748
Williams Canyon Samples
12WCO01: 38.94735°N. 114.32922°W: 2710 m
12WC012z01 333 09 8013 0061 5164 0026 064 923 0393  0.005 345 36.6 2314 241 223 47 0739
12WC012z03 380 1.1 2755 0021 0818 0006 030 295 0144 0.002 432 352 1821 517 529 32 0735
12WC01z04 428 13 5823 0054 1765 0013 030 624 0343 0.004 476 418 2225 353 346 6.5 0.781
12WC02: 38.94838°N. 114.33656°W: 2567 m
12WC02z01 404 11 1946 0015 0759 0004 039 212 0.110  0.001 432 403 2139 529 422 49 0.763
12WC02z02 404 1.1 3489 0027 0966 0005 028 372 0193 0.002 349 372 2059 30.0 440 38 0.736
12WC02:z03 263 0.7 18684 0144 5170 0.026 028 1990 0672 0.008 316 268 202.5 239 283 26 0.690
12WC02z04 440 12 8688 0066 3271 0016 038 946 0534  0.006 364 388 2574 309 277 5.7 0.755
12WC03: 38.95118°N. 114.34489°W: 2472 m
12WC03z01 352 10 2993 0023 0698 0003 023 316 0.143 0.002 395 340 2224 202 296 47 0746
12WC03z02 443 13 5218 0041 1526 0006 029 558 0317 0.004 405 375 2425 316 495 53 0.758
12WC03z03 501 14 4368 0034 1161 0005 027 464 0299 0.004 46.2 393 258.0 280 44 7.1 0.778
12WC03z04 396 1.1 4573 0036 1050 0005 023 482 0245 0.003 46.1 464 2529 23 344 86 0.793
12WC03205 395 12 4572 0044 0734 0005 016 474 0240 0.003 321 304 187.6 285 323 2.7 0.704

*Aliquots used to calculate weichted mean age in Chaoter 2. Italicized rows are excluded outliers based on Hamoel's identifier.

*Alpha ejection corrected zircon (U-Th)/He age.
“Provagated analvtical error: does not take into account error induced bv natural U and Th zonine.

4Analvtical error of measurement.

“Effective U concentration (eU) calculated based on equation eU= U + 0.235Th from Shuster et al. 120061

F; corrected “He concentration.

fAverage radius from three measurements on a grain face. (1) and (2) indicate averages from two grain faces measured.

EAverage erain leneth from two measurements.

‘Average tqminaﬁon length from measurements on two faces of the zircon grain. (1) and (2) indicate the averaged measurements for each termination on the

zircon grain.

JF; correction following method outlined in Hourigan et al. [2005]
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Appendix 2: Supplemental material for Chapter 3

1. Overview of Contents

This appendix contains Table A2.1 and A2.2, as well as Figure A2.1. Table A2.1 contains all
replicate aliquot analyses of reported ApHe dates in Table 3.2. Table A2.2 contains of all well
data used to interpolate depth to top and base Paradox salt surfaces and thickness of Paradox salt
in the study area (Figures 3.4 and 3.5). The included figure (Figure A2.1) depicts the locations of
the wells in the study area. All well data used in this study is publically available at

http://dnrwebmapgdev.state.co.us/mg2012app/.
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Appendix 2 Figure
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Figure A2.1 Well locations
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Figure A2.1: Names and locations of wells used in Chapter 3 to interpolate top, base, and

thickness of Paradox salt.
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Appendix 2 Tables

Table A2.1 Replicate apatite (U-Th)/He analyses

Aliquot® Age® +26° U +16? Th 1167 TWU ‘g +16° Radius’ Mass Ff U
(Ma) (Ma) (umol/g) (umol/g) (umolg) (umol/g) (umol/g) (umolg)  (um) (ng) (umol/g)
14GV02: 37.99435_-108.9907
14GV02 a001 196 1.0 0.03464 0.00040 0.14187 0.00286 4.09536 0.00172 0.000037 32.7 1.0 0.57 0.0680
14GV02 a002 67.5 5.9 0.00835 0.00020 0.02722 0.00214 3.25970 0.00132 0.000034  29.7 1.2 0.57 00147
14GV02 a003 187 1.3 0.02231 0.00029 0.02476 0.00172 1.11000 0.00068 0.000021 30.7 14 0.60 0.0281
14GV02 a004 226 1.3 0.03630 0.00052 0.21829 0.00387 6.01352 0.00254 0.000065 310 0.7 0.54 0.0876
14GV04: 38.02585, -108.99091
14GV04 a001 438 14 0.02274 0.00055 0.32082 0.00678 14.10689 0.00061 0.000088 262 04 045 0.0981
14GV04 a002 10.9 1.2 0.03366 0.00066 0.28523 0.00609 8.47372 0.00142 0.000074  26.6 0.4 0.47 0.1007
14GV04 a003 3.8 23 0.00249 0.00032 0.13215 0.00437 53.16348 0.00016 0.000049 291 0.6 049 0.0335
14GV08: 38.05466, -108.94401
14GV08a001 220 082 0.10192 0.00101 0.08444 0.00083 0.82849 0.00349 0.000058 317 12 060 0.1218
14GV08 a002 127 054 0.01165 0.00015 0.09965 0.00075 8.55528 0.00059 0.000012 56.3 47 0.73 0.0351
14GV08 a003 9.6 045 001812 0.00022 0.09302 0.00084 5.13348 0.00050 0.000011 453 34 0.69 0.0400
14GV08 a004 170 3.3 0.00573 0.00020 0.02137 0.00179 3.72748 0.00024 0.000021 39.7 14 0.62 0.0108
14GV08a005 170 0.79 0.03132 0.00041 0.16883 0.00134 538998 0.00154 0.000034 419 1.8 064 0.0710
14GV12: 38.08225. -108.89203
14GV12 a001 22.3 1.0 0.04001 0.00046 0.18877 0.00305 4.71791 0.00240 0.000049 35.2 0.9 0.58 0.0844
14GV12a002 9.1 0.56 0.03268 0.00038 0.20947 0.00279 6.40968 0.00097 0.000028 36.1 1.1 0.59 0.0819
14GV12a003 638 1.0 0.01506 0.00026 0.07944 0.00199 527462 0.00029 0.000021 403 13 062 0.0337
14GV12a004 6.0 2.1 0.00642 0.00022 0.05643 0.00244 8.78906 0.00016 0.000027 350 1.0 0.58 0.0197
14GV12 a005 99.8 3.0 0.02938 0.00035 0.17946 0.00194 6.10857 0.00939 0.00012 39.0 1.7 0.63 00716
14GV14: 38.05836, -108.90128
14GV14a001 63 0.77 0.00828 0.00024 0.07921 0.00141 956941 0.00023 0.000013 415 1.6 063 0.0269
14GV14a002 5.1 1.3 001147 0.00037 0.05721 0.00202 498676 0.00017 0.000021 325 1.0 0.57 0.0249
14GV14a003 54 076 0.01188 0.00028 0.06819 0.00145 573831 0.00020 0.000013 47.0 15 0.63 0.0279
14GV14 a004 59 0.18 0.11441 0.00095 0.69572 0.00510 6.08073 0.00212 0.000031 38.7 18 0.63 02779
14GV14 a005 11.8 0.53 0.02552 0.00031 0.12620 0.00154 4.94562 0.00085 0.000018 44.1 1.9 0.65 00552
14GV16: 38.08499. -108.84612
14GV16 a001 26.0 1.6 0.01695 0.00038 0.10107 0.00281 5.96274 0.00136 0.000032 40.8 1.6 0.63 0.0407
14GV16a002 58 14 0.02198 0.00067 0.13651 0.00462 6.21013 0.00041 0.000048 33.6 09 0.57 0.0541
14GV16a003 22.6 4.2 0.01591 0.00071 0.04447 0.00526 2.79565 0.00079 0.000060  31.2 0.8 0.55 0.0264
14GV16 a004 7.1 1.6 0.02235 0.00067 0.11194 0.00437 5.00943 0.00044 0.000047 324 1.0 0.57 0.0487
14GV16 a005 56.8 6.2 0.01171 0.00065 0.07218 0.00489 6.16561 0.00209 0.000062  30.6 0.8 0.55 0.0287
14GV18: 38.08375, -108.87289
14GV18a001 5.7 1.7 0.00769 0.00068 0.21049 0.00543 27.35818 0.00043 0.000063 286 08 052 0.0572
14GV18a002 66 0.72 001565 0.00029 0.11085 0.00198 7.08106 0.00036 0.000019 405 23 065 0.0417
14GV18 a003 8.0 1.3 0.00767 0.00046 0.15879 0.00364 20.70065 0.00048 0.000037 36.2 12 0.58 0.0450
14GV18 a004 35 14 0.00930 0.00076 0.28317 0.00638 30.45081 0.00035 0.000070 323 0.7 0.52 0.0758
14GVI8 a005 124 2.2 0.02667 0.00101 0.18475 0.00755 6.92761 0.00113 0.000094  28.4 0.6 0.50 0.701

?Aliquots used to calculate weighted mean age in Table 3.1 of text. Bold rows are excluded outliers based on
Hamvel's identifier. and outliers excluded based on age povulation distributions are in italics.

®Alpha ejection corrected zircon (U-Th)/He age.

“Propagated analytical error; does not take into account error induced by natural U and Th zoning.

dAnalytical error of measurement.

°Fr corrected “He concentration.

Average radius from two sides of apatite grain.

EF correction following method outlined in Hourigan et al. [2005]

BEffective U concentration (eU) calculated based on equation eU= U + 0.235Th from Shuster et al. [2006]
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Table A2.2 Well data from Chapter 3

Well True Vertical  True Vertical Pparadox
Well Name Latitude Longitude Completion DepthtoTop DepthtoBase  gait
Date Paradox Salt*  Paradox Salt* Thickness
© (@) () ) ®
Egnar 1 37.99512 -108.938287  11/20/55 5421 9567 4146
South Gypsum Valley 2 38.07874 -108.868486  6/3/60 6027 7886 1859
Summit Canyon Unit 1-5 38.02104 -108.985529  12/4/76 5437 9145 3708
Egnar GOV 1-12 38.00957 -109.01696  12/23/68 6121 9607 3486
Egnar Unit 1 38.04926 -108.99761  11/16/60 5527 9040 3513
Summitt Federal 1 38.053 -108.988639  5/16/79 5572 9122 3550
Horse Range Federal 19-24 38.06467 -108.99751 5/4/03 5150 8610 3460
Federal 21-2 38.06728 -108.859266  6/15/81 6844 7807 963
Nicholas Wash 15-42 38.07136 -108.847015  10/14/01 5253 8184 2031
West Gypsum Valley Unit 1 38.12279 -108.932248  10/24/60 8994 10100 1106
McIntyre Canyon Unit 3 38.078 -108.974939 8/17/60 6426 8828 2402
McIntyre Canyon 17-21 38.07722 -108.99138  6/19/01 5402 8541 3139
McIntyre Canyon 8-34 38.09555 -108.978929  4/7/03 7351 8400 1049
McIntyre Canyon Unit 1 38.10069 -108.98875  4/14/60 7955 8751 796
McIntyre Canyon Unit 5 38.1256 -109.00542  2/26/62 9359 9737 378
Egnar Unit 2 38.04205 -108.970549  3/17/61 5386 9208 3822
Big Mac Federal 6-12 38.02314 -109.008869  10/10/02 6088 9439 3351
Cape Horn Federal 1-28 38.05146 -108.865786 1/31/79 7950 8815 865
Anderson Federal 1 3797689 -108.778942  6/14/73 7762 8692 930
Spud Patch Unit 1 38.02054 -108.820284  9/17/75 8463 8501 3798
Federal 44-24 38.05528 -108.801434  4/30/91 5202 8193 2991
Nicholas Wash Unit 1 38.0582 -108.854685  5/19/77 7329 8173 844
Suckla 1 38.00583 -108.778683  7/23/74 8474 8626 152
Slick Rock 1 38.00126 -108.760192  8/31/71 8661 8744 83
South Gypsum Valley 1 38.02754 -108.728041 3/9/59 6033 9781 3748
Long 1 37.92257 -108.961047  6/23/69 6127 No Data -

“Depth is relative to ground level.
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Appendix 3: Plate of preliminary geologic map of the Red Ledges 7.5’ quadrangle
The plate (A3.1) associated with Chapter 4 is located in attached supplementary material labeled
“Plate A3.1-Preliminary geologic map of the Red Ledges 7.5’ quadrangle, White Pine and

Lincoln Counties, Nevada.”
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Appendix 4: **Ar/*Ar data from Chapter 4

1. Overview of Contents

Five rock samples (12SR03, 12SR08, 12SR09, 14SR0O1, 14SR02) were collected from volcanic
units in the Red Ledges quadrangle and were dated at the Nevada Isotope Geochronology
Laboratory (NIGL) at the University of Nevada, Las Vegas. The locations and preferred ages of
these samples are presented in Table 4.1 of the main text of Chapter 4. Plots of either the *’Ar
release plateau spectrum from furnace step heated analyses or cumulative probability of single
crystal fusions for each sample are shown in Figures A4.1 to A4.5. Data used to calculate the
ages reported in Table 4.1 are available in the Tables A4.1 to A4.5. Analytical procedures
followed for these analyses are outlined below.

2. Analytical Procedures

Samples were collected in the field using standard techniques, and were selected to avoid
alteration due to weathering processes. Each sample was crushed and sieved at the University of
Nevada, Las Vegas, and individual crystals, free of matrix and relatively free of inclusions, were
selected using a binocular microscope. Sanidine samples (12SR03, 14SRO1) and a single
plagioclase sample (14SR02) were single crystal fusion analyses. Amphibole (12SR08) and
plagioclase (12SR09) samples were multi-crystal (bulk) fractions, and step heated in a furnace.
Spell et al. [2001] outlines the standard analytical procedures used at NIGL that are applicable to

these samples.
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Appendix 4 Figures

12SR03 (Sanidine)

Wtd mean age = 31.54 £ 0.07 Ma
MSWD =1.3
13 single crystal fusions out of 14
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Figure A4.1 12SR03 (sanidine)
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Figure A4.1: Cumulative probability plot of sanidine single crystal fusion ages for sample
12SR03. The black line indicates all the cumulative probability plot of all single crystal fusion

ages, and the bold black line indicates the 13 analyses used to calculate the weighted mean age.
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12SR08 (Amphibole)
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Figure A4.2 12SR08 (amphibole)

144



Figure A4.2: *Ar release spectrum from furnace step heating of a bulk amphibole fraction (22.18

mg) from sample 12SR08. Bold lines indicate the steps used to define the plateau age.
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12SR09 (Plagioclase)
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Figure A4.3: *Ar release spectrum from furnace step heating of a bulk plagioclase fraction

(17.90 mg) from sample 12SR09. Bold lines indicate the steps used to define the plateau age.
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14SR01 (Sanidine)

Wtd mean age = 31.05 £ 0.10 Ma
MSWD = 1.8
14 single crystal fusions out of 22
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Figure A4.4 14SR01 (sanidine)
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Figure A4.4: Cumulative probability plot of sanidine single crystal fusion ages for sample
14SRO1. The black line indicates all the cumulative probability plot of all single crystal fusion

ages, and the bold black line indicates the 14 analyses used to calculate the weighted mean age.
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14SR02 (Plagioclase)

Wtd mean age = 28.20 * 0.55 Ma
MSWD = 1.6
21 single crystal fusions out of 27

Cumulative probability

Age (Ma)

Figure A4.5 14SR02 (plagioclase)
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Figure A4.5: Cumulative probability plot of plagioclase single crystal fusion ages for sample
14SR02. The black line indicates all the cumulative probability plot of all single crystal fusion

ages, and the bold black line indicates the 21 analyses used to calculate the weighted mean age.
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