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ABSTRACT 

The Main subdistrict of the Tintic Mining District located approximately 65 km south of Rio Tinto’s 

Bingham Mine, near Salt Lake City, Utah, has historically produced ~12.9 Mt of ore (Au, Ag, Cu, Pb and 

Zn) principally from Pb-Zn-Ag rich carbonate replacement deposits (CRD) and some Cu-Au rich fissure 

vein deposits. However, the causative intrusion, which may have formed a potential porphyry copper 

deposit, has never been identified. The Silver City Prospect area is situated on the southern edge of the 

Main subdistrict and the northern edge of the Southwest subdistrict and hosts multiple northeast trending 

fissure vein deposits. Shortwave infrared (SWIR) spectral studies on outcrop, drill core and rock chips from 

the prospect area has been used to map alteration assemblages of minerals containing OH-, H2O, NH4
+, 

and CO3
2-, and delineate additional zoning patterns based on subtle shifts of specific spectral absorption 

features, in a three-dimensional space. The prospect contains many known alteration assemblages, 

ranging from sodic-calcic and skarn to argillic. The spectral study delineated white mica crystallinity 

gradients, used as a proxy for temperature, and spectrally-inferred geochemical variations of some 

minerals, such as Fe-Mg proportion in chlorite, Na-K proportion in alunite, and Na-K-(Fe ± Mg) proportions 

in sericite. These zoning patterns are used to vector to hydrothermal hotspots and identify relationships 

between clay speciation, igneous phases and metal distribution. Petrography and X-Ray Diffraction (XRD) 

analyses were used to confirm the phyllosilicate minerals identified from spectral data, while Scanning 

Electron Microscopy (SEM), involving Back Scatter Electron (BSE) and Electron Dispersive Spectroscopy 

(EDS), was used to simultaneously validate the SWIR mineral identifications and semi-quantitatively verify 

major-element geochemical compositions inferred from the spectral data. Such validations have confirmed 

the minerals identified in SWIR and the inferred major-element geochemical compositions.  

The research identified three high-temperature alteration zones at surface in the Silver City 

Prospect area, [1] around the Lucky Boy prospect in the Ruby Hollow valley, [2] along the Dragon Valley 

fault, east of the Martha Washington mine, and [3] at the intersection of the Dragon Valley fault and the 

Black Jack lineament. The three zones are characterized by pervasive quartz-sericite-pyrite (phyllic) 

alteration and moderate to high vein density, plus higher white mica crystallinity values and lower Al-OH 

values. They are interpreted to be zones where higher temperature and acidic hydrothermal fluids 

circulated, confirming previous hypotheses and highlighting new potential hydrothermal centers which were 

not previously hypothesized. These zones are coincident with outcropping porphyry dikes of the Silver City 

stock, anomalous soil geochemistry in Cu, Au, and Mo, and strong chargeability anomalies at depth. The 

highest Cu concentrations at surface, in the southeastern quadrant of the Silver City Prospect area, are 

also coincident with a wide zone of high white mica crystallinity and low Al-OH values at depth. Although 

this wide subsurface zone is not all mineralized, the historic reverse circulation (RC) drill hole, STR-26, 

directly below the anomalous surface expression, has the highest Cu and Au concentrations in the prospect 

(averaging 0.13% Cu and 0.08 g/t Au over 165 m from 220 m depth). The drill hole coincidentally intersects 

similar porphyry dikes of the Silver City stock than observed at surface. 
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The research further validates the use of SWIR spectroscopy as a fast and cost-effective way to 

confidently identify and spatially delineate phyllosilicate, sulfate and carbonate minerals in the field, such 

as sericite-, and kandite-group minerals, as well as pyrophyllite, diaspore, chlorite, biotite, phlogopite, 

serpentine, tremolite, alunite, jarosite, calcite and dolomite. Hotspots inferred from more acidic, Na-rich 

mineral geochemical variations (with lower Al-OH values) and ‘hotter’, high white mica crystallinity values 

in the spectral data are closely associated with metal distribution in the Silver City Prospect area. This 

further demonstrates the usefulness of SWIR spectroscopy as a potential deposit-scale vectoring tool. The 

research has produced a three-dimensional alteration model and thermal map, that can be integrated into 

the Silver City porphyry Cu-Mo-Au prospect geologic model.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



v 

 

 

TABLE OF CONTENTS 

ABSTRACT ............................................................................................................................................ III 

LIST OF FIGURES ................................................................................................................................ VII 

LIST OF TABLES ....................................................................................................................................X 

ACKNOWLEDGEMENTS ....................................................................................................................... XI 

CHAPTER 1       INTRODUCTION ........................................................................................................... 1 

1.1         Scope of Study .............................................................................................................. 1 

1.2         Research Approach ....................................................................................................... 1 

1.3         Short Wave Infrared (SWIR) Spectroscopy .................................................................... 3 

1.4         Tintic Mining District: Exploration and Exploitation History .............................................. 4 

CHAPTER 2      GEOLOGIC BACKGROUND .......................................................................................... 6 

2.1         Regional Geology .......................................................................................................... 6 

2.2         District Geology ........................................................................................................... 11 

2.3         Local Geology ............................................................................................................. 16 

  2.3.1     Lithology ........................................................................................................ 17 

  2.3.2     Structure ........................................................................................................ 21 

  2.3.3     Alteration ....................................................................................................... 22 

  2.3.4     Ore Deposits and Distribution ......................................................................... 29 

CHAPTER 3      METHODS ................................................................................................................... 31 

3.1         Field Method ............................................................................................................... 31 

3.2         Analytical Methods ...................................................................................................... 31 

  3.2.1     SWIR Spectral Analysis ................................................................................. 31 

  3.2.2     Petrography ................................................................................................... 33 

  3.2.3     BSE and EDS Analysis .................................................................................. 33 

  3.2.4     X-Ray Diffraction Analysis .............................................................................. 33 

CHAPTER 4      RESULTS .................................................................................................................... 35 

4.1         Data Validation ............................................................................................................ 35 

4.2         Alteration Assemblages and Surface Distribution ......................................................... 37 

4.3         SWIR Signatures and Features of Interest ................................................................... 45 

CHAPTER 5      INTERPRETATION ...................................................................................................... 47 

5.1         Zoning Patterns at Surface .......................................................................................... 47 

  5.1.1     SWIR Numerical Values ................................................................................. 47 

  5.1.2     Soil Geochemistry .......................................................................................... 53 

5.2         3D Zoning Patterns ...................................................................................................... 58 

CHAPTER 6      EXPLORATION IMPLICATIONS AND CONCLUSIONS ............................................... 64 

REFERENCES ...................................................................................................................................... 68 



vi 

 

APPENDIX A     ROCK DESCRIPTIONS ............................................................................................... 76 

APPENDIX B     HALO DATA QUALITY ASSURANCE .......................................................................... 78 

APPENDIX C     XRD, PET AND SEM-EDS ANALYTICAL RESULTS ................................................... 79 

APPENDIX D     CHEMICAL FORMULAS ............................................................................................. 88 

APPENDIX E     SWIR NUMERIC VALUE DISTRIBUTION .................................................................... 89 

APPENDIX F     COPYRIGHTED MATERIAL ........................................................................................ 89 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



vii 

 

 

LIST OF FIGURES 

Figure 1.1.       Simplified regional geology map after Krahulec (1996). The red box outlines the location  

of the Tintic Mining District in relation to the Bingham Mine, shown as a red star. ............. 2 

Figure 1.2.       Reference phyllosilicate mineral spectra in SWIR, with major spectral absorption     

features labeled (from Harraden et al., 2013, after GMEX, 2008). ..................................... 4 

Figure 2.1.       Paleoproterozoic Cheyenne suture zone in relation to Uinta-Cottonwood arch and 

Bingham-Park City mineral belt mining districts shown in pink (modified from Sprinkel 

(2018)). ............................................................................................................................ 6 

Figure 2.2.       Extent of the Sevier fold-thrust belt (Sevier orogenic belt) and the Laramide foreland     

province in relation to the western United States and Canadian Provinces (modified      

from DeCelles (2004)). ..................................................................................................... 8 

Figure 2.3.       Tertiary intrusive-related mining districts and mineral belts of the eastern Great Basin 

(modified from Krahulec (2015) and Doelling and Tooker (1983)). The black box      

outlines the location of the Tintic Mining District.............................................................. 10 

Figure 2.4.       Simplified geology and structures of the Tintic Mining District (modified from Johnson    

and Christiansen (2016)). Four sub-districts are outlined and East District lithocaps are    

shown in pink.. ............................................................................................................... 11 

Figure 2.5.       Simplified structure map of the Main, East and Southwest Tintic sub-districts, outlined 

(modified from Krahulec and Briggs (2006)).. ................................................................. 13 

Figure 2.6.       Simplified local geology and structure of the Silver City Prospect area at the       

intersection of the Main, Southwest and East sub-districts, mapped by HPX in the      

center (HPX, pers. Comm.) and by USGS south of Ruby Hollow valley and east of the 

Alaska prospect (Morris, 1964).. ..................................................................................... 18 

Figure 2.7.       Xenolith of Sunrise Peak Volcanic (SPV) in Crowded Granodiorite Porphyry (CGP). ....... 19 

Figure 2.8.       Xenolith of Rabbit’s Foot Monzonite Porphyry (RFRM) in the Silver City Quartz    

Monzonite (SCQM). Photo courtesy HPX. ...................................................................... 20 

Figure 2.9.       Weak sodic-calcic alteration in rock grab samples of/from SCMD ................................... 22 

Figure 2.10.     Vein type and density in the Silver City Prospect area mapped by HPX (HPX, pers.       

Comm.) overlaid on simplified local geology and structure.. ............................................ 23 

Figure 2.11.     Weak to moderate potassic alteration in rock grab samples of/from SGDP (A) and           

CGP (B). ........................................................................................................................ 24 

Figure 2.12.     Alteration type and intensity in the Silver City Prospect area mapped by HPX (HPX,    

pers. Comm.) overlaid on simplified local geology and structure.. ................................... 25 

Figure 2.13.     Examples of oxidized “fissure” veins with strong localized iron oxide development after 

sulfides and 1-3 m quartz-sericite-pyrite (QSP) alteration halos in Silver City    

Monzodiorite (SCMD)..................................................................................................... 26 

Figure 2.14.     Stockworks of QSP-veining north of Sunbeam mine in SCMD with a dominant     

orientation    to the north-northeast, generally in the direction of the photograph.. ........... 27 

Figure 2.15.     Photographs of endoskarn alteration in MDP (HPX, pers. Comm.) .................................. 29 

 



viii 

 

Figure 3.1.       Map of the local geology, as mapped by HPX, of the Silver City Prospect area showing 

sampling location of grab samples for HPX survey quality control (QC in green)  and       

for existing HPX survey expansion (‘expansion’ in blue), and location of historic drill      

hole collars (in red) chosen for SWIR analysis. ............................................................... 32 

Figure 4.1.       Representative rock grab samples at 2x2 cm of strong sericitic alteration in the Silver     

City Prospect area verified by XRD ................................................................................ 35 

Figure 4.2.       Rock grab sample S327b at 10x magnification in XPL; muscovite completely replacing 

plagioclase phenocryst supported by pervasively pyrophyllite-altered matrix. Matrix is 

encroaching on phenocryst. ........................................................................................... 36 

Figure 4.3.       Example of workflow on rock grab samples S239b (top row) and S339 (bottom row) at 

different scales............................................................................................................... 37 

Figure 4.4.       Photographs of rock grab samples of SCMD (A) and volcanic cover related to the     

Sunrise Peak stock (B) with moderate propylitic alteration .............................................. 38 

Figure 4.5.       Propylitic alteration delineated by SWIR spectroscopy; green dashed polygon outlines     

extent of propylitic alteration. .......................................................................................... 39 

Figure 4.6.       Phyllic alteration delineated by SWIR spectroscopy; red dashed polygon outlines        

extent of phyllic alteration. .............................................................................................. 40 

Figure 4.7.       Significant advanced argillic alteration delineated by SWIR spectroscopy. ...................... 41 

Figure 4.8.       Argillic alteration delineated by SWIR spectroscopy. ....................................................... 43 

Figure 4.9.       Rock grab samples of pervasive kaolinite altered SQR (A) and strongly halloysite      

altered SCMD (B)........................................................................................................... 42 

Figure 4.10.     Representative rock grab samples of prograde and retrograde skarn alteration .............. 44 

Figure 4.11.     Retrograde skarn alteration delineated by SWIR spectroscopy; purple dashed polygon 

outlines location of serpentine-dominant retrograde skarn mineralogy. ........................... 43 

Figure 4.12.     Key spectral absorption features (after GMEX, 2008) showing the Al-OH spectral 

absorption feature at 2200 nm in white mica (sericite) and the Fe-OH spectral      

absorption feature at 2250 nm in chlorite.. ...................................................................... 46 

Figure 5.1.       Representative rock grab samples of weak to strong vein density and strong to     

pervasive alteration in three clusters outlined above ....................................................... 47 

Figure 5.2.       Illite crystallinity distribution; black dashed polygons outline three biggest clusters [ ] of 

values above 3 – inferring high temperatures of formation fluid....................................... 49 

Figure 5.3.       Distribution of the wavelength position of the white mica AlOH spectral absorption     

feature at ~2200 nm. ...................................................................................................... 50 

Figure 5.4.       Distribution of the wavelength position of the chlorite FeOH spectral absorption feature     

at ~2250 nm .................................................................................................................. 51 

Figure 5.5.       Distribution of the wavelength position of the alunite OH spectral absorption feature at 

~1480 nm. ..................................................................................................................... 52 

Figure 5.6.       Cu/Zn ratio in soil geochemistry. ..................................................................................... 54 

Figure 5.7.       Mo/Mn ratio in soil geochemistry .................................................................................... 55 

Figure 5.8.       Au in soil geochemistry................................................................................................... 56 

Figure 5.9.       As in soil geochemistry ................................................................................................... 57 



ix 

 

Figure 5.10.     Drill holes examined with SWIR spectroscopy in the Silver City Prospect area             

(STR-26 is shown with a blue halo) ................................................................................ 59 

Figure 5.11.     STR-26 logs of, from left to right, lithology, alteration type, illite crystallinity – inferring 

temperature of formation, position of the AlOH spectral absorption feature at ~2200       

nm – inferring acidity of formation, and Cu-Au concentration in historical assays. ........... 60 

Figure 5.12.     North-South cross-section showing lithology (left hand of drill hole trace), illite     

crystallinity (IC) and the wavelength position of the AlOH spectral absorption feature – 

inferring temperature and acidity of formation fluids downhole. ....................................... 62 

Figure 6.1.       Porphyry Copper Deposit Model (from Sillitoe, 2010) illustrating common distribution of 

alteration assemblages in relation to mineralization (dotted black polygon and beaded 

lines) in the magmatic-hydrothermal system. .................................................................. 65 

Figure B.1.       Boxplot of illite crystallinity (IC) measured on the same spot 4 times for each 13      

samples for quality assurance. Instrument precision shows highly reproduceable data   

with maximum deviation of 0.03 IC. ................................................................................ 78 

Figure B.2.       Boxplot of AlOH numeric values measure on the same spot 4 times for each 13       

samples for quality assurance. Instrument precision shows highly reproduceable data    

with maximum deviation of 0.5 nm. ................................................................................ 78 

Figure E.1.       Histograms showing distribution of the AlOH absorption peak at 2200 nm at surface     

(left) and at depth (right). ................................................................................................ 89 

Figure E.2.       Histograms showing distribution of illite crystallinity (IC) values at surface (left) and at 

depth (right). .................................................................................................................. 89 

Figure E.3.       Histograms showing distribution of the FeOH absorption peak at 2250 nm at surface     

(left) and at depth (right). ................................................................................................ 90 

Figure F.1.       LinkedIn correspondence with Ken Krahulec for permission to use and modify               

Fig. 2.3 in this thesis.. .................................................................................................... 90 

Figure F.2.       Email correspondence with Douglas Johnson for permission to use and modify              

Fig. 2.4. in this thesis. .................................................................................................... 90 

Figure F.3.       Email correspondence with Utah Geological Survey for permission to use and modify     

Fig. 2.1 in this thesis.. .................................................................................................... 90 

Figure F.4.       Licence agreement with The American Journal of Science, provided by Copyright 

Clearance Center, showing permission to use and modify Fig. 2.2 in this thesis. ............ 90 

 

 

 

 

 

 

 

 



x 

 

 

LIST OF TABLES 

Table A.1.        Chart of Tintic District extrusive phases with distinguishing characteristics, color, ages   

and representative pictures shown. ................................................................................ 76 

Table A.2.        Chart of Tintic District intrusive phases with distinguishing characteristics, color, ages   

and representative pictures shown. ................................................................................ 77 

Table C.1.        SWIR and XRD results on five representative samples validate the SWIR mineral 

identifications. ................................................................................................................ 79 

Table C.2.        Field and petrographic observations, and results of SWIR mineral identifications. .......... 79 

Table C.3.        SWIR and BSE-EDS results on eight representative samples validate the SWIR       

mineral identifications and mineral geochemical variations. ............................................ 87 

Table D.1.        Minerals attributed to different alteration assemblages of the Porphyry Copper        

Deposit Model (Sillitoe, 2010) and their chemical formula. .............................................. 88 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xi 

 

 

ACKNOWLEDGEMENTS 

I would like to thank: my advisor, Dr. M. Stephen Enders, my committee members, Zhaoshan 

Chang and Katharina Pfaff, and my funding sponsors High Power Exploration (HPX) for providing guidance 

and feedback on this thesis; HPX for funding field and lab work related to this research; Mary Doherty from 

Newmont for providing a TerraSpec Halo; Zhaoshan Chang for providing the TSG software and help with 

SWIR data reprocessing; Jae Erickson for thin-section preparations; Katharina Pfaff for help with SEM 

analysis; and Richard Wendlandt for help with XRD analysis. I would also like to thank my family and friends 

for supporting me while I completed my M.S. thesis. 



1 

 

 

CHAPTER 1 

INTRODUCTION 

1.1     Scope of Study 

The Silver City Cu-Mo-Au porphyry prospect is located in the historic Tintic Mining District, 

centered on the towns of Eureka, Mammoth and Silver City, Utah, located ~65 km south of Rio Tinto’s 

Bingham Mine (Fig.  1.1). The Tintic District is host to porphyry-, vein- and carbonate replacement-type 

deposits rich in copper, gold, silver, lead and zinc. The district is separated into four subdistricts, which 

are the North, East, Southwest and Main subdistricts (Krahulec and Briggs, 2006). 

Although there exists a very deep, sub-economic (400 Mt of 0.3% Cu at 0.3% Cu cut-off; Krahulec 

and Briggs, 2006) porphyry Cu deposit in the Southwest subdistrict (SWT porphyry; Fig. 1.1), prior research 

(Mabey and Morris, 1967; Ramboz, 1979; Hildreth and Hannah, 1996; Krahulec, 1996; Krahulec and 

Briggs, 2006) does not support it being the main igneous source for hydrothermal fluids in the Main and 

northern edge of the Southwest subdistricts. The igneous center(s) of the Main subdistrict hydrothermal 

system were never identified and a detailed genetic link between the Silver City stock and base and 

precious metal deposits has not yet been established. Previous exploration efforts by local landowners and 

major companies identified and tested porphyry targets in the East and Main subdistricts, however no 

discoveries were made.  

To date, it is unknown to which igneous phase(s) the hydrothermal alteration and intrusion-related 

deposits in the Main and Southwest subdistricts belong. The primary objective of this study is to identify 

and locate one or multiple fluid source(s) of the intrusion-related deposits in these subdistricts, thereby 

vectoring closer to a potential porphyry copper deposit. In so doing, the research examines spatial 

relationships between hydrothermal alteration, metal distribution and intrusive phases of the Silver City 

Prospect area in the southern and northern edges of the Main and Southwest subdistricts, respectively.  

1.2     Research Approach 

This research project involved two field seasons utilizing shortwave infrared (SWIR) spectroscopy 

on rock grab samples, historic drill core, and rock chip samples from High Power Exploration’s (HPX) Tintic 

Exploration Property to accurately map the distribution of phyllosilicate minerals related to hydrothermal 

alteration in both two- and three-dimensional space. The study area spans ~ 20 km2 and has a vertical 

range of 980 m. In addition to field work, the spectral data was reprocessed to ensure minerals were 

correctly identified, and to infer white mica crystallinity and mineral geochemical variations of white mica, 

chlorite, and alunite from measured numeric values of specific spectral absorption features. These numeric 

values were extracted to interpret thermal and acidity gradients within alteration assemblages, which served 

to produce more refined alteration zoning patterns within the study area. The research also included 

petrography, SEM (BSE-EDS) and XRD lab work at Colorado School of Mines to verify SWIR mineral 

identifications and inferred mineral geochemical variations. 
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Figure 1.1. Simplified regional geology map after Krahulec (1996). The red box outlines the location of the 
Tintic Mining District in relation to the Bingham Mine, shown as a red star. 
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 Resulting hydrothermal hotspots were examined in relation to structure, lithology and 

mineralization in order to establish a genetic and spatial relationship between intrusive phases, stages of 

hydrothermal alteration and metal concentrations in the Silver City Prospect area. Ultimately, these 

relationships help identify potential fluid pathways and sources, and can be integrated into the Silver City 

porphyry Cu-Mo-Au prospect geologic model.     

1.3     Short Wave Infrared (SWIR) Spectroscopy 

Shortwave infrared (SWIR) spectroscopy is the measurement of short wavelength infra-red light 

reflected off a surface at wavelengths between 1,300 and 2,500 nm and this analytical method is well suited 

for the identification of minerals containing hydroxyls, water molecules, NH4
+, and CO3

2-, specifically clays 

and phyllosilicates. Specific wavelengths of light are selectively absorbed or reflected based on the 

presence or absence of particular molecular bonds in a mineral. Absorption peaks represent specific 

wavelengths of electromagnetic energy harmonizing with molecular bonds with the same vibrational 

frequency, like OH, H2O, AlOH, FeOH and MgOH (Thompson et al., 1999), and the position (wavelength) 

of these peaks can be used to derive a numeric value specific to certain minerals (Fig.  1.2).  

 

 

Figure 1.2. Reference phyllosilicate mineral spectra in SWIR, with major spectral absorption features 
labeled (from Harraden et al., 2013, after GMEX, 2008). 

 



4 

 

Subtle shifts in the position of absorption peaks of some minerals may correlate with changes in 

composition (Thompson et al.,1999; Chang et al., 2011; Harraden et al., 2013; Huang et al., 2018; Uribe 

and Maher, 2018), while subtle changes in peak height ratios are related to changes in crystallinity (Cudahy 

et al., 2008; Doublier et al., 2010; Chang et al., 2011) – a proxy for temperature (Frey, 1987; Ji and Browne, 

2000). Compositional shifts such as an increase in Fe content in chlorite, or an increase in Na in alunite or 

muscovite – inferring more acidic formation fluids (Halley et al., 2015) – suggest proximity to a hydrothermal 

upflow zone. Higher acidity of formation fluids at shallower depths (Seedorf et al., 2005) is a result of greater 

disassociation of acids and disproportionation of SO2 (4SO2 + 4H2O     H2S + 3HSO4
- + 3H+) as the 

hydrothermal fluids flow upwards. Higher crystallinity suggests higher temperature of formation fluids and 

therefore proximity to the hydrothermal fluid source, the causative intrusion, and a potential porphyry copper 

deposit. Results of the SWIR survey and the significance of spectral absorption peak shifts are explained 

in more detail section 4.3. 

1.4     Tintic Mining District: Exploration and Exploitation History 

Ore in the Tintic District was first discovered in 1869, and by 1871 productive mining camps were 

already established in Eureka, Silver City and Diamond (Tower and Smith, 1900). The Main subdistrict 

historically produced ~12.9 Mt of ore (gold, silver, copper, lead and zinc) principally from high-grade lead-

zinc-silver rich carbonate replacement deposits (CRDs) hosted in Paleozoic sedimentary strata, and Cu-

Au rich “fissure veins” and “chimneys” proximal and within the intrusive bodies of the Silver City stock. 

These deposits were mined from the 1870’s to 1928, closing due to a decrease in metal prices at the start 

of the Great Depression. During this period, around 30 mines were in operation, producing a total of 2.19 

Moz Au, 208 Moz Ag, 247 Mlbs Cu, 1,319 Mlbs Pb, and 186 Mlbs Zn (Tower and Smith, 1987). The District 

was revived during World War II to supply strategic base metals to the U.S. military.  

The early 1940’s was marked by several failed attempts by several companies, including 

Anaconda, Kennecott, and Hecla and Calumet, to explore for porphyry-style mineralization in the Main 

subdistrict. Bear Creek Mining Company also ran exploration programs through the 60’s and 70’s 

delineating a low-grade chalcocite blanket south of Treasure Hill, in the Southwest subdistrict, followed by 

discovery of a deep, sub-economic porphyry copper deposit, the Southwest Tintic (SWT) porphyry, which 

hosts a non-compliant mineral resource estimate of 400 Mt of 0.3% Cu at 0.3% Cu cut-off (Krahulec, 1996; 

Krahulec and Briggs, 2006). All base and precious metals production in the district ceased in spring 2002 

when the Trixie mine in the East subdistrict was shut down.  

Sporadic exploration and development programs have continued to examine the district’s mineral 

potential, including failed exploration attempts by Kennecott and Anglo American at discovering a large 

porphyry copper deposit in the East subdistrict and renewed interest from Freeport McMoran for porphyry-

style targets in the Southwest subdistrict. Freeport McMoran acquired the SWT porphyry from Quarterra 

Corporation in the late 2000’s and continues exploration activities in the area to this day. Metal zonation, 

clay speciation and fluid inclusion studies (Billingsley and Crane, 1933; Mabey and Morris, 1967; Ramboz, 
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1979; Hildreth and Hannah, 1996; Krahulec and Briggs, 2006) do not support the SWT porphyry for being 

the source of hydrothermal alteration and mineralization for the other subdistricts to the north.  

The lack of understanding of the spatial and genetic relationship between igneous phases, 

alteration and mineralization in the Silver City Prospect area in the Main and northern edge of the Southwest 

subdistricts is an opportunity to apply new exploration techniques, such as SWIR, to discern hydrothermal 

hotspots and vector to a potential causative intrusion(s). High Power Exploration (HPX) is a privately-

owned, technology-driven, junior exploration company based in Vancouver, BC, Canada, which acquired a 

large land holding in the Main and Southwest subdistricts to explore for and discover additional resources 

in the CRDs of the Main District and find the center(s) of the hydrothermal system – the porphyry copper 

target(s). HPX is applying a ‘Bingham-type’ exploration model to this historic district to find a yet 

undiscovered porphyry center. USGS airborne magnetic data clearly highlights the deep intrusive bodies 

of the east-west trending ‘Deep Creek-Tintic’ mineral belt, which is parallel to the ‘Bingham-Park City’ 

mineral belt and the Uinta-Cottonwood Arch, (Fig.  2.1; Zhang & Audetat, 2017). The Bingham and Tintic 

districts are located on the margins of these deep-seated intrusive lineaments. The company has funded 

this research to advance their exploration efforts in the Tintic Mining District. 

This research builds on work already completed by HPX, including geologic mapping, geophysical 

surveys such as induced polarization (IP), and geochemical surveys, such as soil grids, as well as a high 

density, local SWIR spectroscopy survey in the Silver City Prospect area. Geologic mapping was completed 

at 1:2,500 scale and covered the Silver City intrusion and adjacent Paleozoic carbonates in the Main 

subdistrict. Detailed geologic mapping and analytical work completed by HPX has differentiated multiple 

intrusions within the Silver City stock. Field mapping concluded that the Silver City intrusive suite is of the 

same general composition, age and relative sequence as the Bingham Canyon stock. 
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CHAPTER 2 

GEOLOGIC BACKGROUND 

2.1     Regional Geology 

North Central Utah lies on the east-west Cheyenne suture belt (Fig.  2.1), where the 

Paleoproterozoic Yavapai and Mojave provinces to the south were welded to the Archean Wyoming 

province, Grouse Creek block, and Farmington zone to the north during a plate-tectonic collision event, the 

Yavapai orogeny, about 1.7 Ga ago (Karlstrom and Houston, 1984; Chamberlain et al., 1993; Karlstrom et 

al., 2005; Whitmeyer and Karlstrom, 2007). The suture zone projects westward into the Great Basin and 

delineates a local contrast in crustal architecture (Dickinson, 2006). According to Presnell (1998), the suture 

zone is a fundamental control on deformation, plutonism and metallogeny. Precambrian strike-slip faults 

(Fig. 2.2) trend parallel (eastward) and oblique (northwest and north-northeast) to the suture zone (Jordan 

and Douglas, 1980) and have likely influenced fault architecture, sedimentation and plutonism ever since 

the assembly of the American continental lithosphere in the Paleoproterozoic (Bryant and Nichols, 1988; 

Paulsen and Marshak, 1999; Kloppenburg et al., 2010).  

 

Figure 2.1. Paleoproterozoic Cheyenne suture zone in relation to Uinta-Cottonwood arch and Bingham-
Park City mineral belt mining districts shown in pink (modified from Sprinkel (2018)). The red star shows 
the location of the Tintic Mining District. Purple polygon (B) shows the location of the Bingham Mine.  
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Shortly after the formation of the Cheyenne suture belt, about 1550 Ma, Rodinia began to break 

apart along a north-trending rift through central Nevada. Rifting culminated in early Phanerozoic around 

770 Ma (Stewart, 1976; Sears et al., 1982; Armin and Mayer, 1983; Bond et al., 1984, 1985; Sprinkel, 2018) 

during which time a failed arm of the rift, the Late Proterozoic Uinta aulacogen, or Uinta trough (Sears et 

al., 1982; Bruhn et al., 1986; Sprinkel, 2018), collected more than 5 km of sediment, which was buried and 

compacted into sandstone and shale and  formed the Uinta Mountain Group.  

After the rift failed, the Uinta trough started inverting around 550 Ma and slightly uplifted and folded 

the Uinta Mountain Group into the initial Uinta arch, the Uinta-Cottonwood-Tooele Arch (Sprinkel, 2018). 

The structural weakness born out of the failed rift has since influenced geologic evolution of northeastern 

Utah, influencing fault architecture and magmatic activity from the Paleozoic through to the Cenozoic 

(Sprinkel, 2018).  

Throughout the Paleozoic and early Mesozoic, Utah lay on a passive continental margin. The 

Wasatch hinge line of Kay (1951; Fig. 2.2) marks the approximate break in slope between continental 

sedimentation to the east and thicker, marine, miogeoclinal sedimentation to the west (Stokes, 1988; Hintze 

and Kowallis, 2009).  

In the Mesozoic, the North American plate collided with the Farallon plate leading to subduction 

and an eastward migration of compressional deformation, the Sevier fold-thrust belt (DeCelles, 2004; Fig. 

2.2). The Cretaceous Sevier orogeny lasted from ~140 to 55 Ma (DeCelles and Coogan, 1996), during 

which time the eastern Great Basin was extensively deformed by broad north-northwesterly trending 

asymmetrical folds, and a series of large eastward-verging thrust faults and related northeast trending high-

angle, strike-slip and tear faults (Morris, 1968; Porter et al., 2012).  

The Laramide orogeny (80-40Ma) saw the subducting slab flatten and subduction rate accelerate 

eastward (Fig. 2.2) generating a series of uplifts and sedimentary basins in eastern Utah, while undergoing 

northeast-southwest compression. During this time, increased volcanism eastward led to the emplacement 

of ore deposits from Idaho to Arizona (Hildenbrand et al., 2000). Orogenic collapse from ~49 to 20 Ma 

(Kloppenburg et al., 2010) began when the plate convergence rate slowed, and the subducting slab 

steepened and started to roll back. Crustal delamination and decompression melting initiated regional 

extension from middle Eocene to early Miocene (Constenius, 1996), manifested by extensional strike-slip 

faults in the Miocene which were exploited to form epithermal deposits. 
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Figure 2.2. Extent of the Sevier fold-thrust belt (Sevier orogenic belt) and the Laramide foreland province 
in relation to the western United States and Canadian Provinces (modified from DeCelles (2004)). The 
Wasatch Hinge line and Precambrian shear zones and crustal boundaries are also shown in relation to the 
Sevier fold-thrust belt and the Tintic Mining District location (marked by the red star). 
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Cook (1969) identifies three east-west transverse structural lineaments from gravity data in the 

eastern Basin and Range province that correspond with three well-known east-west mineral belts in Utah 

(Fig. 2.3; Doelling and Tooker, 1983). Rowley (1998) and Rowley and Dixon (2001) suggest the importance 

of these east-west transverse zones for localizing magmatism and mineral belts in the eastern Great Basin. 

Calc-alkaline, subduction-related magmatism migrated southward throughout the Eocene – early 

Oligocene. East-west igneous belts in the eastern Great Basin (Fig.  2.3) young to the south from the 

‘Bingham-Park City’ mineral belt (40 – 33 Ma: U-Pb, Parry et al., 2001; K-Ar, John et al., 1997) to the very 

slightly younger ‘Deep Creek-Tintic’ mineral belt (39 – 33 Ma; K-Ar, Lindsey, 1982; Ar-Ar, Keith et al., 1991), 

and further south still to the Wah Wah-Tushar mineral belt ranging from 32 to 14 Ma (K-Ar, Best and Grant, 

1987; K-Ar; Rowley et al., 1978).  

The ‘Deep Creek-Tintic’ mineral belt is an east trending zone of basement highs marked by 

Cenozoic calderas and associated metal endowment (Lindsey, 1982; Christiansen et al., 1986). The East 

Tintic Mountains, where the belt terminates, host the Tintic mining district, the second biggest mining district 

in Utah after the Bingham district, located ~65 km north of Tintic. The Bingham stock lies approximately at 

the intersection of the Wasatch hinge line and the ‘Bingham-Park City’ mineral belt, coinciding with the 

Cheyenne suture zone and the Uinta arch, concentrating tectonic and igneous activity (Stokes, 1976). The 

Tintic District lies at the eastern margin of the ‘Deep Creek-Tintic’ mineral belt (Fig. 2.3) where it terminates 

against two or more N-S trending range front faults, inferred from Cook and Berg (1961) and Mabey and 

Morris (1967) gravity surveys. Metallic minerals at Tintic and Bingham are hosted along northeast, steeply 

dipping, thrust faults, related to the Sevier orogeny.  

Intrusions along the Uinta arch in the Wasatch intrusive belt are high potassium calc-alkaline and 

metaluminous I-type granitoids (Hansen, 1995; Vogel et al., 1997; Porter et al., 2012; Zhang and Audetat, 

2017) similar to the igneous intrusions at Tintic (Morris and Lovering, 1979; Armstrong, 1969; Krahulec and 

Briggs, 2006; Johnson and Christiansen, 2016). This magmatic composition is due to decompression 

melting of existing metaigneous rocks in post-collisional, extensional stress regime with a NW-SE least 

principal stress (Roberts and Clements, 1993; Presnell, 1998; Kloppenburg et al., 2010; Porter et al., 2012). 

The presence of monzonites at Tintic and Bingham indicate the recharge of mafic alkaline magmas into a 

well-differentiated calc-alkaline magma chamber (Maughan et al., 2002). Mafic magmas contributed the Cu 

and Au in the system (Maughan et al., 2002; Steinberger et al., 2013; Zhang and Audetat, 2017). 

Basin and Range extension began around 18 Ma, forming high-angle normal faults which resulted 

in block tilt and the present Basin and Range topography (Morris, 1968). Fluid inclusion studies from plutons 

in the Wasatch Mountains by John (1989) indicate a 15-20˚ eastward tilt of the range and paleomagnetic 

data from the Oquirrh Mountains are consistent with an 11˚ eastward tilt related to the Basin and Range 

(Melker and Geissman, 1997). The East Tintic Mountains were uplifted and rotated 10-20˚ E (Morris and 

Lovering, 1979), like the Oquirrh Mountains. 
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Figure 2.3. Tertiary intrusive-related mining districts and mineral belts of the eastern Great Basin (modified 
from Krahulec (2015) and Doelling and Tooker (1983)). The black box outlines the location of the Tintic 
Mining District.  
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2.2     District Geology 

As mentioned in section 1.1, the Tintic Mining District has been broadly broken down into four sub-

districts (North, East, Main and Southwest; Fig. 2.4). The following section describes the stratigraphy, 

structure, volcanism, ore types and zoning patterns, including ore and alteration, observed in the four 

subdistricts, as well as summarizes the effects of Basin and Range extension on the Tintic Mining District.  

 

Figure 2.4. Simplified geology and structures of the Tintic Mining District (modified from Johnson and 
Christiansen (2016)). Four sub-districts are outlined and East District lithocaps are shown in pink. Major 
mines of the North District are shown as well as towns and valleys. The Ruby Hollow valley, separating 
Silver City stock to the north and Sunrise Peak Volcanic Group to the south, is also shown on the map. 
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Stratigraphy and structure 

The East Tintic Mountains are underlain by a basement sequence of more than ~ 800 m of slate 

quartzite and dolomite from the Neoproterozoic Big Cottonwood Formation  (Krahulec and Briggs, 2006; 

Johnson and Christiansen, 2016) outcropping along the axis of the North Tintic anticline. A sequence of 

more than ~3,700 m of Paleozoic (Cambrian to Mississippian)  carbonate and clastic sedimentary strata 

lies unconformably on top (Morris, 1964; Morris, 1968; Morris and Lovering, 1979; Krahulec and Briggs, 

2006). This sequence is characterized by a thick basal Cambrian Tintic Quartzite, succeeded by a thick 

sequence of dominantly limestone and dolomite.  

During the Sevier orogeny, from Late Jurassic to Late Cretaceous, the East Tintic Mountains were 

uplifted and deformed in a series of north-trending, north-plunging asymmetrical folds cut by coeval thrust 

faults, high-angle strike-slip and tear faults (Morris, 1964; Morris, 1968; Armstrong, 1969; Krahulec and 

Briggs, 2006). Three major folds mark the Neoproterozoic and Paleozoic sequence in the Tintic District. 

The Tintic syncline, adjacent and parallel to the Iron Blossom ore run (Fig. 2.5) in the Main and East 

Districts, is a major structure at Tintic. Its fold axis dips 17˚ N and consists of a west limb dipping 75˚ E and 

an east limb dipping 30˚ W (Morris, 1964; Morris, 1968).  

None of the major thrust faults are exposed in the Main District (Armstrong, 1969), however strike-

slip faults form a conjugate system of northeast-northwest trending fractures that cut the fold axis at 25-55˚ 

angles (Morris, 1964). These shear faults dip steeply southeast or southwest and seldom dip northwest or 

northeast. Northeast trending shear faults are generally more continuous and trend parallel to ore deposits, 

presumably serving as hydrothermal fluid conduits  (Morris, 1964; Armstrong, 1969).  

During the orogenic collapse the East Tintic Mountains were again cut by normal faults, including 

Sioux-Ajax and Eureka-Lily (Morris, 1964). These early extensional faults also served to channel 

hydrothermal fluids. Metallic minerals tend to precipitate where these faults intersect  north-northeast tear 

faults or “fissure” veins (Armstrong, 1969). Northeast trending mineralized faults and “fissures” are believed 

to be related to volcanism (Morris, 1964; Armstrong, 1969), however, these are most likely tear faults related 

to the Sevier orogeny.  

Volcanism 

In the Tintic Mining District, the Paleozoic sequence is unconformably overlain by a thin erosional 

section of Eocene to early Oligocene conglomerate, which is succeeded by up to 5,000 feet of early 

Oligocene andesitic, latitic and quartz latite lavas, tuffs, and agglomerates (Krahulec and Briggs, 2006). 

These potassic, calc-alkaline igneous lithologies are remnants of a large, deeply eroded, inferred caldera 

complex of early Oligocene age, centred several miles south of the Tintic District (Fig.  2.5) in the central 

portion of the East Tintic Mountain range (Armstrong, 1969; Morris, 1975; Hannah and Macbeth, 1990; 

Krahulec and Briggs, 2006). The collapsed caldera complex formed a composite volcano (Moore, 1993) 

composed of a sequence of quartz-biotite crystal tuff, andesitic to latitic flows, sills, and agglomerates, latitic 

air-fall tuff, and tuffaceous sediments (Krahulec and Briggs, 2006).  
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The basal volcanic sequence is intruded by the Sunrise Peak and Silver City stocks and associated 

plugs, sills and dikes, along the proposed caldera rim (Fig.  2.5; Armstrong, 1969; Morris, 1975; Hannah 

and Macbeth, 1990; Krahulec and Briggs, 2006). They are dated at ~34.7 Ma (Ar-Ar, Moore, 1993) and 

~33.6 Ma (Ar-Ar, Keith et al., 1991), respectively. These stocks are potassic, calc-alkaline granitoids and 

porphyritic monzonites (Johnson and Christiansen, 2016). The porphyritic Diamond Gulch quartz 

monzonite  (QMP), dated at ~31.5 Ma (Ar-Ar, Hannah and Stein, 1995), is the youngest intrusive event and 

the hydrothermal fluid source in the Southwest District porphyry copper system (SWT porphyry). Post-

mineralization cover amounts to early Miocene semi-indurated conglomerates and middle Miocene quartz 

latite flows along the eastern flank of the range (Hannah and Macbeth, 1990).  

Sub-districts, ore deposits and zoning patterns 

The Tintic Mining District lies on the eastern end of the ‘Deep Creek-Tintic’ mineral belt (Fig. 2.3) 

and mineralization is coeval or succeeds the emplacement of the Silver City stock (Morris, 1964; Krahulec 

and Briggs, 2006). North-northeast trending shear and tear faults of the Sevier orogeny appear to be 

channels for intrusions and related hydrothermal, mineralizing aqueous fluids in the Tintic District (Morris, 

1964). The ore consists of porphyry-, vein- and carbonate replacement-type deposits. Vein-type deposits 

are widest and longest in intrusive phases and tend to form groups of short, sub-parallel veins or disappear 

entirely in the extrusive volcanic rocks just a few hundred feet away from the stock (Morris, 1964). Ore 

deposit type, mineralogy and alteration varies by sub-district and their distribution suggests there is more 

than one feeder zone for the Tintic District.  

The Main District, similar to the East District, is characterized by carbonate-hosted Pb-Zn-Ag 

replacement ores and Cu-Au rich ‘fissure vein’ deposits (Krahulec and Briggs, 2006). Veins in the Main 

District appear to culminate in replacement ore bodies to the north, occurring dominantly in hydrothermally 

dolomitized limestone and consisting of columnar and pod-like ore bodies connected by pipe-like tabular 

and irregular masses of ore, forming continuous ore “runs” (Morris, 1964). Cross-faults and abrupt changes 

in bedding orientation are important structures to localize these columnar ore bodies, and concentrated 

hydrothermal fluid flow, as is the case with the high-grade Mammoth pipe located north of the Silver City 

stock (Morris, 1964; Krahulec and Briggs, 2006; Johnson and Christiansen, 2016). 

The Main District has produced the most out of the four subdistricts, with ~12.9 Mt of ore chiefly 

from five replacement deposits (ore runs; Fig. 2.5) including Gemini, Mammoth-Chief, Plutus, Godiva, and 

Iron Blossom (Tower and Smith, 1987; Krahulec and Briggs, 2006). These ores mainly lie within the Tintic 

Syncline at the intersection of north-easterly trending faults and favorable carbonate strata (Morris, 1964; 

Krahulec and Briggs, 2006). Cu-Au rich “fissure” veins of the Main District lie proximal or within the late 

Eocene Silver City stock (Lindgren and Loughlin, 1919; Tower and Smith, 1987; Krahulec and Briggs, 

2006).  
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Figure 2.5. Simplified structure map of the Main, East and Southwest Tintic sub-districts, outlined (modified 
from Krahulec and Briggs (2006)). Simplified Silver City and Sunrise Peak intrusive bodies are also shown 
on the map. Metal zonation (in red) and ore runs and ore deposits (in blue) are labeled on the map. Major 
highways and the town of Eureka are shown for geographic reference. 
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The East District ores are hosted in similar but more complex intersections in Paleozoic strata, 

under a thin veneer of Tertiary volcanic rocks (Brannon, 1982). Most of the past mineral production from 

both Main and East subdistricts is localized near or north of a concealed Jurassic tear fault approximately 

coinciding with the Inez Fault in the East District and the northwest caldera rim (Krahulec and Briggs, 2006; 

Fig. 2.5). The Burgin mine is representative of Pb-Zn-Ag replacement ores, while the Trixie mine represents 

copper-gold “fissure” veins, breccias and replacement bodies found in the East District (Krahulec and 

Briggs, 2006; Fig. 2.5). The hypothesized porphyry centers (Big Hill and Silver Pass lithocaps; Fig. 2.4) of 

the East District have been tested by Anglo American and Kennecott without success to date. 

While the East District is likely sourced from a separate feeder zone than the Main District, the 

North District ores appear to have been sourced by the same feeder zone as the  Main District, based on 

metal zonation. The North District has historically produced the least out of the four subdistricts, 

characterized by oxidized Pb-Zn-Ag rich carbonate replacement deposits including Scranton mine, New 

Bullion and Lehi Tintic properties (Fig. 2.4). These ores contain on average the highest-grade zinc ores of 

the Tintic District (Krahulec and Briggs, 2006). Yet, it is not clear if these are distal to other sub-districts, or 

if they are sourced from a separate igneous center (Armstrong, 1969). The fact remains that virtually no 

copper or gold was produced from these mines.  

A compilation of the ore mineralogy in deposits of the Tintic District (Lindgren and Loughlin, 1919; 

Cook, 1957; Morris, 1964; Morris, 1968; Armstrong, 1969; Levy, 1987; Tower and Smith, 1987; Krahulec 

and Briggs, 2006) delineates a distinct metal zonation inwards from the North District to the southern edge 

of the Main District, from Mn-Zn to Pb-Zn-Ag to Cu-Au (Fig. 2.5). This zonation pattern is the same at 

Bingham and many other porphyry deposits (Sillitoe, 2010; Porter et al., 2012). There are exceptions to this 

zonation pattern wherein Pb-Zn-Ag is found in copper ores, but copper is always absent from Pb-Zn-Ag 

ores to the north. According to Krahulec and Briggs (2006), this overlapping relationship suggests 

telescoping. Fluid inclusion studies validate the overall metal zonation pattern northward from Silver City 

by showing a decrease in temperature related to more Zn-rich ores (Reed, 1981). In addition to metal 

zonation, textural zonation of gangue minerals is also quite reliable, wherein the size of minerals gradually 

decreases northward from Silver City. Coarse quartz and barite are found in veins in igneous rocks while 

medium quartz, barite and jasperoid is found in veins in Paleozoic strata. Eventually fine quartz and barite 

disappear and only fine jasperoid remains in the Zn ores.  

To the south of the Main District, the Southwest District is host to modest volcanic-hosted fissure 

vein deposits presumably in-part related to the deep, sub-economic Southwest Tintic (SWT) porphyry 

(Krahulec, 1996; Krahulec and Briggs, 2006). Prominent mines in the Southwest District include the 

Homestake, Bowers and Showers mines near the Treasure Hill and the Sunbeam mine on the northern 

edge in the Silver City stock (Fig. 2.5). These fissure vein deposits trend north-northeast along Sevier-

related shear and tear faults. Similar to the metal zonation in the Main District, there is a clear geochemical 

zonation in the fissure veins of the Southwest District, from Cu-Ag-As rich veins near the SWT porphyry 

outward to Cu-Pb-Zn-Au-Sb to the Alaska prospect north of Treasure Hill (Fig.  2.5). Alteration assemblage 
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zonation supports this metal zonation where veins to the south are associated with sericite-pyrophyllite-

diaspore and cooler veins to the north contain illite, dickite and barite (Krahulec and Briggs, 2006). Fluid 

inclusion studies of quartz gangue related to copper mineralization in the Southwest District (Ramboz, 

1979) validate this geochemical zonation where chalcopyrite formed at 350˚ C homogenization temperature 
in the SWT porphyry, and decreases to 200˚ C within 2 miles to the north.  

These zonation patterns suggest the Diamond Gulch quartz monzonite, the causative intrusion for 

the SWT porphyry, may be the principal source of hydrothermal alteration and mineralization for deposits 

in the Main and North Districts. However, Hildreth and Hannah (1996) show (from 245 spots in 41 polished 

thin-sections of quartz in fissure veins) that the Main District copper ore is sourced from a separate intrusion 

than the SWT hydrothermal center. While the fluid inclusion homogenization temperature (HT) decreases 

from the SWT porphyry northward, HT increases again near Treasure Hill, south of the Silver City stock 

(Fig. 2.5). Billingsley and Crane (1933) hypothesized that there are ~10 individual mineral centers at Tintic 

with each copper-rich “chimney” representing a center, while Krahulec and Briggs (2006) hypothesized that 

a phase of the Silver City stock may be a mineral center responsible for vein ores in the southern Main 

District. Aeromagnetic surveys by Mabey and Morris (1967) show a magnetic high in the southeast corner 

of the Main District that Krahulec and Briggs (2006) infer to be unexposed stock and the ultimate source of 

metals in the “chimneys” and “ore runs” of the Main District.  

Basin and Range 

Post-volcanism basin and range extension and related high-angle normal faults resulted in the 

current block-faulted East Tintic Mountain range. North-trending normal faults of the Basin and Range, like 

the southern Diamond fault aligned with the Eureka Lily fault (Fig. 2.5), are the youngest structures in the 

Tintic mining district (Morris, 1964). According to Morris and Lovering (1979), the East Tintic Mountains 

were uplifted and rotated 10-20˚ E during the Basin and Range extension. The range is inferred to be 

bounded by two or more north-northwest range front faults, which helped accommodate the modest block 

tilt (Cook and Berg, 1961; Mabey and Morris, 1967).   

2.3     Local Geology 

The Tintic Mining District geology has been extensively mapped and studied by pervious geologists 

(Tower and Smith, 1900; Lindgren and Loughlin., 1919; Morris, 1964; Morris and Lovering, 1979; Tower 

and Smith, 1987; Keith et al., 1989; Keith et al., 1990; Hannah and Macbeth, 1990; Kim, 1992; Moore, 

1993; Stavast et al., 2006; Johnson, 2014; Johnson and Christiansen, 2016; and others). The most recent 

published surface map of the District, however, is the USGS 1:24,000 map of the Eureka quadrangle by 

Morris (1975), on which the Paleozoic stratigraphy, and structures to the north of the Silver City Prospect 

area are mapped in detail. From the northwestern end of the Silver City Prospect area to the Tintic syncline 

(Fig. 2.6) Paleozoic strata from the Cambrian Tintic quartzite to the Humbug Fm outcrop in succession, 

north of the town of Mammoth. The carbonate sequence is dominantly limestone and hydrothermal 

dolomite, with the western most strata dominated by more argillaceous limestone transitioning to more 

fossiliferous limestone and hydrothermal dolomite with sparse thin interlayers of sandstone and 
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argillaceous limestone, approximately east of the Grand Central Fault (Morris, 1964; Fig. 2.6). The 

Paleozoic strata dip 30 to 70˚ E, on the west limb of the Tintic syncline (Morris, 1964). The carbonates tend 

to be bleached proximal to the intrusions but are less altered farther from the stock and are dominantly 

blue-gray to creamy white in color. Carbonates are intersected near surface in the diamond drill hole, DDH2-

2012, completed in the Dragon mine. These carbonates are dominated by dolomite and limestone near 

surface with intense quartz-carbonate veining transitioning to more metasomatized (pyroxene skarn), 

marbleized and hornfelsed argillaceous limestone at depth. The hole ends in massive quartzite.  

In contrast, the Silver City stock lacks detail and despite several follow-up studies to better 

understand the Tertiary igneous activity, the stock has not been re-mapped in detail. As part of their 

exploration program, HPX has completed 1:2,500 scale mapping (Fig. 2.6) supported by petrographic 

studies, over the Silver City Prospect area to better understand the nature of Tertiary intrusive phases of 

the Silver City stock and their spatial and genetic relation to structure, alteration and mineralization.  

2.3.1     Lithology 

HPX has mapped six extrusive phases(Appendix A, Table A.1) in the Silver City Prospect area that 

all pre-date the Silver City stock (U-Pb on zircon, HPX, pers. Comm.). The oldest volcanic rocks are the 

metaluminous and calc-alkaline Packard and Swansea Quartz Rhyolite (35.4 ± 0.4 Ma; U-Pb, HPX, pers. 

Comm.), which are nearly identical and likely related to each other. These are grouped as “SQR” on the 

simplified local geology map and are interpreted as a pyroclastic eruption due to the abundance of broken 

quartz and plagioclase phenocrysts. Following the SQR, the ~34.7 Ma (Ar-Ar, Moore, 1993) alkalic Sunrise 

Peak latite tuffs (SPV1 and 2, grouped as “SPV” on the simplified local geology map) are the next oldest 

volcanic series, and are typically encountered near Treasure Hill and as xenoliths within the Silver City 

stock (Fig. 2.7). The SPV is the extrusive counterpart to the Sunrise Peak monzonite stock (Moore, 1993), 

listed as “SPM” in the simplified local geology map. 

The following extrusive phases, including SPV, are grouped as “Volcanic rocks” in the simplified 

local geology map (Fig. 2.6). Succeeding the SPV, intermittent erosional sediments are overlain by alkalic 

lapilli ash-flow tuffs and volcanic breccias related to the Latite Ridge Latite (LRL). This phase is not common 

in the Silver City Prospect area; however, they do occur at Silver Pass (Kim, 1992; Fig. 2.6). High-K calc-

alkaline to weakly alkalic lavas of Rock Canyon Latite (RCL), dated at 33.4 ± 0.4 Ma (U-Pb, HPX, pers. 

Comm.), lie stratigraphically above the older volcanic units. This thick sequence covers most of the 

southeastern part of the Silver City Prospect area. Lastly, the alkalic Ruby Hollow Latite (RHL) biotite ash-

flow tuff, airfall tuff, and associated surge deposits cap nearly all the central to eastern extents of the Silver 

City Prospect area.  

The multiphase monzodiorite to monzonite Silver City stock intrudes into the volcanic package, 

emplaced between Paleozoic strata to the north (grouped as “Carbonates” in the simplified local geology 

map; Fig. 2.6) and Tertiary “Volcanic rocks” to the east (Kim, 1992; Moore, 1993; Keith et al., 2009). To 

date, HPX has mapped at least seven separate intrusive phases (Appendix A, Table A.2) in the Silver City 

Prospect area, based on textural and compositional differences. 
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Figure 2.6. Simplified local geology and structure of the Silver City Prospect area at the intersection of the Main, Southwest and East sub-districts, 
mapped by HPX in the center (HPX, pers. Comm.) and by USGS south of Ruby Hollow valley and east of the Alaska prospect (Morris, 1964). Map 
also shows ore runs/veins in relation to historic mines and prospects, towns, valley and lithocaps. Intrusive and extrusive lithologies are listed from 
youngest to oldest in descending order. Phases from oldest to youngest include the Swans Sunrise Peak Volcanic Group (SPV), Latite Ridge Latite 
(LRL), Rock Canyon Latite (RCL), Ruby Hollow Latite (RHL), Sunrise Peak Monzonite (SPM), Silver City Monzodiorite (SCMD), Crowded 
Granodiorite Porphyry (CGP), Rabbit’s Foot Monzonite Porphyry (RFRM), Silver City Quartz  Monzonite (SCQM), Monzodiorite Porphyry (MDP), 
Sunbeam Granodiorite Porphyry (SGDP), Murray Hill Porphyry (MHP), and Sunbeam Granite Porphyry (SGP).  
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Figure 2.7. Xenolith of Sunrise Peak Volcanic (SPV) in Crowded Granodiorite Porphyry (CGP).  

 

The Silver City Monzodiorite (SCMD) is the oldest intrusive phase, approximately coeval with the 

Rock Canyon Latite (RCL) and Ruby Hollow Latite (RHL) volcanic rocks, and most massive (2.31 km2) 

phase of the 3.29 km2 Silver City stock. It is characterized by a medium- to coarse-grained equigranular 

phase, dated at 33.07 ± 0.33 Ma (U-Pb, HPX, pers. Comm.), and a medium-grained, weakly porphyritic 

phase, dated at 32.99 ± 0.51 Ma (U-Pb, HPX, pers. Comm.). These are widespread in the Silver City and 

are grouped as “SCMD” in the simplified local geology map (Fig. 2.6). Xenoliths of quartzite, volcanic rocks 

(dominated by SPV volcanic rocks; Fig. 2.7) and skarns (to the north) are common in the SCMD. Following 

it, the Crowded Granodiorite Porphyry (CGP) is the oldest (32.51 ± 0.26 Ma; U-Pb, HPX, pers. Comm.) 

porphyritic granodiorite phase in the Silver City Prospect area and occupies an area of approximately 0.17 

km2. The CGP has a medium- to coarse-grained porphyritic texture (Appendix A, Table A.2) and an 

abundance of pyroxene (5-8 vol.%). It occurs as an irregular stock to the west and southwest of the Dragon 

Mine near Sunbeam (Fig. 2.6), and around Rabbit’s Foot Ridge where it is cross-cut by younger porphyritic 

phases. Intruding CGP at Rabbit’s Foot Ridge and the top of Murray Hill (Fig. 2.6) is the much more 

porphyritic Rabbit’s Foot Ridge Monzonite (RFRM), which occupies an area of 0.38 km2.  
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The RFRM is dated at 32.50 ± 0.25 Ma (U-Pb, HPX, pers. Comm.) and is characterized by elongate 

or acicular plagioclase and hornblende phenocrysts in a coarse (0.2-0.5 mm) aplitic groundmass (Appendix 

A, Table A.2). Field relations suggest the Silver City Quartz Monzonite (SCQM), a slightly more leucocratic 

quartz-bearing and weakly porphyritic phase of the Silver City stock, must have intruded after the RFRM 

as it contains clasts of RFRM xenoliths (HPX, pers. Comm.; Fig. 2.8).  

 

Figure 2.8. Xenolith of Rabbit’s Foot Monzonite Porphyry (RFRM) in the Silver City Quartz Monzonite 
(SCQM). Photo courtesy HPX.  

 

The SCQM occurs between Murray Hill and Rabbit’s Foot Ridge and is a medium-grained 

equigranular to slightly porphyritic phase of the Silver City stock, occupying a surface area of 0.13 km2. The 

porphyritic Monzodiorite Porphyry (MDP) covers a 0.15 km2 area to the northwest of the Dragon Mine in 

Skarn Valley, as a largely dissociated series of plugs and dikes that are medium-grained porphyritic with 

sub-oriented plagioclase phenocrysts, (Appendix A, Table A.2).  

The remainder of the porphyritic phases are volumetrically subordinate with fine aplitic 

groundmasses. The Sunbeam Granodiorite Porphyry (SGDP, 0.11 km2), dated at 32.44 ± 0.33 Ma (U-Pb, 

HPX, pers. Comm.),  the Murray Hill Quartz Granodiorite Porphyry (MHP, 0.003 km2) and the Sunbeam 

Granite Porphyry (SGP, 0.03 km2) are grouped as “Prph dikes” in the simplified local geology map (Fig.  

2.6). They are primarily distinguished based on phenocryst abundance (Appendix A, table A.2) though they 

are texturally and mineralogically similar. The Quartz Monzonite Porphyry (QMP, 0.016 km2) is the youngest 
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phase (32.09 ± 0.13 Ma; U-Pb, HPX, pers. Comm.) and contains characteristic megacrystic K-feldspar and 

quartz eyes (Appendix A, Table A.2). The QMP typically occurs as small plugs 10-100 m across and 

crosscuts all the other units and is typically fresh.  

2.3.2     Structure 

During the late Cretaceous, the Tintic District underwent significant deformation prior to ore 

formation (Sevier orogeny; Morris, 1968). The Sevier orogeny structures seem to have been strongly 

exploited by hydrothermal fluids and as such played a key role in distributing ore bodies in the Tintic District 

(Morris, 1964), likely controlling the northeasterly trend of the fissure veins and alteration found in Silver 

City. Replacement ore bodies tended to be emplaced along the axis of folds in the Paleozoic strata and 

most of the past mineral production from the Main Tintic and East Tintic subdistricts is localized near or 

north of a concealed tear fault approximately coinciding with the Inez Fault in the East Tintic subdistrict and 

the northwest caldera rim (Fig.  2.5; Armstrong, 1969; Morris, 1975; Hannah and Macbeth, 1990; Krahulec 

and Briggs, 2006).  

The Murray Hill prospect (Fig. 2.6) is characterized by a structural intersection between the east-

northeast Dragon Valley fault, visible in the eastern highwall of the Dragon mine and inferred from USGS 

magnetic data, and the magnetically inferred northeast Blackjack lineament, which projects from the 

Yankee Girl mine, through the Cleveland prospects, to the Blackjack prospect (Fig. 2.6). Mapped faults and 

fissure veins in the Silver City Prospect area are possibly related and conjugate to these structures, while 

they may have also controlled the emplacement of the CGP, RFRM, and SCQM intrusive phases, based 

on the orientation of the intrusive phases (Fig. 2.6). 

Early, pre-mineral extensional faults appear to have had an impact on the position of ore bodies 

and intrusive stocks (Armstrong, 1969). Deposits like Northern Spy (Fig.  2.6) form where the high-angle 

east-west Sioux-Ajax normal fault is cross-cut by northeast tear faults or “fissure” veins. South of Sioux-

Ajax, ore runs shift from a northerly trend to a northeasterly trend into the Dragon mine (Fig.  2.6). Ore runs 

and fissure veins south of Sioux-Ajax fault trend parallel and into local northeast trending structures, 

coincident with a magnetic low through the Dragon mine, the Dragon Valley fault, which is also coincident 

and parallel to the inferred northwest caldera rim (Figs.  2.5 and 2.6). East-west trending structures splay 

off the inferred northeast Dragon structure, parallel to the Sioux-Ajax fault, and trend normally to the fissure 

veins (averaging a 190˚ strike and 60˚ dip) in the Silver City area. Basin and range extension and resulting 

10-20˚ eastward tilt of the East Tintic Mountains (Morris and Lovering, 1979) may explain some of the 

distribution of alteration assemblages.  
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2.3.3     Alteration 

The Silver City Prospect area exhibits a complex hydrothermal history with alteration in the stock 

ranging from sodic-calcic to argillic alteration, as well as skarn alteration near the contact with Paleozoic 

carbonate strata (HPX, pers. Comm.). These alteration assemblages resemble the classic distribution in 

the porphyry system model as described by Sillitoe (2010). The hydrothermal alteration intensity varies with 

the hosting lithology, being much more widespread in most volcanic rocks and narrower when hosted in 

the intrusive phases (except for the porphyritic dikes near Joe Daly; Fig.  2.6). The following descriptions 

are a summary of historic airborne hyperspectral surveys (Rowan and Khale, 1982; Rockwell et al., 2005) 

and the HPX mapping program (HPX, pers. Comm.). Later sections revisit alteration distribution in the Silver 

City Prospect area, with the results of this study’s SWIR survey. 

Sodic-calcic alteration 

Sodic-calcic alteration is characterized by amphibole - Na-rich plagioclase - chlorite ± epidote, 

primarily within the Silver City Monzodiorite (SCMD) unit but it has also been mapped in the oldest volcanic 

unit, the Swansea Quartz Rhyolite, SQR (HPX, pers. Comm.). The strongest expression of this alteration 

is actinolite-magnetite ± chlorite ± epidote veining (Fig.  2.9) commonly with cream-colored Na-rich 

plagioclase halos up to 3cm wide (HPX pers. Comm.). These veins are most commonly found in the slightly 

porphyritic phase of the SMCD unit in central and northwestern parts of the Silver City Prospect area (Fig. 

2.10). Actinolite is usually identified in the veins with Na-rich plagioclase halos but there are exceptions of 

magnetite only and quartz-magnetite veinlets which also exhibit these Na-rich plagioclase halos and may 

be a marginal vein-type between sodic-calcic and potassic alteration associated veining (HPX, pers. 

Comm.). 

 

Figure 2.9. Weak sodic-calcic alteration in rock grab samples of/from SCMD. A) Photograph of actinolite-
magnetite-epidote vein with Na-plagioclase selvage; B) Photograph of magnetite-actinolite hairline veins 
with thin Na-plagioclase selvage; C) Photograph of patches of actinolite with Na-plagioclase selvage. 
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Figure 2.10. Vein type and density in the Silver City Prospect area mapped by HPX (HPX, pers. Comm.) overlaid on simplified local geology and 
structure. Ore runs and veins are also shown in relation to major historic mines. East Tintic District Silver Pass lithocap also shown, as well as towns 
and valleys for reference.
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Potassic alteration 

Potassic alteration is present in the Silver City Prospect area as K-feldspar , and secondary biotite 

alteration products (Fig. 2.11), based on ‘shreddy’ fine grained texture in hand lens and thin-section follow-

up work (HPX, pers. Comm.). These are, however, obscured by the destructive nature of phyllic alteration 

in the area. Sunbeam Granodiorite Porphyry (SGDP) and Sunbeam Granite Porphyry (SGP) dikes are 

potassically altered with shreddy biotite, observed in the Sunbeam-Joe Daly and Swansea areas, and are 

thought to be the causative intrusion for this alteration in those areas. The porphyritic dikes have narrow A-

type quartz ± magnetite and magnetite veining in the Sunbeam area (Fig. 2.10). Secondary biotite alteration 

is also moderately strong in Crowded Granodiorite Porphyry (CGP), in the King James and Martha 

Washington mines, to the east of Sunbeam (Fig. 2.12). 

Pervasive potassic alteration, expressed as K-feldspar in quartz vein halos and ‘shreddy’ biotite 

replacing mafic sites in the groundmass is found northeast of Sunbeam (Fig. 2.12) in Murray Hill Quartz 

Granodiorite Porphyry (MHP) with quartz stockworks. Weak K-feldspar alteration, in A-type quartz veinlet 

halos, is also found in SQR at the contact with the Silver City stock. Moderate to weak magnetite veining is 

common in SCMD, SCQM, and to a lesser extent in CGP (Fig. 2.10).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.11. Weak to moderate potassic alteration in rock grab samples of/from SGDP (A) and CGP (B). 
A) shreddy  biotite (black) partially replacing hornblende, pyroxene and magnetite with secondary K-
feldspar groundmass. B) Moderately strong potassic alteration with secondary biotite replacing hornblende 
and pyroxene. 
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Figure 2.12. Alteration type and intensity in the Silver City Prospect area mapped by HPX (HPX, pers. Comm.) overlaid on simplified local geology 
and structure. Ore runs and veins are also shown in relation to major historic mines. East Tintic District Silver Pass lithocap also shown, as well as 
towns and valleys for reference.   
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Propylitic alteration 

Propylitic alteration is widespread in the Silver City Prospect area and strongest in the volcanic 

rocks, with the porphyritic Rabbit’s Foot Ridge Monzonite (RFRM) and Crowded Granodiorite Porphyry 

(CGP) intrusive phases commonly weakly propylitically altered (HPX, pers. Comm.; Fig. 2.12). Propylitic 

alteration is manifested as chlorite-epidote-actinolite replacing plagioclase, biotite and hornblende. The 

historic Airborne Visible Infrared Imagery Spectrometer (AVIRIS) survey (Rockwell et al., 2005) also 

identified chlorite, calcite and epidote associated with propylitically altered volcanic rocks around the 

porphyritic Sunrise Peak Monzonite (SPM) in the vicinity of Treasure Hill (Rockwell et al., 2005). Propylitic 

alteration near Treasure Hill is most likely associated with the SWT porphyry in the Southwest District 

(Krahulec, 1996).  

Phyllic alteration 

HPX mapped widespread weak to moderate phyllic alteration predominantly in the volcanic rocks 

and the Crowded Granodiorite Porphyry (CGP) and porphyry dike phases (HPX, pers. Comm.; Fig. 2.12) 

around quartz-sericite-pyrite (QSP) veins with sericite selvages and disseminated pyrite in and around the 

veins, along the historically exploited “fissure” veins (HPX, pers. Comm.; Fig. 2.10). Phyllic alteration in the 

volcanic units is usually more widespread and intense around the associated fissure veins than within the 

neighbouring intrusive rocks (Fig. 2.12) which reflects the difference in permeability (Westra, 1976). QSP-

altered northeast-trending “fissure” veins tend to cut across the Silver City Monzodiorite (SCMD) units (Fig. 

2.10) with alteration halos around 1-3 m across (Fig. 2.13). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.13. Examples of oxidized “fissure” veins with strong localized iron oxide development after sulfides 
and 1-3 m quartz-sericite-pyrite (QSP) alteration halos in Silver City Monzodiorite (SCMD). Photo courtesy 
of HPX. A) A relatively small fissure with narrow sericitic alteration selvage and some MnOx developed. B) 
An adit near the Cleveland Prospect placed in a pod where the fissure vein widens. 
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These veins also cut and overprint the youngest phase, the megacrystic Quartz Monzonite 

Porphyry (QMP), 500 m south of Sunbeam. They are also widespread in the Swansea area in both the 

Swansea Quartz Rhyolite (SQR) and Silver City Monzodiorite (SCMD) units. The Sunbeam area exhibits 

strong phyllic alteration and QSP veining (Figs. 2.10 and 2.12) with narrow stockwork QSP veining (1-5 cm 

wide) near the Sunbeam mine (Fig. 2.14). Porphyritic dikes consistently have strong sericite alteration at 

surface with coincident A-type quartz veins and overprinted potassic alteration (HPX, pers. Comm.).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.14. Stockworks of QSP-veining north of Sunbeam mine in SCMD with a dominant orientation to 
the north-northeast, generally in the direction of the photograph. These veins crosscut earlier sheeted 
quartz A-veins and B-type veins as well as quartz-magnetite veins. Photo courtesy of HPX. 
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Advanced argillic alteration 

The HPX mapping program was unable to distinguish advanced argillic alteration mineralogy, 

however, enargite mineralization, boiling textures, such as bladed barite, and vuggy silica textures 

(indicative of low pH fluids) in fissure veins, particularly at Sunbeam and Homestake mines, suggests these 

could be high-sulphidation epithermal veins (HPX, pers. Comm.). Previously mapped silicified volcanic 

rocks (Morris and Lovering, 1979) associated with prominent alunite, pyrophyllite and kaolinite alteration 

(Rockwell et al., 2005) found on Silver Pass and Treasure Hill (Fig. 2.6) suggests advanced argillic 

alteration covering parts of the Silver City Prospect area. The Silver Pass lithocap might be related to the 

hypothesized causative intrusion in the Silver City.  

Argillic alteration 

Weak argillic alteration is widespread in the Silver City Prospect area (Rowan and Khale, 1982; 

Rockwell et al., 2005). Historic multispectral surveys identified  advanced argillic alteration in volcanic rocks, 

characterized by abundant kaolinite, endellite, quartz and alunite. Weak intermediate argillic alteration 

occurs as montmorillonite replacing plagioclase in volcanic rocks (Rowan and Khale, 1982). The SQR 

extrusive phase and the Dragon mine exhibit large areas of argillic alteration in the form of kaolinite and 

halloysite, respectively. The Dragon mine is composed of hydrothermal halloysite alteration, rimmed by 

kaolinite along the Dragon Valley fault (Fig. 2.12; Kildale and Thomas, 1957; Morris and Lovering, 1979; 

Keeling, 2015). Halloysite is interpreted here as having formed from alteration of the volcanic cover over 

the Dragon mine. Near the surface, the halloysite deposit forms two irregular pipes that plunge steeply to 

around 100 m.  

Skarn alteration 

Skarn mineralogy is observed all along the contact between the Silver City stock (including SCMD 

and MDP) and the Paleozoic carbonates to the north (Fig. 2.12). The alteration is narrowly constrained, 

ranging from ~1 m around small dikes observed in roadcuts and up to ~60 m around the largest intrusive 

body at the western edge (HPX, pers. Comm.). 

Prograde skarn is zoned outward from very fine-grained light brown garnet, ranging from andradite 

to grossular based on hand sample color and interpreted from thin-section work (HPX, pers. Comm.), 

proximal to the contact, to more abundant very fine-grained light green pyroxene (interpreted to be diopside 

from hand sample and petrographic microscopy; see sample SV19-01 and SV19-02 in Appendix C, Table 

C.2), and finally to fine-grained marble. Retrograde skarn, such as epidote, serpentine, and tremolite, is 

sparse and usually occurs within intermediate prograde skarn (Fig. 2.12), however calcite veining is 

common in skarn altered rocks (Fig. 2.10). Retrograde euhedral spinel crystals are locally abundant. 
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The Monzodiorite Porphyry (MDP) phase exhibits endoskarn alteration (Fig. 2.15)  with large vugs 

comprised of coarse anorthite-albite rims and very coarse (0.5-3 cm) andradite garnet ± epidote, titanite, 

and scapolite, based on color of hand sample and thin-section work completed by HPX (HPX, pers. 

Comm.). Exoskarn alteration in the carbonates appears to be more intense and widespread near MDP 

dikes than near the Silver City Monzodiorite (SCMD) phase, with pervasive pyroxene, garnet, epidote, 

spinel alteration.  

Figure 2.15. Photographs of endoskarn alteration in MDP (HPX, pers. Comm.). A) An example of ‘vuggy’ 
endoskarn alteration as light-brown orange centers of FeOX staining and garnets in cream-colored halo 
caused by feldspar-scapolite alteration. B) Sub-oriented plagioclase phenocrysts in a medium grey 
groundmass with calc-silicate alteration to the right.  

 

2.3.4     Ore Deposits and Distribution 

More than thirty mines and prospects occur in the Silver City Prospect area (Fig.  2.12). Mineralized 

“fissures” in the Main and Southwest Districts, in some places, crosscut the Silver City stock, and 

replacement ore bodies cut across metasomatized carbonates with calc-silicate hornfelsing  that form a 

contact metamorphic aureole around the Silver City stock (Westra, 1976). These fissure veins trend north-

northeast, parallel to the intrusive dikes of the Silver City stock (Fig. 2.12), and range in width from 1 to 3 

m (Fig. 2.13) averaging about 1 m (Morris, 1964). Most of these are less than 100 m long, although the 

Sunbeam vein has been followed as a nearly continuous fissure filling small normal faults with an average 

strike of N 20˚ E. The average dip is 75 to 85˚ W, but some dip in the opposite orientation (Morris, 1964). 

The principal ore mineralogy of the veins is pyrite, argentiferous galena, and enargite, with minor 

chalcopyrite, sphalerite, and arsenopyrite. The gangue is chiefly quartz and bladed barite, both commonly 

coarsely crystalline. In the oxidized zone the ore consists of jarosite and iron oxides, copper carbonates, 
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silicates, and arsenates, cerussite and residual galena, cerargyrite, and some native silver (Morris, 1964). 

Fissure veins of enargite and replacement ore bodies, with malachite and azurite showings, are copper and 

gold rich in the Silver City Prospect area, whereas replacement ore bodies in the northern part of the Main 

District, in the carbonates closer to Eureka, are Pb-Zn-Ag rich, hosted predominantly (more than 75%) in 

the Ajax, Bluebell, Fitchville and Desert Formations (Krahulec and Briggs, 2006).  

The cross-cutting relationships suggest that mineralization post-dates the Silver City stock and is 

perhaps related to a deeper unexposed igneous body. As discussed in the lithology and alteration sections, 

the megacrystic Quartz Monzonite Porphyry (QMP) is often fresh and is even cut by a QSP-altered fissure 

vein. Therefore, this intrusive phase is not a likely candidate to have formed the Silver City mineralization. 

Higher temperature metal and alteration zonation inward to the Silver City, combined with higher 

homogenization temperatures in quartz fluid inclusions (Hildreth and Hannah, 1996) closer to the Silver 

City and Treasure Hill (Fig. 2.12) described in detail in section 2.2 District Geology, have also helped discard 

the SWT porphyry as a principle source of hydrothermal fluids in the Main District (Krahulec, 1996). The 

igneous center(s) of the Main District hydrothermal system have not yet been identified and a detailed 

genetic link between the Silver City stock and base and precious metal deposits, like Sunbeam and Martha 

Washington, has not yet been established. 
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CHAPTER 3 

METHODS 

3.1     Field Method 

Prior to the start of the thesis study, HPX had already spent one field season analyzing 3,046 

samples from outcrops and float in the field with a handheld TerraSpec® Halo at ~50m-spacing. This study 

followed up their existing survey during the next field season, by collecting reference grab samples, mainly 

from outcrop or nearby float, at ~25m-spacing along transects in the same survey area for quality control 

(referred to as “QC” in the sample location map; Fig.  3.1). The study also expanded upon the existing 

survey area (referred to as “expansion” in the sample location map;  Fig. 3.1) by collecting grab samples 

using the same method as for the QC samples, depending on outcrop availability and site accessibility.  

The samples were described and mapped in the field and were then brought back to the field office 

to be analyzed in a dark room without light contamination. All alteration and mineralization types currently 

recognized within the Silver City Prospect area were sampled. 

Eighteen historic drill holes populating the Silver City Prospect area (Fig.  3.1), excluding one over 

the SWT porphyry, were used to draw three cross-sections to determine zoning patterns in three 

dimensions. Core samples were analyzed in a core shed, and supplemented by historical logs and photos 

taken by HPX. Rock chips were already logged by HPX (supplemented by historical logs) and then analyzed 

by the researcher in the field office.  

A total of 3,080 samples were analyzed, consisting of 851 grab samples, 1,041 rock chip intervals 

from reverse circulation (RC) drill holes and 1,188 core samples from diamond drill holes (DD). The samples 

span a surface area of ~ 20 km2 and a vertical range of over 980 meters from 18 drill holes; downhole 

samples were analyzed mostly at 3-m intervals but spacing locally ranged up to 112 m due to core loss or 

missing core boxes in some of the historical diamond drill holes.  

3.2     Analytical Methods 

3.2.1     SWIR Spectral Analysis 

Spectral data was collected both at the outcrop by an HPX employee, supplemented by spectral 

data collected in the field office as part of this study. In both cases, effort was taken to analyze a fresh and 

dry surface and to reduce both natural sunlight and fluorescent light contamination. The same portable 

spectral instrument model was used to guarantee ensure there were no issues with inter-instrument 

variation (Chang and Yang, 2012). Rock grabs, drill core and rock chips were air-dried for at least 48 h and 

residual dust was removed from the dry samples with a soft brush and an air compressor immediately prior 

to analysis. 
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Figure 3.1. Map of the local geology, as mapped by HPX, of the Silver City Prospect area showing sampling location of grab samples for HPX survey 
quality control (QC in green)  and for existing HPX survey expansion (‘expansion’ in blue), and location of historic drill hole collars (in red) chosen 
for SWIR analysis.  
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Absorption spectra were obtained with a handheld near-infrared and SWIR spectrometer, 

TerraSpec® (ASD TerraSpec Halo Mineral Identifier model), covering 350-2500 nm wavelength range. The 

TerraSpec® was calibrated with a white Spectralon® disk and the instrument was set to Light mode at a 

sample count of 50. The instrument window is 10 mm wide and up to three spots were measured on each 

sample based on homogeneity. One measurement was taken for each spot however, every 40 spots four 

measurements were taken on the same spot as a quality assurance check (Appendix B, Figs. B.1 and B.2). 

Spot locations were marked with a colored pencil or black marker. Portions of the samples that contained 

higher than average concentrations of quartz or sulfides were avoided to minimize spectral interference.  

Resulting spectra were reprocessed using the Spectral Geologist® software (TSG) from AusSpec 

International Inc. Mineral speciation and abundance assignments were based on best fits of spectra from 

the TSG and USGS reference libraries. White mica crystallinity and wavelength positions of the white mica 

AlOH, chlorite FeOH and alunite OH spectral absorption features were only recorded if there was no 

spectral interference from mixing of other phyllosilicate minerals, or from high concentrations of quartz 

and/or sulfides. Results were modeled both in 2D with ArcGIS® software and in 3D using Leapfrog® 

software.  

3.2.2     Petrography 

Twenty-four rock grab samples were cut for thin-sections at the Colorado School of Mines, 

Colorado USA. The researcher examined the samples with a petrographic microscope under PPL, XPL 

and reflected light to confirm the presence of minerals identified by SWIR and to identify cross-cutting 

relationships between different alteration minerals. 

3.2.3     BSE and EDS Analysis  

The semi-quantitative chemical compositions of phyllosilicates and sulfates and cross-cutting 

relationships in eight representative rock grab samples were analyzed and examined by the author with a 

TESCAN MIRA3 LMH Schottky field emission-scanning electron microscope at the Colorado School of 

Mines. The field emission scanning electron microscope (FE-SEM) features a TESCAN motorized 

retractable annular, single-crystal YAG backscatter electron detector. Working distance is 10mm with an 

acceleration voltage of 20 kV. The FE-SEM is equipped with a Bruker XFlash® 6/30 silicon drift detector 

for energy-dispersive X-ray spectrometry (EDS). The EDS detector was calibrated using internal Colorado 

School of Mines mineral standards. 

3.2.4     X-Ray Diffraction Analysis 

X-Ray diffraction (XRD) on five representative rock grab samples was used to confirm minerals 

identified by  SWIR. Analysis was completed at the Colorado School of Mines, Colorado USA. Samples 

were prepared as thirty grams of powdered air-dried mounts and analyzed using a Scintag XDS-2000 theta-

theta diffractometer configured with Cu Kα radiation and a thermoelectrically (Peltier) cooled silicon detector. 

Instrumental conditions were 40 kV accelerating potential and 40 mA filament current, and 0.5- and 0.3-

mm receiving slits.  Continuous diffraction scans were collected covering the interval from 4-65o 2θ Scan 

rates were 1o 2θ/min.  The samples were rotated during analysis.  Background was not subtracted.  Data 
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analysis was performed using MDI JADE 2010 software package and data management software with 

Windows NT (DMSNT) software run in Windows 10 environment.   
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CHAPTER 4 

RESULTS 

This chapter describes the results of the analytical methods discussed above. First, we examine 

the results of XRD, petrography, BSE and SEM-EDS, which were used to validate the spectrally identified 

minerals as well as check the inferred mineral geochemical variations. Second, we revisit the distribution 

of alteration assemblages, found at surface and at depth, based on the results of the reprocessed spectral 

data. Third, we outline the results of the extracted numeric values from the spectral data and review their 

significance for interpreting proximity to hydrothermal fluid source.  

4.1     Data Validation 

SWIR is a powerful tool to identify minerals and derive meaningful numerical values, from which 

mineral geochemical variations and crystallinity can be inferred. These findings must, however, be verified 

by other analytical tools to validate the SWIR results and inferences, and avoid misinterpreting the data. 

Therefore, petrography, XRD and SEM-EDS work completed on select samples were used to validate the 

SWIR mineral identification and confirm shifts in mineral geochemical compositions inferred from 

systematic shifts in the wavelength position of spectral absorption features for specific minerals like white 

mica, chlorite and alunite.  

X-Ray Diffraction (XRD) on five representative rock grab samples of sericitic alteration in the Silver 

City Prospect area (Fig.  4.1), hard to distinguish with the naked eye, was successful in confirming the 

minerals identified in SWIR (Appendix C, Table C.1). The XRD also helped confirm variations in mineral 

geochemistry and crystallinity, as in the case of low crystallinity illite versus high crystallinity muscovite, and 

K-rich alunite versus Na-rich alunite (Fig.  4.1).  

Figure 4.1. Representative rock grab samples at 2x2 cm of strong sericitic alteration in the Silver City 
Prospect area verified by XRD: (A) muscovite-quartz; (B) Illite-quartz; (C) quartz-dickite; (D) quartz-
aluniteK; (E) quartz-pyrophyllite-diaspore-kaolinite-dickite-alunite. Samples illustrate the difficulty to 
distinguish between these different alteration types with the naked eye. 
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           Petrography on 24 rock grab samples was successful in identifying phyllosilicate minerals such as 

pyrophyllite, diaspore and muscovite, among others, and in doing so also helped confirm minerals identified 

by SWIR (Appendix C, Table C.2). It also helped establish significant paragenetic sequences, for instance 

between muscovite and pyrophyllite. Muscovite minerals appear to have formed before pyrophyllite 

minerals (Fig.  4.2); muscovite completely replaces feldspar phenocrysts while pyrophyllite pervasively 

replaces the matrix around and encroaching on the muscovite phenocryst. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2. Rock grab sample S327b at 10x magnification in XPL; muscovite completely replacing 
plagioclase phenocryst supported by pervasively pyrophyllite-altered matrix. Matrix is encroaching on 
phenocryst. 

 

The SEM-EDS in BSE imagery was applied to eight representative mixed-mineral samples 

collectively containing almost all the alteration minerals except for phlogopite, actinolite and prograde skarn 

minerals. The eight samples validated the SWIR mineral identifications as well as confirmed major element 

mineral geochemical compositions inferred from systematic shifts in peak positions in the white mica and 

alunite mineral spectra, by semi-quantitative analysis (Appendix C, Table C.3). Mineral geochemical 

compositions of chlorite were not identified during lab work. The figure below (Fig.  4.3) illustrates the 

validation workflow from identifying minerals in SWIR to making petrographic observations to analyzing 

minerals with SEM-EDS in BSE imagery.   
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Figure 4.3. Example of workflow on rock grab samples S239b (top row) and S339 (bottom row) at different 
scales: (A) SWIR mineral identification analysis point shown with red circle; (B) Photomicrograph of SWIR 
analysis point, here at 10x magnification; (C) BSE image from (B) highlighting jarosite, alunite and illite, and 
quartz, muscovite and pyrophyllite in the top and bottom rows, respectively. 

 

4.2     Alteration Assemblages and Surface Distribution 

Short wavelength infrared (SWIR) spectral analysis has identified mainly white mica-group 

minerals, kandite-group minerals, chlorite, epidote, alunite, jarosite, gypsum, pyrophyllite, diaspore, 

carbonates, amphiboles, phlogopite and biotite. Mineral identification accuracy in SWIR, however, 

decreases for minerals that are dark or less hydrous (Appendix D, Table D.1). So mineral identification and 

determination of alteration assemblages was supplemented with hand sample observations as well as 

petrographic study. The mineral assemblages identified in SWIR range from retrograde skarn to argillic 

alteration and they are described in detail below, excluding the dark or non-hydrous potassic and sodic-

calcic alteration mineral assemblages.  

Propylitic 

Illite, chlorite and epidote comprise the propylitic alteration assemblage found both at surface and 

at depth in the Silver City Prospect area. Epidote, a weakly hydrous mineral  was verified in hand sample, 

whereas chlorite was easy to identify in SWIR. Observations of the distribution of propylitic alteration are 

concordant with HPX mapping. 

Propylitic alteration (Fig. 4.4) is widespread in the Main Tintic District but appears to be strongest 

and most localized in the Silver City stock (Fig. 4.5). Epidote is localized to a northeast trend from Swansea 

mine to the Black Jack prospects (Fig. 4.5), into the carbonates. Epidote is also sparsely concentrated in 

the Sunrise Peak stock and associated volcanic cover south and southeast of the Silver City stock.  
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Figure 4.4. Photographs of rock grab samples of SCMD (A) and volcanic cover related to the Sunrise Peak 
stock (B) with moderate propylitic alteration: (A) chlorite (green) replacing mafic sites with weak argillic 
overprint; (B) epidote (green) partially replacing feldspars.  

 

Phyllic  

Quartz, pyrite and paragonite through muscovite to phengite make up the phyllic alteration 

assemblage found at surface and at depth in the Silver City Prospect area. As it is very hard to distinguish 

these individual species in the spectra, they are grouped under the muscovite subgroup of white micas. 

Phyllic alteration is widespread throughout the Silver City Prospect area, but clusters in the center 

of the Silver City (Fig.  4.6) associated with nearby porphyry dikes, fissure veins and structures. Wherever 

muscovite is observed, alteration often appears to be strongly pervasive (Fig.  4.1) and quartz and QSP 

veining is anywhere from low to high density.  

Advanced argillic 

Quartz, sulfides, alunite, dickite, nacrite, kaolinite, diaspore and pyrophyllite comprise the advanced 

argillic assemblage found at surface and at depth in the Silver City Prospect area. These minerals do not 

all occur in association. Alunite is often not associated with pyrophyllite-diaspore assemblages, whereas 

dickite-nacrite-kaolinite are more widespread.   

The pyrophyllite-diaspore assemblage is dominantly in the south and central parts of the Silver City 

Prospect area (Fig.  4.7) and follows 020˚ trends in fissure veins cross-cutting the various Silver City 

intrusive phases. For instance, the assemblage occurs along the Sunbeam fissure veins. Pyrophyllite and 

muscovite can be mixed in the same sample. Alunite alteration is sparse, occurring east of the Undine and 

Joe Daly prospects (Fig.  4.7). Alunite appears to occur both along fissures and along more planar horizontal 

areas of silicified rock (i.e. Silver Pass). Southeast of Sunbeam, at Treasure Hill (Fig.  4.7), alunite outcrops 

at the top of the hill in silicified shingle breccia, while pyrophyllite is observed at lower elevation, flanking 

the hill on either north-south side (Fig.  4.7).  
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Figure 4.5. Propylitic alteration delineated by SWIR spectroscopy; green dashed polygon outlines extent of propylitic alteration. 
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Figure 4.6. Phyllic alteration delineated by SWIR spectroscopy; red dashed polygon outlines extent of phyllic alteration. 
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Figure 4.7. Significant advanced argillic alteration delineated by SWIR spectroscopy; red dashed polygon outlines phyllic alteration extent; orange 
dashed polygon outlines pyrophyllite-diaspore occurrences and trends; pink dashed polygon outlines alunite extent. 
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Figure 4.8. Argillic alteration delineated by SWIR spectroscopy; yellow dashed polygon outlines extent of kaolinite and halloysite alteration. 
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Argillic  

Illite, halloysite, kaolinite and montmorillonite comprise the argillic alteration assemblage identified 

at surface and at depth, at varying degrees of intensity. The argillic alteration is widespread all across the 

Silver City Prospect area (Fig. 4.8).  

Kaolinite and halloysite (Fig. 4.9) occupy two distinct domains in the Silver City. Kaolinite is 

strongest around the Swansea Quartz Rhyolite intrusive phase, whereas halloysite is strongest in the 

broader center of the Silver City Prospect area (Fig. 4.8). Halloysite and kaolinite appear to disassociate 

along a NE Blackjack lineament.  

Figure 4.9. Rock grab samples of pervasive kaolinite altered SQR (A) and strongly halloysite altered SCMD 
(B). 

 

Prograde and retrograde skarn  

Skarn minerals (Fig. 4.10) are concentrated near the Black Jack prospect to the north, at the contact 

between the Silver City stock and Paleozoic dolomites (Fig. 4.11). Pyroxene (diopside) and garnet 

(grossular-andradite) comprise the prograde skarn (Fig. 4.10), while Mg- spinel, chlorite, saponite, 

nontronite, talc, sepiolite, serpentine, brucite, tremolite and calcite comprise the retrograde skarn alteration 

assemblage (Fig.  4.10 and 4.11) identified at surface and at depth in the Silver City Prospect area.  

Figure 4.10. Representative rock grab samples of prograde and retrograde skarn alteration; (A) garnets in 
pervasively silicified and argillic altered rock; (B) sheeted to stockwork calcite veining in pervasive skarn 
alteration consisting of grossular-andradite, diopside, serpentine and saponite; (C) pervasive grossular-
andradite, chlorite and calcite.  
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Figure 4.11. Retrograde skarn alteration delineated by SWIR spectroscopy; purple dashed polygon outlines location of serpentine-dominant 
retrograde skarn mineralogy.
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4.3     SWIR Signatures and Features of Interest 

In addition to mineral identification, smaller shifts in peak position of some minerals may show 

systematic changes in wavelength due to changes in composition (Fig. 4.12; Thompson et al. 1999; Chang 

et al., 2011; Harraden et al., 2013; Huang et al., 2018; Uribe and Maher, 2018), or in peak height ratios due 

to changes in crystallinity (Cudahy et al., 2008; Doublier et al., 2010; Chang et al., 2011). Compositional 

variation can be used to infer acidity (Halley et al., 2015) and proximity of formation fluid to magmatic source 

while white mica crystallinity can serve as a proxy for temperature of the formation fluid (Frey, 1987; Ji and 

Browne, 2000). This has useful implications for exploration as it may indicate vectors to hydrothermal upflow 

zones and/or potential fluid sources such as a porphyry copper deposit. 

Given the alteration assemblages present at surface and at depth in the Silver City Prospect area, 

there are three minerals for which examining specific spectral absorption features could yield additional 

zoning patterns. 

For white mica, the wavelength position of the AlOH spectra absorption feature at ~2,200 nm varies 

here between ~2,191 and ~2,218 nm (Appendix E, Fig. E.1), suggesting compositions from paragonite, 

through muscovite to phengite. Shorter wavelengths suggest more Na-rich, paragonitic white micas (Scott 

and Yang, 1997; Maydagan et al., 2018), which are interpreted to form from more acidic hydrothermal fluids, 

closer to the upflow zone at surface, leaching Na from the wall rock.  

White mica crystallinity, or illite crystallinity, can be calculated as the peak height ratio between the 

depth of the 2,200 nm absorption feature and the depth of the H2O absorption feature at ~1,900 nm (Pontual 

et al. unpub. Manual, 1997). Illite crystallinity is used as a proxy for temperature where temperature of the 

formation fluid is positively correlated with the ratio value. However, above a ratio of 4, where muscovite is 

interpreted to form above 300˚C, the value increases exponentially and is no longer representative of 

significant change in crystallinity. Illite crystallinity in the prospect area ranges here from ~0.1 to ~12 

(Appendix E, Fig. E.2). 

For chlorite, the wavelength position of the FeOH spectra absorption feature at ~2,250 nm varies 

here between ~2,245 and ~2,264 nm (Appendix E, Fig. E.3), indicating compositions from Mg-rich to Fe-

rich chlorite. Longer wavelengths suggest a greater concentration of iron in chlorite, which are interpreted 

to form from more magmatic fluids closer to the upflow zone.  

For alunite, the wavelength position of the OH spectral absorption feature at ~1,480 nm varies here 

between ~1,477 and ~1,494 nm, which is related to the Na/(Na + K) ratio of alunite, which is in turn 

controlled by deposition temperature. Longer wavelengths suggest a greater concentration of sodium in the 

formation fluids, which can be interpreted as more acidic and closer to the upflow zone at surface.   
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Figure 4.12. Key spectral absorption features (after GMEX, 2008) showing the Al-OH spectral absorption 
feature at 2200 nm in white mica (sericite) and the Fe-OH spectral absorption feature at 2250 nm in chlorite. 
Alunite spectra, not shown, is characterized by OH spectral absorption feature at 1480 nm. 
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CHAPTER 5 

INTERPRETATION 

This chapter interprets the numeric values discussed in section 4.3 to delineate hydrothermal 

hotspots at surface and at depth, and evaluate them in relation to lithology, structure and metal 

concentration. The distributions of absorption peak and illite crystallinity values were plotted in histograms 

(Appendix E, Figs. E.1, E.2 and E.3) to correctly break up the data into meaningful ranges and accurately 

map inferred acidity and thermal gradients in the Silver City Prospect area.  

5.1     Zoning Patterns at Surface 

5.1.1     SWIR Numerical Values 

Subtle shifts in peak position and peak height ratio of specific spectral absorption features, 

mentioned above, are key to mapping more precise thermal zoning patterns in the Silver City Prospect 

area. These are interpreted relative to lithology, structure, alteration intensity, vein density, and 

geochemistry to better understand the spatial and genetic relationship between stages of hydrothermal 

alteration, intrusive phases and metal concentration.  

High values of illite crystallinity (IC), inferring higher temperatures of formation (Frey, 1987; Ji and 

Browne, 2000), are associated with the distribution of phyllic alteration in the Silver City Prospect area (Fig. 

4.6) expressed as strong to pervasive alteration and weak to high vein density (Fig. 5.1). The densest 

clusters of high temperature white mica, IC > 3, are concentrated in the center of the Silver City Prospect 

area (Fig.  5.2), near the Lucky Boy prospect [1] and along the northeast-trending Dragon Valley fault, [2] 

and [3]. Smaller clusters are sparsely spread out around the central Silver City Prospect area and in some 

cases the low density of data points may result in a point density bias for the identification of high 

temperature white mica clusters. Nevertheless, the coverage is sufficient to identify the most significant 

hotspots for this research.  

Clusters [1] and [2] occur in volcanic cover, proximal or within Sunbeam Granodiorite Porphyry 

(SGDP) dikes and Rabbit’s Foot Ridge Monzonite (RFRM) plugs. They are also coincident with mapped 

fissure veins, weak to high quartz vein density and strong to pervasive phyllic alteration (Fig.  5.1). 

Figure 5.1. Representative rock grab samples of weak to strong vein density and strong to pervasive 
alteration in three clusters outlined above; (A) strong quartz vein density in strongly sericite altered rock 
from cluster [1]; (B) weak vein density in pervasively sericite altered rock from cluster [2]; (C) strong QSP 
vein density in strongly altered rock from cluster [3]. 
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The third biggest cluster [3], albeit more dispersed, is located around the Murray Hill prospect (Fig.  

5.2). This cluster occurs at the intersection of two structures presumably controlling the emplacement of 

Silver City Quartz Monzonite (SCQM), Crowded Granodiorite Porphyry (CGP), RFRM and SGDP intrusive 

phases (Fig. 5.2). Samples from cluster [3] with high temperature white mica were mostly found in fissure 

veins in or near mine dumps and have weak to high quartz-sericite-pyrite (QSP) vein density, along with 

strong to pervasive phyllic alteration (Fig.  5.1).   

The wavelength position of the white mica AlOH spectral absorption feature at ~2200 nm is lowest, 

inferring more acidic formation fluids (Halley et al., 2015), where fluids were hottest at surface (Fig. 5.3). 

Highly acidic and hot formation fluids are closely associated with the distribution of phyllic alteration.  

Cluster [1] maintains the most consistent cluster of hot and acidic formation fluids. The silicified 

ridge, west of Silver Pass at the edge of cluster [2], also appears to maintain a dense cluster all along the 

ridge (Fig.  5.3). The ridge is pervasively phyllic altered and has moderate QSP vein density. High acidity 

is also associated with known fissure vein deposits  such as Sunbeam, Homestake and Bowers & Showers 

(Fig.  5.3). Sparse occurrences of high acidity also populate north and east of the central Silver City 

Prospect area, near known prospects.  

High wavelength positions of the chlorite FeOH spectral absorption feature at ~2250 nm, inferring 

more magmatic-sourced (Fe-rich) formation fluids closer to the upflow zones, are weakly consistent with 

the zones of high acidity and high temperature (Fig.  5.4). This is to be expected as chlorite does not occur 

in areas of pervasive phyllic alteration in the Silver City Prospect area. Nonetheless, Fe-rich chlorite 

alteration is dispersed in the central Silver City Prospect area and some rim cluster [1]. 

The densest cluster of Fe-rich chlorite, however, is located south of the Black Jack prospect (Fig. 

5.4), in the Monzodiorite Porphyry (MDP) intrusive phase and volcanic cover, proximal to the inferred 

Blackjack lineament and altered by moderate to strong retrograde skarn alteration. This cluster is also 

associated with a small zone of high acidity (Fig.  5.3). 

Alunite occurrences are sparse in the Silver City Prospect area, located on the eastern side 

centered around Silver Pass. High wavelength positions of the alunite OH spectral absorption feature at 

~1480 nm – inferring higher temperature and acidity of formation fluid – do not appear to converge on a 

single zone in the Silver City Prospect area. Rather, some trends (Fig.  5.5) point to higher temperatures 

westward, while some hotspots are highlighted to the east and south of the Silver City Prospect area. 

Despite the scarcity of alunite occurrences, inferred hotspots are somewhat consistent with hot and acidic 

zones inferred from white mica crystallinity and composition.  



49 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

Figure 5.2. Illite crystallinity distribution; black dashed polygons outline three biggest clusters [ ] of values above 3 – inferring high temperatures of 
formation fluid. 
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Figure 5.3. Distribution of the wavelength position of the white mica AlOH spectral absorption feature at ~2200 nm; black dashed polygons outline 
high temperature zones consistent with low AlOH values – inferring higher acidity of formation fluids; orange dashed polygons outline pyrophyllite-
diaspore occurrences and trends, fairly consistent with high acidity; purple dashed polygon highlights retrograde skarn alteration associated with a 
small zone of high acidity.  
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Figure 5.4. Distribution of the wavelength position of the chlorite FeOH spectral absorption feature at ~2250 nm; red dashed polygon outlines broader 
area of high temperature and high acidity; black dashed polygon outlines clusters of long FeOH wavelengths – inferring more magmatic formation 
fluids – within the hot and acidic zone (red polygon); purple dashed polygon outlines retrograde skarn alteration partially associated with magmatic 
and acidic formation fluids. 
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Figure 5.5. Distribution of the wavelength position of the alunite OH spectral absorption feature at ~1480 nm; arrows point towards higher wavelength 
positions, inferred to have formed under hotter, more acidic hydrothermal fluid conditions.
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5.1.2     Soil Geochemistry 

HPX’s 100m-spaced soil geochemical survey over the Silver City Prospect area has helped relate 

hydrothermal alteration to metal distribution. The aqua regia digestion with super trace ICP-MS analysis of 

soils performed by ALS labs in Elko, NV provided a suite of essential pathfinders, including Cu, Mo, Au and 

As.  

Cu/Zn ratio in soil 

The Cu/Zn ratio in soils is based on Uribe and Maher’s (2018) study of the Cu/Zn ratio in white 

micas of phyllic alteration as a successful vector to a hydrothermal center. The  Cu/Zn ratio, albeit in soil 

(Fig.  5.6) and subject to displacement, is mostly consistent with zones of hot and acidic white mica, except 

for the eastern edge of cluster [2], along the silicified ridge west of Silver Pass, that is consistently hot and 

acidic but has no Cu anomaly. 

The ratio especially highlights cluster [1] with the highest ratio values and biggest cluster of 

anomalous soil samples. In addition to high acidity and temperature zones, Cu/Zn ratio highs are also 

consistent with trends of advanced argillic alteration like the northeast trends through Sunbeam, Treasure 

Hill and Silverine (Fig. 5.6). Additionally, Cu/Zn ratio highs are also associated with acidic white micas and 

Fe-rich chlorites near the Black Jack prospects (purple halo in Fig.  5.6). 

Mo/Mn ratio in soil 

The Mo/Mn ratio in soil (Fig. 5.7) is used here to increase the contrast between Mo enrichment 

near hydrothermal centers and Mn depletion in apatite in phyllic alteration (Bouzari et al., 2016) The Mo/Mn 

ratio is mostly consistent with the Cu/Zn ratio along with high acidity and temperature, albeit less 

pronounced, however advanced argillic trends to the south of the central Silver City Prospect area are not 

geochemically anomalous in Mo (Fig.  5.7). The Mo/Mn ratio is highest along the eastern side of the central 

Silver City Prospect area, within phyllic and advanced argillic altered porphyry dikes and fissure veins.  

Au and As in soil 

Au concentration in soil (in g/t) (Fig.  5.8) is anomalous along the northern side of the central Silver 

City Prospect area, apparently following the Dragon Valley fault. It is anomalous where porphyry dikes, and 

fissure veins outcrop. It is also consistent with advanced argillic alteration trends through Sunbeam and 

Treasure Hill (Fig.  5.8). Au in soil, however, is apparently not associated with hot and acidic phyllic 

alteration.  

Anomalous As in the soil (Fig.  5.9) most clearly highlights major advanced argillic alteration trends, 

related to  associated enargite-rich fissure veins.  As also highlights the Black Jack lineament from Yankee 

Girl mine through the Cleveland prospects to the Black Jack prospects (Figs.  2.8 and 5.9). This lineament 

is interpreted as a potential fluid channel to the known copper-gold rich deposits along this trend.  
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Figure 5.6. Cu/Zn ratio in soil geochemistry; black dashed polygons outline high temperature and acidity clusters; orange polygons outline advanced 
argillic occurrences and trends; purple dashed polygon outlines retrograde skarn alteration associated with acidic white mica and Fe-rich chlorite.  
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Figure 5.7. Mo/Mn ratio in soil geochemistry; black dashed polygons outline high temperature and acidity clusters; orange polygons outline advanced 
argillic occurrences and trends; purple dashed polygons outline retrograde skarn alteration associated with acidic white mica and Fe-rich chlorite.  
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Figure 5.8. Au in soil geochemistry; black dashed polygons outline high temperature and acidity clusters; orange polygons outline advanced argillic 
occurrences and trends; purple dashed polygons outline retrograde skarn alteration associated with acidic white mica and Fe-rich chlorite.  
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Figure 5.9. As in soil geochemistry; black dashed ellipse outlines Blackjack lineament and red dashed ellipses outline major advanced argillic 
alteration trends; orange dashed polygons outline other advanced argillic trends.
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5.2     3D Zoning Patterns 

At this point, hot and acidic phyllic alteration and Fe-rich chlorite clusters at surface have been 

coincident with anomalous Cu and Mo soil geochemistry. These clusters ([1], [2] and [3]; Fig. 5.8) are from 

here on out referred to as “zones.” Zone [1] exhibits the strongest association of anomalous factors (Fig.  

5.10) and, coincidentally this is where there are the most available, relatively deep historic drill holes. This 

zone is characterized by volcanic cover intruded by a SGDP dike with strong phyllic alteration from hot and 

acidic formation fluids, weak to high quartz vein density, and anomalous Cu/Zn and Mo/Mn ratios in soil 

geochemistry. These coalescing features are also coincident with a large chargeability anomaly beneath 

Ruby Hollow, identified by HPX’s induced polarization (IP) survey, suggesting zone [1] is the most proximal 

to a potential porphyry Cu-Mo-Au deposit.  

Eighteen historic drill holes completed within the Silver City prospect area were used to draw three 

cross-sections (Fig.  5.10) to elucidate zoning patterns in three-dimensions. Lithology, alteration type, X-

Ray Fluorescence (XRF) data (supplemented by historical assays completed by Rocky Mountain 

Geochemical Corp. for Centurion Mines in 1994 which analyzed gold by fire assay/atomic absorption and 

all remaining elements by atomic absorption), and specific spectral absorption features, mentioned in 

section 4.3, were examined in relation to surface zoning patterns to identify hydrothermal hotspots and 

potential fluid sources in three dimensions. 

The cross-sections highlight hole STR-26 (Fig.  5.11), which has the highest Cu grades, averaging 

0.13% Cu and 0.08 g/t Au over 165m from 220m depth. STR-26 drilled into the hottest and most acidic area 

of phyllic alteration at surface within zone [1] (Figs.  5.1 and 5.3). Zone [1] is also associated with the highest 

Cu/Zn ratios in soil, while also associated with some of the highest Mo/Mn ratios in soil.  

At depth, STR-26 drilled through moderately high temperature phyllic alteration – as inferred from 

high illite crystallinity values – from 50 m to 300 m depth (Fig.  5.11). Strong phyllic alteration is associated 

with volcanic cover and porphyritic volcanic rock. Phyllic alteration is acidic – as inferred from shorter 

wavelengths at the 2200 nm position – near surface between 50 and 170 -m depth, however hydrothermal 

fluids become increasingly less acidic at depth with the intrusion of granodiorite porphyry (SGDP) and 

quartz monzonite porphyry (QMP), concordant with the same lithologies observed at surface (Fig.  5.10). 

This shift to more phengitic phyllic alteration (Fe-rich) is also coincident with an increase in Cu and Au 

concentration and the introduction of advanced argillic and potassic alteration (Fig.  5.11).  

Phengitic phyllic alteration in the potassic zone is interpreted as overprinting the potassic alteration. 

Given the characteristics of STR-26 (Fig.  5.11), it appears to be in proximity to a mineralizing source within 

the Silver City Prospect area.  
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Figure 5.10. Drill holes examined with SWIR spectroscopy in the Silver City Prospect area (STR-26 is shown with a blue halo); black dashed polygons 
delineate hot and acidic zones of hydrothermal alteration with anomalous Cu/Zn and Mo/Mn soil geochemistry; orange dashed polygons delineate 
occurrences and trends of advanced argillic alteration associated with anomalous Cu/Zn, Au and As soil geochemistry; black lines are cross-sections 
drawn from available drill holes.  
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Figure 5.11. STR-26 logs of, from left to right, lithology, alteration type, illite crystallinity – inferring 
temperature of formation, position of the AlOH spectral absorption feature at ~2200 nm – inferring acidity 
of formation, and Cu-Au concentration in historical assays. 

(m) 
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Most drill holes beneath zone [1] and Treasure Hill are altered by phyllic alteration of moderately 

high temperature and acidity, which again suggests that zone [1] and the area immediately south of it are 

proximal to a source of hydrothermal fluids. These are mostly consistent with muscovite and pyrophyllite-

diaspore alteration; however, Cu concentration is not always associated with these alteration types (Fig.  

5.12). In holes beneath the western side of zone [1] (STR- 5 and STR-18 in Fig.  5.10), Cu mineralization 

is concentrated at surface and is characterized by argillic alteration, halloysite-illite. In holes to the southeast 

of zone [1] (STR-11 and STR-13 in Figs.  5.10 and 5.12), Cu mineralization is also concentrated at surface, 

but in this case, it is associated with pyrophyllite-diaspore and halloysite-illite-chlorite alteration.  

Therefore, anomalous Cu concentrations (Cu ppm > 300 ppm) (Fig.  5.12), are not always 

associated with high temperature or highly acidic hydrothermal fluids forming advanced argillic and phyllic 

alteration at depth. STR-1 contains only very thin lenses (< 1 m) of anomalous Cu concentration (Cu ppm 

> 200 ppm), even though high temperature phyllic alteration is found throughout the hole. Copper 

concentration does however appear to be better associated with more acidic hydrothermal alteration, 

except for when phyllic alteration is overprinting potassic alteration. In drill hole SB-1, completed at the Cu-

Au rich Sunbeam fissure vein deposit , Cu mineralization is highest near surface in illite-halloysite alteration, 

however mineralization is also anomalous at the end of the hole where phyllic alteration is hotter and more 

acidic. 

On the western side of zone [2] (Fig.  5.10), beneath the Martha-Washington mine, STR-4 (Fig.  

5.12) is very weakly mineralized near surface coincident with illite-halloysite-chlorite alteration. Both STR-

4 and DDH2-2012, completed in the Dragon mine, represent the transition from igneous intrusions and 

volcanic cover to older carbonates with prograde and retrograde skarn alteration. Pervasive pyrophyllite 

alteration in unbuffered Tintic quartzite marks the bottom of DDH2-2012.  

South of zone [1], STR-2 and STR-3 (Fig.  5.12) show high temperature phyllic alteration throughout 

each hole. Acidity is also high throughout each hole (Fig.  5.12), however the highest acidity is associated 

with each of their mineralized zones, both at ~400 m depth. These mineralized zones are characterized by 

hot and acidic, phyllic and advanced argillic (pyrophyllite-diaspore) alteration assemblages. STR-8 (Fig.  

5.10) historic assays show a wide mineralized zone from 139 m to 337 m with average grades of 500 ppm 

Cu but with highest intervals of 10 m at 260 m and 320 m at 0.2-0.3% Cu. The ~200 m zone of andesite 

porphyry starts in muscovite transitioning to dickite-kaolinite-pyrophyllite to chlorite-sericite and finally to 

chlorite. Mineralization ends sharply at the transition from volcanic porphyry to quartz monzodiorite. 

Available illite crystallinity measurements are sparse but infer moderately high temperatures in the 

mineralized zone, whereas acidity is lowest in the mineralized zone. Fe-rich chlorite is found throughout the 

hole, but it is most highly concentrated in the mineralized zone.  
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Figure 5.12. North-South cross-section showing lithology (left hand of drill hole trace), illite crystallinity (IC) and the wavelength position of the AlOH 
spectral absorption feature – inferring temperature and acidity of formation fluids downhole (left and right hand of drill hole trace, respectively); dark 
red bars on the right most side of the drill hole trace indicate zones of Cu concentration above 300 ppm, measured by XRF for all but STR-2.
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Hole STR-6 drilled through the SWT weakly-mineralized porphyry Cu deposit and was analyzed to 

use as an analog for expected SWIR signatures near and within mineralized porphyry in the Silver City 

Prospect area.  Cu concentrations from historical assays, averaging 0.2% Cu, begins at 260 m and extends 

to 902 m at the end of the hole (EOH). The lithology through the mineralized zone is dominantly volcanic 

agglomerate at the top, transitioning to volcanic porphyry in the middle before transitioning to volcanic 

andesite flow and bottoming in monzonite (QMP). Grades are generally consistent at 0.2-0.3% Cu 

throughout the mineralized zone, however, grade increases from 800 ppm to 0.2% Cu in volcanic porphyry. 

Relatively barren (300 ppm Cu) crystal tuff caps the mineralized zone. Lower grade Cu mineralization (800 

ppm) is dominated by illite-chlorite assemblages, whereas higher grade (0.2% Cu) is more dominantly 

phlogopite, transitioning to gypsum and chlorite in monzonite near the EOH. Phyllic alteration is not highly 

acidic throughout the hole, and it is least acidic in mineralized QMP. No illite crystallinity measurements, to 

infer temperature of formation, were possible. Iron concentration in chlorite, however, is high throughout 

the mineralized zone but appears to increase in volcanic flow and QMP, suggesting its increasing proximity 

to the source.  
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CHAPTER 6 

EXPLORATION IMPLICATIONS AND CONCLUSIONS 

Shortwave infrared (SWIR) spectral analysis of hydrothermal alteration in the Silver City Prospect 

area has been used successfully to map the distribution of alteration assemblages and to delineate more 

nuanced zoning patterns within alteration types based on subtle shifts in spectral absorption features of 

specific minerals. The mineral assemblages identified by SWIR and by other analytical methods are 

concordant with the alteration assemblages outlined in Sillitoe’s (2010) magmatic-hydrothermal system 

(Fig. 6.1). Knowing the distribution of alteration assemblages in the prospect area allows the exploration 

team to estimate their position in the magmatic-hydrothermal system relative to the Porphyry Copper 

Deposit Model (Sillitoe, 2010; Fig.  6.1) and establish preliminary vectors to hotter, potentially mineralized, 

parts of the system based on mineral stability constraints. Subtle shifts in wavelengths of specific minerals 

in these alteration assemblages then serve to infer and map more refined and nuanced zoning patterns, 

such as thermal and acidity gradients within phyllic alteration. The resulting hotspots were compared to 

lithology, structure and mineralization to interpret a spatial and genetic relationship between intrusive 

phases of the Silver City Prospect area, stages of hydrothermal alteration and metal distribution. Ultimately, 

the genetic model will help the exploration team vector to the fluid source and generate more precise drill 

targets for a potential porphyry copper deposit.  

Shortwave infrared (SWIR) mineral identification, supported by visual observations, petrography, 

XRD, BSE imaging and SEM-EDS, has revealed an intricate overlapping spatial pattern of hydrothermal 

stages in the Silver City Prospect area. At surface, the Silver City and Sunrise Peak stocks are broadly 

altered by weak to strong propylitic and argillic alteration, while the Silver City stock is sparsely altered by 

weak to moderate sodic-calcic and potassic alteration. Phyllic and advanced argillic alteration are prevalent 

in both stocks and are key in estimating the prospect area’s position in the system.  

The Silver City Prospect area shows pyrophyllite-diaspore assemblages (position 1; Fig. 6.1) are 

associated with northeast trending fissure veins, like the known Sunbeam and Treasure Hill  deposits, 

cross-cutting the Silver City and Sunrise Peak stocks. The Silver City stock and volcanic cover show 

widespread phyllic alteration (position 2; Fig. 6.1), which is sometimes mixed with advanced argillic 

assemblages. The close association of advanced argillic assemblages to cross-cutting fissure veins, and 

petrographic evidence of pyrophyllite cross-cutting muscovite (Fig.  4.2), suggests advanced argillic 

alteration is overprinting the phyllic alteration. This relationship suggests that these alteration styles are 

related to one hydrothermal system that was telescoping, meaning the thermal gradient collapsed and 

produced overprinting relationships. Outcroppings of silicified volcanic rock with alunite (position 3; Fig. 6.1) 

on the eastern (Silver Pass; Fig. 5.10) and southern sides of the Silver City Prospect area (Treasure Hill; 

Fig. 5.9), stratigraphically above the pyrophyllite-diaspore and muscovite alteration assemblages, are 

interpreted as potential lithocaps to the telescoping system. The Porphyry Copper Deposit Model shown 
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below (Fig. 6.1) illustrates the various positions occupied by key areas and drill holes of the Silver City 

Prospect area in the magmatic-hydrothermal system.  

 
 
 

Figure 6.1. Porphyry Copper Deposit Model (from Sillitoe, 2010) illustrating common distribution of 
alteration assemblages in relation to mineralization (dotted black polygon and beaded lines) in the 
magmatic-hydrothermal system. Circled numbers indicate the positions of alteration assemblages in key 
areas and drill holes of the Silver City Prospect area in the magmatic-hydrothermal system. 1) Advanced 
argillic alteration (pyrophyllite-diaspore) at Sunbeam and other fissure veins. 2) Phyllic alteration at zone 
[1], [2] and [3]. 3) Advanced argillic alteration (quartz-alunite) at Silver Pass and Treasure Hill. 4) Argillic 
alteration (kaolinite) near Swansea mine in the Swansea Quartz Rhyolite extrusive phase; 5) Sodic-calcic 
alteration (actinolite-epidote-Na-plagioclase-magnetite) principally found in Silver City Monzodiorite north 
of Swansea mine. 6) Potassic alteration (secondary biotite-K-feldspar) in Sunbeam Granodiorite dikes 
associated with strong phyllic overprint. 7) Retrograde and prograde skarn alteration at carbonate-intrusion 
contact. 8) Drill hole STR-26 intercept of mineralized potassic and phyllic alteration below zone [1] of . 9) 
Drill hole STR-6 intercept of the SWT porphyry Cu deposit.  
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Broad, weak argillic alteration of halloysite-kaolinite (position 4; Fig. 6.1), concentrated in the 

Swansea Quartz Rhyolite (SQR), is interpreted as shallow, low-temperature and low acidity, hypogene and 

supergene weathering of the broadly propylitic-altered Silver City and Sunrise Peak stocks, while sodic-

calcic (position 5; Fig. 6.1) is interpreted to be related to an earlier, shallower intrusive phase such as the 

Silver City Monzodiorite (SCMD) due to its close association with the SCMD and weak expression. Potassic 

alteration (position 6; Fig. 6.1), however, is interpreted as vertically distal expressions of a potentially 

mineralized fluid source. In fact, weakly mineralized potassic alteration at surface is commonly associated 

with SGDP porphyry dikes and is not a broad feature in the Silver City Prospect area, suggesting that the 

system did not collapse to its roots but rather, these potassic-altered porphyry dikes are interpreted as distal 

offshoots of a larger feeder zone at depth. Unmineralized prograde and retrograde skarn (position 7; Fig. 

6.1) suggests that the mineralizer for the Main District is relatively distal to the igneous-sedimentary contact 

near Black Jack (Fig.  5.9) and not related to the Monzodiorite Porphyry (MDP).  

At surface, the distribution of alteration assemblages and inferred internal thermal and acidity 

gradients suggest that the center of the Silver City Prospect area is closest to the main upflow zone(s) and, 

as such, is most prospective for a potential porphyry copper deposit. Furthermore, metal concentration (Cu, 

Mo, Au, As) at surface appears to be intimately associated with hot and acidic phyllic and advanced argillic 

alteration, most prevalent in the center of the Silver City Prospect area. These zones are also linked to 

higher vein density and stronger alteration intensity.  

Hydrothermal fluids appear to have exploited Sevier-related northeast trending structures; zones 

of hot and acidic phyllic and advanced argillic alteration trend parallel to the northeast Dragon Valley fault, 

as well as along east-west splays, parallel to the Sioux-Ajax normal fault. Northeast structures are also 

parallel and coincident with the intrusion of porphyry dikes and younger intrusive phases such as Crowded 

Granodiorite Porphyry (CGP) and Rabbit’s Foot Ridge Monzonite (RFRM) plugs. Of these intrusive phases, 

the Sunbeam Granodiorite Porphyry (SGDP) is most often associated with weakly mineralized potassic 

alteration, as well as with weakly mineralized, hot and acidic phyllic alteration. Additionally, the SGDP is 

also associated with advanced argillic alteration related to fissure veins in the Silver City Prospect area. 

Therefore, the SGDP dike is interpreted as the most likely candidate to be a potential pathway to a likely 

fluid source, a porphyry copper deposit (PCD). Accounting for the assumed basin and range 10-20˚ 

eastward tilt of the East Tintic Mountains, alunite of the silicified Silver Pass volcanic cover, on the eastern 

edge, is interpreted to be the advanced argillic lithocap (Fig.  6.1) associated with the potential PCD in the 

center of the Silver City Prospect area. 

Subsurface investigations of the most prominent hotspots in the Silver City Prospect area help to 

validate and refine the current genetic model interpreted from surficial evidence. Downhole SWIR confirms 

zone [1] to be the most consistent hotspot in the Silver City Prospect area. At depth, zone [1] is 

characterized by the interception of the highest copper concentration coincident with a broad zone of 

inferred higher formation temperatures, higher acidity and Fe-rich chlorite. 
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 Downhole Cu concentration is highest in hole STR-26 (position 8; Fig. 6.1), where it is associated 

with a transition zone from sericite- to potassic-bearing alteration, along with a transition from Na-rich 

paragonite – inferring higher acidity – to Fe-, Mg-rich phengite – inferring lower acidity. Signs of an increase 

in Fe-rich chlorite, although sparse, are also associated with this transition. This transition zone is 

interpreted as overprinting phyllic (phengitic) alteration in the potassic zone. Acidity is expected to drop at 

depth, in the upflow zone, as hydrothermal fluids are less disassociated. Potassic alteration in STR-26 is 

associated with SGDP dikes, thereby further validating the genetic model interpreted from surficial 

evidence. Hole STR-26 closely resembles STR-6 (position 9; Fig. 6.1) in those regards. Therefore, potassic 

alteration along with strong Cu mineralization in the most consistent three-dimensional hotspot suggests 

that STR-26 may intersect feeder dikes (SGDP) to the rest of mineralization in the Silver City area. The 

main fluid source, a potential PCD, may still be deeper or laterally offset.  

Surrounding holes within the zone [1] hotspot, however, do not show the same expression of Cu 

mineralization, wherein Cu is not as highly concentrated and is preferentially located near surface. This 

may be due to the absence of SGDP dikes or of advanced argillic alteration in these holes, however, inferred 

hot and acidic phyllic alteration does not appear closely correlated with mineralization in most of the holes 

in the Silver City Prospect area. Nonetheless, there are very few drill holes populating the other surficial 

hotspots and that is an opportunity to discover other potential fluid source(s), PCD(s). Surficial hotspots are 

coincident with high chargeability anomalies at depth, interpreted from HPX’s induced polarization survey, 

and these remain to be tested.  

This study will be used to support and enhance HPX’s exploration program on their Tintic 

Exploration Property.  Although there are a few slight differences in vertical zonation of alteration and 

mineralization between the Silver City model and the Porphyry Copper Deposit Model (Fig.  6.1), principals 

driving such a system are the same and investigating the most compelling hotspots will help refine the 

current spatial and genetic model. This research validates the use of SWIR as a cost-effective method to 

map alteration and generate targets based on thermal and compositional zoning patterns. Results of data 

validation, validating the use of SWIR as a reliable technique to identify phyllosilicate, sulfate and carbonate 

minerals, suggest SWIR could be used for future exploration without necessarily having to support the 

findings with petrography, XRD or SEM-EDS.  
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APPENDIX A 

ROCK DESCRIPTIONS 

Table A.1. Chart of Tintic District extrusive phases with distinguishing characteristics, color, ages and representative pictures shown. 
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Table A.2. Chart of Tintic District intrusive phases with distinguishing characteristics, color, ages and representative pictures shown. 
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APPENDIX B 

HALO DATA QUALITY ASSURANCE 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.1. Boxplot of illite crystallinity (IC) measured on the same spot 4 times for each 13 samples for 
quality assurance. Instrument precision shows highly reproduceable data with maximum deviation of 0.03 
IC.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.2. Boxplot of AlOH numeric values measure on the same spot 4 times for each 13 samples for 
quality assurance. Instrument precision shows highly reproduceable data with maximum deviation of 0.5 
nm.  
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APPENDIX C 

XRD, PET and SEM-EDS ANALYTICAL RESULTS 

 

 

 

Table C.1. SWIR and XRD results on five representative samples validate the SWIR mineral identifications. 

 

 

 

 

Table C.2. Field and petrographic observations, and results of SWIR mineral identifications. 

ID Easting Northing 
Elevation 

(m) 
Field 
comments 

Thin-section description 
SWIR 

mineral ID 

EB-
S111 

405467.
6 

4416792.
4 

2066.3 

Float in mine 
dump. Grey 
fine-grained 
igneous rock 
cross-cut by 
1mm white 
clay vein and 
parallel white 
clay 
stringers. 
Some quartz 
eyes remain. 
Groundmass 
is fine-
grained 
sericite and 
quartz. 

Matrix is abundant quartz 
and minor sericite of high 
birefringence. Veins of 
very fine-grained sericite 
cross-cut sample and 
elongate subhedral 
coarse-medium grained 
quartz laths grow inward 
along the vein. Some eu-
subhedral coarse-medium 
grained quartz 
phenocrysts are present 
within vein. There seems 
to be two different sericite 
types of different 
birefringence and size. 

kaolinite + 
diaspore 

 

 

 

 

ID Easting Northing 
Elevation 

(m) 
SWIR mineral 
identification 

XRD results 

EB-S01 407578.8 4418952.6 2082.4 alunite-K quartz + alunite-K 

EB-S195 406270.9 4420452.8 2224.4 dickite quartz + dickite 

EB-T161 405150.2 4418505.0 2040.7 illite illite + quartz + phengite 

EB-T176 405458.8 4418740.5 2049.1 muscovite 
muscovite + quartz + 
halloysite 

EB-S142 405720.3 4417098.1 1944.5 
pyrophyllite + 
diaspore + kaolinite 
+ alunite-K 

quartz + pyrophyllite + 
diaspore + kaolinite + 
dickite + alunite 



80 

 

Table C.2. Continued 

 

ID Easting Northing 
Elevation 

(m) 
Field comments Thin-section description 

SWIR mineral 
ID 

EB-
S141b 

404449.5 4416723.7 1892.9 

Float from mine dump. 
Oxidized granodiorite 
porphyry with medium-
coarse grained sub-
anhedral feldspar 
phenocrysts intensely 
altered to sericite. 
Groundmass is dominantly 
anhedral crystalline quartz. 
Sample is cross-cut by iron 
oxide veins as well one 
quartz stringer vein. 

Medium-coarse grained feldspar phenocrysts 
are completely altered to sericite. Medium 
grained feldspar phenocrysts near quartz and 
iron oxide veins have higher birefringence 
sericite replacement, possibly muscovite? 
Groundmass is composed of fine-medium 
grained subhedral quartz with interstitial sericite 
and replaced feldspar to sericite. Quartz clusters 
are present and can occur as nodes in vein path. 
Medium grained subhedral quartz veins are 
associated with iron oxide and subhedral 
medium-fine grained sulfides. 

muscovite 

EB-
S224 

406437.7 4419662.4 2118.6 

Outcrop of igneous rock 
with greenish hue. 
Porphyritic with sub-
anhdedral feldspar 
phenocrysts supported by 
very fine-grained quartz 
groundmass with chlorite 
alteration. Darker 
phenocrysts are pyroxene 
and magnetite. 

Sub-anhedral coarse grained feldspar 
phenocrysts are fracture-filled with sericite and 
supported by fine grained anhedral quartz 
matrix. Minor very fine-grained sericite is also 
unevenly distributed in matrix. Feldspar rims are 
replaced by sericite. Minor fine-medium grained 
biotite and pyroxene phenocrysts remain. 
Pyroxene phenocrysts are partially or completely 
replaced by chlorite. Sub-anhedral magnetite 
overprint matrix and phenocrysts.  

montmorillonite 

EB-
S239b 

406439.6 4419299.3 2100.8 

Outcrop of argillic altered 
rock at lithologic contact. 
Pervasively altered 
porphyritic rock, some 
subhedral feldspar 
phenocrysts remain visible. 
Groundmass is very fine-
grained quartz and sericite. 
Iron oxide and quartz veins 
cross-cut sample. 

Matrix is fine grained anhedral quartz and 
sericite. Medium grained elongate quartz 
phenocrysts and hornblende phenocrysts form 
glomerocrysts. Coarse grained feldspar 
phenocrysts are almost completely replaced by 
alunite and sericite. Iron oxide veins cross-cut 
the sample and quartz phenocrysts grow inward. 
In veins, medium grained quartz phenocrysts are 
encased in very fine-grained sericite and iron 
oxide matrix.  

alunite-Na + 
jarosite + illite 
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Table C.2. Continued 

ID Easting Northing 
Elevation 

(m) 
Field comments Thin-section description 

SWIR mineral 
ID 

EB-
S327b 

407226.2 4416923.8 2063.6 

Subcrop of argillic altered rock. 
Pervasively altered porphyritic 
igneous rock, some subhedral 
feldspar phenocrysts remain 
visible. Sulfide veins oxidized 
to limonite cross-cut sample. 
Groundmass is very fine-
grained quartz and sericite. 

Matrix is fine grained anhedral qtz and 
sericite, vein of fine-grained quartz and 
sericite with iron oxide rim cross-cut sample. 
Sub-anhedral coarse grained feldspar 
phenocrysts are almost completely replaced 
by high birefringence sericite (possibly 
muscovite). Minor fractured coarse-grained 
hornblende phenocrysts. 

muscovite 

EB-
S339 

406527.4 4416458.7 2006.3 

Float in mine dump of strong 
QSP altered rock. Grey 
porphyritic igneous rock with 
coarse-medium grained 
feldspar phenocrysts partially 
replaced by sericite. Minor 
quartz phenocrysts. Abundant 
fine-medium grained sulfide 
phenocrysts. Groundmass is 
fine grained quartz and 
sericite. 

Phenocrysts of anhedral quartz, eu-
subhedral medium grained sulfides and 
coarse-medium grained sub-anhedral 
feldspar partially and completely replaced by 
high birefringence sericite (possibly 
muscovite). Matrix is ubiquitous sericite 
(possibly pyrophyllite or dickite). Fine grained 
quartz is also in matrix , occurring as 
glomerocrysts encased in sericite. 

paragonite + 
pyrophyllite 

EB-
S47 

406942.0 4419754.6 2149.1 

Grey porphyritic subcrop with 
fine-coarse grained subhedral 
feldspar phenocrysts 
completely replaced by 
sericite. Minor quartz 
phenocrysts. Groundmass is 
quartz, feldspar and sericite. 
Sample is cross-cut by iron 
oxide stringer vein. Interstitial 
limonite and hematite cluster 
along veins. 

Matrix is fine grained sub-anhedral quartz 
dominant, lesser feldspar altered to sericite. 
Sparse quartz glomerocrysts. Feldspar 
phenocrysts are completely replaced by 
sericite. Sericite is ubiquitous. Sericite occurs 
as elongate radial laths of higher 
birefringence (possibly muscovite) and also 
as finer more massive clusters of more 
anhedral crystals (possibly dickite or 
pyrophyllite). Rare subhedral phenocrysts of 
unidentified proto-mineral are altered to dark 
green mineral, possibly chlorite. Along iron 
oxide vein, oxides are interstital and coat 
minerals. More hematitic, darker red, parts of 
vein have blebby sulfides (opaque minerals).  

muscovite + 
dickite 
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Table C.2. Continued 

ID Easting Northing 
Elevation 

(m) 
Field comments Thin-section description 

SWIR 
mineral ID 

EB-
S71b 

407456.0 4418513.7 2053.5 
Outcrop of silicified igneous 
rock with abundant 
hematite brecciating silica. 

Subhedral to anhedral coarse and medium clasts of 
quartz composed of medium grained quartz 
phenocrysts and a fine-grained quartz matrix with 
interstitial hematite, sulfides and minor sericite. 
Clasts are brecciated and fractured by hematite and 
subhedral sulfides. Darker anhedral quartz grains 
present in brecciated interstices.  

illite 

EB-
S87 

402792.2 4420903.4 1997.8 

Quartzite and hematite 
outcrop. Half is beige from 
sericite and the other is 
orange from limonite after 
pyrite. Quartz grains and 
stringers are all oriented 
north-northeast.  

Minerals present are quartz, sericite and hematite. 
Quartz is ubiquitous as subhedral coarse and 
medium grained phenocrysts. Matrix is fine grained 
quartz. Sericite (possibly illite) and hematite are 
interstitial. Quartz , sericite and hematite fill fractured 
coarse grained quartz. QSP vein has more intense 
(redder) hematite rimming after pyrite. Iron oxide 
ranges from orange to dark red. In beige part of thin-
section, there is very little hematite.  

muscovite 
+ diaspore 

EB-
S88 

402834.0 4420885.9 2002.5 

Float of quartzite with 
argillic alteration minerals. 
Layered quartzite with fine-
medium grained quartz 
grains supported by beige 
groundmass. Some white 
grains appear to be sericite. 

Layers of fine grained anhedral interlocked quartz 
grains with sparse medium grained sub-anhedral 
quartz grains and fine-grained iron oxide grains. 
Also, bands of medium-coarse grained sub-anhedral 
interlocked quartz grains. Very sparse fine-medium 
grained anhedral crystals of high birefringence 
sericite. Also, sparse clusters of very fine-grained 
quartz with iron oxide rimming, perhaps replacing 
proto-mineral.  

nacrite + 
gypsum 

EB-
T106 

404120.6 4417899.1 1893.9 

Outcrop of SCMD sample 
with xenolith inclusion of 
fine grained SCMD. 
Monzodiorite with abundant 
subhedral fine-medium 
grained feldspar 
phenocrysts and less 
abundant subhedral 
medium grained 
hornblende, and minor 
medium-fine grained 
anhedral quartz. 

Coarse-medium grained subhedral feldspar 
phenocrysts are dominant and intensely fractured 
with minor sericite infilling. Coarse-medium grained 
pyroxene and medium-fine grained quartz are 
interlocked with feldspar and minor sericite replaces 
fractured feldspar, whereas some pyroxenes are 
partially replaced by chlorite. Subhedral medium-fine 
grained sulfide phenocrysts overprint the matrix and 
are associated with iron oxide coating.  

halloysite + 
chlorite 
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Table C.2. Continued 

ID Easting Northing 
Elevation 

(m) 
Field comments Thin-section description 

SWIR mineral 
ID 

EB-
T129 

404896.7 4418304.4 1989.1 

Argillic altered CGP outcrop 
with QSP veining now 
oxidized to limonite. 
Porphyritic granodiorite with 
partially replaced eu-
subhedral medium grained 
feldspar phenocrysts in very 
fine-grained quartz-feldspar 
groundmass. Sample is 
oxidized and is cross-cut by 
iron oxide and quartz veins. 

Coarse grained subhedral feldspar phenocrysts 
are entirely replaced by sericite. Matrix is 
composed of dominant qtz and minor feldspar. 
Matrix is not pervasively altered, sericite fills 
fractures. Iron oxide coats phenocrysts and 
matrix, and exploits fractures as well as cross-
cuts sample. Higher birefringence sericite 
(possibly illite) is minor and occurs only on fine-
medium grained phenocrysts. 

halloysite + 
illite 

EB-
T140 

404884.6 4418259.0 1979.7 

Vuggy silica w calcite filling 
open space. Float sample 
from Sunbeam mine. Pyrite 
is all oxidized to hematite.  

Sample is ubiquitous medium-coarse 
interlocked quartz phenocrysts ranging sub-
euhedral blocky glomerocrysts to more 
elongate laths. Empty cavities form the vuggy 
silica texture.  

aspectral 

EB-
T162 

405192.6 4418488.9 2029.4 

Outcrop of strong argillic 
altered CGP with limonite 
and jarosite staining. White 
porphyritic igneous rock, 
abundant medium grained 
eu-subhedral feldspar 
phenocrysts altered to 
sericite in quartz-feldspar 
groundmass. Minor fine-
grained quartz phenocrysts. 
Sample is cross-cut by 
quartz stringer vein with 
iron oxide, limonite halo. 

Matrix is fine grained subhedral interlocked 
quartz supporting medium-coarse grained 
subhedral feldspar phenocrysts completely 
replaced to sericite. Sericite also present 
interstitially in matrix and replacing fine grained 
feldspar in matrix. There appears to be two 
different types of sericite with different shapes 
and birefringence (possibly illite and 
pyrophyllite or dickite-nacrite). Less abundant 
chlorite seems to replace hornblende. Quartz 
phenocrysts are medium grained, rare and 
subhedral. Closer to quartz vein, limonite is 
interstitial and overprints matrix locally. Quartz 
grains in vein are medium grained, coarser than 
matrix, and are associated with interstitial 
sericite and iron oxide, and sericite replacement 
of feldspar surrounding it.  

illite + nacrite 
+ jarosite 
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Table C.2. Continued 

 

ID Easting Northing 
Elevation 

(m) 
Field comments Thin-section description 

SWIR mineral 
ID 

EB-
T171 

405298.5 4418547.4 2040.2 

Outcrop of igneous 
porphyritic rock with strong 
argillic alteration with QSP 
vein, now oxidized to 
goethite. Euhedral 
feldspar crystals, partially 
replaced and a white 
groundmass of quartz and 
sericite. 

Matrix is fine grained quartz, coarse and medium 
grained subhedral to anhedral feldspar 
phenocrysts are partially to completely replaced 
by sericite. Most feldspars are twinned and 
replaced along rim or in fractures. Quartz medium 
grained phenocrysts are less abundant but are 
sub-anhedral and also fracture filled by sericite 
and hematite. Sericite is also interstitial, along 
with hematite. There appears to be at least two 
types of sericites (one beige and amorphous, 
possibly montmorillonite and another with high 
birefringence and radially acicular, possibly illite 
and/or halloysite). Sericite seems to be 
overprinting hematite, which is coating quartz and 
feldspar. Occasionally hematite completely 
encases darker anhedral quartz.  

illite + 
montmorillonite 

+ halloysite 

EB-
T175 

405480.1 4418768.6 2059.4 

Outcrop of moderately 
sericite altered and 
oxidized (hematite) 
porphyritic volcanic rock. 
Anhedral sericite altered 
feldspar phenocrysts and 
anhedral quartz 
phenocrysts. Groundmass 
is very fine-grained quartz 
and sericite. 

Matrix is fine grained sericite and medium-fine 
grained quartz. Elongate and stubby coarse-
medium grained feldspar phenocrysts are almost 
entirely replaced by elongate high birefringence 
sericite (possibly muscovite). Interstitial space is 
filled with iron oxide, minor sulfide and sericite.  

muscovite 

EB-
T194 

405192.9 4418447.1 2013.9 

Float sample from mine 
dump with blebby pyrite 
and bladed calcite in 
silicified groundmass with 
cross-cutting veins of 
quartz-sericite. 

Quartz is ubiquitous and ranges from very coarse 
grained to fine grained. Distribution of quartz 
appears banded but subhedral coarse-very 
coarse-grained quartz is still sparsely supported 
by sub-anhedral medium-fine grained quartz. 
Coarse-fine grained pyrite is blebby and 
disseminated ubiquitous but concentrated in 
bands with coarse grains. Fine grained laths of 
alunite are also present in minor abundance. 

dickite + 
alunite-Na 
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Table C.2. Continued 

ID Easting Northing 
Elevation 

(m) 
Field comments Thin-section description 

SWIR mineral 
ID 

EB-T227 405152.2 4418175.2 1966.9 

Outcrop of strongly sericite 
altered porphyritic igneous 
rock. Oxidized QSP stringer 
veins generally trending 
015, dipping 60. B 
centerline veins cross-cut 
by thin QSP veins. Eu-
subhedral feldspar 
phenocrysts partially or 
completely replaced to 
sericite and supported by a 
silicified groundmass. 

Matrix is dominantly interlocked anhedral 
medium grained quartz with some interstitial 
sericite. Some fine-medium grained 
pyroxene glomerocrysts remain. Sericite 
blebs are also supported by matrix and 
seem to replace coarse grained anhedral 
feldspar. There seems to be two different 
types of sericite, one elongate with higher 
birefringence (possibly muscovite) and 
another with lower birefringence and very 
fine grained (possibly pyrophyllite or 
dickite). Iron oxide veins carry opaque 
sulfide minerals and have inward dendritic 
medium grained subhedral quartz growths, 
along with a higher concentration of sericite 
around veins.  

pyrophyllite + 
paragonite 

EB-
T324b 

404404.9 4419440.2 2009.5 

Outcrop in fissure of strong 
sericite altered granodiorite 
porphyry and brecciated 
rock in FeOx groundmass. 
Coarse grained euhedral to 
subhedral feldspar 
phenocrysts partially 
replaced to sericite. Minor 
quartz medium-fine grained 
phenocrysts. Sample cross-
cut by hairline vein. 

Partially replaced coarse grained subhedral 
feldspar phenocrysts by hematite and 
sericite, within interlocked coarse-medium 
anhedral quartz phenocrysts. Hematite 
veins fracture the phenocrysts and medium-
fine grained sulfides overprint. Fine grained 
quartz is interstital in pockets. B quartz vein 
cross-cuts sample with fibrous quartz 
growing inwards. Quartz vein splays cross-
cut feldspar and quartz phenocrysts. 
Coarse grained subhedral phenocrysts are 
partially replaced by sericite and zoned.  

kaolinite 

 



86 

 

Table C.2. Continued 

ID Easting Northing 
Elevation 

(m) 
Field comments Thin-section description 

SWIR mineral 
ID 

EB-
T384 

404356.4 4419662.1 2048.2 

Float (subcrop) of 
sedimentary rock with two 
clasts: one grey with 
porphyritic texture of fine-
medium grained white 
phenocrysts in quartz 
groundmass; and one 
more equigranular with 
fine-medium grained 
green phenocrysts of 
pyroxene and 
white/transparent sericitic 
feldspar phenocrysts. 
Fine-medium grained 
quartz is abundant. The 
sample is cross-cut by 
white sericite. Stringer 
vein with yellowish green 
halo of pyroxene. 

Grey clast has matrix of abundant anhedral very 
fine-grained quartz and pyroxene and/or sericite, 
supporting fine grained sulfide and diopside 
phenocrysts. Medium grained anhedral 
phenocrysts are completely altered to sericite 
from feldspar. White clast has dominant crowded 
medium-coarse grained eu-subhedral feldspar 
partially sericite altered. Pyroxene is also 
abundant but sub-anhedral and is partially 
replaced to chlorite. Quartz is minor. Sericite is 
present as anhedral clusters but also as 
elongate laths, perhaps as prehnite. Sericite vein 
cross-cuts sample. 

prehnite 

NAD-
02 

404920.2 4420504.4 2111.8 

Sample of preferentially 
altered bed in NAD 
breccia. Quartz veins 
cross-cut rock altered to 
very fine grained yellow-
orange clay. 

Veins of sub-anhedral quartz fining inward 
contain fine-medium grained subhedral sulfides. 
These veins are rimmed by iron oxide and 
elongate, fibrous, dendritic and sometimes radial 
calcite and/or sericite laths. Matrix is medium 
grained calcite, fine-very fine-grained quartz and 
sericite. Fine-medium grained sulfide 
phenocrysts also supported by matrix. Veins of 
iron oxide and sulfide also exhibit dendritic 
calcite and/or sericite rimming. 

kaolinite + 
calcite 

SV19-
01 

404594.0 4419554.0 2035.0 
Green mx breccia in skarn 
valley. 

Abundant clinopyroxene (diopside).  aspectral 

SV19-
02 

404589.0 4419533.0 2034.6 
Green rock xenolith 
(diopside?). 

Abundant diopside. 
chlorite + 
epidote 

SV19-
03 

404600.0 4419530.0 2034.3 
Zebra calcite and 
dodecahedral black 
vitreous crystals (spinel). 

Abundant Mg-spinel.  
chlorite + 
saponite 
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Table C.3. SWIR and BSE-EDS results on eight representative samples validate the SWIR mineral 
identifications and mineral geochemical variations. 

ID Easting Northing 
Elevation 

(m) 
BSE-EDS description SWIR mineral ID 

EB-
S239b 

406439.6 4419299.3 2100.8 
alunite: K, Al, S, O;  
jarosite: Al, Si, K, Fe, S, O;  
illite: K, Mg, Al, Si, O 

alunite-K + jarosite 
+ illite 

EB-
S339 

406527.4 4416458.7 2006.3 
pyrophyllite: Al, Si, O;  
muscovite: K, Al, Si, O;  
quartz; pyrite; sulfate; BaO 

muscovite + 
pyrophyllite 

EB-
S47 

406942 4419754.6 2149.1 
dickite: Al, Si, O;  
phengite: K, Al, Fe, Si, O;  
quartz; FeO 

muscovite + dickite 

EB-
S87 

402792.2 4420903.4 1997.8 
diaspore: Al, O (+K, S, Fe) 
muscovite: K, Fe, Si, Al, O 

muscovite + 
diaspore 

EB-
T106 

404120.6 4417899.1 1893.9 

halloysite: Fe, Al, Mg, Si, O; 
chlorite: Fe, Mg, Al, Si, O; 
quartz; orthoclase; albite; Ca 
phosphate; titanite 

halloysite + chlorite 

EB-
T162 

405192.6 4418488.9 2029.4 

illite: Na, F, Mg, K, Al, Si, O; 
nacrite: Al, Si, O;  
jarosite: Al, Ba, Si, K, Fe, S, O 
quartz 

illite + nacrite + 
jarosite 

EB-
T194 

405192.9 4418447.1 2013.9 

dickite: Al, Si, O 
alunite: Ca, Sr, P, Al, S, O 
quartz; enargite; covellite; pyrite; 
Ba-As-Fe-Sb sulfate 

dickite + alunite 

EB-
T227 

405152.2 4418175.2 1966.9 

pyrophyllite: Al, Si, O 
muscovite: K, Al, Si, O 
quartz; Ba-Pb-Sr sulfates; FeO, 
TiO 

pyrophyllite + 
muscovite 
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APPENDIX D 

CHEMICAL FORMULAS 

Table D.1. Minerals attributed to different alteration assemblages of the Porphyry Copper Deposit Model 
(Sillitoe, 2010) and their chemical formula.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Assemblage Mineral  Formula 

S
o
d
ic

-c
a
lc

ic
 

albite NaAlSi3O8 

actinolite {Ca2}{Mg4.5-2.5Fe0.5-2.5}(Si8O22)(OH)2 

magnetite Fe2+Fe3+
2O4 

P
o
ta

s
s
ic

 

orthoclase K(AlSi3O8) 

phlogopite KMg3(AlSi3O10)(OH)2 

P
ro

p
y
lit

ic
 chlorite (Mg, Fe)5Al(AlSi3O10)(OH)8 

epidote {Ca2}{Al2Fe3+}(Si2O7)(SiO4)O(OH) 

illite K0.65Al2.0[Al0.65Si3.35O10](OH)2 

P
h
y
lli

c
 paragonite NaAl2(AlSi3O10)(OH)2 

muscovite KAl2(AlSi3O10)(OH)2 

phengite KAl1.5(Mg,Fe)0.5(Al0.5Si3.5O10)(OH)2 

A
d
v
a
n
c
e
d
 a

rg
ill

ic
 alunite KAl3(SO4)2(OH)6 

dickite Al2(Si2O5)(OH)4 

nacrite Al2(Si2O5)(OH)4 

diaspore AlO(OH) 

pyrophyllite Al2Si4O10(OH)2 

A
rg

ill
ic

 kaolinite Al2(Si2O5)(OH)4 

halloysite Al2(Si2O5)(OH)4 

montmorillonite (Na,Ca)0.33(Al,Mg)2(Si4O10)(OH)2 · nH2O 

S
k
a
rn

 

diopside CaMgSi2O6 

andradite Ca3Fe3+
2(SiO4)3 

spinel MgAl2O4 

serpentine Mg3(Si2O5)(OH)4 

saponite Ca0.25(Mg,Fe)3((Si,Al)4O10)(OH)2 · nH2O 

tremolite {Ca2}{Mg5}(Si8O22)(OH)2 

brucite Mg(OH)2 
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APPENDIX E 

SWIR NUMERIC VALUE DISTRIBUTION 

 

 

 

 

 

 

 

 

 

 

 

Figure E.1. Histograms showing distribution of the AlOH absorption peak at 2200 nm at surface (left) and 
at depth (right).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure E.2. Histograms showing distribution of illite crystallinity (IC) values at surface (left) and at depth 
(right).  
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Figure E.3. Histograms showing distribution of the FeOH absorption peak at 2250 nm at surface (left) and 
at depth (right).  
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APPENDIX F 

COPYRIGHTED MATERIAL 

 

 

 

 

 

 

 

 

 

 

Figure F.1. LinkedIn correspondence with Ken Krahulec for permission to use and modify Fig. 2.3 in this 
thesis.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure F.2. Email correspondence with Douglas Johnson for permission to use and modify Fig. 2.4. in this 
thesis. 
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Figure F.3. Email correspondence with Utah Geological Survey for permission to use and modify Fig. 2.1 
in this thesis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure F.4. Licence agreement with The American Journal of Science, provided by Copyright Clearance 
Center, showing permission to use and modify Fig. 2.2 in this thesis.  
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