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ABSTRACT 

 

This study examines the metapelite-hosted hydrothermal corundum occurrence at the 

sheared contact of a syngenetic skarn and related magmatic-hydrothermal evolution of the 

Laramide calc-alkaline I-type Whitehorn Stock in central Colorado. Prior researchers have 

suggested that leaching away quartz within quartz-bearing protoliths will enhance residual Al2O3 

so that corundum can be stabilized. This study demonstrates, using field relations, microscopy, 

whole-rock analysis, electron microprobe analysis (EPMA), and laser ablation–inductively 

coupled plasma–mass spectrometry (LA-ICP-MS), that Al hydrothermal mass transfer is possible 

and quartz-bearing protoliths can be modified to form hydrothermal corundum. Our model 

shows that Si–Al-alkali–alkaline-halide-rich magmatic-hydrothermal fluids derived from the 

Whitehorn Stock metasomatically interacted with a pure limestone protolith juxtaposed with the 

metapelite-hosted corundum occurrence.  Skarn mineralization of the limestone resulted in an 

Al-alkali-rich and Si-undersaturated magmatic-devolatilization-derived modified fluid before 

interacting with the quartz-bearing pelitic schist. Disequilibrium reactions between the quartz 

and modified fluid led to significant changes in mineralogy and whole-rock composition of the 

quartz-bearing pelitic schist by the formation of primarily feldspar and corundum as Si and 

alkalis were consumed at ~681°C and 2 kbar. 

 

This study also demonstrates that metapelite-hosted corundum and skarn-hosted garnet 

trace element geochemistry reflects the involvement of igneous intrusions and skarn formation. 

Corundum and garnet show similar geochemical signatures enabling interpretations of 

metasomatic vs. pelitic signatures across a pelitic- and metasomatic-derived compositional 

continuum from which the corundum is derived. A set of petrogenetic indicator chemical criteria 

are established using molar-element ratio analysis of trace elements in corundum to distinguish 

among the protolith, magmatic-hydrothermal fluids, and skarn-related fluids to establish 

corundum gemstone (sapphire) origins. 

 

Chemical abrasion-isotope dilution-thermal ionization mass spectrometry U–Pb zircon 

high-precision dating was used to bracket the emplacement-to-crystallization and magmatic-to-

hydrothermal ages of the Whitehorn Stock. The emplacement-to-crystallization duration was 
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determined by determining the ages of a paragenetically early-crystallized diorite sill and related 

paragenetically later-crystallized granodiorite. The magmatic-to-hydrothermal age was bracketed 

by dating a felsic anorthosite hosting both magmatic and hydrothermal zircons. The magmatic-

to-hydrothermal transition was further bracketed by dating hydrothermal zircon occurring within 

the metapelite-hosted hydrothermal corundum. The results support models where multiple 

injections accrete igneous intrusions, the metasomatic phase was derived and sustained by 

incremental magmatic pulses for approximately 300 kyr, and that hydrothermal mineralization 

was concluded before complete Whitehorn Stock solidification. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  
v 

TABLE OF CONTENTS 

 
ABSTRACT ................................................................................................................................... iii 
 
LIST OF FIGURES ....................................................................................................................... xi 
 
LIST OF TABLES ....................................................................................................................... xiv 
 
ACKNOWLEDGEMENTS ......................................................................................................... xvi 
 
CHAPTER 1 INTRODUCTION ...................................................................................................1 
 

1.1 Chapter 2 Literature Review: Formulaically Simple, but Petrogenetically 
Complex ...................................................................................................................1 

 
1.2 Chapter 3 Literature Review: Corundum Geochemistry Issues ..............................6 

 
1.3 Chapter 4 Literature Review: The Elusive Crystallization-to-emplacement and 

Magmatic-to-hydrothermal ages ..............................................................................9 
 

1.4 Thesis Summary .....................................................................................................11 
 

1.5 References ..............................................................................................................13 
 
CHAPTER 2 ALUMINUM METASOMATISM WITHIN THE WHITEHORN 

HYDROTHERMAL SYSTEM, COLORADO: A MODEL FOR 
HYDROTHERMAL CORUNDUM ......................................................................22 

 
2.1 Introduction ............................................................................................................23 

 
2.2 Geologic Setting .....................................................................................................25 

 
2.3 Samples and Analytical Methods ...........................................................................27 

 
2.3.1 Sampling ....................................................................................................27 

 
2.3.2 Whole-Rock Geochemistry ........................................................................41 

 
2.3.3 Microscopy ................................................................................................42 

 
2.3.4 Electron Probe Microanalysis ....................................................................42 

 
2.3.5 LA-ICP-MS ...............................................................................................43 

 
2.3.6 Isocon Analysis ..........................................................................................44 

 



  
vi 

2.3.7 Ti-in-biotite Geothermometry ....................................................................44 
 

2.4 Results ....................................................................................................................45 
 

2.4.1 Field Relations ...........................................................................................45 
 

2.4.2 Petrography of the Corundum Metasomatites ...........................................46 
 

2.4.3 Petrography of the Leadville Skarn ...........................................................48 
 

2.4.4 Whole-rock Characterization of the Leadville Skarn and Limestone ........49 
 

2.4.5 EPMA Mineral Characterization of the Leadville Skarn ...........................49 
 

2.4.6 LA-ICP-MS Characterization of the Leadville Skarn Garnets ..................50 
 

2.4.7 Whole-rock Characterization of the Belden Shale .....................................50 
 

2.4.8 EPMA Mineral Characterization of the Belden Shale Metasomatites .......51 
 

2.4.9 Corundum Trace Element Chemistry ........................................................51 
 

2.4.10 Trace Element Composition of the Belden Shale ......................................84 
 

2.4.11 Ti-in-biotite Geothermometry Results .......................................................84 
 

2.5 Petrogenetic Interpretation .....................................................................................85 
 

2.5.1 Paragenesis .................................................................................................85 
 

2.5.2 Initial Magmatic-hydrothermal Fluid Composition ...................................85 
 

2.5.3 Evolution of the Initial Magmatic-hydrothermal Fluid Composition ........86 
 

2.5.4 Evolution of a Hybrid Metasomatic Fluid Composition: Reactions in  
the Leadville ...............................................................................................94 

 
2.5.5 Mineralogical Evidence for Metasomatism by a Hybrid Metasomatic  

Fluid Composition within the Belden Shale  .............................................94 
 

2.5.6 Geochemical Evidence for Metasomatism by a Hybrid Metasomatic  
Fluid Composition within the Belden Shale  .............................................95 

 
2.5.7 Quantification of Mass Transfer between Skarn and Pelite .......................97 

 
2.6 Discussion ..............................................................................................................98 



  
vii 

 
2.6.1 Model for Substantial Al2O3 Transport and Precipitation in a Quartz-

bearing Pelite .............................................................................................98 
 

2.6.2 Effect of Reciprocal Solubilities of SiO2 and Al2O3 on Hydrothermal 
Mineral Zonations in the Leadville Skarn and Corundum  
Metasomatites ..........................................................................................102 

 
2.6.3 Fluid Dynamics in the Leadville Skarn and Belden Shale ......................104 

 
2.7 Conclusions ..........................................................................................................106 

 
2.8 References ............................................................................................................107 

 
CHAPTER 3  TRACE-ELEMENT SIGNATURES AS PETROGENETIC INDICATORS  

OF HYDROTHERMAL SAPPHIRE AND GARNET FROM THE  
WHITEHORN STOCK METAMORPHIC  
AUREOLE, COLORADO ...................................................................................116 

 
3.1 Introduction ..........................................................................................................117 

 
3.2 Geologic Setting ...................................................................................................119 

 
3.3 Samples and Analytical Methods .........................................................................121 

 
3.3.1 Microscopy ..............................................................................................122 

 
3.3.2 Electron Probe Microanalysis ..................................................................155 

 
3.3.3 Laser Ablation-Inductively Coupled Plasma-Mass Spectrometry ...........155 

 
3.4 Results ..................................................................................................................155 

 
3.4.1 Sample Description of the Corundum Metasomatites (Belden Shale) ....155 

 
3.4.2 Sample Description of the Leadville Limestone and Skarn .....................156 

 
3.4.3 Characterization of Belden Shale Corundum by Electron Probe 

Microanalysis ...........................................................................................157 
 

3.4.4 Characterization of Belden Shale Corundum by Laser Ablation-
inductively Coupled Plasma-mass Spectrometry .....................................157 

 
3.4.5 Type I Corundum Core-to-rim Geochemical Signatures .........................158 

 



  
viii 

3.4.6 Geochemical-signatures Comparison of Corundum Types I and III by 
Laser Ablation-inductively Coupled Plasma-mass Spectrometry ...........158 

 
3.4.7 Corundum Discrimination Diagrams Based on Electron Probe 

Microanalysis  ..........................................................................................159 
 

3.4.8 Leadville Garnet Compositions Determined by Electron Probe 
Microanalysis ...........................................................................................159 

 
3.4.9 Leadville Garnet Compositions Determined by Laser Ablation- 

inductively Coupled Plasma-mass Spectrometry .....................................160 
 

3.4.10 Leadville Limestone and Skarn Whole-rock Geochemistry ....................161 
 

3.5 Petrogenetic Interpretation ...................................................................................161 
 

3.5.1 Corundum Crystallization Textures .........................................................161 
 

3.5.2 Corundum Optical Zoning and Cathodoluminescence Signatures ..........163 
 

3.5.3 Coupling of Hydrothermal Garnet and Corundum Trace-element 
Geochemical Signatures by Laser Ablation-inductively Coupled  
Plasma-mass Spectrometry ......................................................................163 

 
3.5.4 Evidence of Paragenetically Early Al Metasomatism in Corundum  

from Laser Ablation-inductively Coupled Plasma-mass  
Spectrometry ............................................................................................164 

 
3.5.5 Evidence of Paragenetically Later Fe Metasomatism in Corundum  

from Laser Ablation-inductively Coupled Plasma-mass Spectrometry ...165 
 

3.5.6 Comparing Corundum Types I and III Signatures from Laser  
Ablation-inductively Coupled Plasma-mass Spectrometry .....................166 

 
3.6 Discussion ............................................................................................................167 

 
3.6.1 Trace-element Indicators of Corundum Provenance ...............................167 

 
3.6.2 Proposed Discrimination Diagram for Magmatic-hydrothermal, Skarn,  

and Metapelitic Signatures .......................................................................168 
 

3.6.3 Validating Discrimination Diagram for Magmatic-hydrothermal,  
Skarn, and Metapelitic Signatures ...........................................................170 

 
3.6.4 Other Elements Indicating Igneous Petrogenesis and/or Skarn  

Influence ..................................................................................................171 



  
ix 

 
3.6.5 Petrogenetic Interpretation of Hydrothermal Garnet Trace-element 

Signatures as Records of Fluid Composition, pH, and/or Oxygen  
Fugacity ....................................................................................................174 

 
3.7 Conclusions ..........................................................................................................177 

 
3.8 References ............................................................................................................178 

 
CHAPTER 4  HIGH-PRECISION URANIUM-LEAD CA-ID-TIMS DATING OF  

MAGMTIC AND HYDROTHERMAL ZIRCON FROM THE  
WHITEHORN STOCK METAMORPHIC AUREOLE, COLORADO:  
INSIGHT INTO THE MAGMATIC-HYDROTHERMAL TRANSITION .......186 

 
4.1 Introduction ..........................................................................................................187 

 
4.2 Geologic Setting ...................................................................................................190 

 
4.3 Methods................................................................................................................191 

 
4.3.1 Sampling ..................................................................................................191 

 
4.3.2 Zircon LA-ICP-MS Methods ...................................................................198 

 
4.3.3 CA-ID-TIMS U-Pb Zircon Geochronology Methods ..............................202 

 
4.3.4 Ti-in-zircon Geothermometry ..................................................................204 

 
4.3.5 Cold-Cathode Cathodoluminescence .......................................................206 

 
4.4 Results ..................................................................................................................206 

 
4.4.1 Field Relations .........................................................................................206 

 
4.4.2 Petrography of Corundum Metasomatites (WA-CM) and Whitehorn  

Stock (WA-WI, WA-WS, WA-WF) ........................................................207 
 

4.4.3 U-Pb Geochronology Results ..................................................................209 
 

4.4.4 Zircon Trace-element Compositions  
(WA-CM, WA-WI, WA-WS, WA-WF) ..................................................211 

 
4.4.5 Ti-in-zircon Geothermometry ..................................................................212 

 
4.5 Discussion ............................................................................................................212 

 



  
x 

4.5.1 Validating WA-CM to be Hydrothermal and Reflecting the  
Magmatic-to-hydrothermal Transition .....................................................212 

 
4.5.2 Bracketing the Emplacement-to-crystallization and Magmatic-to-

hydrothermal Ages ...................................................................................216 
 

4.5.3 Zircon Crystallization Temperature by Ti-in-zircon geothermometry ....220 
 

4.6 Conclusions ..........................................................................................................221 
 

4.7 References ............................................................................................................221 
 
CHAPTER 5  CONCLUSIONS .................................................................................................232  
 

5.1 Research Findings ..........................................................................................232 
 

5.2 Recommendation for Future Work ................................................................234 
 
APPENDIX A Supplemental Electronic Files .........................................................................237  
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  
xi 

LIST OF FIGURES 

 
Figure 2.1 Geology of Whitehorn Stock area. [Modified after Abbey et al. (2017) with 

additional structural data from Workman (1997)] .................................................26 
 
Figure 2.2 Geology of study area [Modified after Abbey et al. (2017)  

and Workman (1997)] ............................................................................................28 
 
Figure 2.3 Box model of Leadville Limestone and Belden Shale hydrothermal  

mineralization with emphasis on mineralogical zonation ......................................29 
 
Figure 2.4 Schematic diagram of rock outcrop depicting mineralogical variations from 

Leadville Limestone lithologic contact with Belden Shale ...................................30 
 
Figure 2.5 CL, PPL, and XPL Photomicrograph from Type I metasomatites ........................31 
 
Figure 2.6 CL Photomicrograph from Type II and III metasomatites ....................................33 
 
Figure 2.7 BSE and photos of Type A and B garnets from the Leadville skarn .....................34 
 
Figure 2.8 Feldspar ternary diagram depicting EMPA compositional analyses of 

The Leadville skarn and corundum metasomatites and EPMA transects  
of Type B garnets depicting grossular–andradite oscillatory zoning .....................35 

 
Figure 2.9 EPMA compositions of matrix scapolite and scapolite inclusions in Type B 

garnets using proposed stoichiometry of meionite and marialite and  
EPMA compositions of cordierite from Types I and III metasomatites ................37 

 
Figure 2.10 Binary plots depicting element behavior with increasing Al2O3 between  

average Type I, average Type III, P-1-1, and B-2-3 from the Belden Shale .........38 
 
Figure 2.11 Paragenesis diagram depicting the variations in metasomatic styles and 

mineralization between the Belden Shale and Leadville skarn  ............................87 
 
Figure 2.12 Isocon diagrams of corundum metasomatites compared with the 2-B-3 
  reference composition from the Belden Shale .......................................................88 
 
Figure 2.13 Isocon diagrams of corundum metasomatites compared with the P-1-1 

reference composition from the Belden Shale .......................................................90 
 
Figure 2.14 Petrogenetic model for the petrogenesis of the corundum metasomatites  ............92 
 
Figure 3.1 Geology of Whitehorn Stock area. [Modified after Abbey et al. (2017) with 

additional structural data from Workman (1997)] ...............................................120 
 



  
xii 

Figure 3.2 Geology of study area [Modified after Abbey et al. (2017) and  
Workman (1997)] .................................................................................................123 

 
Figure 3.3 Box model of Leadville Limestone and Belden Shale hydrothermal  

mineralization with emphasis on mineralogical zonation ....................................124 
 
Figure 3.4 Schematic diagram of rock outcrop depicting mineralogical variations from 

Leadville Limestone lithologic contact with Belden Shale .................................125 
 
Figure 3.5 CL photomicrographs of corundum Types I, II, and III ......................................126 
 
Figure 3.6 BSE and photos of Type A and B garnets from the Leadville skarn ...................127 
 
Figure 3.7 Selected trace-element geochemistry of corundum determined by LA-ICP- 

MS. Elements are plotted against Fe to test hypothesis regarding elements 
enriched by paragenetically later Fe metasomatism ............................................128 

 
Figure 3.8 Discrimination diagrams supporting metamorphic, metasomatic, and/or  

magmatic petrogenesis proposed by various authors utilizing the EPMA 
corundum geochemistry .......................................................................................129 

 
Figure 3.9 Trace-element geochemistry of garnet determined by LA-ICP-MS and  

patterns of increasing grossular-garnet component used to observe what  
elements were associated with paragenetically early Al metasomatism  
versus later Fe metasomatism ..............................................................................132 

 
Figure 3.10 Proposed petrogenetic diagrams using paired trace-element data for  

corundum from current samples and prior studies by LA-ICP-MS .....................172 
 
Figure 4.1 Geology of the Whitehorn Stock area. Modified after Abbey et al. (2018),  

with additional structural data from Workman (1997) ........................................191 
 
Figure 4.2 Geology and geologic cross-section of the study area .........................................192 
 
Figure 4.3 Examples of Kwf (host WA-WF-hydrothermal and WA-WF-magmatic zircons) 

and corundum metasomatites (host WA-CM zircons) .........................................194 
 
Figure 4.4 CL photomicrograph of the Belden Shale corundum metasomatites, depicting  

the zoned corundum, plagioclase, and zircon ......................................................195 
 
Figure 4.5 Representative CL photomicrographs of zircons .................................................196 
 
Figure 4.6 Plot of CA-ID-TIMS 206Pb/238U dates determined from zircon ...........................198 
 
Figure 4.7 Concordia diagram of WA-CM zircons (from CA-ID-TIMS) ............................200 
 



  
xiii 

Figure 4.8 Chondrite normalized plot of zircons (from LA-ICP-MS) ..................................201 
 
Figure 4.9 Ti-in-zircon thermometry vs. Th/U ratios (from LA-ICP-MS) of  

WA-CM, WA-WI, WA-WS-mesozoic, WA-WF-hydrothermal,  
and WA-WF-magmatic zircons ...........................................................................202 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



  
xiv 

LIST OF TABLES 

 
Table 2.1 Whole-rock geochemical data of major, minor, and trace elements of the 

Leadville Limestone, Belden Shale, and corundum metasomatites ......................52 
 
Table 2.2 EPMA of the Leadville skarn Types A (core and rim), B (core-to-rim transect), 

and C garnets and end-member normative (%) calculations .................................56 
 
Table 2.3 EPMA of the Belden Shale Type III metasomatite feldspar and Leadville  

skarn feldspar composition and end-member normative (%) calculations ............58 
 
Table 2.4 EPMA of the Leadville skarn scapolite inclusions in garnet and matrix  

scapolite composition and end-member normative (%) calculations ....................60 
 
Table 2.5 EPMA of the Leadville skarn diopside and end-member normative (%) 

calculations from diopside inclusions in Type B garnets ......................................62 
 
Table 2.6 EPMA of the Leadville skarn epidote and end-member normative (%) 

calculations ............................................................................................................64 
 
Table 2.7 EPMA of the Belden Shale cordierite in Type I and Type III metasomatites 
  and end-member normative (%) calculations ........................................................66 
 
Table 2.8 EPMA of the Belden Shale Type I metasomatite matrix and corundum  

reaction rim spinel and end-member normative (%) calculations .........................68 
 
Table 2.9 EPMA of the Belden Shale Type I metasomatite matrix biotite and biotite 

inclusions in corundum, end-member normative (%) calculations, and Ti-in-
biotite geothermometry (Henry et al., 2005) .........................................................70 

 
Table 2.10 Summary of corundum trace element chemistry by EPMA in the Belden Shale  .73 
 
Table 2.11 Summary of corundum trace element chemistry by LA-ICP-MS in the Belden 

Shale .......................................................................................................................80 
 
Table 2.12 Summary of core-to-rim geochemical signatures of corundum trace element 

chemistry by LA-ICP-MS of the Type I metasomatite corundum ........................83 
 
Table 3.1 Summary of max and min, mean and standard deviation, and  

analytical uncertainties from multiple analyses obtained by electron  
probe microanalysis of each corundum grain ......................................................136 

 
Table 3.2 Corundum trace-element chemistry by LA–ICP–MS, including summary of 

all max and min, mean and standard deviation ....................................................143 
 
Table 3.3 Corundum core-to-rim LA-ICP-MS summary, showing number and  



  
xv 

percentage of grains enriched or depleted, number and percentage of grains  
beyond statistical uncertainty, and average differences between core and rim 
values in ppm .......................................................................................................146 

 
Table 3.4 Corundum Type I and III trace-element comparison between core and rim  

based on LA–ICP–MS; mean, and standard deviation; and differences  
in element concentrations ....................................................................................148 

 
Table 3.5 Garnet trace-element chemistry obtained by (EPMA), showing max and min, 

mean, and standard deviation of different types ..................................................151 
 
Table 3.6 Summary of Leadville Limestone whole-rock data categorized by 

 paragenetically early Al metasomatism and later Fe metasomatism ..................153 
 
Table 4.1 CA-ID-TIMS U-Pb zircon summary ...................................................................209 
 
Table 4.2 LA-ICP-MS zircon trace element summary ........................................................217 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 



  
xvi 

 
ACKNOWLEDGEMENTS 

 
 

I would like to thank my advisor Richard Wendlandt for providing me an opportunity to 

complete this degree. I would like to thank him for his comments, guidance, and support 

throughout this project. Additionally, I would like to thank Darrell Henry and Barb Dutrow for 

their respect and devotion toward research and undergraduate education within geosciences, 

which provided me with the future I have today. I would also like to thank Wendy Bohrson for 

providing the opportunity to instruct the sophomore and junior level mineralogy courses. The 

opportunity was certainly unique and helped me to develop further toward my career goals. I 

would like to extend my sincere gratitude to the rest of the committee past and present. Richard 

Palin, thank you for always trying to include me in your research group meetings, lunches, and 

creating a sense of community with graduate students. Elizabeth Holley, I felt very fortunate to 

have a committee chair with similar interests in magmatic-hydrothermal systems. I would like to 

thank Katharina Pfaff for her advice and assistance in using scanning electron microscopy. 

Besides, I would like to thank her for allowing me to spend much time with your graduate 

students in your lab. Thank you, Alex Gysi, for providing the first discussions regarding 

magmatic-hydrothermal systems and fluid-rock interaction. Thank you, Zhaoshan Chang, for 

your expertise; several of your publications provided breakthroughs during this project. 

 

Jaime Azain, from the U.S. Geological Survey, was instrumental in the bulk rock 

analyses. Aaron Bell, from the Department of Geological Sciences at CU Boulder, assisted in the 

electron microprobe analyses of the skarn. Peter Horvath, from the Department of Geology and 

Geophysics at LSU, also assisted in the electron microprobe analyses of the sapphire metapelites. 

Youngwoo Kil, from the Department of Energy and Resources, Chonnam National University, 

was instrumental in LA-ICP-MS helping with the analyses of corundum and garnet. Jim 

Crowley, from the Department of Geosciences, Boise State University, assisted in completing 

the geochronology aspect of this study. The discussions we had regarding the data until almost 

1:00 AM showed tremendous devotion toward the project. Logan Powell for accompanying and 

helping me with fieldwork portion of this project. The discussion regarding the intrusion 

complex in the field are some of my favorite memories during this project. Jae Erickson of 



  
xvii 

Colorado School of Mines for preparing the thin sections. I apologize again that the corundum 

destroyed the lapping pad. Nigel Kelly, for always being a positive individual to speak with. You 

inspired me to perform a high-precision geochronology part of the research. 

 

The research was financially supported by my advisor. I also benefited from a teaching 

assistantship, fellowship, and as an instructor provided by the Colorado School of Mines. 

Research grants awarded from the Geological Society of America, United States Geological 

Survey, and the Wyoming Geological Association. 

 

I would like to thank my fellow graduate students, faculty, and many undergraduate 

students at Colorado School of Mines for their insight, suggestions, and supports. To my parents, 

for their encouragement, my success only exists because of you. I will always owe you both 

everything. Finally, I would like to thank my sister for our past conversation several years ago 

now. The conversation inspired me to persevere many times, and I hope from what was said 

during that conversation, the milestone was a promise kept. 

 

 

 

 

 

 

 

 

 

 



  
1 

CHAPTER 1 

 

INTRODUCTION 

 

1.1 Chapter 2 Literature Review: Formulaically Simple, but Petrogenetically Complex  

Corundum (Al2O3) is intrinsically one of the most chemically pure and formulaically 

simple minerals. Based on these mineralogical traits, abductive reasoning suggests that 

corundum should be ubiquitous. However, corundum’s occurrence in the most fundamental 

petrologic systems (i.e., igneous and metamorphic sensu stricto (SS)) is relatively rare. Blue 

sapphire, a gem variety of corundum, owes its color to electronic interactions among Fe2+, Fe3+, 

and Ti4+ (Zaw et al., 2015). Its crystallization typically requires specific local geological 

constraints, resulting in sapphires being exceptionally rare (Giuliani et al., 2014). At the 

confluence of igneous and metamorphic (SS) processes resides a hybridized petrogenesis best 

defined as hydrothermal metasomatism, where the interplay of syngenetic, magmatically derived 

fluids, devolatilization reaction-derived fluids, protolith composition, and dynamic and 

isochemical metamorphism can result in substantial Al2O3 enrichment from typical pelitic 

protoliths having 17 wt. % Al2O3 to extreme Al2O3 enrichment exceeding 70 wt. % of the total 

bulk composition.  

 

There are numerous petrogeneses that result in corundum mineralization.  The simplest 

petrogenesis, involves the prograde isochemical metamorphism of quartz-absent aluminous 

pelitic protoliths amphibolite-granulite facies conditions to produce corundum + K-feldspar 

through various muscovite-out reactions. This style of corundum occurrence is found within the 

Omey Granite contact metamorphic aureole in Connemara, Ireland (Brearley, 1986; Ferguson & 

Al-Ameen, 1985; Raith, 2010). In addition, reactions involving margarite likely facilitate 

corundum + anorthite crystallization, such as within the margarite-bearing rocks in the Central 

Alps, Switzerland (Bucher-Nurminen et al., 1983; Voudouris et al., 2019). At anatectic 

conditions, the temperature range from 750–800 °C is sufficient for the crystallization of 

peritectic corundum (Raith, 2004), producing Al2O3-enriched “restites” in migmatites from 

silica-deficient peraluminous protoliths (Lal et al., 1978; Riesco et al., 2004; Giuliani, 2014), 

e.g., as in the corundum-bearing aluminous leucosome gneiss found within the Ayyarmalai 
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southern granulite terrain of India. In most instances of quartz-deficient peraluminous pelitic 

protolith metamorphism, corundum is only a trace or minor mineral constituent. At ultra-high 

temperatures (UHT) of > 900 °C, mineral assemblages are most commonly characterized by 

sapphirine + quartz with a remaining association of orthopyroxene + garnet + sillimanite + 

cordierite + corundum + biotite + spinel (Harley, 1998; Kelsey, 2008). The crystallization of 

corundum is less commonly utilized as a demarcation of UHT conditions, such as corundum + 

quartz (Osanai et al., 1998), orthopyroxene + corundum (Kelly & Harley, 2004), and garnet + 

corundum (Dharmapriya et al., 2015). However, of greater significance is that at UHT conditions 

quartz can stably occur in equilibrium with corundum - a feature not observed at lower, more 

typical grades of metamorphism. 

 

For corundum to be a major mineral constituent in metamorphic rocks, typical protoliths 

are metasomatically altered to enhance their Al contents. Processes that may result in Al 

enrichment of the protolith include leaching of mobile elements associated with influx of non-

magmatic-related hydrothermal alterations (i.e., surface weathering processes) resulting in 

laterites and bauxites (Schreyer, 1987; Golani, 1989; Willner et al., 1990). The subsequent 

metamorphism of these modified protoliths can result in metabauxites (e.g., corundum-bearing 

metabauxites from Ikaria Island, Greece), which are characterized by a medium-grade 

metamorphic mineral assemblage largely comprised of corundum and a remaining association of 

mica + hematite + magnetite (Giuliani et al., 2014; Voudouris et al., 2019). 

 

Marble can host corundum under certain conditions. Controversy remains concerning 

whether Al is intrinsic to the limestone protolith or whether Al enrichment originates from Al-

bearing devolatilization-derived fluids (e.g., evaporites) and (or) magmatic fluids from spatially 

related intrusions (Garnier, 2008). In addition it is uncertain whether these occurrences are truly 

isochemical or have been metasomatized (Simonet et al., 2008). Regardless of the mechanism, 

when they are enriched in Al relative to Si, these protoliths can become corundum-hosting 

marbles at high-grade metamorphic conditions (Garnier, 2008). Corundum-hosting marbles 

typically have characteristic mineral assemblages that can include variable amounts of calcite + 

dolomite + spinel + corundum + diopside + phlogopite + garnet ± chlorite ± margarite ± 

tremolite ± pargasite ± edenite ± uvite ± forsterite (Giuliani et al., 2014). 
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Other non-pelitic corundum-bearing protoliths include mafic and ultramafic lithologies, 

which may be spatially associated with layered intrusions and ophiolitic remnants (Simonet et 

al., 2008). Again, corundum formation by isochemical metamorphism is debatable. 

Metasomatism by Al-bearing fluids originating from external magmatic systems or 

devolatilization-derived sources has been suggested as sources protolith modification. These 

occurrences typically have a characteristic assemblage that variably includes corundum + 

anorthite + gedrite + margarite (Giuliani et al., 2014). Anorthosites, such as those from the 

Ilmenogorsky-Vishnevogorsky Complex, South Urals, Russia (Filina et al., 2019a, b), host 

corundum. However, the exact mechanism(s) that produce corundum in anorthosites remain 

elusive. Proposed mechanisms include peritectic reactions that occur during the anatexis of 

anorthosites (Palke et al., 2016, 2017, 2018) and deuteric metasomatic processes that produce 

corundum-bearing anorthosite selvages within aplitic granitic dikes (Filina et al., 2019a). 

 

Corundum can have a hydrothermal metasomatic origin from magmatic-hydrothermal, 

devolatilization-derived, and shear-related fluids. In this case mass transfer and fluid-rock 

interactions involving influx of reactive fluids produce corundum-hosting lithologies via 

significant syn-metasomatic compositional changes in the protolith. Corundum-hosting 

occurrences are generally described as planar bodies with sharply defined mineral zones and 

relatively small dimensions, typically at a meter-scale thickness and 10-meter lateral extent 

(Simonet et al., 2008). Spatially, corundum of a hydrothermal metasomatic paragenesis is 

commonly associated with juxtaposed rock suites of chemically disparate lithologies. Chemically 

contrasting lithologies are invoked to produce silica sinks, leading to low (Si activity) !!"#! in 

permeating metasomatic fluids (Bucher et al., 2005; Yakymchuk & Szilas, 2018). Typical 

occurrences are at the lithological interface of silica-rich (i.e., metapelite) and silica-depleted 

(i.e., limestone, marble, ultramafic, or skarn) lithologies (Giuliani, 2014). For example, chemical 

potential gradients between contrasting lithologies may have facilitated the coeval depletion of 

SiO2 and the enrichment of Al2O3, MgO, and K2O within a corundum-hosting sillimanite gneiss 

at its lithological contact with an amphibole-peridotite in southwest Greenland (Yakymchuck & 

Szilas, 2018). A similar process has been proposed for corundum-hosting metapelites in contact 

with marble in the Alboran Sea Basement of the western Mediterranean, i.e., induced silica 

depletion and concomitant enrichment of Al2O3 and CaO in the metapelite (Sanchez-Vizcaino & 
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Soto, 2002). Finally, a corundum-bearing metapelite from the Saualpe in the Austroalpine Nappe 

complex in the eastern Alps in lithological contact with an ultramafic unit may have occurred as 

a result of mass transfer through devolatilization-derived infiltrating fluids from serpentine 

sequences, resulting in the depletion of SiO2, Na2O, and K2O (Riesco, 2005). 

 

Corundum occurrences associated with lithological extremes extend into the igneous 

realm, where intrusions into silica-deficient country rocks (i.e., mafics, ultramafics, marbles, and 

skarns) result in modifications due to interactions with the country rock. For example, siliceous 

pegmatites can desilicate at their contacts with country rocks to produce corundum pegmatites 

(Giuliani et al., 2014; Lawson, 1903; Peucat et al., 2007; Simonet et al., 2008; Voudouris et al., 

2019). In certain instances, Al-bearing magmatic-hydrothermal fluids from less siliceous 

intrusions metasomatically alter country rock to produce corundum-bearing skarns (Silva & 

Siriwardena, 1988; Simonet al., 2008; Giuliani et al., 2014). 

 

Metasomatic corundum can also be spatially associated with shear-induced hydrothermal 

metasomatism. Common metasomatic alteration of metapelites within shear zones include 

corundum-bearing metasomatized zones of almandine + corundum + biotite + plagioclase + 

spinel + K-feldspar. Other shear-induced metasomatic alterations include cordierite lenses 

containing corundum-filled fractures with a remaining variable characteristic mineral assemblage 

of cordierite + plagioclase + tourmaline + chlorite + pyrite + spinel + sillimanite and biotitization 

with a variable mineral assemblage of K-feldspar + biotite + sillimanite + spinel + corundum 

(Giuliani et al., 2014). For example, the Nestos shear zone in Paranesti, Greece, hosts corundum 

aligned with the main regional foliation within metasomatically altered boudinaged amphibole 

schist lenses (Wang et al., 2017). 

 

The influence that disparate lithologies and shear zones have on corundum formation is 

only parochially understood due to the limited delineation of the composition, temporal 

evolution, and origin of the metasomatic fluids associated with these occurrences. Previous 

investigations have suggested that where corundum-hosting lithologies are spatially associated 

with these lithologic extremes and structures, the introduction of syn-metasomatic fluids results 

in protolith modification by reactive fluids broadly characterized as alkali/alkaline earth element-
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enriched, such as K-Na-Mg-B- (Dutrow et al., 2019), K-, and K-Na-Ca-rich fluids (Giuliani et 

al., 2014), as well as by some amount  of desilicification (Ague, 2011; Giuliani et al., 2014; 

Simonet et al., 2008). 

 

Finally, a hydrothermal class of corundum directly related to magmatic intrusions has 

been recognized in porphyry-epithermal systems, such as those in Butte, Montana, El Salvador, 

Chile, and the North Sulawesi prospects (Steefel & Atkinson, 1984). An extensively examined 

occurrence is the Koryfes Hill porphyry-epithermal system in Greece, which hosts corundum 

within the transitional sericitic-sodic/potassic alteration of a quartz-feldspar porphyry. The 

corundum appears as 3-mm-long aggregates of deep-blue sapphire, separated from quartz, K-

feldspar, and albite by a white-mica rim, and is associated with topaz, pyrophyllite, and alunite. 

The corundum and white-mica assemblage may have developed as a result of influx of 

magmatic-hydrothermal fluids at 0.6 kbar and 370 °C that desilicified the host rock (Voudouris, 

2014). 

 

Corundum occurrences that result from metamorphism (SS) and hydrothermal 

metasomatism are commonly found in polymetamorphic terranes. Decoupling the petrologic 

influences of shear zones, intrusions, chemically disparate lithologies, and protolith compositions 

from corundum occurrences, which are typically spatially associated with these geologic 

phenomena, is challenging. Thus, we must initially assume that hydrothermal metasomatic 

corundum may be the product of a hybridized petrogenesis involving a compositionally dynamic 

continuum defined by the interplay of protolith compositions, fluid compositions, and 

isochemical and dynamic metamorphism. Fluids derived from devolatilization reactions 

involving serpentines (Riesco et al., 2005; Sorokina et al., 2019), evaporitic sequences (Garnier 

et al., 2008), a combination of evaporitic and pelitic units (Dutrow et al., 2019), and spatial 

associations of evaporitic and carbonate units (Giuliani, 2015) have been suggested as possible 

metasomatic fluids that modify corundum-hosting lithologies. The exact influence of each 

particular devolatilization reaction on corundum petrogenesis remains unclear. However, the 

consensus favors desilicification (Dutrow et al., 2019; Riesco, 2005), the enrichment of volatile 

alkali/alkaline earth element-enriched components (Giuliani et al., 2014), and (or) the 

introduction of Al-enriched fluids (Giuliani et al., 2015) to modify the protolith. Thus, the 
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behavior of Al in polymetamorphic terranes is uncertain due to the presence of these 

hydrothermal magmatic- and devolatilization-derived fluids. Aluminum is typically considered 

immobile (Manning, 2006; Wohlers & Manning, 2009; Newton & Manning, 2008, 2010). 

However, the presence of aluminosilicate-rich veins in metamorphic terranes (e.g., Ague, 2011) 

argues for the existence of a substantial Al transport mechanism. Studies have questioned 

whether Al-rich and Si-undersaturated magmatic fluids could emerge from certain igneous 

compositions, such as possibly coeval or genetically related highly Al2O3-enriched nepheline 

syenites (up to 22.76 wt. % Al2O3) (Sorokina et al., 2019) and anorthosites (up to 42.94 wt. % 

Al2O3) in cumulate systems. The consensus is that the exact mechanism of Al enrichment is 

elusive. Aluminum mobilization has been suggested based on various Si-Al-alkali complexes 

(Galvez et al., 2015, 2016; Manning, 1994, 2006; Newton & Manning, 2000, 2008, 2007, 2010; 

Manning et al., 2010), Na-Al-fluoride-hydroxide mixed species (Tagirov & Schott, 2001), 

alkaline and ultra-acidic conditions (Azimov & Bushmin, 2005), and pure H2O solutions at high-

P-T conditions (Tropper & Manning, 2007). Several studies have proposed that Al mobility is 

necessary for both major and minor corundum assemblages (Choudhury et al., 2013; Garnier et 

al., 2008; Giuliani 2014; Giuliani et al., 2015; Schreyer, 1987; Sorokina et al., 2019; 

Yakymchuck & Szilas, 2018). The only certainties regarding corundum crystallization are that 1) 

corundum is an inherently chemically simple mineral that requires a crystallization environment 

characterized by low !!"#! and 2) hydrothermal metasomatic corundum appears to be spatially 

related to chemically disparate lithologies, shear zones, and (or) intrusions that allow a source 

and conduit for the focused fluid flow of non-volatile components, which are generally enriched 

in alkalis and alkaline earth elements. 

 

1.2 Chapter 3 Literature Review: Corundum Geochemistry Issues 

Prior investigations have encountered difficulties in using corundum’s trace element 

geochemical signatures to establish its provenance, especially in hydrothermal environments. 

Analyzed corundum trace element include Ti, Fe, Ga, V, Cr, Mg, Sn, Si, K, Ca, Be, Mn, and Cu 

(e.g. Guillong, 2001), but to characterize and genetically type corundum of magmatic, 

metamorphic (SS), and hydrothermal metasomatic origin most studies have concentrated on Cr, 

Ti, Fe, and Ga (Harlow & Bender, 2013). Attempts to discriminate magmatic and metamorphic 

(SS) origins have used Cr–(Fe)–(Ga) and Fe–(Mg)–(Ti) ternary diagrams and 
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 ratio–ratio plots (Peucat et al., 2007; Sutherland et al., 2009). Additional 

discrimination diagrams used to distinguish magmatic, metamorphic (SS), and hydrothermal 

metasomatic origins have included 
$%
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 vs. 

&'

()
 and 

1

+,
 vs. 

&'

()
 ratio–ratio plots (Peucat et al., 2007; 

Sutherland et al., 2015b) and Fe vs. 
&'

()
	plots (Peucat et al., 2007). Attempts to elucidate possible 

prevenance have also been made using Giuliani et al.’s (2014) FeO + TiO2 + Ga2O3 vs. FeO–

Cr2O3–MgO–V2O3 weight-percent plots. Such discrimination diagrams have had limited success 

as petrogenetic indicators of corundum provenance and genesis. For example, corundum (var. 

ruby) of assumed metamorphic (SS) petrogenesis from Mogok, Myanmar, yields trace-element 

signatures that are unusually V-enriched (Zaw et al., 2015; Sutherland et al., 2017), and a 

corundum deposit in Greenland possesses a unique trace-element signature characterized by high 

Cr and Si (Yakumchuck & Szilas, 2018). These examples suggest some degree of local 

petrologic environmental control on corundum’s geochemical signatures. However, other 

investigations have questioned the validity of many of these discrimination diagrams, especially 

those pertaining to corundum of hydrothermal metasomatic origin (Dutrow et al., 2019; Felina et 

al., 2019a; Palke et al., 2017, 2018; Sorokina, 2019).  

 

The difficulty of characterizing crustal fluids in metamorphic terranes and of deciphering 

the fluid component and temporal evolution of fluid compositions limits our ability to interpret 

the geochemical signatures of the associated mineral assemblages. There are three interrelated 

reasons that corundum of hydrothermal metasomatic origin produces variable geochemical 

signatures. (1) The majority of discrimination diagrams focus heavily on fluid-mobile elements 

such as Ga, Mg, and Fe (Dutrow et al., 2019), which may be easily modified. (2) The core-to-rim 

geochemical signatures of corundum can inform about the crystallization environment of the 

hydrothermal system with its relative temporal compositional changes. However, without 

specific knowledge of the fluid composition and temporal evolution, the interpretations based on 

corundum trace-element chemistry will be limited. (3) Partitioning of elements among phases co-

crystallizing with corundum is poorly constrained (Dutrow et al., 2019). 

To add further complexity, proposed fluid sources associated with hydrothermal 

metasomatism may have multiple mechanisms that can lead to development of corundum-
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bearing rocks. They include fluid-generating reactions associated with serpentine devolatilization 

(Riesco et al., 2005; Sorokina et al., 2019), evaporitic sequences (Garnier et al., 2008), 

combinations of evaporitic and pelitic units (Dutrow et al., 2019) or evaporitic and carbonate 

units (Giuliani, 2015). Magmatically derived fluids have been linked to corundum pegmatites 

(Giuliani et al., 2014; Lawson, 1903; Peucat et al., 2007; Simonet et al., 2008; Voudouris et al., 

2019) and skarns (Giuliani et al., 2014; Harlow & Bender, 2006). There are also structurally 

controlled occurrences, such as shear-zone-induced hydrothermal metasomatism (Giuliani et al., 

2014). 

Corundum formed by each of these processes may have a characteristic geochemical 

signature that reflects its local geologic environment. For example, Cr, V, and Ti are generally 

enriched in metasediments (Harlow & Bender, 2013; Sutherland et al., 2015a, b). Elevated trace-

element geochemical signatures in corundum have been interpreted as having interacted with 

sedimentary or ultramafic protoliths (Dutrow et al., 2019; Giuliani, 2015). Magnesium is fluid-

mobile and commonly associated with hydrothermal metasomatic processes (primarily related to 

devolatilization). Elevated Mg has been attributed to fluid circulation in mafic or ultramafic 

lihologies adjacent to corundum occurrences during metamorphism (Saminpaya et al., 2003) and 

to circulation of fluids derived from devolatilization of evaporites and serpentinites (Dutrow et 

al., 2019). The combined geochemical signatures of Fe and Ga have been used mostly to indicate 

magmatic-hydrothermal metasomatic origins (Calligaro et al., 1999; Muhlmeister et al., 1998). 

Thus, Low Fe and Ga trace-element concentrations in corundum have been thought to indicate 

metamorphic origin, whereas elevated trace-element concentrations suggest a magmatic 

component (Peucet et al., 2007). Gallium is known to increase five-fold and become mobile in 

magmatic-hydrothermal fluids during fractionation of felsic magmas (Breiter et al., 2013). 

Elevated Ga concentrations have been interpreted as implying strong igneous involvement 

(Sutherland et al., 2015b), whereas low Ga has been considered to indicate metamorphism (SS) 

(Peucet et al., 2007; Saminpaya et al., 2003). Elevated Si concentrations and the combination of 

elevated Si + Ca + Ga concentrations have been interpreted to indicate pneumatolytic-skarn 

origins (Harlow & Bender, 2013; Sutherland et al., 2015b). Also, elevated concentrations of 

alkalis and alkaline-earth elements have been interpreted as indicators of hydrothermal 



  
9 

metasomatism owing to the mobile behavior of these elements during fluid infiltration (Giuliani 

et al., 2014; Yakymchuck & Szillas, 2018; Dutrow et al., 2019). 

Previous investigators have used various approaches to characterize fluid compositions. 

Some applied fluid-inclusion analysis (Giuliani et al., 2015; Voudouris et al., 2019) or bulk 

crush–leach analysis (Giuliani et al., 2015). Fluid inclusions preserved in corundum are generally 

pure or nearly pure CO2-bearing fluids (Voudouris et al., 2019), while bulk crush–leach analysis 

has shown that fluid inclusions tend to be mixtures of Na–Ca–Al carbonates, at least in marble-

hosted ruby from Mogok, Myanmar (Giuliani et al., 2015). Other methods were based on bulk-

rock composition analysis, assuming that the protolith is known (Yakymchu & Szilas, 2018) or 

depended on characterization of chemical zoning of minerals that co-crystallized with corundum 

(Dutrow et al., 2019). Characterization based on bulk-rock geochemical analyses or coeval 

minerals suggest that an influx of reactive fluids enriched in alkali and alkaline-earth elements 

results in a significant synmetasomatic compositional change of protoliths to produce corundum-

bearing host rock (e.g., Dutrow et al., 2019). However, because corundum is rarely discovered in 

situ, most geochemical analyses of corundum are performed on samples from placer or polished 

gemstones occurrences (Sorokina, 2019). Such secondary occurrences of corundum can originate 

from metamorphic terranes or intrusion-related aureoles or are interpreted as xenocrysts derived 

during post-volcanic processes (Palke et al., 2017, 2018). The result of characterizing placer 

deposits that contain corundum of various unknown parageneses produces broad geochemical 

signatures ranging from magmatic to metamorphic (SS) and ultimately elicits transitional 

geochemical signatures between the two petrogenetic styles (Sutherland et al., 2002). Thus, more 

studies of in situ corundum occurrences are warranted to better establish geologic framework of 

corundum in occurrences such as the Whitehorn Stock. 

1.3 Chapter 4 Literature Review: The Elusive Crystallization-to-emplacement and 

Magmatic-to-hydrothermal Ages 

Determining the emplacement-to-crystallization age and timing of the magmatic-to-

hydrothermal transition is controversial and can be poorly constrained. Previous investigations 

have attempted to determine the magmatic-to-hydrothermal transition by high-precision 

geochronology of zircon assumed to be of hydrothermal origin. However, the actual 

determination of zircon that reflects the magmatic-to-hydrothermal transition is equally 
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controversial. To date, the range of absolute ages of a magmatic system and timing of the 

magmatic-to-hydrothermal transition operating remains uncertain. Previous studies based on CA-

ID-TIMS (e.g., Blackburn et al., 2011; Samperton et al., 2015) have agreed that pluton growth 

within the middle-to-upper crust is accomplished by repetitive magma injections operating for 

thousands to millions of years (Lipman, 1984; Mahan et al., 2003; Miller & Miller, 2002; 

Coleman et al., 2004; Glazner et al., 2004; Lipman, 2007; Michel et al., 2008; Schaltegger et al., 

2009; Annen, 2009; Miller et al., 2011; Barboni et al., 2012; Schoene et al., 2012; 

Gudmundsson, 2012; Degruyter & Huber, 2014; Tapster et al., 2016). However, the actual rates 

of incremental magmatic pulses and the formation processes of sills and other cogenetic satellite 

igneous bodies are debatable (Schoene et al., 2012). Similar to primary intrusions, satellite 

igneous bodies likely initially accrete through feeder dikes sourced from larger, upper-crustal 

reservoirs (Stilltoe, 2010) that spread laterally over time (de Saint-Blanquat et al., 2006; 

Kavanagh et al., 2006; Menand et al., 2010; Kavanagh et al., 2015).  

 

With advances in analytical techniques, the research focus has shifted to constraining the 

timing of the magmatic-to-hydrothermal transition and to the incremental crystallization of 

intrusions (Baumgartner et al., 2009; Large et al., 2020). Currently, the magmatic-to-

hydrothermal transition is observed as the fossilized geologic equivalent of magmatic-

hydrothermal mineralization, reflecting two distinct evolutionary stages: 1) residual enrichment 

of elements in the melt during the approach to the solidus; and 2) further development at 

subsolidus conditions, through which elements are transported via exsolved magmatic-

hydrothermal fluids (Audetat & Pettke, 2003). While the duration of the magmatic-to-

hydrothermal transition remains unclear, it has been suggested to be geologically almost 

instantaneous (Weatherley & Henley, 2013)— a few thousand to over 100,000 years (Norton & 

Knight, 1977; Hedenquist & Lowenstern, 1994; Von Quadt et al., 2011; Buret et al., 2016; 

Tapster et al., 2016; Cernuschi et al., 2018; Large et al., 2020). The magmatic-to-hydrothermal 

transitions is also suggested to operate for several million years sustained by numerous brief 

hydrothermal–magmatic pulses operating over several million years (Baumgartner et al., 2009; 

Sillitoe & Mortenson, 2010; Courtney-Davies et al., 2020). Thus, more investigations into 

constraining the magmatic-to-hydrothermal transition in the Whitehorn plutonic system are 

timely. 
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1.4 Thesis Summary 

The investigations presented subsequently consist of field investigations, macroscopic 

descriptions of outcrops, bulk rock compositional analyses, microscopy (e.g., reflected-light 

microscopy, transmitted-light microscopy, scanning electron microscopy, and optical cold-

cathode cathodoluminescence), EMPA, and LA-ICP-MS of corundum, cordierite, feldspar, 

spinel, biotite, garnet, scapolite, epidote, pyroxene, and zircon, geothermometry calculations 

(e.g., Ti-in-biotite and Ti-in-zircon), and U–Pb zircon geochronology by chemical abrasion-

isotope dilution-thermal ionization mass spectrometry and LA-ICP-MS. The objective of this 

study is to determine how Al2O3 metasomatism operates in the study area, develop a corundum 

petrogenetic indicator scheme, and delineate the timing of magmatic-to-hydrothermal evolution. 

This study shows that quartz indirectly facilitates corundum precipitation by influx of a modified 

magmatic- and devolatilization-derived Al-alkali–alkaline-halide-rich hybrid fluid developed 

within the skarn, where skarn mineralization consumed the SiO2 before passing it to the quartz-

bearing pelitic schist. Disequilibrium reactions within the skarn and quartz-bearing pelitic schist 

led to significant changes in the whole-rock composition and the concomitant mineral 

assemblages and mineral chemical zoning during metamorphism.  

 

Development of a petrogenetic indicator scheme based on a trace-element composition in 

corundum that reflects influences among the protolith, magmatic-hydrothermal fluid, and skarn-

derived fluids is useful in fingerprinting hybrid petrogenetic processes. Delineating corundum 

trace-element signatures of hydrothermal fluids and protolith composition was accomplished by 

comparing the hydrothermal-related skarn garnets and corundum by core-to-rim zoning. 

Petrogenetic indicator schemes are developed using trace elements in corundum that take into 

account influences of fluid composition based on the skarn bulk rock analyses, igneous 

cogenesis, and involvement of skarnification. 

 

The timing of the emplacement-to-crystallization and magmatic-to-hydrothermal 

transition was investigated by bracketing emplacement and crystallization ages with high-

resolution chemical abrasion-isotope dilution-thermal ionization mass spectrometry U–Pb zircon 

dating of an early-crystallized cogenetic diorite sill and later-crystallized granodiorite. The 



  
12 

magmatic-to-hydrothermal evolution timing was determined by dating a felsic anorthosite 

hosting both magmatic and hydrothermal zircons. In addition, hydrothermal zircon occurring 

within the sapphire metapelite were dated. The high-precision geochronology results support 

previous models where multiple injections accrete igneous intrusions. Further, it shows that the 

hydrothermal mineralization phase was sustained for about 300 kyr, and hydrothermal 

mineralization was concluded before solidification of the Whitehorn Stock. 

 

This thesis is organized in five chapters. The current chapter presents an introduction and 

literature review for each subsequent chapters. Chapter two presents the investigation into fluid 

composition and evolution, reactions with limestone protolith, and passage into quartz-bearing 

pelite. It also presents the paragenetic sequences of the skarn and sapphire metapelites and model 

for corundum formation of juxtaposed rock suite characterized as skarn and sapphire metapelite 

within a magmatic-hydrothermal system. Chapter three presents the trace-element geochemistry 

of the hydrothermal-related garnet and corundum to establish a corundum-based petrogenetic 

indicator for hybrid origin. Chapter four focuses on high-precision geochronology data to explain 

the duration of the crystallization-to-emplacement-age and magmatic-hydrothermal transition of 

the study area. Chapter five presents the conclusions of the current research on the Whitehorn 

Stock’s magmatic-hydrothermal evolution and reflected hydrothermal mineralization within the 

metamorphic aureole, emphasizing the applicability of delineating corundum origins, providing 

further understanding of hydrothermal mineralization and its duration. 

 

The main author of all chapters is William Aertker, Department of Geology and 

Geological Engineering, Colorado School of Mines, E-mail address: 

waertker@mymail.mines.edu. Co-authors for this thesis are Richard Wendlandt, Department of 

Geology and Geological Engineering, Colorado School of Mines; Youngwoo Kil, Department of 

Energy and Resources, Chonnam National University, Gwangju 500-757, Republic of Korea; 

and Jim Crowley, Department of Geosciences, Boise State University, Boise, Idaho 83725, USA. 

William Aertker undertook substantial contributions to the conception of design of the study, 

acquisition, analyses, interpretation of data, and writing. Richard Wendlandt provided input for 

revising the thesis, providing critically important input, and final approval. Youngwoo Kil 
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provided expertise regarding the LA-ICP-MS analyte concentration calculations. Jim Crowley 

provided expertise regarding geochronology. 
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CHAPTER 2 

 

ALUMINUM METASOMATISM WITHIN THE WHITEHORN HYDROTHERMAL 

SYSTEM, COLORADO: A MODEL FOR HYDROTHERMAL CORUNDUM 

 

Modified from a paper to be submitted to the Journal of Metamorphic Geology 

William Aertker, Richard Wendlandt, and Youngwoo Kil 

 

Abstract 

Metapelite-hosted hydrothermal corundum occurs juxtaposed with a syngenetic skarn 

within the Cretaceous Whitehorn Stock metamorphic aureole in Colorado. The presence of 

quartz in the original protolith does not allow for hydrothermal corundum formation under the 

pressure/temperature conditions found in the aureole. Consequently, Al metasomatism is 

required if quartz leaching is not the primary mechanism prior to stabilization of corundum from 

residual Al2O3. This research proposes that a modified Al-alkali-rich and Si-undersaturated fluid 

reacting with the quartz-bearing pelitic protolith led to the consumption of quartz and the 

precipitation of feldspar and ultimately corundum at ~681°C and 2 kbar. Initially, a Si–Al-alkali–

alkaline–halide-rich magmatic-hydrothermal fluid that evolved toward increased Fe composition 

interacted with a limestone, becoming a skarn, evidenced by skarn garnets containing 

poikiloblastic grossular cores (Grosµ = 69) with K-feldspar (Orµ = 89) + scapolite (Meiµ = 58) 

inclusions and andradite rims (Grosµ = 47).  

 

The initially Si-saturated magmatic-hydrothermal fluid was modified to a Si-

undersaturated fluid by reactions within the juxtaposed skarn. The reactive Si-undersaturated 

modified fluid subsequently passed into the quartz-bearing pelite, causing quartz loss and the 

metasomatic modification of the lithology. The Al metasomatism resulted in corundum + 

plagioclase + sillimanite and corundumite bands in the metapelite next to the skarn contact. 

Isocon analysis of the metapelite shows the metasomatic enrichment of Al2O3 by 76%, and Fe, 

Ca, Ba, K, Na, Rb, and Sr show a percentage increase by factors of 2.8, 29.7, 74.5, 40.8, 37.6, 

7.8, and 51.1, respectively. Plagioclase and apatite included in corundum and hercynite reaction 

rims on corundum grains suggest fluid composition evolution from Al-alkali–halide to Fe-
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enrichment. Microanalysis results show magmatic-hydrothermal- and skarn-derived signatures in 

the corundum based on average trace-element contents of Fe (2,394 ppm) being the most 

elevated and Ca (1,099 ppm) the third most elevated.  

 

2.1 INTRODUCTION 

Corundum, including sapphire and ruby varietals, is the crystalline form of Al2O3. 

Whereas Al comprises ~8% of the Earth’s crustal elemental composition, corundum is generally 

present only in trace amounts as a constituent of quartz-free peraluminous metapelites. In rare 

instances, however, substantial Al2O3 enrichment occurs from 17 wt.% Al2O3 in typical pelitic 

protoliths to more than 70 wt.% of the total bulk composition in metapelites. In such unusual 

occurrences, the corundum becomes a major mineral constituent in metamorphosed lithologies. 

 

No consensus has been reached on the timing and mechanism of Al2O3 enrichment in 

many metamorphic terranes. The difficulty of identifying and quantifying the influx of crustal 

fluids has resulted in previous studies only broadly delineating two corundum petrogenesis in 

metamorphic terranes (Simonet et al., 2008; Giuliani, 2014). The first genesis of corundum is 

metamorphic sensu stricto (SS), wherein the metamorphic environment remains an isochemically 

closed system. The second is best defined as hydrothermal metasomatism, wherein the interplay 

between metamorphic (SS) and igneous systems results in open-system hybrid petrogenesis 

involving syngenetic magmatic-hydrothermal fluids, devolatilization reaction-derived fluids, 

protolith composition, and dynamic metamorphism. 

 

This study focuses on hydrothermal metasomatic corundum within the Late Cretaceous 

Whitehorn Stock metamorphic aureole in central Colorado. The corundum is hosted by 

hydrothermally metasomatized Belden Shale (corundum metasomatites) juxtaposed with the 

metasomatized Leadville Limestone (Leadville skarn). Here, corundum is present as both a 

major mineral constituent in sheared schists, hornfels, and mylonites, constituting more than 

50% of the modal abundance in homogeneous samples. Morphologically, the corundum presents 

the following three distinct associations within these rock fabrics: (1) aligned idioblastic platy 

hexagonal to tabular crystals of up to 6 mm within a plagioclase matrix associated with K-

feldspar + cordierite + sillimanite + biotite + hercynite + ilmenite ± zircon ± epidote with 
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retrograde muscovite; (2) corundumite shear bands of hypidioblastic platy corundum crystals up 

to 2 mm that are random to slightly aligned associated with biotite + cordierite + plagioclase + 

apatite ± K-feldspar ± sillimanite; and (3) trace-to-minor mineral constituents within a sillimanite 

mylonite, where the corundum is morphologically characterized by aligned xenoblastic tabular 

embayed porphyroclasts wrapped by sillimanite foliations with a remaining characteristic 

assemblage of cordierite + plagioclase ± K-feldspar ± hercynite ± chlorite. 

 

Hydrated Si-Al-alkali-halide complexes containing primarily Na and Cl are powerful Al 

solvents (Manning, 2004, 2006; Newton & Manning, 2000, 2006, 2007, 2008, 2010; Manning et 

al., 2010; Galvez et al., 2015, 2016). The objective of this study was to establish a link between 

Si-Al-alkali complexes and Al metasomatism. Part of this objective is to construct a petrogenetic 

model that 1) explains how the quartz-bearing and Al-rich Belden Shale protolith became 

reactive to Si-saturated magmatic-hydrothermal fluid to precipitate Al2O3 and 2) illustrates the 

manifestations of the cryptic mechanisms that enabled the transportation and precipitation of the 

Al2O3. Determining the corundum metasomatites’ petrogenesis provides insight into the 

principal controls on Al metasomatism and corundum occurrences.   

 

The objective was accomplished by delineating the evolution of the magmatic-

hydrothermal fluid composition from the magmatic source and during its passage through the 

Leadville skarn to produce a magmatic–devolatilization-derived hybrid fluid into the Belden 

Shale (hereafter referred to as “hybrid fluid”). The magmatic-hydrothermal fluid composition 

was determined based on the skarn mineralogy and investigated through several methods. Field 

mapping was conducted to observe the hydrothermal mineralogical zonation. Microscopy was 

performed to investigate the inclusions and zonations in the minerals, which provided 

geochronological constraints on the fluid evolution. Whole-rock analysis was used to identify the 

mobile fluid components in the Leadville skarn. EPMA of the skarn mineral phases was used to 

characterize the partitioning of the minerals’ magmatic-hydrothermal components. Both EPMA 

and LA-ICP-MS core-to-rim characterization of garnets were applied to reveal the magmatic-

hydrothermal fluid’s temporal evolution. 
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The second objective was to document the continued evolution of the hybrid fluid 

composition during its passage into the Belden Shale. The objective was achieved by field 

mapping the mineralogical zonations between the juxtaposed Leadville skarn and Belden Shale. 

Optical cathodoluminescence (CL) microscopy was used to document the frozen-in reactions as 

the fluid composition evolved. EPMA analysis of all major phases was applied to document the 

magmatic-hydrothermal and devolatilization-derived signatures. Trace element signatures of 

corundum were used to detect the magmatic-hydrothermal (i.e., Fe and Ga) and skarn signatures 

(i.e., Ca and Mg). LA-ICP-MS core-to-rim analysis of the corundum was applied to investigate 

the evolution of the metasomatic fluid. Geothermometry was performed to demonstrate that the 

corundum crystallization temperatures were within ~100°C of the likely solidus temperature of 

the Whitehorn Stock. 

 

The final objective was to quantify the metasomatism in the Belden Shale. The objective 

was completed using the Belden Shale’s whole-rock analysis to evidence the hybrid fluid 

metasomatic signature that formed corundum metasomatites. We performed isocon analyses of 

two reference compositions to quantify metasomatic mass transfer. The first was a marginally 

altered sample modified only slightly by the hybrid fluid. The second reference frame was only 

slightly modified by magmatic-hydrothermal metasomatism. 

 

2.2 GEOLOGIC SETTING 

The study area is situated on the western flank of the Late Cretaceous Whitehorn Stock’s 

northern exposure (Fig. 2.1). The Whitehorn Stock resides on the eastern flank of the Arkansas 

River Valley graben in central Colorado and is the southern continuation of the Mosquito Range. 

The Arkansas River Valley graben is the northern component of the Rio Grande rift system and 

forms an intervening depression between the Sawatch/Collegiate Range to the west and the 

Mosquito Range to the east. The Whitehorn Stock area constitutes the central core and eastern 

flank of the Laramide-age Sawatch anticline (Tweto & Sims, 1963; Tweto & Case, 1973; Tweto, 

1975). The Whitehorn Stock is an exposed NNW–SSE-trending 25-km-long and 8-km-wide 

dish-shaped laccolith that resides within the SSE-plunging Pleasant Valley syncline, which 

predates the intrusion (Workman, 1997). Active ignimbrite deposition between 37 and 20 Ma 
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divided the Whitehorn Stock into northern and southern exposures by a 2.4-km-wide E–W-

trending volcanics-filled paleo-valley (Wrucke, 1974; Abbey et al., 2018). 

 

The Whitehorn Stock intrudes into Precambrian igneous and metamorphic basement and 

Paleozoic sedimentary units. Pennsylvanian- and Mississippian-aged sedimentary units primarily 

dip into and beneath the intrusion. The important formational units of the Whitehorn Stock area 

(Fig. 2.2) include, in successive order, the Ordovician Manitou, Harding, and Fremont 

formations; the Devonian Parting Formation; the Mississippian Leadville Limestone; and the 

Pennsylvanian Belden Shale (Bhutta, 1954; Wallace & Lawson, 2008). 

 

 
 

Fig. 2.1 Geology of the Whitehorn Stock area modified after Abbey et al. (2018) with additional 

structural data from Workman (1997). 

 

The Whitehorn Stock’s northern exposure has been dated to 69.3 ± 0.2 Ma by 40Ar–39Ar 

in biotite and 69.8 ± 0.2 Ma by 40Ar–39Ar in hornblende (Abbey et al., 2018). The synchronous 

southern exposure is dated to 66 ± 1.7 Ma by K–Ar in biotite (Chualaowanich, 1996). These 

dates generally coincide with the Laramide orogeny in the southern Rocky Mountains and the 

reactivation of late Paleozoic uplift and Precambrian fault systems (Tweto, 1975). The 

underlying Precambrian basement is the precursor structural zone to the Laramide orogeny 

(Tweto & Sims, 1963). The reactivation of Precambrian shear zones enabled the emplacement of 
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the Whitehorn Stock. Based on thermochronometric and thermometry calculations, an 

equilibrium depth was attained at approximately 5–6 km (Abbey, 2018), with an estimated 

emplacement temperature of 900°C (Chualaowanich, 1996). The Whitehorn Stock spread 

laterally, resulting in the shearing of the country-rock and creating important fluid conduits. 

Once crystallized, it produced a composition characterized as granodiorite with felsic enrichment 

toward the center (Wrucke, 1974; Chualaowanich, 1996). The fluid pathways facilitated 

hydrothermal activity and contact metamorphic processes, resulting in significant metasomatism 

of the Mississippian-aged Leadville Limestone (Alzughoul, 2007) and the Pennsylvanian-aged 

Belden Shale (Workman, 1997). The hydrothermal activity is characterized by extensive 

structure-controlled Fe metasomatism and late-stage Si metasomatism. During the cooling 

interval of 900°C to ~300°C (Abbey et al., 2018), the metamorphic aureole experienced 

significant prograde and retrograde hydrothermal mineralization in the Leadville Limestone and 

the Belden Shale. 

 The Laramide orogeny continued in this area until the middle to late Eocene period. The 

onset of the Rio Grande rift caused the Whitehorn Stock to experience gentle post-emplacement 

uplift and tilting to the east, with the rapid uplift and erosion of overlying sedimentary units to 

their present-day morphology by the early Oligocene (Normand, 1968; Workman, 1997; Abbey 

et al., 2018). 

 

2.3 SAMPLES AND ANALYTICAL METHODS 

2.3.1 Sampling 

 Figure 2.2 shows a geologic map and cross-section of the corundum occurrence, and 

Appendix S2.1 presents a summary of the collected samples. The site can be broadly described 

as a hydrothermally metasomatized zone containing an interval of Belden-hosted corundum 

metasomatite lenses approximately 2 m in total width oriented parallel to the Leadville skarn 

contact. Field sampling focused on intervals affected by hydrothermal mineralization within the 

Belden Shale and the permeable layers of the surrounding Leadville skarn. The obtained 

specimens represent the full mineralogical and textural diversity exposed in both units.  
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Fig. 2.2 Geology and geologic cross-section of the study area. 
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Fig. 2.3 Box model of the Leadville Limestone and Belden Shale hydrothermal mineralization 

with emphasis on the mineralogical zonation. 

 

 

Vertical Fauling 

C
orundum

 Veins

Kw

IPb

Ml

garnetite

NE

scapolite + diopside 

scapolite + diopside 

10 m

 diopside 



 

30 

 

 

 

 

  

Fig. 2.4 (A) Schematic diagram of the rock outcrop depicting mineralogical variations from the 

Leadville skarn lithologic contact. (B) Example of corundum grains from Type I and Type III 

metasomatites within shear bands. (C) Field photographs of Type I/III metasomatite occurrences 

and (D) sillimanite mylonite that hosts corundum grains from Type II metasomatites. 
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Fig. 2.5 (A) Photomicrograph in PPL depicting color zonation typical of corundum grains from 

Type I metasomatites. (B) CL photomicrograph depicting compositional zoning commonly 

observed in corundum grains from Type I metasomatites. (C) CL photomicrograph of corundum 

grains from the Type I metasomatite occurrence depicting compositionally zoned plagioclase and 

sillimanite nucleation off corundum grain boundaries. (D) CL photomicrograph of the Type I 

metasomatite occurrence of corundum being corroded by sillimanite and the observation of 

plagioclase intergrowths with sillimanite. (E) Photomicrograph in cross-polarized light (XPL) of 

Type I metasomatite occurrence depicting a rotated corundum porphyroclast with cordierite 

strain shadows and prismatic sillimanite wrapping the corundum grain. (F) Photomicrograph 

taken under PPL of Type I metasomatites depicting corundum with hercynite reactions rims and 

plagioclase inclusions. (G) CL photomicrograph of Type I metasomatite corundum depicting 

plagioclase inclusions. (H) Photomicrograph taken in XPL of Type I metasomatite xenoblastic 

corundum within a matrix of hercynite. (I) Photomicrograph taken in XPL of Type I 

metasomatite corundum with a biotite inclusion set in a plagioclase matrix. 
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Fig. 2.6 (A) CL photomicrograph of Type II metasomatite occurrence (within the mylonite) of a 

corundum porphyroclast wrapped by sillimanite foliations within a fine-grained cordierite + K-

feldspar + plagioclase matrix. (B) CL photomicrograph of Type II metasomatite occurrence of a 

corundum porphyroclasts wrapped by sillimanite foliations within a fine-grained cordierite + K-

feldspar + plagioclase matrix. (C) CL photomicrograph of Type III metasomatite corundumite 

shear bands with increased association of xenoblastic biotite, xenoblastic cordierite, and 

xenoblastic apatite and examples of extensive corrosion of corundum porhyroblasts by later 

sillimanite. (D) CL photomicrograph of Type III metasomatite corundumite shear bands set in a 

K-feldspar matrix with minor plagioclase and biotite. 
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Fig. 2.7 (A) BSE image of Type A garnet depicting grossular cores with K-feldspar inclusions 

and simple zoning of andradite rims. (B) Image of Type A garnet depicting simple zoning of 

grossular + K-feldspar cores and andradite rims. (C) Type B garnet polished ore section utilized 

for EPMA analyses shown as red circles, depicting a grossular core with diopside + scapolite 

inclusions and grossular to andradite oscillatory zoning. 
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Fig. 2.8: EPMA analyses of (A) Feldspar ternary diagram depicting compositional analyses of 

the Leadville skarn and corundum metasomatites and (B) EPMA transects of Type B garnets 

depicting grossular–andradite oscillatory zoning. 
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Fig. 2.9 (A) EPMA compositions of matrix scapolite and scapolite inclusions in Type B garnets 

using proposed stoichiometry of meionite and marialite (dashed lines; Shaw, 1960; Evans et al., 

1969; diagram from Mora and Valley, 1989) from the Leadville skarn. (B) EPMA compositions 

of cordierite to compare XFe compositions between corundum from Types I (corundum + 

plagioclase) and III metasomatites (within corundumite shear bands). 
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Fig. 2.10: Binary plots of major and minor elements (WDXRF data set), and trace element data 

from the ICP-60. The binary plots plot elements vs. Al2O3 to depict element behavior with 

increasing Al2O3 between average Type I, average Type III, P-1-1 (corundum-absent reference 

composition), and B-2-3 (corundum-absent reference composition) from the Belden Shale. (A) 

LILE generally increase other than Sr; (B) other alkali alkaline-earth elements generally increase 

other than Ca; (C) LREE elements document decreasing trends with Al2O3; and (D) HREE and 

Y elements show decreasing trends with Al2O3. Corundum from the Type III metasomatites are 

generally more enriched in elements compared to corundum in Type I metasomatites. The arrows 

indicate trend lines.  
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Fig 2.10 (continued) 
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 Six fresh samples representing the Leadville skarn’s mineralogical variability were 

collected adjacent to the contact with the metasomatized Belden Shale. The samples included 

grossular–andradite garnetite skarn (n = 2) occurring in the closest proximity to the corundum 

occurrence, grossular–andradite + scapolite + epidote skarn (n = 3) occurring more distal to the 

corundum occurrence, and scapolite + diopside + grossular–andradite skarn (n = 1) occurring 

farthest from the corundum occurrence. A homogeneous coarse crystalline white marble from 

the Leadville Limestone was collected distal to the shear zone and is considered representative of 

the pre-metasomatic protolith. 

 

Twenty fresh Belden Shale samples were collected near the contact with the Leadville 

skarn. The corundum metasomatites were collected from plagioclase + corundum metasomatites 

(n = 7) and from the corundumite shear bands (n = 11), hereafter referred to as Type I and Type 

III metasomatites, respectively. Types I and III were collected at intervals of several centimeters 

to 1 m to limit protolith compositional variation. The collection interval allows testing the 

hypothesis that the corundum modal abundance coincides with the degree of metasomatism. Two 

additional corundum-absent samples were also collected from the Belden Shale to provide less 

altered reference compositions. The first (P-1-1) was a compositionally homogeneous sample 

located approximately 3 m from the Belden Shale and Leadville skarn contact but within the 

shear zone. The second (2-B-3) was a compositionally homogeneous sample situated 

approximately 10 m beyond the shear zone.  

 

2.3.2 Whole-rock Geochemistry 

Whole-rock geochemistry analyses were conducted on 25 samples of corundum 

metasomatites, two samples of corundum-absent Belden Shale, and seven Leadville 

Limestone/skarn at the United States Geological Survey Geology, Geophysics, and 

Geochemistry Science Center, located in Lakewood, Colorado, United States. Ten major rock-

forming elements were identified via lithium metaborate digestion into clear, full, round glass 

disks, and the disks were analyzed using wave dispersive X-ray fluorescence (WDXRF; Axios, 

PANalytical, Almelo, the Netherlands). Sixty elements were identified by fusing samples with 

Na2O2, and then the fusion cakes were dissolved in a dilute nitric acid at 750°C. The Na2O2 

fusion method provides complete dissolution. The resulting solution is analyzed using inductively 
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coupled plasma optical emission spectroscopy (ICP-OES; Optima 5300, PerkinElmer) and ICP-

MS (NexION 2000, PerkinElmer, Waltham, Massachusetts, United States). 

 

2.3.3 Microscopy 

Before microanalysis, samples of Leadville skarn and Belden Shale were characterized 

petrographically and were imaged using several microscopy techniques. CL analysis was 

conducted on Belden Shale samples at the Louisiana State University Department of Geology & 

Geophysics, located in Baton Rouge, Louisiana, United States. The CL and transmitted-light 

system consisted of 1) a Leica petrographic microscope with a low-light fluorescence camera, 2) 

a low-vacuum Relion CL chamber with an electron beam focused on the sample, and 3) Leica 

Applications Suite© imaging software for digital image-acquisition control. The operating 

conditions were dependent on optimal imaging requirements, including a pressure of 25–35 

mTorr, a beam voltage of 8–9 kV, and a beam current of 0.3–0.5 mA. The CL imaging was 

performed on the corundum metasomatite samples to reveal corundum chemical zonation, 

plagioclase chemical zonation, alterations, and reaction rims. Transmitted-light microscopy was 

performed on the Belden Shale samples to characterize the mineral associations’ textural 

relationships and important optical properties, such as optical zoning in the corundum. 

 

Backscattered electron (BSE) imaging was conducted on the Belden Shale and Leadville 

samples using a TESCAN MIRA3 LMH Schottky field emission-scanning electron microscope 

(FE-SEM) at the Mineral and Materials Characterization Facility of the Colorado School of 

Mines, Department of Geology and Geological Engineering, located in Golden, Colorado, 

United States. The operating conditions were dependent on optimal imaging requirements. The 

analytical objectives were to locate inclusions, characterize the chemical heterogeneity and 

alterations, and identify the accessory phases before microanalysis. 

 

2.3.4 Electron Probe Microanalysis 

 The major, minor, and trace element compositions of the minerals in the Leadville skarn 

and corundum metasomatites lithologies were obtained using EPMA at Louisiana State 

University and the University of Colorado, Boulder. Analyses of feldspar (Belden feldspar), 

biotite, cordierite, and spinel were performed using the JEOL 8230 Superprobe at the 
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Department of Geology & Geophysics Chevron Geomaterial Characterization Lab of the Shared 

Instrumentation Facility at Louisiana State University. The standards used are shown in 

Appendix S2.2. The operating conditions included an accelerating potential of 15 kV with a 

beam current of 20 nA. The feldspar, biotite, cordierite, and oxides were analyzed using a beam 

diameter of 5 μm. The corundum was analyzed to measure the quantities of Al, Fe, Mn, Ti, Cr, 

Mg, Si, Na, Zn, V, and Ga. The operating conditions for corundum included an accelerating 

potential of 15 kV with a beam current of 20 nA and a beam diameter of 1 μm. Spot locations 

were chosen based on previous SEM and CL microscopy to avoid inclusions and alterations.  

 

 The JEOL 8230 Superprobe at UC Boulder was used to analyze the minerals in the 

Leadville skarn, including epidote, scapolite, diopside, and feldspar (Leadville feldspar), and 

core-to-rim compositions of the garnets. The operating conditions included an accelerating 

potential of 15 kV, a beam current for 10 nA (scapolite, epidote, Leadville feldspar) or 20 nA 

(garnet and diopside), and a beam diameter of 2 μm. The diopside and core-to-rim garnet 

characterization were analyzed to measure the quantities of Fe, Mn, Cr, V, Ca, Ti, Si, Na, Al, and 

Mg. The scapolite, epidote, and Leadville feldspar were analyzed to measure the quantities of Fe, 

Mn, Ca, Ti, K, S, Cl, F, Na, Si, Al, and Mg.  

 

2.3.5 LA-ICP-MS 

 The core-to-rim characterization of the corundum from the Belden Shale (n = 31) and 

hydrothermal-related Leadville skarn garnets (n = 6) were analyzed for 40 elements using a mass 

spectrometer (ICAP-Q, Thermo Fisher Scientific, Waltham, Massachusetts, United States) with a 

193-nm Excimer laser (Teledyne CETAC Technologies, Omaha, Nebraska, United States) at the 

Korea Basic Science Institute in Ochang, South Korea. Conditions are shown in Appendix S2.2. 

The 193-nm laser was operated at 10 Hz, with a laser energy density of 7 J/cm2, a beam size of 

85 μm in diameter, a dwell time of 10 ms, and a scan speed of 15 μm/s. Calibration was 

performed on external standards using National Institute of Standards (NIST) 612 glass and 

BCR2-G as primary standards. Ablation pits that appeared to have intersected glass or mineral 

inclusions were identified on the basis of Ti, Fe, Na, Ca, K excursions, and associated sweeps 

were discarded. The concentration calculations of each corundum analyte were normalized to Al 

from the previous EPMA analyses as an internal standard. Analyte concentration calculations of 
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the Leadville garnets were normalized to Ca as an internal standard from the previous EPMA 

analyses. Each grain analysis consisted of three rim analyses and three core analyses for 

corundum. Each grain analysis for garnet consisted of core-to-rim transects. Based on previous 

FE-SEM, CL, and reflected-light microscopy, spot locations were chosen to avoid inclusions and 

alterations. 

 

2.3.6 Isocon Analysis 

  Isocon mass balance analyses were implemented to quantify the metasomatic mass 

transfer within the Belden Shale. The isocons compare the corundum metasomatite with two 

corundum-absent reference compositions. The quantification of mass transfer during 

metasomatism is based on the methodology outlined by Grant (1986) and is a modification of the 

method reported in Gresens (1967), which involves plotting a “least-altered equivalent” against 

altered rock compositions in the X–Y coordinate space. The independent constraints assumed in 

this study are 1) that the corundum metasomatites and two reference frames had the same 

original composition and 2) that one or more elements are conserved between altered and least-

altered rocks. 

 

 The first reference composition (2-B-3) is a marginally altered sample collected 

approximately 10 m from the shear zone showing only slight modification by shear-induced 

metasomatism and devolatilization reactions. Within this reference composition, Ti was chosen 

as the isocon. The second reference composition (P-1-1), collected within the shear zone, is a 

metasomatically altered sample modified by magmatic-hydrothermal metasomatism but was less 

affected by devolatilization reactions originating in the Leadville skarn. Within this reference 

frame, Al was chosen as the isocon. 

 

 The isocon analyses in this study used average values for the weight percent and element 

oxide composition of the Belden Shale to lessen protolith heterogeneity. The ICP-60 whole-rock 

dataset was used for all trace elements. The WDXRF whole-rock dataset was used for major and 

minor elements.  

 

2.3.7 Ti-in-biotite Geothermometry 
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 The Ti-in-biotite thermometer (Henry et al., 2005) was applied to the corundum 

metasomatites to constrain the metamorphic temperatures. The thermometer is valid over a range 

of 480°C to 800°C and is designed for peraluminous, graphitic, and Ti-saturated metapelites that 

contain ilmenite or rutile and have been equilibrated between 4 kbar and 6 kbar. Corundum is 

observed in equilibrium with rutile. The expression for the Ti-in-biotite geothermometer is as 

follows (Henry et al., 2005): 

 

  T = {[ln(Ti) – a – c(Xmg)3]/b}0.333,  

 

where T is the temperature in °C; Ti is the atoms per formula unit (APFU) normalized to 22 O 

atoms; the Xmg Mol fraction is Mg/(Mg + Fe); and a, b, and c are coefficients that are dependent 

on r2 and assigned following Henry et al. (2005). This expression is valid only for Ti values of 

0.04–0.60 APFU and Xmg values of 0.275–1.000. 

 

2.4 RESULTS 

2.4.1 Field Relations 

 The Whitehorn Stock metamorphic aureole resides within a polymetamorphic terrane. 

Country rocks consisting of sedimentary protoliths have been metamorphosed to hornblende 

hornfels facies conditions from spatially related intrusions. Protoliths range in composition from 

shales and arenite to limestone and dolostone, striking ~N12°W and dipping ~30°E toward the 

Whitehorn Stock (Fig. 2.2). The hydrothermal metasomatism is constrained to a detached portion 

of the Belden Shale within a NW-trending shear zone syngenetic to the Whitehorn Stock 

(Workman, 1997). The detached Belden Shale is enveloped to the east and west by the Leadville 

skarn. The Leadville skarn west of the detached Belden Shale is bisected by a ~40-m-wide sill 

(Fig. 2.2). 

 

 Hydrothermal mineralogical zoning controlled by a series of near-vertical small faults 

occurs along the lithological contact of the corundum metasomatites and the Leadville skarn 

(Fig. 2.3). The Belden Shale involves an increase in the abundances of bimodal corundum and 

plagioclase within anastomosing schists, hornfels, and mylonites toward the series of near-

vertical faults. With an increase in distance from the set of near-vertical faults, the mineralogical 
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modal abundance of cordierite and sillimanite within the Belden Shale increases, and that of the 

corundum decreases. Eventually, the Belden Shale becomes a cordierite + quartz + sillimanite 

hornfels. The Leadville skarn juxtaposed to the corundum metasomatites is mineralogically 

characterized as grossular–andradite ± scapolite ± diopside ± epidote. Similarly, with an increase 

in distance, the Leadville skarn transforms mineralogically into a scapolite + diopside skarn with 

minor garnet. Eventually the skarn becomes a diopside skarn with minor garnet (Fig. 2.3). 

Approximately 50 m from the NW-striking shear zone, the Leadville skarn transitions to a 

coarse, pure, and crystalline white marble that coincides with a mineralogical change in the 

metamorphosed Belden Shale defined by the absence of corundum. 

 

2.4.2 Petrography of the Corundum Metasomatites 

 The corundum-hosting anastomosing schists, hornfels, and mylonite rock fabrics present 

three distinct textural and mineralogical associations. Type I corundum metasomatites are 

primarily of corundum that occurs as aligned idioblastic platy hexagonal to tabular crystals up to 

6 mm within a plagioclase + K-feldspar ± cordierite ± sillimanite ± biotite ± hercynite ± ilmenite 

± rutile ± zircon ± epidote with a retrograde muscovite matrix (Fig. 2.4a–c). Type II corundum 

metasomatites are characterized by trace to minor occurrences of corundum up to 3 m (Fig. 2.4a, 

d) from the Leadville contact. The corundum is characterized by aligned xenoblastic embayed 

porphyroclasts wrapped by sillimanite foliations with a remaining characteristic assemblage of 

cordierite + plagioclase + chlorite + corundum ± K-feldspar ± hercynite. Type III corundum 

metasomatites occur in monomineralic to polymineralic corundumite shear bands (Fig. 2.4a, b). 

The shear bands typically contain hypidioblastic platy corundum up to 2 mm that are random to 

slightly aligned and associated with biotite + cordierite + plagioclase + apatite ± K-feldspar ± 

sillimanite. 

 

 Type I corundum metasomatite. The corundum is characterized as homogeneous blue 

crystals or corundum with blue cores and progressively gray outer rims in plane-polarized light 

(PPL; Fig. 2.5a). The CL analysis indicates that the corundum is compositionally zoned core-to-

rim (Fig. 2.5b). The grains appear as isolated platy to tabular equigranular idioblastic 

porphyroblasts up to 6 mm that are aligned to nonaligned and have sharp contacts with the 

primary matrix minerals of plagioclase and less common K-feldspar (Fig. 2.5b–d). The 
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plagioclase associated with corundum is characteristically heterogranular xenoblastic and is most 

commonly compositionally zoned from albite cores to anorthite-rich rims, according to the CL 

and (FE-SEM) results (Fig. 2.5b, c). The plagioclase can also be compositionally homogeneous 

(Fig. 2.5d) or can exhibit antiperthitic exsolution lamellae. K-feldspar is a less-commonly 

occurring matrix feldspar associated with corundum. The K-feldspar is observed as texturally 

homogeneous and as intergrowths with plagioclase (Fig. 2.5d). Concomitant with decreasing 

corundum modal abundance, textural and mineralogical changes include the appearance of 

anisotropic heterogranular fine-grained hypidioblastic cordierite, nematoblastic idioblastic 

prismatic sillimanite, and polysynthetically twinned and rotated corundum porphyroclasts. These 

corundum porphyroclasts show cordierite strain shadows and prismatic sillimanite wrapping the 

corundum termination points (Fig. 2.5e). The matrix biotite occurs typically as xenoblastic 

medium-grained pleochroic green to dark-green grains with chloritized rims. The biotite tends to 

concentrate near the retrograde alteration of cordierite to pinite and sulfidation of Fe oxides. 

Other matrix constituents include fine-grained xenoblastic ilmenite aligned with corundum in 

addition to rare idioblastic rutile. The corundum in the Type I metasomatites can also occur as 

xenoblastic grains with hercynite reaction rims (Fig. 2.5f) and plagioclase inclusions (Fig. 2.5f, 

g) set in a matrix of medium-grained granoblastic cordierite and plagioclase. Occasionally, 

polymineralic pods of interstitial xenoblastic corundum occur within a granoblastic polygonal 

idioblastic hercynite matrix (Fig. 2.5h). 

 

 The inclusions in the corundum typically include fine- to medium-grained hypidioblastic 

pleochroic red to light-red xenoblastic biotite grains (Fig. 2.5i). Others include plagioclase, fine-

grained idioblastic ilmenite, non-crystallographically controlled xenoblastic rutile, apatite (Fig. 

2.5d), K-feldspar (Fig. 2.5c), muscovite, hercynite, and rare sillimanite and pyrrhotite. 

Alterations include fibrolite nucleating on grain boundaries and fractures (Fig. 2.5c), fibrolite 

with plagioclase intergrowths (Fig. 2.5d), and retrograde muscovite growth within fractures. 

Otherwise, the corundum is fresh. 

 

 Type II corundum metasomatite. Trace to minor corundum occurs as homogeneously blue 

crystals under PPL and as isolated aligned xenoblastic corroded porphyroclasts enclosed by up to 

2 cm of well-defined sillimanite foliations (Figs. 2.6a, b). The corundum in Type II occurrences 
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has the most intense luminescence relative to the other corundum types. The remaining 

mineralogy is a fine-grained mélange of interspersed anisotropic xenoblastic cordierite, 

plagioclase, hercynite, and K-feldspar. The corroded corundum shows extensive retrograde 

alteration and contains retrograde chlorite and various once-entrapped phases in corundum, such 

as ilmenite. 

 

 Type III corundum metasomatite. Corundum is the major mineral constituent, occurring 

as homogeneously gray grains that are aligned, non-isolated platy equigranular hypidioblastic 

porphyroblasts of up to 2 mm occurring within corundumite shear bands (Fig. 2.6c). The CL 

microscopy indicates that the corundum is not zoned and more intensely luminescent than that of 

Type I. 

 

 The most common minerals associated with the corundum are texturally anisotropic fine-

grained pleochroic red to dark-red xenoblastic biotite, xenoblastic plagioclase, pinite-altered 

cordierite, fine-grained xenoblastic apatite (Fig. 2.6c), and K-feldspar (Fig. 2.6d). The corundum 

is typically inclusion-free and is rarely altered by later mineralization except for sillimanite. 

 

2.4.3 Petrography of the Leadville Skarn  

 The Leadville skarn is mineralogically simple, with characteristic mineralogy of 

grossular–andradite + scapolite + diopside + epidote. Scapolite is observed as two morphologies. 

Scapolite occurs as isolated large-grained idioblastic prisms with grossular–andradite garnets 

nucleating on grain boundaries. Scapolite also occurs within massive xenoblastic assemblages of 

diopside, fine-grained idioblastic apatite, and medium-grained xenoblastic epidote. Grossular–

andradite garnet is the most abundant mineral in the skarn and occurs in three distinct 

morphological and mineralogical associations. Type A garnets occur within garnetites located 

proximal to the corundum occurrence. Type A garnets (Fig. 2.7a, b) are typically euhedral (1–3 

cm) transparent grains having poikiloblasitc honey-yellow grossular-rich cores with K-feldspar 

inclusions and andradite-rich brown rims. Type B (Fig. 2.7c) garnets are large euhedral grains, 

often exceeding 4 cm, and occur within a more distal grossular–andradite + scapolite + diopside 

skarn. Type B garnets are characterized by extensive oscillatory zonation of grossular-rich 

honey-yellow zones with scapolite + diopside ± zircon inclusions and rhythmic epitaxial over-
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growths of transparent brown andradite-rich zones. Type C garnets are massive dark-brown 

andradite-rich garnet veins that cross-cut the scapolite + diopside + epidote + apatite ± garnet 

matrix of the most distal skarn from the corundum occurrence. 

 

2.4.4 Whole-rock Characterization of the Leadville Skarn and Limestone 

 Appendix S2.3 and Table 2.1 show the Leadville Limestone protolith and skarn sample’s 

whole-rock geochemistry as well as their average values (μ) and standard deviation (σ). The 

Leadville skarn is enriched compared to the pure limestone protolith in SiO2, CaO, Fe2O3
(t), 

Al2O3, and MgO, with minor K2O, TiO2, Na2O, MnO, and P2O5. The whole-rock analyses of the 

garnetite (samples 1-LV-2 and 1-LV-6, which are closest in proximity to the corundum 

metasomatites) show the highest concentrations of Fe2O3
(t) (14.5 wt.%) and CaO (32.3 wt.%). 

The garnetite samples contain Type A garnets and have the lowest K2O (0.48 wt.%) and Na2O 

(0.08 wt.%). The grossular–andradite–scapolite–diopside samples (1-LV-3, 1-LV-4, and 1-LV-5) 

are more distal to the corundum metasomatites and are characterized by elevated Al2O3 (11.30 

wt.%) and the presence of Type B garnets. The scapolite–diopside–epidote–apatite–andradite 

sample (1-LV-1) contains Type C garnets and occurs most distal to the corundum metasomatites. 

Sample 1-LV-1 is the most enriched in SiO2 (50.20 wt.%), MgO (7.70 wt.%), Na2O (1.72 wt.%), 

and P2O5 (0.38 wt.%) and the most depleted in CaO (21.6 wt.%) and Fe2O3
(t)

 (6.74 wt.%). The 

marble (sample 2-LV-2) from the Leadville Limestone is the most distal sample from the 

corundum metasomatites. Sample 2-LV-2 is a pure-crystalline marble (56 wt.% CaO) with minor 

MgO and SiO2 and trace amounts of Al2O3, Fe2O3
(t), MnO, P2O5, SrO, Co, Ba, Zr, Ce, U, Rb, La, 

Nd, Ga, and Cr.  

 

2.4.5 EPMA Mineral Characterization of the Leadville Skarn 

 Appendix S2.4 and Table 2.2 show the EPMA results of the range, mean (µ), and 

standard deviation (σ) of the Leadville skarn garnets. The Type A garnets document Fe core-to-

rim enrichment and elevated Fe relative to that in the Type B garnets, with core compositions of 

(Gros52-59And39-47; Grosµ = 57; Grosσ = 1.9) and rim compositions of (Gros44-50And48-55; Grosµ = 

47; Grosσ = 1.9). The Type A garnets’ poikiloblastic grossular-rich cores are characterized by 

inclusions of K-feldspar (Orµ = 89; Orσ = 0.8) (Fig. 2.8a, Appendix S2.5; summarized in Table 

2.3). Type B garnets (Fig. 2.8b) show overall Fe core-to-rim enrichment with poikilobasltic 
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honey-yellow grossular-rich (Gros58-75And26-41; Grosµ = 69; Grosσ = 4.4) and brown-colored 

andradite-rich zones (Gros47-70And30-51; Grosµ = 60; Grosσ = 5.5). The Type B garnets’ grossular-

rich zones host inclusions of meionite-rich scapolite (Mei54–60Mar30–39; Meiµ = 58; Meiσ = 2.1) 

(Appendix S2.6; summarized in Table 2.4) that are compositionally similar to the matrix 

scapolite (Fig. 2.9a). The Type B garnet also hosts pyroxene inclusions of diopsidic composition 

(Di74-81Hd16-21; Diµ = 78; Diσ = 2.5) (Appendix S2.7; summarized in Table 2.5). The Type C 

garnets are the most andradite-rich composition (Gros41-50And51-59; Grosµ = 45; and Grosσ = 3.4). 

Epidote has a near end-member epidote composition (Epµ = 98; Epσ = 1.0) (Appendix S2.8; 

summarized in Table 2.6). 

 

2.4.6 LA-ICP-MS Characterization of the Leadville Skarn Garnets 

 According to Chapter 3 (Aertker et al. in preparation), the core-to-rim trace element 

geochemistry of the Leadville skarn garnets for all garnet types shows increasing grossular 

components and decreasing andradite components coinciding with increasing alkalis (K, Rb, Cs), 

alkaline earth metals (Be, Sr, Mg, Ca, Ba), first-row transition metals (Mn, Co, Ni, Zn, Cu), other 

transition metals (Nb, Mo, Ta, W), light rare earth elements (LREEs; La, Ce, Pr), and Th, U, Pb, 

B, Si, and Sn. Similarly, increases in the andradite component and decreases in the grossular 

component coincide with increasing alkalis (Na, Li), first-row transition metals (Ti, V, Cr), other 

transition metals (Zr, Hf), heavy rare earth elements (HREEs; Tb, Ho, Lu, Tm), and Ga and Ge. 

Further details of these data are presented in Chapter 3 (Aertker et al. in preparation). 

 

2.4.7 Whole-rock Characterization of the Belden Shale 

 Appendix Tables S2.3 and 2.1 show the corundum metasomatites and corundum-absent 

sample’s whole-rock geochemistry. The corundum metasomatites contain 35.80 wt.% to 60.70 

wt.% Al2O3, which shows an inverse trend with that of SiO2, at 19.90 wt.% to 41.10 wt.%. The 

other major constituents in order of decreasing abundance are Fe2O3
(t), TiO2, CaO, MgO, K2O, 

and Na2O. 

 

 Relative to the corundum metasomatites, the corundum-absent sample (P-1-1) contains 

lower Al2O3 (42.20 wt.%); similar SiO2 (33.20 wt.%), TiO2 (2.48 wt.%), and MgO (1.79 wt.%); 

and higher Fe2O3
(t) (13.90 wt.%). The other corundum-absent sample (2-B-3) is similar in 
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composition to P-1-1. Sample 2-B-3 compared to the corundum metasomatites contains lower 

Al2O3 (35.40 wt.%), higher SiO2 (56.40 wt.%), and lower Fe2O3
(t) (2.52 wt.%). Both corundum-

absent samples are depleted in alkalis and alkaline earth elements relative to the corundum 

metasomatites. 

 

 Appendix S2.9 summarizes the results of the LA-ICP-MS analysis of the Leadville skarn 

garnet from Chapter 3 (Aertker et al. in preparation) and the whole-rock geochemistry data of the 

Leadville skarn and the Belden Shale obtained in the present study (Appendix S2.3). The data 

are categorized according to which elements increase with the grossular components of the 

Leadville skarn garnets as reported in Chapter 3 (Aertker et al. in preparation). 

 

2.4.8 EPMA Mineral Characterization of the Belden Shale Corundum Metasomatites 

 Figure 2.9b summarizes the cordierite analyses (Appendix S2.10; Table 2.7) on an XMg–

XFe linear-scale plot. The Type I metasomatite (Crdµ = 56; Crdσ = 3.1) occurrences of cordierite 

have higher XMg, with 37%–46% XFe. The cordierite in Type III metasomatites (Crdµ = 43; Crdσ 

= 1.5) have higher XFe, at 49% to 57%, compared to Type III. 

 

 Matrix spinel (Appendix S2.11; Table 2.8) and reaction rims on corundum are hercynite-

rich (Hcµ = 84; Hcσ = 1.0). The biotite (Appendix S2.12; Table 2.9) are anniteµ = 56 (anniteσ = 

6.0) in composition. EPMA documents compositional zoning in plagioclase (Table 2.3; Fig. 

2.8a). Rim compositions are Anµ = 86 (Anσ = 3.0), whereas the core compositions are Anµ = 50 

(Anσ = 16). The matrix K-feldspar compositions are on average Or88.  

 

2.4.9 Corundum Trace Element Chemistry 

 The corundum trace element chemistry data by EPMA and LA-ICP-MS are presented 

and discussed in detail in Chapter 3 (Aertker et al. in preparation). Table 2.10 provides the 

EPMA summary of the maximum, minimum, and mean concentrations (μ); standard deviation 

(σ); and analytical uncertainties (±) from multiple analyses on each corundum grain. Table 2.11 

summarizes all corundum maximum, minimum, and mean concentrations (μ) and standard 

deviations (σ) for all element concentrations from LA-ICP-MS. 
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Table 2.1 Whole-rock geochemical data of major, minor, and trace elements of the Leadville Limestone, Belden Shale, and corundum 

metasomatites. All data is presented in Appendix A S2.3. 

 

Analysis 
2-B-3 P-1-1 Type I Metasomatites Type III Metasomatites 

Leadville 

Marble 
Leadville skarn 

 

     (μ) n=7 (σ)  (μ) n=11 (σ)    (μ) n=6 (σ) 
 

WDXRF major and minor oxides (wt. %)  

SiO2 56.40 33.20 36.26 3.54 28.55 3.62 0.14 41.23 4.53 
 

TiO2 2.32 2.48 2.16 0.99 2.65 0.83 <0.01 0.58 0.08 
 

Al2O3 35.40 47.20 47.84 6.01 53.84 4.13 0.05 10.98 0.74 
 

Cr2O3 0.03 0.04 0.04 0.01 0.05 0.01 <0.01 0.03  
 

Fe2O3
(t) 2.52 13.90 7.33 2.28 8.17 2.91 0.04 12.37 2.91 

 

MgO 0.15 1.79 1.47 0.53 1.59 0.47 0.36 2.35 2.68  

MnO 0.03 0.08 0.12 0.02 0.13 0.05 0.03 0.34 0.06  

CaO 0.08 0.10 2.89 3.11 2.12 1.46 55.80 29.85 4.11  

Na2O 0.02 0.06 0.56 0.55 0.67 0.36 <0.01 0.41 0.65 
 

K2O 0.76 0.03 0.26 0.27 1.20 1.06 <0.01 0.61 0.22 
 

V2O5 0.04 0.06 0.08 0.01 0.09 0.03 <0.01 0.03 0.01 
 

SrO <0.01 <0.01 0.05 0.01 0.03 0.01 0.01 0.02 0.01  

P2O5 0.07 0.02 0.04 0.02 0.07 0.03 0.02 0.17 0.16 
 

BaO 0.04 <0.01 0.03 0.02 0.05 0.02 <0.01 0.03 0.01  

LOI 2.95 <0.01 0.50 0.18 0.95 0.37 43.00 1.79 0.47  

Total 100.81 98.96 99.59  100.15  99.45 100.77 0.30  

ICP-OES-60 (Mass %)  

Si 26.40 15.10 16.53 1.79 13.02 1.62 0.07 19.23 2.01  

Ti 1.35 1.44 1.25 0.57 1.54 0.48 <0.01 0.34 0.04  

Al 18.80 24.70 24.99 2.92 27.35 1.97 0.03 5.77 0.43  
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Table 2.1 (continued) 

 

Fe 1.76 9.53 5.03 1.53 5.59 2.01 0.02 8.30 1.90  

Mg 0.09 1.06 0.90 0.31 0.95 0.29 0.20 1.32 1.48  

K 0.65 0.05 0.24 0.22 1.00 0.87 <0.01 0.52 0.18  

Ca 0.06 0.08 2.16 2.33 1.56 1.05 37.50 20.77 2.70  

ICP-OES-60 Trace Elements (ppm)  

P 0.04 0.01 0.02 0.01 0.03 0.01 <0.01 0.08 0.07  

S <0.1 <0.1 0.13 0.06   <0.1   

 

Ag 2.00 <1 1.50 0.71 1.71 1.25 <1   

 

As <5 <5     <5 5.00  
 

B 20.00 <10   13.50 3.54 <10   

 

Ba 149.00 5.90 137.74 191.00 426.45 213.14 2.70 221.00 101.99  

Be <5 6.00 6.00  6.00 1.26 <5   

 

Bi 0.10 <0.1 0.20  0.20 0.00 0.10 0.14 0.05  

Cd <0.2 <0.2 0.25 0.07   <0.2 0.23 0.05  

Ce 259.00 84.40 78.29 44.74 84.85 36.99 0.50 24.23 15.86  

Co 3.20 60.70 28.10 15.55 35.46 19.72 0.80 9.80 8.52  

Cr 170.00 258.00 255.86 42.15 310.27 42.83 <10 41.67 63.07  

Cs 1.40 0.70 0.91 0.32 1.33 0.31 <0.1 0.70 0.42  

Cu 21.00 8.00 9.33 4.16 14.25 12.20 <5 10.00 1.41  

Dy 16.10 4.40 3.80 1.16 4.67 1.78 <0.05 4.88 0.84  

Er 10.00 2.56 2.20 0.48 2.83 0.96 <0.05 3.37 0.71  

Eu 3.66 0.54 1.51 1.44 1.34 0.76 <0.05 2.06 0.51  

Ga 44.30 70.40 76.67 14.81 70.02 17.07 0.15 18.97 3.57  

Gd 18.70 5.66 5.26 2.07 5.98 2.62 <0.05 5.62 0.96  

Ge 4.00 2.00 2.14 0.38 1.55 0.52 <1 2.00 0.63  

Hf 14.00 8.00 7.00 2.58 9.18 5.10 <1 3.83 0.41  

Ho 3.45 0.87 0.77 0.20 0.96 0.36 <0.05 1.10 0.20  
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Table 2.1 (continued) 

 

In <0.2 <0.2     <0.2 0.34 0.05  

La 133.00 40.30 40.81 25.03 42.94 18.63 0.30 9.57 8.86  

Li <10 <10 11.00 0.00 15.00 7.85 <10   

 

Lu 1.53 0.39 0.32 0.04 0.44 0.13 <0.05 0.56 0.12  

Mn 175.00 517.00 877.29 202.70 901.36 341.62 113.00 2533.33 441.30  

Mo 3.00 7.00 3.00 0.63 3.27 1.01 <2 2.20 0.45  

Nb 49.70 39.80 36.84 16.19 59.95 33.20 <0.1 6.00 2.51  

Nd 115.00 38.90 34.13 17.44 37.30 16.42 0.20 23.90 2.30  

Ni 9.00 171.00 117.14 52.24 177.36 85.97 <5 19.25 19.26  

Pb 15.00 <5 9.00 4.29 12.18 3.37 <5   

 

Pr 31.10 9.93 8.83 4.71 9.74 4.33 0.06 4.25 1.38  

Rb 26.70 3.10 7.96 7.04 26.03 20.82 0.40 12.77 3.84  

Sb <0.1 0.10 0.12 0.04 0.12 0.04 <0.1 0.10 0.00  

Sc 45.00 39.00 28.14 11.19 26.00 7.96 <5 13.67 10.79  

Se <5 <5     <5   

 

Sm 22.60 6.40 5.80 2.58 6.72 2.94 <0.1 6.33 1.08  

Sn 3.00 <1 1.00  1.25 0.50 <1 4.33 1.37  

Sr 109.00 4.20 218.77 235.32 190.86 115.14 47.90 188.95 82.96  

Ta 3.00 2.40 2.06 0.87 3.50 1.97 <0.5   

 

Tb 2.93 0.72 0.66 0.24 0.79 0.33 <0.05 0.84 0.12  

Te <0.5 <0.5     <0.5   

 

Th 34.60 11.80 7.04 1.79 10.40 4.69 <0.1 4.73 5.27  

Tl <0.5 <0.5     <0.5   

 

Tm 1.48 0.38 0.33 0.06 0.43 0.15 <0.05 0.51 0.12  

U 10.80 2.99 2.43 0.51 4.14 1.19 0.44 2.69 0.84  

V 221.00 341.00 436.71 51.49 492.00 145.03 <5 134.00 34.29  

W 7.00 2.00 6.29 10.92 2.64 0.67 <1 12.00  
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Table 2.1 (continued) 

 

Y 87.10 22.20 22.01 5.65 27.35 9.92 <0.5 31.30 5.99  

Yb 9.70 2.60 2.20 0.33 2.95 0.92 <0.1 3.57 0.73  

Zn 69.00 197.00 180.43 108.77 167.64 116.34 <5 63.40 81.86  

Zr 491.00 263.00 272.00 102.15 333.00 183.99 0.50 140.42 25.40  

(μ) average values  

(σ) standard deviation (1 sigma)  

(<) Below detection limit   

Fe2O3
(t) assumed total Fe  
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Table 2.2 Geochemical data (EPMA) of the Leadville skarn Types A (core and rim), B (core-to-rim transect), and C garnets and end-

member normative (%) calculations. All data is presented in Appendix in A S2.4. 

 

Oxides (wt.%) 

Summary of Type A garnets Summary of Type B garnets Type C garnets 

core  rim  grossular zones andradite zones   

n=18  n=19 n=63 n=38  n=8 

(μ) (σ) (μ) (σ) (μ) (σ) (μ) (σ) (μ) (σ) 

SiO2 37.62 0.17 37.21 0.15 38.15 0.40 37.64 0.38 36.67 0.28 

Al2O3 12.18 0.43 10.04 0.42 14.97 1.04 12.82 1.29 9.41 0.77 

TiO2 0.56 0.11 0.44 0.14 0.41 0.24 0.66 0.17 0.43 0.31 

Cr2O3 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

Fe2O3
a 14.18 0.67 17.15 0.68 10.89 1.21 13.31 1.77 18.13 0.99 

MnO 0.40 0.02 0.34 0.02 0.40 0.11 0.35 0.14 0.34 0.04 

MgO 0.10 0.01 0.07 0.01 0.17 0.03 0.16 0.05 0.07 0.02 

CaO 35.11 0.23 34.97 0.19 35.53 0.17 35.24 0.36 34.87 0.21 

Na2O 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.02 0.01 

V2O3 0.02 0.01 0.02 0.01 0.02 0.01 0.04 0.02 0.10 0.08 

Total 100.17 0.52 100.25 0.25 100.56 0.44 100.22 0.44 100.03 0.30 

Number of cations on the basis of 12 anions   

     

Si 2.97 0.01 2.98 0.01 2.97 0.02 2.97 0.01 2.95 0.01 

Al 1.13 0.04 0.95 0.04 1.37 0.09 1.19 0.11 0.89 0.07 

Ti 0.03 0.01 0.03 0.01 0.02 0.01 0.04 0.01 0.03 0.02 

Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Fe2+           

Fe3+ 0.84 0.04 1.03 0.04 0.64 0.07 0.79 0.11 1.10 0.06 

Mn 0.03 0.00 0.02 0.00 0.03 0.01 0.02 0.01 0.02 0.00 

Mg 0.01 0.00 0.01 0.00 0.02 0.00 0.02 0.01 0.01 0.00 
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Table 2.2 (continued) 

 

Ca 2.98 0.01 3.00 0.01 2.96 0.02 2.97 0.02 3.01 0.02 

Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

V 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 

Sum cation 8.00  8.01  8.01  8.00  8.02  
End-member normative (%)        

Andradite 42.19 2.02 51.60 2.12 31.89 3.71 39.50 5.61 54.97 3.23 

Grossular 56.74 1.91 47.29 1.91 68.57 4.40 59.47 5.45 44.67 3.38 

Uvarovite  0.01 0.03 0.01 0.02 0.01 0.02 0.02 0.03 0.02 0.03 

Almandine  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Pyrope 0.37 0.04 0.29 0.03 0.66 0.11 0.63 0.18 0.28 0.08 

Spessartine 0.90 0.04 0.77 0.05 0.88 0.24 0.79 0.31 0.78 0.10 

(μ) average values 

(σ) standard deviation (1 sigma) 

Fe2O3
a is ferric iron after corrected oxide weight % Fe3+/Fe2+ estimation 

Type B data is categorized by grossular and andradite compositional zones 

Type A data is categorized by grossular core compositions and andradite rim compositions 
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Table 2.3 Geochemical data (EPMA) of the Belden Shale Type III metasomatite feldspar and Leadville skarn feldspar composition 

and end-member normative (%) calculations. All data is presented in Appendix A S2.5. 

 

Oxides (wt.%) 

corundum metasomatites  Leadville skarn 

plagioclase  

n=25 

K-feldspar  

n=1 
n=12 

min max  (μ)  (σ)  (μ)  min max  (μ)  (σ) 

SiO2 45.1 59.73 49.54 4.91 63.71 64.09 65.09 64.66 0.30 

Al2O3 24.47 35.05 31.91 3.43 18.38 17.93 18.37 18.15 0.11 

FeOa bdl 0.15 0.07 0.03 bdl n.d. 0.2 0.10 0.06 

MnO n.d. n.d.    
bdl 0.02 0.01 0.00 

CaO 5.76 17.60 14.13 3.88 0.06 0.03 0.1 0.07 0.02 

Na2O 1.06 7.99 3.09 2.28 1.27 1.04 1.32 1.19 0.08 

K2O 0.01 0.25 0.07 0.07 14.79 15.02 15.48 15.22 0.13 

BaO n.d. bdl   
0.26 n.d. n.d.   

Total 98.18 99.60 98.81 0.37 98.46 98.49 99.87 99.37 0.36 

Number of cations on the basis of 8 anions       

Si 2.10 2.70 2.28 0.20 2.99 2.99 3.01 3.00 0.00 

Al 1.31 1.91 1.73 0.20 1.02 0.99 1.00 0.99 0.00 

Fe2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 

Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Mn 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 

Ca 0.28 0.88 0.70 0.20 0.00 0.00 0.01 0.00 0.00 

Na 0.10 0.70 0.27 0.20 0.12 0.09 0.12 0.11 0.01 

K 0.00 0.01 0.00 0.00 0.88 0.88 0.92 0.90 0.01 

Ba 0.00 0.00 0.00 0.00 0.01     

Sum cation 4.98 5.00 4.99 0.00 5.01 5.00 5.01 5.01 0.00 

End-member normative (%)          
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Table 2.3 (continued) 

 

Albite 9.79 70.54 27.91 20.05 11.50 9.27 11.77 10.60 0.70 

Anorthite 28.11 89.91 71.58 20.45 0.30 0.16 0.50 0.36 0.10 

Orthoclase  0.06 1.46 0.46 0.43 88.40 87.86 90.56 89.10 0.84 

(μ) average values 

(σ) standard deviation (1 sigma) 

FeOa is ferrous iron after corrected oxide weight % Fe3+/Fe2+ estimation 

(bdl) Below detection limit 

(n.d.) none detected 

Leadville skarn compositions are derived from feldspar inclusions in Type A garnets 
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Table 2.4 Geochemical data (EPMA) of the Leadville skarn scapolite inclusions in Type B garnet and matrix scapolite composition 

and end-member normative (%) calculations. All data is presented in Appendix A S2.6. 

 

Oxides (wt.%) 

Leadville Skarn (matrix) Leadville Skarn (inclusions) 

n=16 n=12 

min max  (μ)  (σ) Min Max (μ)  (σ) 

SiO2 46.94 49.33 48.54 0.65 44.23 49.28 46.86 2.22 

Al2O3 24.70 25.78 25.22 0.32 25.74 29.06 27.37 1.28 

TiO2 n.d. 0.02 0.00 0.01 n.d. 0.02 0.01 0.01 

FeOa 0.02 0.16 0.09 0.04 0.01 0.18 0.08 0.06 

MnO n.d. 0.02 0.00 0.01 n.d. 0.04 0.01 0.01 

MgO 0.01 0.03 0.02 0.00 0.02 0.06 0.04 0.01 

CaO 13.66 15.36 14.33 0.41 14.13 18.82 16.49 2.00 

Na2O 4.85 6.32 5.53 0.41 2.85 5.73 4.35 1.24 

K2O 0.67 0.82 0.73 0.05 0.47 0.92 0.65 0.17 

Cl 1.17 1.56 1.32 0.11 0.49 1.42 0.95 0.40 

SO3 0.62 1.07 0.83 0.12 0.70 1.19 0.90 0.16 

CO2
b 2.69 3.02 2.84 0.10 2.79 3.95 3.31 0.45 

O=F,Cl, SO3 0.35 0.41 0.38 0.02 0.18 0.40 0.30 0.09 

Total 96.59 100.33 99.08 0.85 99.98 101.84 100.72 0.54 

Number of cations on the basis of 25 anions       

Si 7.09 7.28 7.20 0.05 7.09 7.28 7.22 0.06 

Al 4.34 4.51 4.42 0.05 4.34 4.51 4.41 0.05 

Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Fe2+ 0.00 0.02 0.01 0.00 0.00 0.02 0.01 0.00 

Fe3+         

Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
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Table 2.4 (continued) 

 

Mg 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00 

Ca 2.16 2.46 2.29 0.08 2.16 2.46 2.27 0.08 

Na 1.40 1.81 1.60 0.12 1.40 1.81 1.60 0.11 

K 0.13 0.16 0.14 0.01 0.13 0.15 0.14 0.01 

Cl 0.30 0.39 0.34 0.03 0.30 0.39 0.33 0.03 

SO4 0.07 0.12 0.09 0.01 0.07 0.12 0.09 0.01 

CO3 0.54 0.60 0.57 0.02 0.54 0.60 0.58 0.02 

Sum cation 16.60 16.74 16.67 0.05 16.59 16.74 16.65 0.05 

End-member normative (%)         

Marialite 29.55 38.97 33.59 2.93 29.55 38.97 33.01 2.84 

Meionite 54.14 60.38 57.39 2.23 54.14 60.38 57.75 2.06 

(μ) average values 

(σ) standard deviation (1 sigma) 

FeOa is ferrous iron after corrected oxide weight % Fe3+/Fe2+ estimation 

CO2
b calculated from stoichiometry 

Scapolite inclusions from Type B garnets 

(n.d.) none detected 
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Table 2.5 Geochemical data (EPMA) of the Leadville skarn diopside and end-member normative (%) calculations from diopside 

inclusions in Type B garnets. All data is presented in Appendix A S2.7. 

 

Oxides (wt.%) 

Leadville Skarn (inclusions in Type B garnets) 

n=10 

Min Max (μ)  (σ) 

SiO2 52.65 53.91 53.27 0.39 

Al2O3 0.65 1.73 0.96 0.32 

TiO2 0.02 0.11 0.04 0.03 

Cr2O3 n.d. 0.05 0.01 0.02 

FeOa     

Fe2O3
a 5.58 7.63 6.64 0.69 

MnO 0.21 0.37 0.28 0.05 

MgO 13.19 14.34 13.78 0.40 

CaO 25.16 25.88 25.48 0.23 

Na2O 0.08 0.56 0.26 0.15 

V2O3 n.d. 0.02 0.00 0.01 

Total 99.82 101.47 100.73 0.50 

Number of cations on the basis of 6 anions 0.00 0.00   

Si 1.94 1.99 1.97 0.01 

Al 0.03 0.08 0.04 0.01 

Ti 0.00 0.00 0.00 0.00 

Cr 0.00 0.00 0.00 0.00 

Fe2+ 0.15 0.21 0.18 0.02 

Fe3+ 0.00 0.01 0.01 0.00 

Mn 0.01 0.01 0.01 0.00 

Mg 0.73 0.79 0.76 0.02 
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Table 2.5 (continued) 

 

Ca 0.99 1.03 1.01 0.01 

Na 0.01 0.04 0.02 0.01 

V 0.00 0.00 0.00 0.00 

Sum cation 4.00 4.00 4.00 0.00 

End-member normative (%)     

Diopside 73.81 81.26 77.60 2.54 

Hedenbergite 15.55 20.64 18.14 1.61 

Enstatite 36.27 39.41 38.04 1.12 

(μ) average values 

(σ) standard deviation (1 sigma) 

(n.d.) none detected 

Fe2O3
a is ferric iron after corrected oxide weight % Fe3+/Fe2+ estimation 

Inclusions from Type B garnets 
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Table 2.6 Geochemical data (EPMA) of the Leadville skarn epidote and end-member normative (%) calculations. All data is presented 

in Appendix A S2.8. 

 

Oxides (wt.%) 

Leadville skarn (matrix) 

n=17 

min max  (μ)  (σ) 

SiO2 36.41 37.45 36.80 0.29 

Al2O3 21.54 22.97 22.04 0.35 

TiO2 0.01 0.31 0.16 0.09 

FeOa 12.86 14.18 13.53 0.45 

MnO 0.03 0.18 0.08 0.05 

MgO 0.02 0.56 0.03 0.01 

CaO 22.99 23.67 23.37 0.19 

Na2O 0.00 0.06 0.01 0.02 

K2O 0.00 0.03 0.00 0.00 

F 0.00 0.12 0.03 0.03 

Cl 0.00 0.02 0.00 0.00 

H2Ob 1.77 1.86 1.82 0.02 

O=F,Cl 0.00 0.05 0.01 0.01 

Total 96.47 99.00 97.85 0.72 

Number of cations on the basis of 13 anions    

Si 2.98 3.02 3.00 0.01 

Al 2.09 2.19 2.12 0.03 

Ti 0.00 0.02 0.01 0.01 

Fe2+  0.00   

Fe3+ 0.79 0.87 0.83 0.03 

Mn 0.00 0.01 0.01 0.00 
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Table 2.6 (continued) 

 

Mg 0.00 0.07 0.00 0.00 

Ca 2.01 2.08 2.04 0.02 

Na 0.00 0.01 0.00 0.00 

K 0.00 0.00 0.00 0.00 

F 0.00 0.03 0.01 0.01 

Cl 0.00 0.00 0.00 0.00 

OH 0.97 1.00 0.99 0.01 

Sum cation  9.00 9.05 9.01 0.01 

End-member normative (%)     

Epidote 96.81 99.36 98.32 0.71 

Clinozoisite 69.75 73.06 70.63 0.90 

(μ) average values 

(σ) standard deviation (1 sigma) 

(n.d.) none detected 

FeOa is ferrous iron after corrected oxide weight % Fe3+/Fe2+ estimation 

H2Ob calculated from stoichiometry 
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Table 2.7 Geochemical data (EPMA) of the Belden Shale cordierite in Type I and Type III metasomatites and end-member normative 

(%) calculations. All data is presented in Appendix A S2.10. 

 

Oxides (wt.%) 

Corundum Metasomatites (Type I) Corundum Metasomatites (Type III) 

n=16 n=18 

min max (μ)  (σ) min max  (μ)  (σ) 

SiO2 47.25 48.29 47.88 0.25 46.81 48.35 47.59 0.49 

Al2O3 32.40 33.32 32.92 0.31 32.14 32.49 32.36 0.10 

TiO2 n.d. 0.03 0.02 0.01 0.01 n.d. 0.02 0.01 

Cr2O3 n.d. bdl   n.d. n.d.   

FeOa 8.69 10.62 9.78 0.63 12.03 13.33 12.61 0.35 

MnO 0.11 0.42 0.25 0.10 0.27 0.43 0.36 0.04 

MgO 6.78 8.02 7.30 0.43 5.15 5.94 5.58 0.24 

CaO bdl 0.06 0.03 0.01 0.02 0.10 0.04 0.02 

Na2O 0.07 0.15 0.11 0.02 0.06 0.16 0.11 0.02 

K2O bdl 0.04 0.01 0.01 0.01 0.03 0.02 0.01 

BaO n.d. 0.03 0.03  0.05 0.09 0.07 0.02 

Total 97.43 99.14 98.29 0.46 97.27 100.05 98.70 0.92 

Number of cations on the basis of 18 anions        

Si 4.92 4.97 4.95 0.02 4.93 4.97 4.95 0.01 

Al 3.98 4.04 4.01 0.02 3.92 4.02 3.97 0.04 

Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Fe2+ 0.75 0.93 0.84 0.06 0.97 1.15 1.09 0.04 

Fe3+ 0.06 0.07 0.06 0.00 0.07 0.10 0.09 0.02 

Mn 0.01 0.04 0.02 0.01 0.02 0.04 0.03 0.00 

Mg 1.06 1.23 1.12 0.06 0.81 0.91 0.87 0.03 
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Table 2.7 (continued) 

 

Ca 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00 

Na 0.01 0.03 0.02 0.01 0.01 0.03 0.02 0.00 

K 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 

Sum cation 11.00 11.05 11.03 0.01 11.00 11.06 11.03 0.01 

End-member normative (%)         

Cordierite 52.80 61.55 56.18 3.06 40.30 45.50 43.26 1.54 

Sekananaite 37.40 46.35 42.05 2.90 48.70 57.30 54.59 1.97 

(μ) average values 

(σ) standard deviation (1 sigma) 

(bdl) below detection limit 

(n.d.) none detected 

FeOa is ferrous iron after corrected oxide weight % Fe3+/Fe2+ estimation 

Cordierite categorized by Type I and Type III metasomatites 
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Table 2.8 Geochemical data (EPMA) of the Belden Shale Type I metasomatite matrix and corundum reaction rim spinel and end-

member normative (%) calculations. All data is presented in Appendix A S2.11. 

 

Oxides (wt.%) 

Corundum Metasomatites (Type I)  

matrix 

Corundum Metasomatites (Type I)  

reaction rims 

n=6 n=2 

min max (μ) (σ) min max  (μ) (σ) 

SiO2 n.d. 0.02 0.01 0.01 0.02 0.05 0.03 0.01 

Al2O3 54.82 55.88 55.40 0.40 55.53 55.59 55.56 0.04 

TiO2 n.d. 0.12 0.05 0.05 n.d. 0.05 0.05  
Cr2O3 0.06 0.15 0.10 0.04 0.11 0.18 0.15 0.05 

FeOa 37.69 39.18 38.58 0.64 38.40 38.52 38.46 0.08 

MnO 0.41 0.47 0.44 0.02 0.44 0.45 0.44 0.01 

MgO 2.93 3.56 3.21 0.27 3.14 3.16 3.15 0.02 

ZnO 0.25 0.49 0.38 0.09 0.31 0.33 0.32 0.01 

V2O3 0.38 0.54 0.44 0.06 0.35 0.36 0.36 0.01 

NiO 0.06 0.12 0.09 0.03 0.05 0.11 0.08 0.04 

Total 98.23 98.93 98.69 0.25 98.53 98.63 98.58 0.07 

Number of cations on the basis of 4 anions        

Si 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Al 1.91 1.92 1.91 0.01 1.92 1.92 1.92 0.00 

Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Fe2+ 0.82 0.85 0.84 0.01 0.84 0.84 0.84 0.00 

Fe3+ 0.10 0.11 0.11 0.01 0.10 0.10 0.10 0.00 

Mn 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.00 

Mg 0.13 0.16 0.14 0.01 0.14 0.14 0.14 0.00 

Zn 0.01 0.10 0.02 0.04 0.01 0.01 0.01 0.00 
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Table 2.8 (continued) 

 

V 0.00 0.01 0.01 0.00 0.00 0.01 0.00 0.00 

Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Sum cation 3.02 3.13 3.05 0.04 3.02 3.03 3.03 0.01 

End-member normative (%)         

Spinel 12.80 15.50 13.98 1.12 13.70 13.80 13.75 0.07 

Hercynite 82.40 85.00 83.93 1.07 84.20 84.40 84.30 0.14 

Gahnite 0.50 10.00 2.32 3.77 0.70 0.70 0.70 0.00 

Galaxite 1.00 1.20 1.12 0.08 1.10 1.10 1.10 0.00 

Coulsonite 0.05 0.65 0.33 0.24 0.05 0.40 0.23 0.25 

Magnesiocoulsonite 4.57 5.20 4.88 0.25 4.60 4.87 4.73 0.19 

(μ) average values 

(σ) standard deviation (1 sigma) 

(n.d.) none detected 

FeOa is ferrous iron after corrected oxide weight % Fe3+/Fe2+ estimation 

Spinel categorized by either matrix or reaction rims on corundum 
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Table 2.9 Geochemical data (EPMA) of the Belden Shale Type I metasomatite matrix biotite and biotite inclusions in corundum, end-

member normative (%) calculations, and Ti-in-biotite geothermometry (Henry et al., 2005). All data presented in Appendix A S2.12. 

 

Oxides (wt.%) 

Corundum Metasomatites (matrix)  Corundum Metasomatites (inclusions)  

n=4 n=16 

min max (μ)  (σ) min max (μ)  (σ) 

SiO2 32.45 34.40 33.57 0.83 32.01 33.71 32.77 0.48 

Al2O3 17.62 18.55 18.10 0.47 18.30 20.54 19.06 0.58 

TiO2 1.84 4.29 3.51 1.12 1.68 4.35 3.46 0.81 

Cr2O3 0.05 0.30 0.16 0.11 0.04 0.33 0.12 0.08 

FeOc 18.93 23.86 22.10 2.18 18.55 25.36 23.59 2.43 

Fe2O3
c 0.63 0.80 0.74 0.07 0.62 0.85 0.79 0.08 

MnO 0.06 0.18 0.12 0.05 0.04 0.12 0.09 0.02 

MgO 6.14 7.48 6.78 0.55 4.02 8.01 5.17 1.36 

CaO n.d. 0.05 0.04 0.01 n.d. 0.22 0.07 0.07 

Na2O 0.13 0.16 0.14 0.01 0.06 0.22 0.14 0.04 

K2O 9.03 9.60 9.28 0.24 8.51 9.65 9.18 0.30 

BaO 0.00 0.28 0.12 0.12 n.d. 0.71 0.36 0.24 

F n.d. 0.11 0.10 0.01 n.d. 0.16 0.10 0.05 

Cl 0.24 0.71 0.46 0.19 0.18 0.83 0.44 0.22 

H2Ob 3.48 3.75 3.66 0.12 3.48 3.74 3.64 0.08 

O=F,Cl 0.10 0.20 0.13 0.05 0.05 0.22 0.12 0.05 

Total 97.07 100.06 98.69 1.52 97.03 100.03 98.71 0.95 

Number of cations on the basis of 24 anions       

T (iv) site: Si   5.26 5.34 5.29 0.04 5.16 5.29 5.20 0.04 

  Al    2.66 2.74 2.71 0.04 2.71 2.84 2.80 0.04 

  Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
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Table 2.9 (continued) 

 

T site total 8.00 8.00 8.00 0.00 8.00 8.00 8.00 0.00 

Al (total) 3.23 3.52 3.36 0.14 3.44 3.79 3.57 0.10 

R (vi) site: Al 0.55 0.78 0.65 0.11 0.65 1.02 0.77 0.10 

   Ti 0.22 0.51 0.41 0.13 0.20 0.52 0.41 0.10 

   Cr3+ 0.01 0.04 0.02 0.01 0.00 0.04 0.01 0.01 

Fe3+ assumed 0.07 0.10 0.09 0.01 0.07 0.10 0.09 0.01 

Fe2+ assumed 2.41 3.14 2.83 0.30 2.37 3.28 3.04 0.33 

   Mn2+ 0.01 0.02 0.02 0.01 0.01 0.02 0.01 0.00 

   Mg 1.48 1.75 1.59 0.11 0.95 1.88 1.22 0.31 

R site vacancy 0.26 0.53 0.40 0.11 0.23 0.51 0.43 0.07 

Y-site total 6.00 6.00 6.00 0.00 6.00 6.00 6.00 0.00 

A (XII) site: Ca 0.00 0.01 0.00 0.00 0.00 0.04 0.01 0.01 

    Ba 0.00 0.02 0.01 0.01 0.00 0.04 0.02 0.02 

    Na 0.04 0.05 0.04 0.00 0.02 0.07 0.04 0.01 

    K 1.83 1.92 1.87 0.04 1.75 1.94 1.86 0.05 

A-site vacancy 0.02 0.11 0.08 0.04 0.01 0.15 0.07 0.04 

A-site total 2.00 2.00 2.00 0.00 2.00 2.00 2.00 0.00 

X (anion) site: OH 3.76 3.88 3.85 0.06 3.74 3.93 3.86 0.06 

   F 0.00 0.05 0.03 0.03 0.00 0.08 0.02 0.03 

   Cl 0.06 0.19 0.12 0.05 0.05 0.22 0.12 0.06 

anion-site total 4.00 4.00 4.00 0.00 4.00 4.00 4.00 0.00 

End-member normative (%)         

Annite 45.04 55.76 51.53 4.57 43.76 59.78 55.82 5.97 

Phlogopite 26.36 32.71 29.07 2.65 17.57 34.74 22.43 5.76 

Ti-in-biotite thermometry (°C)     557 718 681 47 

(μ) average values 
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Table 2.9 (continued) 

 

(σ) standard deviation (1 sigma) 

(n.d.) none detected 

FeOc and Fe2O3
c iron after corrected oxide weight % Fe3+/Fe2+ estimation 

Ti-in-biotite thermometry from Henry et al. (2005) 

H2Ob calculated from stoichiometry 

Inclusions are biotite inclusions within corundum 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

73 

Table 2.10 Summary of corundum trace element chemistry by EPMA in the Belden Shale. 

 

Analyses 
Trace Elements (ppm) 

Fe Mn Ti Cr Mg Si Na Zn V Ga 

1-CS-1-Spot1           

Max 8366 149 384 498 500 229 150 167 201 717 

Min 6976 bdl 174 159 42 71 bdl bdl bdl bdl 

(μ) n=8 7380.75 149.00 294.13 363.13 120.13 160.00 99.75 167.00 135.00 327.00 

std. dev. (σ) 444.98  67.17 105.71 154.65 59.73 35.87  44.33 187.96 

Average (±) 200.11 92.32 143.93 85.11 27.09 54.23 32.66 133.55 59.24 181.78 

           

1-CS-1-Spot4           

Max 7796 97 406 364 87 247 100 249 160 505 

Min 6850 bdl 209 bdl bdl 149 60 bdl 69 bdl 

(μ) n=7 7255.14 97.00 290.25 257.00 76.00 199.29 bdl 249.00 116.00 245.33 

std. dev. (σ) 385.02  84.15 95.37 12.77 37.69 28.28  33.21 128.18 

Average (±) 197.89 95.54 140.27 84.26 25.90 54.46 31.30 130.60 59.14 180.30 

           

1-CS-2-Spot1           

Max 6174 123 537 632 46 441 210 bdl 469 372 

Min 3409 bdl bdl 431 bdl 205 bdl bdl 221 224 

(μ) n=5 5126.80 123.00 370.00 512.80 45.00 291.40 127.33  383.80 289.20 

std. dev. (σ) 1025.62  167.00 90.08 1.41 91.81 72.59  98.50 56.90 

Average (±) 175.86 92.43 143.04 85.92 26.59 56.33 32.94  63.59 184.04 

           

1-CS-2-Spot5           

Max 6154 102 657 438 103 509 127 228 380 432 

Min 4417 bdl bdl 157 bdl 48 bdl bdl 66 bdl 
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Table 2.10 (continued) 

 

(μ) n=13 4989.31 102.00 329.00 291.54 67.50 237.69 76.18 186.00 215.62 250.67 

std. dev. (σ) 509.69  151.84 97.42 21.12 117.41 24.45 41.55 81.30 122.67 

Average (±) 169.31 82.85 138.30 80.22 26.43 55.96 31.88 121.61 58.10 165.43 

           

CS-3-Spot2-C1          

Max 6155 155 1227 690 174 318 119 224 486 427 

Min 4456 bdl 228 362 69 163 bdl 157 297 bdl 

(μ) n=5 5277.00 115.00 572.20 558.00 102.60 223.20 103.00 184.75 370.00 317.67 

std. dev. (σ) 699.53 56.57 408.39 146.06 44.39 58.56 22.63 32.54 76.33 94.82 

Average (±) 177.97 93.66 157.70 87.07 27.38 55.86 32.09 131.59 63.13 182.31 

           

CS-3-Spot2-C2          

Max 5255 95 913 475 74 260 110 bdl 358 312 

Min 4312 95 408 227 bdl 166 58 bdl 111 264 

(μ) n=5 4892.20 95.00 581.80 346.60 72.67 224.20 80.00  244.00 283.33 

std. dev. (σ) 355.08  223.00 99.88 1.53 38.87 26.91  110.02 25.32 

Average (±) 173.92 97.34 153.54 85.82 26.98 55.57 31.90  61.43 182.64 

           

CS-3-Spot2-C3          

Max 6120 bdl 538 568 120 438 152 270 517 406 

Min 4221 bdl 144 160 51 138 bdl bdl 83 bdl 

(μ) n=11 5164.50  331.67 378.20 77.80 332.80 103.00 199.25 274.90 300.67 

std. dev. (σ) 580.25  131.98 146.59 23.04 90.77 38.41 54.61 128.34 107.04 

Average (±) 176.53  148.21 85.75 26.89 56.44 32.02 132.30 61.08 181.85 

           

CS-3-Spot3           

Max 6920 bdl 920 880 183 452 81 185 453 352 
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Table 2.10 (continued) 

 

Min 4133 bdl 406 349 bdl 290 bdl bdl 106 189 

 (μ) n=4 5222.25  703.00 600.75 131.00 355.75 66.00 170.50 259.67 287.00 

std. dev. (σ) 1310.44  215.75 222.63 45.08 68.65 21.21 20.51 176.87 86.37 

Average (±) 175.71  156.91 84.92 27.67 57.22 31.90 125.92 58.60 170.33 

           

CS-5           

Max 5018 bdl 1320 188 bdl 298 92 194 68 334 

Min 4396 bdl 386 bdl bdl 145 bdl bdl bdl bdl 

(μ) n=5 4671.00  738.80 155.67  210.20 92.00 175.67 68.00 258.25 

std. dev. (σ) 270.03  349.83 42.90  60.15  24.38  69.94 

Average (±) 167.70  160.30 81.84  55.25 30.55 129.61 56.14 176.84 

           

3-CS-1-5-3-Spot1          

Max 7418 168 1403 546 193 261 242 407 304 415 

Min 6223 bdl 154 bdl 47 bdl bdl bdl 102 bdl 

(μ) n=8 6796.63 138.00 567.38 322.43 110.00 121.17 131.75 311.00 194.50 283.40 

std. dev. (σ) 409.94 42.43 396.40 137.40 52.64 87.21 75.33 135.76 78.78 109.97 

Average (±) 195.88 94.34 158.18 85.30 27.60 54.17 33.45 134.31 60.70 185.24 

           

3-CS-1-5-3-Spot2-C1          

Max 8171 bdl 591 986 120 169 55 194 527 437 

Min 4130 bdl 167 83 bdl bdl bdl bdl bdl bdl 

(μ) n=6 6455.83  377.50 618.00 104.50 80.00 53.00 193.00 446.60 303.00 

std. dev. (σ) 1318.76  179.32 304.02 15.07 50.81 2.83 1.41 96.32 133.11 

Average (±) 155.78 408.08 289.89 122.44 73.08 378.83 83.20 264.21 131.35 388.42 

           

3-CS-1-5-3-Spot2-C2          
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Max 7194 162 2113 822 169 183 187 199 442 623 

Min 4728 bdl bdl bdl 50 64 bdl bdl 134 bdl 

(μ) n=9 6099.11 162.00 720.29 640.13 98.00 126.78 144.33 169.00 330.22 387.33 

std. dev. (σ) 950.46  644.27 195.41 41.77 40.66 50.90 28.95 119.39 145.74 

Average (±) 187.90 95.06 163.19 88.56 27.47 54.68 34.23 134.82 63.68 184.24 

           

3-CS-1-5-3-Spot3          

Max 6565 97 657 875 104 39 76 173 475 402 

Min 3138 bdl bdl 323 bdl 39 bdl bdl 215 bdl 

(μ) n=8 5676.50 95.50 368.14 618.75 70.80 39.00 61.00 149.00 319.38 309.40 

std. dev. (σ) 1067.77 2.12 165.20 177.00 19.61  14.11 33.94 81.18 66.79 

Average (±) 181.82 93.50 147.72 88.05 26.90 52.99 31.65 133.34 62.47 184.12 

           

4-CS3-4-A1           

Max 8740 108 675 775 164 53 86 340 278 327 

Min 5975 bdl bdl 182 bdl bdl bdl bdl bdl bdl 

(μ) n=9 6599.44 108.00 362.00 416.11 76.00 42.33 86.00 237.00 145.57 277.17 

std. dev. (σ) 845.59  164.18 217.93 40.39 9.29  145.66 70.81 42.40 

Average (±) 193.48 94.42 150.32 86.65 27.01 53.46 32.46 134.06 59.79 184.86 

           

4-CS3-4-A2-Spot1          

Max 7556 bdl 669 729 118 180 83 223 154 310 

Min 2271 bdl 371 296 bdl 80 bdl bdl 118 230 

(μ) n=3 5258.00  520.00 474.33 118.00 140.00 83.00 223.00 130.67 279.33 

std. dev. (σ) 2709.03  210.72 226.37  52.92   20.23 43.14 

Average (±) 176.47  153.31 86.12 28.03 55.39 32.60 135.56 60.06 184.69 
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4-CS3-4-A2-Spot2          

Max 5436 168 309 212 94 384 88 253 245 346 

Min 3994 bdl bdl bdl bdl 117 bdl bdl bdl bdl 

(μ) n=8 4359.75 168.00 227.00 168.50 66.25 239.38 69.33 253.00 169.86 299.25 

std. dev. (σ) 472.97  71.36 36.81 23.13 83.39 17.24  57.96 66.90 

Average (±) 162.08 85.01 139.08 77.44 26.02 56.31 31.47 119.01 56.25 159.92 

           

4-CS3-4-A2-Spot3          

Max 8844 143 1048 388 143 248 95 266 158 462 

Min 5118 109 bdl 86 bdl 55 bdl bdl bdl bdl 

(μ) n=9 6995.56 126.00 565.75 269.33 104.00 150.00 73.43 227.33 112.67 303.43 

std. dev. (σ) 1098.48 24.04 203.92 104.92 31.55 69.05 18.95 33.50 38.67 109.22 

Average (±) 196.86 93.31 153.21 84.93 27.62 54.85 32.47 133.94 58.60 183.20 

           

4-CS3-4-A2-Spot4          

Max 6511 173 607 385 52 190 75 155 170 603 

Min 5157 bdl bdl 190 bdl 68 bdl bdl 68 192 

(μ) n=5 5835.60 173.00 407.25 264.20 46.50 139.80 71.50 149.67 115.80 376.00 

std. dev. (σ) 506.05  178.48 74.69 7.78 51.31 4.95 5.03 38.56 163.32 

Average (±) 185.88 97.75 146.18 85.76 26.95 54.81 31.37 133.49 60.27 183.15 

           

4-CS3-4-L-Spot2          

Max 5912 bdl 397 571 bdl 120 79 bdl 228 694 

Min 4800 bdl 144 279 bdl bdl bdl bdl bdl 145 

(μ) n=5 5190.40  221.00 453.40  82.67 68.50  209.50 290.20 

std. dev. (σ) 435.06  105.24 116.72  32.33 14.85  15.97 228.06 

Average (±) 177.25  137.01 87.81  54.12 31.34  60.35 186.02 
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4-CS10-5-1-Spot2          

Max 6451 192 557 759 80 176 86 201 460 707 

Min 2963 bdl 249 232 bdl bdl bdl bdl 120 bdl 

(μ) n=10 5473.30 192.00 344.00 414.50 63.67 85.00 73.00 161.33 324.20 390.20 

std. dev. (σ) 1305.28  108.36 147.97 16.01 47.04 18.38 38.55 101.39 204.44 

Average (±) 179.10 98.34 147.45 86.50 26.75 53.89 31.75 133.41 63.12 184.47 

           

4-CS10-5-1-Spot3          

Max 6662.00 108.00 581.00 680.00 89.00 152.00 130.00 223.00 437.00 484.00 

Min 5953.00 bdl 154.00 380.00 bdl bdl bdl bdl 210.00 bdl 

(μ) n=8 6430.50 108.00 347.67 576.00 63.60 100.00 74.80 174.75 284.13 335.50 

std. dev. (σ) 218.03  177.43 119.45 18.57 55.00 33.59 36.74 70.64 89.02 

Average (±) 191.00 91.04 149.66 88.64 27.18 53.79 31.61 134.04 63.19 184.65 

           

4-CS10-5-1-Spot4          

Max 6438 bdl 533 761 77 89 56 148 378 402 

Min 5602 bdl 154 431 bdl bdl bdl bdl 225 bdl 

(μ) n=6 5869.17  284.50 587.33 64.67 55.67 53.50 148.00 301.67 284.40 

std. dev. (σ) 294.87  140.55 141.13 12.50 29.70 3.54  59.20 93.96 

Average (±) 185.66  145.91 87.55 26.96 53.76 30.61 132.39 62.88 183.89 

           

2-M-Spot1           

Max 4081 129 3922 688 bdl 11400 1249 170 902 234 

Min 2486 bdl 493 343 bdl 878 bdl bdl 362 101 

(μ) n=6 3112.17 119.50 1779.00 484.83  6065.17 476.67 142.50 583.00 156.25 

std. dev. (σ) 561.88 13.44 1416.24 134.75  3870.87 669.31 38.89 199.76 55.83 
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Average (±) 142.41 81.61 193.58 77.83  95.57 92.17 110.47 59.90 146.39 

           

All Samples           

Max 8844 192 3922 986 500 11400 1249 407 902 717 

Min 2271 bdl bdl 83 bdl bdl bdl bdl bdl bdl 

(μ) n=163 5732.57 126.90 477.32 421.86 86.62 446.87 101.93 188.63 257.56 299.79 

std. dev. (σ) 1260.60 32.72 444.46 197.06 53.64 1436.92 141.12 54.30 141.20 121.44 

Average (±) 180.47 124.10 156.91 86.60 29.64 71.09 36.09 142.04 63.64 187.69 

                      

(μ) average values 

(σ) standard deviation (1 sigma) 

(±) average uncertainty (1 sigma) 

Below detection limit (bdl) 

Data from Chapter 3 (Aertker et al. in preparation) 
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Table 2.11 Summary of the trace element chemistry of Belden Shale of all corundum and Type I (n = 18) versus Type III (n = 13) 

metasomatite corundum grain geochemical signatures by LA-ICP-MS. 

 

  All Corundum Type I Type III   

  
n=170 n=108 n=62   

(μ) (σ) max  min (μ)  (σ) max  min (μ)   (σ) Δ  

Element           

7Li 0.86 0.87 3.75 bdl 1.11 0.85 4.81 bdl 0.73 0.86 0.38 
9Be 0.32 0.95 1.22 bdl 0.22 0.20 10.00 bdl 0.50 1.55 -0.28 
11B 8.51 3.69 24.20 3.99 9.68 3.90 12.83 3.47 6.47 2.10 3.22 
23Na 55.57 115.37 497.04 bdl 50.10 88.57 1067.73 bdl 62.82 143.97 -12.71 
25Mg 286.99 319.17 3107.50 100.43 255.94 336.30 1752.07 123.97 341.10 281.36 -85.16 
29Si 2184.40 1769.78 10076.03 689.77 2008.94 1763.71 7896.36 768.46 2490.05 1752.60 -481.11 
39K 133.68 267.28 1202.25 bdl 69.26 154.02 1634.08 3.92 239.65 365.05 -170.39 
43Ca 1098.97 502.96 2531.92 229.52 1040.93 336.74 5399.56 bdl 1200.08 696.83 -159.16 
49Ti 786.61 1770.88 9221.89 145.94 544.92 1016.67 13891.99 270.87 1207.63 2567.42 -662.71 
51V 249.31 132.80 604.67 64.06 272.69 149.10 397.67 98.44 208.59 84.93 64.10 
52Cr 534.59 208.85 1090.27 205.98 541.27 197.57 1205.65 212.34 522.95 228.39 18.33 
55Mn 10.16 21.43 137.99 bdl 6.83 18.34 152.40 0.56 15.87 25.02 -9.04 
57Fe 2349.39 558.28 4583.12 1283.11 2163.86 506.01 4096.98 1811.57 2672.58 497.28 -508.71 
59Co 0.49 1.10 10.48 bdl 0.41 1.25 5.17 bdl 0.59 0.85 -0.17 
60Ni 6.23 6.41 68.51 1.84 5.93 7.00 35.41 1.98 6.74 5.24 -0.81 
64Zn 2.98 7.81 86.95 0.42 3.07 9.72 10.76 0.65 2.82 1.94 0.25 
65Cu 2.12 2.75 12.61 bdl 1.64 1.96 19.18 bdl 2.86 3.52 -1.22 
69Ga 69.79 12.87 98.02 44.96 73.26 12.08 85.51 40.73 63.74 12.02 9.53 
72Ge 0.50 0.13 1.09 bdl 0.49 0.15 0.79 bdl 0.51 0.11 -0.02 
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85Rb 0.46 0.98 2.46 bdl 0.19 0.38 6.75 bdl 0.77 1.33 -0.58 
88Sr 1.19 2.22 9.91 bdl 0.88 1.83 13.86 0.02 1.68 2.66 -0.79 
89Y 0.48 3.10 34.25 bdl 0.59 4.12 5.33 bdl 0.34 0.91 0.25 
90Zr 140.97 1465.29 16048.44 bdl 257.34 1990.51 66.53 bdl 3.43 10.92 253.92 
93Nb 2.48 8.70 54.13 bdl 1.60 7.79 53.17 bdl 3.49 9.62 -1.88 
98Mo 2.01 8.63 49.38 bdl 3.62 11.96 1.46 bdl 0.30 0.39 3.31 
120Sn 0.86 5.61 73.06 bdl 1.06 7.02 3.79 0.19 0.50 0.65 0.55 
133Cs 0.05 0.06 0.14 bdl 0.03 0.03 0.33 bdl 0.06 0.07 -0.03 
138Ba 4.32 13.64 16.78 bdl 1.34 3.13 145.20 0.03 9.12 20.91 -7.78 
139La 0.36 1.64 10.00 bdl 0.27 1.30 14.20 bdl 0.45 1.95 -0.17 
140Ce 0.76 3.81 19.21 bdl 0.43 2.13 38.43 bdl 1.24 5.35 -0.81 
141Pr 0.13 0.47 2.02 bdl 0.08 0.31 3.61 bdl 0.18 0.60 -0.10 
159Tb 0.04 0.08 0.25 bdl 0.04 0.07 0.27 bdl 0.05 0.08 -0.01 
165Ho 0.06 0.20 1.22 bdl 0.07 0.27 0.24 bdl 0.04 0.06 0.03 
169Tm 0.07 0.24 1.27 bdl 0.12 0.34 0.06 bdl 0.02 0.02 0.10 
175Lu 0.07 0.39 2.47 bdl 0.16 0.60 0.04 bdl 0.01 0.01 0.15 
178Hf 10.70 61.98 377.37 bdl 21.68 88.80 2.35 bdl 0.31 0.59 21.37 
181Ta 0.22 0.62 3.24 bdl 0.17 0.60 2.98 bdl 0.28 0.65 -0.11 
184W 0.56 0.70 2.93 bdl 0.36 0.46 4.35 bdl 0.86 0.89 -0.50 
208Pb 0.49 0.95 10.40 bdl 0.38 1.07 2.64 0.05 0.68 0.67 -0.31 
232Th 0.06 0.35 2.38 bdl 0.04 0.27 3.16 bdl 0.10 0.43 -0.06 
238U 0.18 0.62 7.12 bdl 0.13 0.71 2.01 bdl 0.27 0.42 -0.14 

(μ) average values 

(σ) standard deviation (1 sigma) 
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(Δ) difference between Type I and Type III average values in ppm. A negative value indicates the Type I mean concentration is 

less than Type III. 

(bdl) below detection limit 

All corundum includes corundum from Types I and III metasomatites 

Type I indicates corundum from Type I metasomatites 

Type III indicates corundum from Type III metasomatites 

Data from Chapter 3 (Aertker et al. in preparation) 
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2.12 Summary of core-to-rim enrichment or depletion signatures of corundum trace element 
chemistry by LA-ICP-MS of the Type I metasomatite corundum grains (n = 18) in the Belden 

Shale. 
 

Analytical technique (LA-ICP-MS) of total Type I (n=18) enriched or depleted 

relative to core concentrations 
 

Element Enriched Depleted  

V 100%  
 

Ca 89%  
 

Cr 83%  
 

Ga 78%  
 

Fe 67%  
 

B  94%  

Si  83%  

K  78%  

Sr  78%  

Ba  78%  

Pb  78%  

Be  72%  

Co  72%  

Zn  72%  

Sn  72%  

Mg  67%  

Cu  67%  

Y  67%  

Enriched indicates elevated concentrations relative to core  

Data from Chapter 3 (Aertker et al. in preparation)  

 

 LA-ICP-MS and EPMA Comparison. Iron is the most elevated trace element in corundum 

(EPMA = 5,733 ppm; LA-ICP-MS = 2,349 ppm). Decoupling between the EPMA and LA-ICP-

MS analyses occurred for other elements. Both EPMA and LA-ICP-MS indicate elevated Ti, Cr, 

Si, Ga, V, and Mg. Significant variations were observed in the Zn, Na, and Mn concentrations. 

Calcium, K, Ba, and Sr were analyzed only by LA-ICP-MS, documenting Ca as the third most 

elevated trace element, followed by K, Ba, and Sr. 
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 LA-ICP-MS corundum core-to-rim signatures. The LA-ICP-MS analyses were used to 

characterize the corundum (n = 18) core-to-rim trace element concentration changes in Type I 

metasomatites (Table 2.12). Corundum grains in Type I metasomatites are characterized by V, 

Cr, Ca, Ga, and Fe core-to-rim enrichment. Boron and Si are core-to-rim depleted. Alkali and 

alkaline earth elements, K, Sr, Ba, and Be, are core-to-rim depleted.  

 

 LA-ICP-MS comparison of corundums Types I and III. LA-ICP-MS was used to compare 

the variation in trace element concentrations between corundum grains in Type I (n = 18) and III 

(n = 13) metasomatites (Table 2.11). The results indicate that corundum grains in Type I 

metasomatites show enrichment in V compared to Type III. LA-ICP-MS shows that corundum 

grains in Type I metasomatites are depleted in Ti, Fe, Ca, Si, and K compared to Type III. 

Chapter 3 (Aertker et al. in preparation) presents further descriptions of these data. 

 

2.4.10 Trace Element Composition of the Belden Shale 

 Figure 2.10 summarizes the Belden Shale element abundances with increasing Al2O3 to 

discern element behavior related to Al metasomatism. Many of the LILE (K, Ba, Rb, Cs, Sr, Pb; 

Fig. 2.10a) concentrations increase with Al2O3 and show increased concentrations within the 

Type III metasomatites. However, Sr decreases with Al2O3 and shows increased concentrations 

in the Type I metasomatites. Other alkali elements (Na, Li; Fig. 2.10b) increase with Al2O3. 

Additionally, these elements have elevated concentrations within the Type III metasomatites. 

The alkaline earth element (Be, Ca, Mg; Fig. 2.10b) concentrations increase with Al2O3 and 

show increased concentrations within the Type III metasomatites. However, Ca decreases with 

Al2O3 and shows increased concentrations in Type I metasomatites.  

 

 Both LREEs and HREEs + Y display similar trends. The REEs (Fig. 2.10c, d) decrease 

with increasing Al2O3. This trend does not continue with the Ho, Er, Tm, Yb, and Lu 

lanthanides. 

 

2.4.11 Ti-in-biotite Geothermometry Results 

 The application of the Ti-in-biotite geothermometer indicates a mean entrapment 

temperature for the biotite inclusions in the corundum of 681 ± 47°C (Table 2.9). 
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2.5 PETROGENETIC INTERPRETATION 

2.5.1 Paragenesis 

 Figure 2.11a summarizes the interaction between the magmatic–devolatilization-derived 

style of metasomatism that operated between the Leadville skarn and the Belden Shale and the 

paragenetic sequence of mineralization. The figure shows the primarily Si–Al-alkali–alkaline–

halide-rich magmatic-hydrothermal fluid derived from the adjacent Whitehorn Stock that 

evolved toward an increasing Fe composition. The figure also shows the skarnification of the 

Leadville pure limestone protolith from this fluid composition. Figure 2.11b shows the initial 

hybrid low !!"#! Al-alkali-rich metasomatic fluid that was modified from skarnification 

reactions from the juxtaposed skarn with the corundum metasomatites. The figure also shows 

how this hybrid fluid progressively evolved toward increasing Ca, Fe, and Si metasomatism. 

This modified hybrid fluid is interpreted to have permeated from the Leadville skarn and reacted 

with the quartz within the Belden Shale to form hydrothermal corundum. 

 

2.5.2 Initial Magmatic-hydrothermal Fluid Composition 

 We used the Leadville Limestone hydrothermal mineralization to constrain the 

magmatic-hydrothermal fluid composition. This approach is justified for the following reasons. 

First, the distance of approximately 40 m from the intrusion to the Leadville skarn reduces the 

potential for fluid–rock interaction from the magmatic source (Hedenquist & Lowenstern, 1994; 

Kusebauch et al., 2015). Second, the Leadville skarn lacks evidence of a retrograde overprint, 

suggesting a minimal influence of meteoric fluids (Meinert, 1992; Hedenquist & Lowenstern, 

1994; Meinert et al., 2005). Third, the pure chemical nature of the Leadville Limestone protolith 

minimizes residual geochemical enrichment signatures. 

 

 The mineralogical zonations (Fig. 2.3) and whole-rock enrichment signatures (Appendix 

S2.9; Table 2.1) in the Leadville skarn are consistent with the introduction of a Si–Al–Fe-alkali–

alkaline-halide-rich fluid composition (Fig. 2.11a). The Ti-in-biotite geothermometry documents 

temperatures of 681 ± 47°C, within the range of high-salinity purely magmatic-hydrothermal 

fluids (Meinert et al., 2005). Such a composition might have exsolved from a crystallizing 

intrusive body. Magmatic-hydrothermally derived grossular–andradite + scapolite + K-feldspar 

proximal to the near-vertical faults reflect the Si–Al–Fe-alkali–alkaline-halide-rich fluid 
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composition. The Leadville skarn whole-rock chemistry is consistent with the skarn mineralogy 

in this location, showing elevated SiO2 (38.3 wt.%), Fe2O3
(T) (14.5 wt.%), and Al2O3 (10.7 wt.%) 

and minor concentrations of K2O (0.48 wt.%) and Na2O (0.08 wt.%). The Leadville skarn 

mineralogy transforms with increasing distance from the near-vertical faults to scapolite and 

diopside. The whole-rock analysis follows this change in mineralogy with an increase in Al2O3 

(11.30 wt.%), Na2O (1.72 wt.%), SiO2 (50.20 wt.%), and MgO (7.70 wt.%) and a decrease in 

Fe2O3
(T)

 (6.74 wt.%). 

 

2.5.3 Evolution of Initial Magmatic-hydrothermal Fluid Composition 

 The skarn mineralogy and whole-rock geochemistry collectively document the 

involvement of a Si–Al–Fe-alkali–alkaline-halide-rich magmatic-hydrothermal fluid. However, 

the magmatic-hydrothermal fluid evolution can be inferred by the mineralogical zonation in 

Type A and B Leadville garnets (e.g., Smith et al., 2004; Gaspar et al., 2008; Dziggel et al., 

2009; Ismail et al., 2014; Zhai et al., 2014; Xu et al., 2016; Zhang et al., 2017). The garnets 

document a paragenetically early Al metasomatism and later Fe metasomatism (Table 2.2; Figs. 

2.8b, 11). The Al metasomatism is evidenced texturally by microscopy and analytically by the 

poikiloblastic grossular-rich core compositions of Types A (Grosµ = 57) and B (Grosµ = 69) 

garnets. A metasomatic evolution of increasing Fe is also evidenced texturally and analytically 

by the epitaxial rims of andradite-rich composition for both Type A (Grosµ = 47) and Type B 

(Grosµ = 60) garnets (Fig. 2.7a, b). Type C garnets are interpreted to be paragenetically late 

based on the textural evidence from the garnet veins cross-cutting the skarn matrix. Type C 

garnets also document increasing Fe metasomatism with time because they are characterized by 

the most elevated andradite composition (Grosµ = 45). 

 

 Other elements associated with Al and Fe metasomatism are constrained texturally within 

the garnets (Fig. 2.7). The mineral inclusions of scapolite (Meiµ = 58; Fig. 2.9A), K-feldspar 

(Orµ = 89; Fig. 2.8a), and diopside (Diµ = 78; Table 5) within the grossular-rich cores of the 

garnets document the cogenesis of alkali–alkaline-halide elements with Al metasomatism. The 

andradite compositions of Type A, B, and C garnets appear to be free of inclusions. The LA-

ICP-MS analyses of the three types of garnets also document that the Al metasomatism coincides 

with elevated amounts of alkalis and alkaline earth elements (Appendix S2.9). 
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Fig. 2.11 Paragenesis diagram depicting the variations in metasomatic styles and mineralization 
between the (A) Leadville skarn and (B) Belden Shale. The figure shows the primarily Si–Al-
alkali–alkaline–halide-rich magmatic-hydrothermal fluid derived from the adjacent Whitehorn 
Stock that evolved toward an increasing Fe composition. The figure also shows the initial hybrid 
low !!"#! Al-alkali-rich hybrid fluid that progressively evolved toward increasing Ca, Fe, and Si 
metasomatism. 

700

600

500

400

300

T
em

p
er

a
tu

re
 °

C

 

Sillimanite (1) 

Cordierite (Mg-rich)

Quartz

Hercynite (1)

“METASOMATIC”
Albite

Rutile

Ilmenite

Biotite  

corundum (Type I)

Corundum (Type II)

Albite

K-feldspar

Apatite 

Plagioclase 

(anorthite overprint)

Fibrolite (Type I corundum 

overprint)

Sillimanite (2) (Mylonite)

Corundum (Type III)

Biotite (Fe-rich) 

Apatite

Cordierite (Fe-rich)

Time

T
em

p
er

a
tu

re
 °

C

700

600

500

400

300

Leadville Limestone 

 

Calcite (marble)

 

K-feldspar

Scapolite

Pyroxene (di-hd)

Garnet (grs-ad; Type A)

Garnet (grs-ad; Type B)

 

Scapolite

Garnet (grs-ad Type B)

 

Garnet (ad-grs; Type A)

Garnet (ad-grs; Type B)

Garnet (ad-grs; Type C)  

Epidote

Magnetite

“METASOMATIC”

Metasomatic Style

Si-Al-alkali-alkaline-halide

Al-alkali-Ca-halide Al-alkali-Ca-Fe-halide Al-alkali-Fe-Ca-halide Al-Si-halide

    Si-Fe-Al-alkali-halide

A)

B)

“ISOCHEMICAL”

“ISOCHEMICAL”

Belden Shale 

Hercynite (2) 

(Type I reaction rims)

Sillimanite (3)



 
88 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.12 Isocon diagrams of corundum metasomatites of (A) selected elements and (B) REEs + 
Y + Sc compared with the 2-B-3 reference composition from the Belden Shale. The reference 
composition (2-B-3) is a marginally altered sample collected ~10 m from the shear zone showing 
only slight modification by shear-induced metasomatism and devolatilization reactions. 
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Fig. 2.13 Isocon diagrams of corundum metasomatites of (A) selected elements and (B) REEs + 
Y + Sc compared with the P-1-1 reference composition from the Belden Shale. The reference 
composition, located within the shear zone, is a metasomatically altered sample modified by 
shear-induced metasomatism. The reference frame assumed to be less affected by the 
devolatilization reactions originating in the Leadville skarn. 
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Fig. 2.14: Petrogenetic model for the petrogenesis of the corundum metasomatites of (A) pre-
metamorphic and stratiform. (B) Shearing and isochemical contact metamorphism of quartz + 
cordierite begins as the Whitehorn Stock is emplaced. (C) Influx of Si–Al-alkali–alkaline-halide 
magmatic-hydrothermal fluids results in a zoned skarn of grossular + scapolite + diopside. (D) 
Conditioned Al-alkali-halide fluids from the Leadville skarn pass into the quartz-bearing Belden 
Shale and begin to precipitate albite. (E) Continued influx of Al-alkali-halide fluids begin to 
precipitate corundum and sillimanite + corundum further from the contact. (F) Late Fe 
metasomatism results in andradite mineralization in the Leadville skarn and hercynite reaction 
rims and Fe-rich cordierite in the Belden Shale. 
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2.5.4 Evolution of a Hybrid Metasomatic Fluid Composition: Reactions in the Leadville 

 The passage of skarn-forming fluids through the Leadville skarn resulted in a 

compositionally modified hybrid metasomatic fluid (Fig. 2.11b). Silica is the primary component 

of skarn mineralization. The Leadville skarn sequestered >50 wt.% SiO2 during skarnification 

based on whole-rock analysis. Previous investigations have shown that the principal cation 

constituent of limestone (Ca) is retained to a limited extent, and excess Ca and CO2 are released 

during skarn mineralization (Lindgren, 1924; Lentz, 2005). The fluid–rock reactions that resulted 

in the Leadville skarn influenced the chemical evolution of the Belden Shale by releasing Ca and 

CO2, retaining silica and creating a hybrid Al-alkali–Ca-halide-rich fluid that entered the Belden 

Shale. With time, this hybrid fluid became increasingly Fe-enriched. The fluid became further 

Si-enriched as the extent of Si-consuming reactions in the skarn decreased. Thus, the Belden 

Shale’s metasomatic evolution resulting from this hybrid fluid is broadly described as initially 

Al-alkali-halide metasomatism followed by increasing Ca, Fe, and Si metasomatism (Fig. 2.11b).  

 

2.5.5 Mineralogical Evidence for Metasomatism by a Hybrid Metasomatic Fluid 

Composition within the Belden Shale 

 Mineral occurrences in the corundum metasomatites document the metasomatic 

progression from Al-alkali to Ca to Fe to Si metasomatism within the Belden Shale (Fig. 2.11b). 

Field relations document the evidence for the interaction of this hybrid fluid in the Belden Shale. 

At the distal limits of the juxtaposed Belden Shale and Leadville Limestone, decreased 

hydrothermal mineralization of corundum + feldspar and garnet + scapolite occurs in these units. 

The units transform with increasing distance into non-metasomatized contact metamorphic crd–

qz–sil hornfels and marble within the Belden Shale and Leadville Limestone, respectively (Figs. 

2.2, 2.3). 

 

 Evidence for Al metasomatism. Compared with the Belden Shales crd–qz–sil hornfels 

isochemical equivalent, the plagioclase-rich (Fig. 2.5c) and K-feldspar-rich (Fig. 2.6d) matrices 

of Type I and III metasomatites provide evidence of metasomatism by Al-alkali-rich fluids. 

Feldspar inclusions in the corundum in Type I metasomatites document the transition to 

corundum mineralization as the !!"#! decreases within the hybrid fluid (Fig. 2.5c, d, f, g). 

Evidence that halides are linked to Al metasomatism from the hybrid fluid is documented by 
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apatite and biotite inclusions in Type I metasomatite corundum grains (Fig. 2.5c, d, i) as well as 

the increased apatite and biotite with the paragenetically later Type III occurrence (Fig. 2.6c).  

 

 Evidence for later Ca and Fe metasomatism. The later Ca metasomatism is documented 

by the compositional zonation of anorthite-rich rims on albite-rich cores of the matrix 

plagioclase (Fig. 2.5b, c). The later Fe metasomatism is evidenced by hercynite reaction rims on 

corundum grains in Type I metasomatites (Fig. 2.5h). Other textural evidence of increased Fe 

metasomatism includes an increased abundance of cordierite and biotite (Fig. 2.6c) in the 

paragenetically late Type III metasomatites.  

 

 Evidence for later Si metasomatism. The late Si metasomatism in the corundum 

metasomatites is interpreted to result from reduced fluid–rock interaction in the Leadville 

Limestone during the waning stages of skarn formation. Late Si metasomatism is texturally 

revealed by fibrolite nucleation on corundum grain boundaries (Type I metasomatites; Fig. 2.5c, 

d) as well as by the corrosion of corundum in Type III metasomatites by extensive prismatic 

sillimanite (Fig. 2.6c) and corroded corundum porphyroclasts within sillimanite foliations (Type 

II metasomatites; Fig. 2.6a, b). 

 

2.5.6 Geochemical Evidence for Metasomatism by a Hybrid Metasomatic Fluid 

Composition within the Belden Shale 

 Evidence for Al metasomatism. The compositional evolution of the metasomatizing fluid 

(from Al-alkali to Ca to Fe to Si) is also evidenced by the whole-rock, EPMA, and LA-ICP-MS 

analyses of the Belden Shale. The involvement of early Al-alkali-rich fluids is supported by the 

whole-rock signatures of the corundum metasomatites. The analysis documents that the LILEs 

(Fig. 2.10a) and other alkali and alkaline earth elements increase with Al2O3. These elements are 

also most enriched in the Type III metasomatites (Fig. 2.10). The trend of increasing magmatic-

hydrothermal fluid-mobile LILEs, other alkalis, and alkaline earth elements with increasing 

Al2O3 supports an igneous influence that partly characterizes the hybrid fluid that facilitated 

corundum mineralization. 
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 Evidence of a skarn derived fluid. The concentrations of REEs + Y (Fig. 2.10c, d) in the 

Leadville skarn and corundum metasomatites show a general trend of decreasing with Al2O3. 

The Leadville garnet analyses suggest that the REEs are fluid mobile and that the LREEs are 

coupled with the early Al metasomatism according to Chapter 3 (Aertker et al. in preparation; 

Appendix S2.9). The Leadville garnet data indicate that REEs should increase with Al2O3 in the 

corundum metasomatites. However, REEs decrease with increasing Al2O3 in the corundum 

metasomatites. This trace element behavior suggests that garnet mineralization within the 

Leadville skarn sequestered REEs and produced REE-depleted hybrid fluids that entered the 

Belden Shale. 

 

 Evidence for later Ca metasomatism. The trace element signatures of the corundum 

grains in the Type I and III metasomatites reveal the influence of the hybrid fluids and the 

sequence of metasomatism. Calcium, which, reasonably, is sourced from the Leadville skarn, is 

the third most elevated trace element (µ = 1,099 ppm) in corundum (Table 2.11). The entry of Ca 

metasomatism into the Belden Shale was also paragenetically later than the initial Al 

metasomatism. This is evidenced by the fact that 89% of corundum from Type I metasomatites is 

core-to-rim-enriched (according to LA-ICP-MS). LA-ICP-MS also demonstrates that the 

paragenetically later Type III metasomatites corundum shows indications of being enriched in Ca 

by an average of 159 ppm relative to Type I metasomatites corundum (Table 2.11). EMPA 

analyses further support Ca metasomatism being late based on the compositional zonation of 

anorthite-rich rims (Anµ = 86) on the albite-rich cores of the matrix plagioclase (Anµ = 50; Fig. 

2.8a). 

 

 Evidence for later Fe metasomatism. A magmatic-hydrothermal influence within the 

hybrid fluid is evidenced by Fe trace element signatures. Iron is the most elevated trace element 

in the corundum grains (Tables 2.10 and 2.11). Evidence for an increase in Fe metasomatism 

with time in the Belden Shale is documented by the corundum grain analyses, which document 

that 67% of the analyzed Type I corundum grains are Fe core-to-rim-enriched according to LA-

ICP-MS (Table 2.12). LA-ICP-MS also shows that the later Type III corundum grains appear to 

be enriched in Fe by an average value of 509 ppm relative to the early Type I corundum (Table 

2.11). EPMA analyses also show increasing Fe metasomatism during later stages of 
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metasomatism based on the cordierite compositions. The early Type I occurrences of cordierite 

are more Mg-rich (Crdµ = 56). In contrast, cordierite associated with the paragenetically late 

Type III occurrences is more Fe-rich (Crdµ = 43; Fig. 2.9b). 

 

 Evidence for later Si metasomatism. Late Si metasomatism is also recognized in 

corundum. Silica is the third most elevated trace element (µ = 447 ppm) according to EPMA 

(Table 2.10) and the second most elevated trace element (µ = 2184 ppm) based on LA-ICP-MS 

analysis (Table 2.11). The late increase of !!"#! within the Belden Shale is also evidenced by the 

paragenetically later corundum in Type III metasomatites, which indicates an average 

enrichment by 481 ppm more than the early Type I corundum (Table 2.11). 

 

2.5.7 Quantification of Mass Transfer between Skarn and Pelite 

 Appendix S2.13 presents the mass balance calculations. The isocon analyses of 2-B-3 and 

P-1-1 are shown graphically in Figs. 2.12a, b and 2.13a, b, respectively. P-1-1 is a reference 

composition influenced by magmatic-hydrothermal metasomatism within the shear zone. 2-B-3 

represents a reference composition of a marginally altered sample located ~10 m from the shear 

zone.  

 

 Evidence for Al metasomatism. The effects of the initial Al-alkali–alkaline-halide 

metasomatism are evident by comparing the two reference compositions. Isocon analyses show 

that the corundum metasomatites are enriched in Al2O3, alkalis, and other LILEs. The isocon 

analyses also show that Type III metasomatites are further enriched in these elements relative to 

Type I. Positive Al2O3 mass change (ΔCi) is evident relative to the reference compositions 2-B-3 

(13.08%) and P-1-1 (4.62%). The two reference compositions also document SiO2 mass change 

by mass percentage decreases of ΔCi = −4.62 (2-B-3) and −1.62% (P-1-1). The relative 

percentage enrichment (ΔCi/Ci) of alkali elements are documented relative to both reference 

compositions. Reference composition 2-B-3 shows enrichment in Na2O (factor of 37.6) and K2O 

(83%). Reference composition P-1-1 indicates further relative enrichment in Na2O (factor of 

10.6) and K2O (factor of 40.8). Other alkali elements and LILE relative enrichments are 

observed in reference composition 2-B-3 for Ba (factor of 2.3) and Sr (factor of 1.0). For 

reference composition P-1-1, the data indicate further relative percentage enrichment of Ba 
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(factor of 74.5), Sr (factor of 51.1), Rb (factor of 7.8), and Cs (98%). The Si depletion suggests 

desilicification with resulting residual Al2O3 enrichment. However, the LILE enrichment with 

Al2O3 does not directly implicate desilicification as the primary mechanism for corundum 

formation.  

 

 Evidence for Ca metasomatism. The Ca metasomatism, which reasonably originates from 

devolatilization reactions during Leadville skarn formation, is recognized by reference 

compositions 2-B-3 and P-1-1. Both reference frames show Ca relative percent enrichment by a 

factor of 29.7 and 27.9, respectively.  

 

 Evidence for Fe metasomatism. Field relationships document that the paragenetically 

later Fe metasomatism was structurally controlled. Reference composition 2-B-3 is consistent 

with this observation by having a relative enrichment of Fe2O3
(t) (factor of 2.8). Reference 

composition P-1-1 within the shear zone indicates a relative percent change of Fe2O3
(t) (−0.42%).  

 
2.6 DISCUSSION 

2.6.1 Model for Substantial Al2O3 Transport and Precipitation in a Quartz-bearing Pelite 

 Low !!"#! is required for corundum mineralization. Previous studies have argued the 

importance of desilicification reactions in corundum occurrences (Riesco, 2005; Bucher et al., 

2005; Giuliani et al., 2014; Simonet et al., 2008; Voudouris, 2014; Yakymchuk & Szilas, 2018; 

Dutrow et al., 2019). Desilicification can occur by the juxtaposition of contrasting lithologies 

that operate as silica sinks via chemical potential gradients (e.g., Sanchez-Vizcaino & Soto, 

2002; Bucher et al., 2005; Yakymchuk & Szilas, 2018) as well as by various devolatilization-

derived fluid reactions that modify the protoliths (Riesco et al., 2005; Garnier et al., 2008; 

Giuliani, 2015; Dutrow et al., 2019; Sorokina et al., 2019). Other methods of desilicification 

include the preconditioning of the protolith (Golani, 1989; Schreyer, 1987; Willner et al., 1990) 

and partial melting (Lal et al., 1978; Riesco et al., 2004; Giuliani, 2014). The exact nature of 

Al2O3 enrichment is not clear within these mechanisms. Three commonalities have been noted 

within the corundum occurrences, as follows: 1) Although not directly implicated, Al 

metasomatism appears to be a necessity for corundum mineralization (Schreyer, 1987; 

Choudhury et al., 2013; Garnier et al., 2008; Giuliani, 2014; Giuliani et al., 2015; Sorokina et al., 
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2019; Yakymchuk & Szilas, 2018); 2) metasomatic corundum appears to be associated with 

alkali-Ca–halide-bearing mineral assemblages (e.g., Bucher et al., 2005; Riesco et al., 2005; 

Yakymchuk & Szilas, 2018; Dutrow et al., 2019; Filina et al., 2019a, b); and 3) quartz-bearing 

protoliths are viewed as inhibiting corundum formation. Thus, the transport and precipitation of 

Al2O3 from initial Si-saturated magmatic-hydrothermal fluids into the quartz- and Al-rich Belden 

Shale pelitic composition is the crux of such a hydrothermal occurrence. In principle, Al 

solubility increases under acidic and alkaline conditions but is quite insoluble at ambient 

temperatures in neutral and slightly acidic solutions (Oelkers et al., 1994; Scancar & Milacic, 

2006; Azimov & Bushmin, 2007). Thus, the operation of Al metasomatism in pH-neutralizing 

environments such as the Leadville skarn and on the operation of quartz-bearing lithologies such 

as the Belden Shale as significant Al sinks is not well understood (Fig. 2.14). 

 
Aluminum enrichment in the Belden Shale was fundamentally facilitated by magmatic-

hydrothermal fluids and secondarily by the protolith compositions. The presence of an initially 

Si- and Al-rich magmatic-hydrothermal fluid composition is evidenced by the extensive Al2O3 

enrichment of the Leadville skarn (Appendix S2.9; Figs. 2.2, 2.4a, 2.11a, 2.14c). Aluminum-rich 

and Si-depleted magmatic-hydrothermal fluids have been suggested to emerge from coeval 

igneous compositions of highly Al2O3 enriched nepheline syenites and anorthosites (Sorokina et 

al., 2019). A process proposed is the subsolidus chemical modification of igneous Fe–Ti oxides 

shedding excess Al (Charlier et al., 2018). However, Si is likely a major component of the 

Whitehorn magmatic-hydrothermal fluids because the dominant minerals that crystallize in 

igneous melts are silicates. Also, a 50 wt.% enrichment of SiO2 occurs in the Leadville skarn 

relative to the protolith. This evidence adds to the contention on how elevated "!"#! in both the 

magmatic-hydrothermal fluids and quartz-bearing Belden Shale can evolve to an extent to enable 

hydrothermal corundum formation. 

 

 The enhanced reciprocal solubilities and transport of Al and Si in high pressure–

temperature (P–T) alkali-halide pH neutral solutions can be invoked to explain the conditions 

and mechanism that enable quartz-bearing lithologies to become significant benefactors of Al 

metasomatism (e.g., Yakymchuk & Szilas, 2018). The solubilities of SiO2 and Al2O3 have been 

shown to increase with increasing P–T: Al2O3 solubility may increase by a factor of 100 relative 
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to that in pure H2O at any isothermal condition and pressures between approximately 0.2 kbar 

and 5 kbar (Tropper & Manning, 2007). Additionally, Al2O3 solubility increases at any isotherm 

condition (700°C to 1,100°C) between 1 kbar and 20 kbar (Manning, 2006). Previous 

investigations (e.g., Anderson & Burnham, 1967) suggest that, similar to SiO2 at high P–T, the 

pH minimally influences the solubility of Al2O3 in H2O–NaCl solutions. The reciprocal 

solubility and transport enhancement of SiO2 and Al2O3 are dependent on neutral hydrated Na–

Al–Si complexes. Anions proposed to create these complexes include OH– (Newton & Manning, 

2007, 2008, 2010), possibly Cl– (Newton & Manning, 2006), and possibly C-bearing anions, i.e., 

HCO3
- (Galvez et al., 2015). The formation of a neutral hydrated Al–Si-alkali complex becomes 

a major agent for enhancing Al2O3 solubility and transport from the Whitehorn Stock through the 

Leadville skarn and ultimately reacting with the Belden Shale (Fig. 2.14d). 

 

  Si-alkali-halide-rich fluids can increase the solubility of Al2O3. However, decarbonation 

reactions in the Leadville skarn can generate CO2-rich fluids, which may inhibit the transport of 

rock-forming constituents. Studies indicate that CO2-rich fluids can coexist with immiscible 

alkali-halide solutions by a large miscibility gap over a large P–T range (Johnson, 1991; Gibert 

et al., 1998; Schmulovich & Graham, 2004; Heinrich et al., 2004; Heinrich, 2007; Newton & 

Manning, 2010). Thus, in the H2O–CO2–NaCl system, decarbonation reactions in the Leadville 

Limestone could have produced a hybrid Al-alkali–Ca-halide–CO2-rich fluid that separated into 

carbonate- and NaCl-rich fractions upon introduction to the Belden Shale. 

 

 The thermodynamic modeling of albite + paragonite + quartz in aqueous fluid at high 

temperature has shown that Na–Al–Si complexes are stable and can concentrate in solutions 

within 100°C of the water-saturated melting point (Manning et al., 2010; Newton & Manning, 

2010). These results suggest that crystallization toward the Whitehorn Stock’s solidus could have 

resulted in the significant transport of Na–Al–Si complexes by magmatic-hydrothermal fluids. 

The hydrothermal solidus temperatures at 10 kbar for albite + paragonite + quartz at H2O-

saturated conditions range from 635 ± 5°C to 659 ± 5°C (Luth et al., 1964; Luth, 1968; Boettcher 

& Wyllie, 1969; Manning et al., 2010) in concert with the geothermometry calculations of this 

study, i.e., 681 ± 47°C. The syn-emplacement shearing of the Leadville Limestone and Belden 

Shale (Fig. 2.14b) would have enabled near-solidus Al–Si-alkali-halide fluids to transform the 
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Leadville Limestone into an initial grossular + scapolite skarn (Fig. 2.14c). This skarn 

mineralogy reflects an Al2O3–SiO2–NaCl–H2O magmatic-hydrothermal fluid, where Al2O3 

saturation incurs an approximately 100-fold enhancement relative to pure H2O (e.g., Manning, 

2006; Newton & Manning, 2008). The chemical environment during the skarnification of the 

Leadville Limestone is adequately represented by the Al2O3–SiO2–CaO–NaCl–H2O system 

(800°C and 10 kbar) (e.g., Newton & Manning, 2007). Within this system, Al2O3 solubility was 

further enhanced by a factor of 130 relative to that in pure H2O. The increased Al2O3 solubility 

and transport could be a product of OH– retaining electrically neutral solutions by the production 

of CaCl+ during skarnification. Increased OH activity ("#$"), near-solidus temperatures, and the 

minor presence of Ca–Al–Si complexes in the fluid facilitate high Al2O3 solubility and transport 

linked to neutral Al–Si-alkali hydrous complexes (Newton & Manning, 2007) during the 

skarnification of the Leadville Limestone. 

 

 The metasomatism of the Leadville Limestone resulted in a low "!"#! modified hybrid 

fluid that entered the Belden Shale. The decreased	"!"#! raises questions of how Al2O3 solubility 

and transport persisted as SiO2 was consumed by skarn-forming reactions, given the reciprocal 

solubility and transport behaviors of Al2O3 and SiO2 in high P–T alkali-halide solutions. As with 

SiO2, the Al2O3 solubility increases in the presence of only NaCl in the Al2O3–NaCl–H2O system 

(e.g., Newton & Manning, 2000, 2006; Monecke et al., 2018). The solubility of Al2O3 within this 

fluid has been suggested to increase by a factor of 10 at 800°C and 10 kbar (e.g., Manning, 2006) 

and by a factor of 40 between 400°C and 600°C at 0.5–2 kbar (Walther, 2001) relative to that in 

pure H2O. The decarbonizing Leadville skarn likely resulted in decreased Al2O3 solubility and 

transport. Still, the significant metasomatism of near-solidus neutral hydrated Al-alkali 

complexes persisted to the Belden Shale from the decarbonizing Leadville skarn by increased 

"#$" due to increased CaCl+ within fluids (Newton & Manning, 2007). Also, possibly by 

decarbonization creating C-bearing anions, i.e., HCO3
- (Galvez et al., 2015). 

 

 The low "!"#! and Al-alkali–Ca-halide-rich hybrid fluid emanating from the Leadville 

skarn would have been highly reactive with the quartz-bearing Belden Shale protolith (>56 wt.% 

SiO2, based on sample 2-B-3). This hybrid fluid would result in quartz dissolution and the 

reprecipitation of albite-rich plagioclase (Fig. 2.14d) at a low "!"#! of ~0.5 (Berman, 1988). The 



 
102 

albite precipitation could have depleted the Belden Shale of SiO2 through the approximately 3:1 

reaction transference ratio of SiO2 to Al2O3 during albite precipitation. A decrease in "!"#! has 

been shown to stabilize corundum during the SiO2 depletion of a metapelite to an "!"#! of ~0.226 

(Bucher et al., 2005; Fig. 2.14e). The incorporation of SiO2 within the fluids into albite likely 

resulted in Al2O3 precipitation by diminishing the reciprocal solubility enhancement of the two 

elements. However, within the various Al2O3–NaCl–H2O systems (e.g., Newton & Manning, 

2006, 2008; Manning, 2006), there is evidence that increased salinity and decreased "#$ 

destabilizes the hydrated Si-Al-alkali complex. Consequently, Al2O3 precipitation was likely 

further facilitated by destabilized hydrated species resulting from decreasing "#$ activity with 

variations in the fluid–rock (F/R) ratios or increasing salinity at a constant "#$ (Newton & 

Manning, 2006). 

 

 The transition from Al-alkali to Fe metasomatism is reflected by corundum with 

inclusions of albite and hercynite reaction rims (Fis 2.5f, g). The common occurrence of 

plagioclase grains that are chemically zoned albite to anorthite (Fig. 2.5c) suggests that Ca 

activity ("%&#) increased as initial albitic plagioclase crystallization progressed. Textural 

evidence also shows corundum inclusions of halogen-bearing phases of apatite and biotite (Fig. 

2.5c), indicating that the "%' content was high during the corundum precipitation. Evidence that 

"!"#!
 decreased with increasing "%&# is not only observed texturally but also by LA-ICP-MS 

core-to-rim analyses of corundum grains from Type I metasomatites. Eighty-nine percent of 

these grains are core-to-rim enriched in Ca, and 83% are Si-depleted (Table 2.12). The core-to-

rim depletion signatures of Si and the enrichment of Ca support the hypothesis that Si-Al-alkali 

complexes precipitated feldspar before corundum (Fig. 2.14e). 

 

2.6.2 Effect of the Reciprocal Solubilities of SiO2 and Al2O3 on Hydrothermal Mineral 

Zonations in the Leadville Skarn and Corundum Metasomatites 

 Infiltration-driven metasomatism induces the self-organization of a skarn into 

mineralogical zones (Ciobanu & Cook, 2004). The mineralogical zones can be used to interpret 

the relative element mobility and transport distance due to the reciprocal solubility enhancement 

of Si–Al-alkali complexes (White & Hedenquist, 1990; Meinert et al., 2005).  
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 A complexity of high-temperature hydrothermal systems is that few elements are known 

to be immobile (Lentz, 2005). Interpreting relative element mobility is complicated by minerals 

having both metamorphic (SS) and metasomatic origins. Scapolite is a major halogen Cl- bearing 

phase that can crystallize during all stages of skarn formation (Mora & Valley, 1989; Dong, 

2005; Bernal et al., 2017; Mi & Pan, 2018; Zeng et al., 2019) over a range of bulk compositions 

(Hammerli et al., 2014) within shallow settings (Pan & Lentz, 1998). Chlorine-rich marialitic 

scapolite is commonly linked to NaCl-rich fluids derived from the devolatilization reactions of 

evaporates (Orville, 1975; Pan & Lentz, 1998; Hawkins et al., 2017; Bernal et al., 2017; Zeng et 

al., 2019). The meionite Ca4(Al6Si9O24)(CO3) end-member is more stable at higher temperatures 

than marialite (Na4Al3Si9O24(Cl)) (Goldsmith & Newton, 1977). Meionite is reported with 

diopside + grossular–andradite garnet + epidote + apatite (e.g., Hammerli et al., 2014; Hawkins 

et al., 2017; Zeng et al., 2019). This is similar to the Leadville skarn mineralogy with a meionite-

rich composition (Fig. 2.9a). Evidence such as the absence of evaporites and the relatively low 

Cl– content of scapolite suggests a magmatic-hydrothermal genesis (Table 2.4). However, the 

possible presence of evaporites cannot be excluded as a precursor to facilitate Al metasomatism 

(e.g., Hawkins et al., 2017). 

 

 The Leadville skarn mineral assemblage (Fig. 2.11a) typifies the metasomatic 

mineralization of a limestone protolith Fe exoskarn pre-ore (i.e., magnetite) assemblage (e.g., 

Hawkins et al., 2017). The only atypical aspects of the Leadville skarn are the lack of quartz and 

retrograde mineralization. Less SiO2 has been reported for reduced-Fe skarns (Meinert, 1992; 

Meinert et al., 2005). The lack of a retrograde overprint could be explained by the early collapse 

of the skarn system (Meinert, 1992; Meinert et al., 2005) or by Fe remaining soluble in the high-

temperature saline compositions associated with early skarn formation (Zeng et al., 2019). Other 

irregularities are the limited presence of K-bearing minerals occurring only most proximal to the 

fluid source. This could be explained by NaCl being the dominant uncharged species (Markl et 

al., 1998). Chloride is primarily bonded to monovalent Na+ during scapolite formation. 

Moreover, low K2O has also been attributed to Fe skarns and plutons, such as the Whitehorn 

Stock (Meinert et al., 2005).  
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 The mineralogical zoning (Fig. 2.3) indicates the relative transport distance of initial Al 

metasomatism, i.e., Mg ≥ Si > Na ≥ Al > K. Iron metasomatism is a significant alteration feature 

that is regionally associated with the Whitehorn Stock. Iron metasomatism is associated with 

more mafic intrusions, such as the Whitehorn Stock and reduced crystallization environments 

(Meinert, 1984, 1992; Meinert et al., 2005) and can occur late in the evolution of a magmatic-

hydrothermal system (Audetat, 2008; Richards, 2011). However, the overprinting metasomatic 

mineralization involving Fe is limited (Fig. 2.14f). Solubility studies in the Fe2O3–SiO2–CaO–

NaCl–H2O (800°C and 10 kbar) system show that Fe3+ appears to be inert to hydrated Si-alkali 

complexes (Wykes et al., 2008) and neutral to slightly acidic solutions (Azimov & Bushmin, 

2007). The propagation of the Fe metasomatic reaction front would not be enhanced in these 

conditions such as that with Al. Reaction front instability, as an underlying mechanism of skarn 

zonation and rhythmic zoning in skarn minerals, can be facilitated by the more inert nature of 

Fe3+ rather than by fluid/rock (F/R) variations in the skarns. The Fe metasomatism overprints the 

initial mineralization of the Type B occurrence (Fig. 2.8A) and suggests the following total 

relative transport distance of the overall system: Mg ≥ Si > Na ≥ Al > Fe > K. 

 

 The solubility behaviors of the Si-Al-alkali complexes may explain the mineralogical 

zoning of the corundum metasomatites. The corundum metasomatites are characterized by 

corundum + plagioclase, sillimanite + corundum + plagioclase, and sillimanite with increasing 

distance from the lithologic contact (Figs. 2.4a, 2.14e). The transition toward increasing 

sillimanite indicates that the number of hydrated alkali-halide complexes decreased. However, 

quartz remained in the Belden Shale protolith. The fluids that permeate more distally from the 

Leadville skarn contact can be adequately described by the Al2O–SiO2–H2O system (700°C and 

5 kbar) (e.g., Manning, 2007). The system demonstrates that peak Al2O3 saturation is only five 

times that of pure H2O. The slight solubility enhancement might be reflected as sillimanite 

bands. The sillimanite bands may indicate the waning stages of the magmatic–devolatilization-

derived mass transfer. 

 

2.6.3 Fluid Dynamics in the Leadville Skarn and Belden Shale  

 The compositional zoning of garnets in skarns has been used to provide insight into 

skarn-forming fluid dynamics (Meinert et al., 2005; Newton & Manning, 2007; Dziggel et al., 
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2009). The compositional zoning reflects externally controlled rates of fluid infiltration (Baker, 

2004; Ciobanu & Cook, 2004). The dominant garnet mineralization observed in the Leadville 

Limestone is comparable to that of other skarn occurrences. The garnets record discrete periods 

of garnet growth (Fig. 2.7) from paragenetically early Al metasomatism and superimposed Fe 

metasomatism (e.g., Meinert, 1992; Ochai et al., 1993; Nicolescu et al., 1998; Ciobanu & Cook, 

2004; Meinert et al., 2005; Chang & Meinert, 2008; Gaspar et al., 2008; Zhang et al., 2017). 

Comparing the distal oscillatory zoned Type B garnets to the more proximal simple zoned Type 

A garnets suggests a dynamic fluid composition and provides evidence of reaction front 

instability (Ciobanu & Cook, 2004). Others have interpreted such findings as the result of 

vigorous fluid flow and stagnation at the reaction front (Meinert et al., 2005; Dziggel et al., 

2009). The inclusion-free homogeneous crystalline andradite rims, superimposed on 

poikiloblastic Type A and B garnet cores are interpreted as evidence of increased advective 

metasomatism during the late Fe metasomatism. The poikiloblastic cores, are interpreted to 

indicate increased diffusive metasomatism. The most Fe-rich and distal massive garnet veins 

(Type C) are interpreted to be evidence of reactive infiltration that may have been promoted by a 

combination of permeability (Meinert et al., 2005) and distal devolatilization reactions producing 

a back-flow flux (Ciobanu & Cook, 2004). 

 

 The compositional zoning in the garnets could also be attributed to changes in the 

oxidation state of the metasomatizing fluid (Clechenko & Valley, 2003). The Leadville skarn 

garnets’ crystal zonation is likely linked to fluid fluctuations by the variable Al/Fe ratio and their 

concomitant trace elements (Appendix S2.9). Comparable to the Leadville garnets, reaction front 

instability can create a cyclic flux in the corundum metasomatites that is reflected as oscillatory 

zoning in corundum. The oscillatory zoning in corundum grains from Type I metasomatites (Fig. 

2.5b) mirrors that in hydrothermal garnets according to Chapter 3 (Aertker et al. in preparation). 

The correlation between corundum and garnet includes the core-to-rim depletion of alkalis, 

alkaline earth elements, B, and certain transition metals and the core-to-rim enrichment of Fe, Cr 

V, and Ga. 

 

 Al2O3 solubility is sensitive to changes in P–T (Tropper & Manning, 2007; Manning et 

al., 2010). The brittle fracturing of the Belden Shale under lithostatic pressure suggests a 
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temperature decrease during Type III metasomatites’ corundum crystallization (Fig. 11b). The 

mineral assemblage of monomineralic hydrothermal corundum reflects the rapid rates of 

crystallization by decompression-induced precipitation. The rapid infilling of open fractures by 

corundum manifests as chemically unzoned, inclusion-free, small, hypidioblastic corundum 

relative to the concentrically zoned, medium-grained, idioblastic Type I metasomatite corundum 

(Fig. 2.4b). 

 

2.7 CONCLUSIONS 

 The corundum metasomatites are derived from hydrothermal metasomatism involving 

fluids from the adjacent Whitehorn Stock and the devolatilization of the Leadville Limestone. 

The skarnification of the Leadville pure limestone protolith resulted from a Si–Al-alkali–

alkaline-halide-rich magmatic-hydrothermal fluid that evolved toward an increasingly Fe-rich 

composition. The LILE- and alkali-rich nature of the corundum metasomatites supports an Al-

alkali-rich metasomatic genesis and not residual Al2O3 from varying desilicification mechanisms 

(e.g., pre-metamorphic weathering, chemical potential gradients, and partial melting). 

Contrasting lithologies, such as the Leadville skarn, are not restricted to acting as silica sinks by 

producing potential chemical gradients; they can also serve as Si filters to produce low "!"#! 

permeating fluids that are enriched in Al-alkalis–halides. Therefore, for the quartz-bearing 

Belden Shale to become highly reactive to a high !!"#! magmatic-hydrothermal fluid, the fluid 

must have been modified to low !!"#! by SiO2-consuming reactions within the Leadville skarn 

before its passage into the Belden Shale. Alkali-halide-rich fluids have been shown to be 

powerful Al2O3 and SiO2 solvents. We propose that the modified low !!"#! 	fluid reacting with 

quartz within the quartz-bearing Belden Shale protolith led to the precipitation of alkali feldspar 

and ultimately corundum as Si-alkalis were consumed. 

 

 The corundum occurrence appears to be unique because it is geologically well 

constrained and was discovered in situ. Delineation of the fluid composition and the close 

proximity of the corundum metasomatites to the intrusion and the Leadville skarn implicate a 

magmatic-hydrothermal and devolatilization hybrid petrogenesis for the corundum. Aluminum 

metasomatism is challenging to detect because it operates in the presence of alkalis and Si. 

Aluminum should not be deemed immobile in high P–T hydrothermal systems. Silica depletion 
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occurs via reactions with quartz by preconditioned low "!"#! Al-alkali–Ca solutions, which can 

precipitate initial alkali–Ca-halide bearing minerals and ultimately corundum and (or) 

aluminosilicates in metamorphic terranes. 
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CHAPTER 3 

 

TRACE-ELEMENT SIGNATURES AS PETROGENETIC INDICATORS OF 

HYDROTHERMAL SAPPHIRE AND GARNET FROM THE  

WHITEHORN STOCK METAMORPHIC AUREOLE,  

COLORADO 

 

Modified from a paper to be submitted to the Journal of Metamorphic Geology 

William Aertker, Richard Wendlandt, and Youngwoo Kil 

 

Abstract 

Metapelite-hosted hydrothermal corundum occurs juxtaposed with a syngenetic skarn 

within the Cretaceous Whitehorn Stock's metamorphic aureole in Colorado. The current model 

for corundum implicates a hybrid magmatic-hydrothermal and devolatilization-related fluid. The 

composition of the magmatic-hydrothermal fluids can be characterized as initially Al–Si–alkali–

halide-bearing and increasingly enriched in Fe. The fluid was modified to be Al–alkali–Ca–Fe–

halide-bearing by skarnification reactions before passage to the quartz-bearing pelite. The 

modified fluid reacted with quartz forming plagioclase and corundum at ~681°C and 2 kbar. The 

average whole-rock composition of the Leadville skarn reflects the magmatic-hydrothermal fluid 

by average SiO2 (38.3 wt.%), Fe2O3
(T) (14.5 wt.%), Al2O3 (10.7 wt.%), MgO (7.70 wt.%), K2O 

(0.48 wt.%) and Na2O (0.08 wt.%). Microanalysis and microscopy of the skarn garnets reflect 

the magmatic-hydrothermal fluid evolution by grossular-rich poikiloblastic cores (Grosµ = 69) 

with scapolite + K-feldspar inclusions and andradite-rich rims (Grosµ = 47).  Microanalysis of 

the hydrothermal-related skarn garnets and corundum show similar geochemical. This 

comparison allows interpreting the compositional continuum within corundum of metasomatic 

and protolith signatures. The corundum trace-element signatures reflect the influence of 

magmatic-hydrothermal fluid, skarn-derived fluid, and pelitic protolith influences. Magmatic-

hydrothermal- and skarn-derived signatures are evidenced by average trace-element contents of 

Fe (2,394 ppm) being the most elevated and Ca (1,099 ppm), the third most elevated, 

respectively. Two distinct stages of corundum occurrences are documented: an early occurrence 

(characterized by compositionally zoned corundum + plagioclase) and a late occurrence 
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(characterized as corundumite shear bands). The later corundum shows Fe enrichment from the 

later Fe metasomatism. Based on fluid composition, igneous cogenesis, and the involvement of 

skarnification in the formation of the corundum, our findings allow creating a petrogenetic 

indicator by molar-element ratio analysis to distinguish the provenance of corundum gemstone 

and placer deposits from other occurrences. 

 

3.1 INTRODUCTION 

Corundum (Al2O3) is intrinsically one of the most chemically pure and formulaically 

simple minerals. Based on these mineralogical traits, abductive reasoning suggests that 

corundum is ubiquitous and of elementary origin. However, corundums occurrence in the most-

fundamental petrologic systems (i.e., igneous and metamorphic sensu stricto (SS)) is relatively 

rare. Blue sapphire, a gem variety of corundum known for its blue coloration, is produced by 

ionic interactions among Fe2+, Fe3+, and Ti4+ (Zaw et al., 2015). Its crystallization likely requires 

specific local geological constraints, resulting in sapphires being exceptionally rare (Giuliani et 

al., 2014). At the confluence of igneous and metamorphic (SS) resides a hybridized petrogenesis 

best defined as hydrothermal metasomatism, where the interplay of syngenetic, magmatically 

derived fluids, devolatilization-reaction-derived fluids, protolith composition, and dynamic and 

isochemical metamorphism, in theory, can result in corundum becoming a major rock-forming 

mineral (including its gem varieties). Past investigations have encountered difficulties 

identifying corundum of hydrothermal metasomatism based on the mineral's geochemical 

signatures. The use of these geochemical indicators of the origin and evolution of hydrothermal 

metasomatic corundum depends on understanding the initial fluid generation, the processes that 

modified these fluid compositions, and the subsequent reactions with the protolith. 

 

This research concerns the occurrence of hydrothermal corundum (var. sapphire) within 

the metamorphic aureole of the Late Cretaceous Whitehorn Stock in central Colorado. The 

corundum is hosted by a metapelite (Belden Shale Formation) at the sheared lithologic contact of 

the Leadville Limestone skarn. The Belden Shale and Leadville Limestone underwent significant 

syngenetic hydrothermal metasomatism, producing a juxtaposed corundum-bearing metasomatite 

and a zoned skarn. The skarn includes zones of grossular–andradite garnet + scapolite + diopside 

± epidote. The corundum, which is present as a major mineral constituent (locally comprising 
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>50% modal abundance) in the sheared schists and hornfels, occurs within three morphologically 

distinct mineralogical associations. The primary morphology and mineral association is 

characterized by <6-mm idioblastic platy hexagonal to tabular corundum that are aligned within 

a plagioclase + K-feldspar ± cordierite ± sillimanite ± biotite ± hercynite ± ilmenite ± zircon ± 

epidote with retrograde muscovite. In another occurrence, corundum occurs as <1-mm 

hypidioblastic platy crystals that are unaligned or slightly aligned corundumite shear bands with 

± biotite ± cordierite ± plagioclase ± apatite ± K-feldspar ± sillimanite. A minor occurrence of 

corundum is also within sillimanite foliations as xenoblastic-embayed porphyroclasts. 

The main objective of this study has been to interpret and document the geochemical 

signatures of corundum. A second objective has been to assess whether these geochemical 

signatures reflect the influence of spatially related igneous intrusions (i.e., magmatic-

hydrothermal signatures) and the cogenetic skarn (i.e., devolatilization-derived signatures). A 

third objective has been to construct a petrogenetic discrimination diagrams that reveal igneous 

and skarn-related influences on corundum. The research in Chapter 2 (Aertker et al. in 

preparation) clarified the initial fluid generation, the processes that modified the fluid 

compositions, and the subsequent reaction of the magmatic-skarn-derived Al-alkali-Ca-halide-

enriched fluid (hereafter, “hybrid fluid”) with the corundum-host protolith. Accordingly, the 

corundum precipitated from a hybrid fluid that permeated the quartz-bearing Belden Shale 

protolith, thereby facilitating quartz dissolution and precipitating albite + corundum after 

removal of Si and alkalis. Given the known Al-solubility behavior as sensitive to variations in P–

T conditions (e.g., Newton & Manning, 2010; Tropper & Manning, 2007), Chapter 2 (Aertker et 

al. in preparation) also proposed that the later corundumite bands resulted from the increased 

involvement of decompression-induced precipitation. 

To accomplish the objective of interpreting geochemical signatures of corundum 

crystallizing from a compositional continuum, in our research, we used the hydrothermal-related 

Leadville Limestone skarn whole-rock geochemistry and core-to-rim analyses of the garnets 

derived from a pure limestone protolith. The purpose was to characterize the magmatic-

hydrothermal fluid composition and its evolution. Garnet core-to-rim characterization by EPMA 

and LA–ICP–MS was used to provide insight into the petrologic variable of the timing of trace-

element enrichment by magmatic-hydrothermal fluids (e.g., Gaspar et al., 2008; Smith et al., 
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2004; Zahi et al., 2014; Xu et al., 2016). The grossular and andradite garnet endmembers and 

their concomitant trace elements operate as temporal vectors between the earliest Al 

metasomatism (i.e., highest grossular component) and the later Fe metasomatism (i.e., highest 

andradite component). Coupling the corundum’s EPMA and core-to-rim LA–ICP–MS 

geochemical signatures with those of the Leadville Limestone skarn garnets (hereafter, 

“Leadville garnets”) was justified based on observations from cathodoluminescence (CL) and 

transmitted-light microscopy. Microscopy revealed hydrothermal textures (e.g., concentric 

zoning) consistent with compositional variations from a dynamic metasomatic environment. 

Coupling the garnet’s and the corundum's EPMA and core-to-rim LA–ICP–MS signatures is 

further justified by interpreting corundum cores as early and associated with the early Al 

metasomatism. The corundum rims as temporally later and resulting from the further 

compositionally evolved Fe metasomatism. The resulting data allows the construction of a 

hybrid petrogenetic indicator, involving metapelitic, magmatic-hydrothermal, and 

devolatilization-related petrogenesis. The hybrid petrogenetic indicator for in situ corundum 

allows graphical representation and yields improved interpretation based on geochemical 

signatures of the provenance of corundum. Molar-element ratio (MER) analysis allows 

quantification of the solid solution within corundum resulting from the mass transfer of 

magmatic-hydrothermal fluids, skarn devolatilization-related fluids, and initial-protolith 

composition. Thus, our results provide an improved interpretation that goes beyond magmatic, 

metamorphic, and metasomatic genesis on which past research typically has been based. 

 

3.2 GEOLOGIC SETTING 

The Late Cretaceous Whitehorn Stock is on the eastern portion of Arkansas River Valley, 

and the northern part of the Rio Grande rift system. The Arkansas River Valley separates the 

Sawatch Range (Collegiate Peaks) to the west and the Mosquito Range to the east in central 

Colorado (Tweto & Sims, 1963; Tweto & Case, 1973). The Whitehorn Stock (Fig. 3.1) is a 

north–northwest-trending, partially exhumed, dish-shaped laccolith that is 25 km long and 8 km 

wide and is divided into northern and southern exposures by an east–west-trending, Oligocene-

aged ignimbrite-filled paleovalley (Wrucke, 1974). 
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The age of the Whitehorn Stock’s northern exposure is estimated as 69.3 ± 0.2 Ma on the 

basis of 40Ar–39Ar biotite dates or 69.8 ± 0.2 Ma based on 40Ar–39Ar hornblende dates (Abbey, 

2018). The southern exposure is believed to date from 73.4 ± 2.5 Ma (Young, 1972) or from 66 ± 

1.7 Ma (Chualaowanich, 1996) based on K-Ar biotite ages. These dates coincide with the 

Laramide orogeny in the southern Rocky Mountains (Tweto, 1975). Based on 

thermochronometric and thermometry calculations, the Whitehorn Stock is suggested to have 

emplaced at a temperature of 900°C (Chualaowanich, 1996) and a depth of 5–6 km (Abbey, 

2018). The Whitehorn Stock is a relatively homogeneous granodiorite that generally becomes 

more felsic in composition toward the intrusion core (Wrucke, 1974; Chualaowanich, 1997).  

 

 

Fig. 3.1 Geology of the Whitehorn Stock area modified after Abbey et al (2018) with additional 

structural data from Workman (1997). Figure from Chapter 2 (Aertker et al. in preparation). 

 

The study area is on the western flank of the Whitehorn Stock's northern exposure (Fig. 

3.1). The intrusion is enveloped mostly by Pennsylvanian and Mississippian sedimentary units, 

striking N10°W to N15°W and dipping 22°–32° eastward toward and beneath the intrusion. 

(Wofford, 1986) (Fig. 3.2). The main geologic units in the Whitehorn Stock area, in successive 

order, are the Cambrian Sawatch Quartzite; the Ordovician Manitou, Harding, and Fremont 

Formations; the Devonian Parting Formation; the Mississippian Leadville Limestone; and the 

Pennsylvanian Belden Shale (Bhutta, 1954; Wallace & Lawson, 2008). 
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The intrusion of the Whitehorn Stock resulted in shearing of the country rock, producing 

fluid pathways that enabled significant hydrothermal metasomatism of the Mississippian 

Leadville Limestone and Pennsylvanian Belden Shale (Workman, 1997; Alzughoul, 2007) as the 

Whitehorn Stock cooled to ambient temperatures <~300°C by 67 Ma (Abbey et al., 2018). 

 

Within the study area, a northwest-striking shear zone is characterized by a series of 

northeast-dipping thrust faults. The thrust faulting detached a portion of the Belden Shale, which 

is now enveloped to the east and west by the Leadville Limestone (Figs 3.2 and 3.3). The 

Leadville Limestone to the west of the detached Belden Shale is bisected by a ~40-m-wide sill 

(Fig 3.2). 

 

The hydrothermally metasomatized portions of the Belden Shale have mineralogical 

zoning that is modified from the cordierite + quartz + sillimanite hornfels that is distal to the 

shear zone. Within the shear zone, corundum and plagioclase's modal abundances increase 

toward a series of near-vertical faults that transect the Leadville Limestone and Belden Shale 

(Figs 3.2, 3.3, and 3.4a). Near the faults and Leadville skarn contact are intercalated corundum-

bearing anastomosing schists and hornfels.  

 

The skarn (Fig. 3.3) is mineralogically zoned adjacent to the contact with the 

metasomatized portion of the Belden Shale. The Leadville skarn that is spatially associated with 

the corundum-rich zones of the Belden Shale near the small faults presents as an andradite–

grossular garnet + K-feldspar skarn. Distally the skarn evolves to grossular–andradite garnet ± 

scapolite ± diopside ± epidote. With distance from the grossular–andradite garnetite, the skarn 

mineralogically transforms into a scapolite + diopside skarn, then becomes a pure diopside skarn 

and ultimately a pure coarsely crystalline white marble. 

 

3.3 SAMPLES AND ANALYTICAL METHODS 

Sampling and analytical methods assumed that the corundum geochemistry reflects the 

magmatic-devolatilization-derived fluid characterized initially as Al-alkali–Ca–halide and the 

increased Fe composition (and concomitant trace-element). The garnet was collected assuming 

its geochemistry reflects the magmatic-hydrothermal fluid. The metasomatic evolution is 
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assumed to be recorded within the primary corundum's compositional zoning ("Type I"). Here 

the initial Al-alkali metasomatism is recorded within the early core and the later Fe 

metasomatism (and concomitant trace elements) within the later rim. Type III corundum occurs 

within corundumite shear bands. The Type III corundum was sampled to test if its geochemistry 

reflects the later Fe metasomatism since it is paragenetically later than Type I corundum. The 

sampling and analytical methods assumed that the hydrothermal-related Leadville skarn whole-

rock and core-to-rim garnet compositions would reveal the evolution of magmatic-hydrothermal 

fluids. Thus, allowing comparison between hydrothermal corundum and garnet geochemical 

signatures. Appendix S3.1 presents a summary of the types of analyses conducted on each 

sample. 

 

3.3.1 Microscopy 

After initial characterization by optical microscopy, samples were imaged by other 

techniques to characterize textures and map particular features. Corundum grains (n = 54) were 

analyzed by optical (cold-cathode) CL in the Department of Geology and Geophysics at 

Louisiana State University in Baton Rouge. The CL and transmitted-light system consist of a 

Leica petrographic microscope with a low-light fluorescence camera, a low-vacuum Relion CL 

chamber with an electron beam that focuses on the sample, and the Leica Applications Suite© 

imaging software for digital-image-acquisition control. Operating conditions were variable and 

depended on what was required for optimal imaging. For instance, a 25–35-mTorr pressure with 

a 8–9-kV beam voltage and a 0.3–0.5-mA beam current were used when the purpose was to 

characterize and map chemical zonation, fractures, and inclusions not resolvable by optical 

microscopy. All corundum (n = 31) and garnets (n = 6) selected for LA–ICP–MS analysis were 

imaged using a reflected-light microscope. Corundum samples (n = 23) selected for EPMA were 

analyzed by transmitted-light microscopy to map fractures, alteration, and inclusions that could 

not be resolved by CL. All garnet and corundum samples subjected to LA–ICP–MS and EPMA 

were further characterized by the TESCAN MIRA3 LMH Schottky field-emission scanning 

electron microscope (FE-SEM) at the Mineral and Materials Characterization Facility in the 

Department of Geology and Geological Engineering at the Colorado School of Mines in Golden, 

Colorado to identify additional inclusions, chemical heterogeneity, and alteration. Operating 

conditions were variable and depended on what was required for optimal imaging.   
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Fig. 3.2 Geology and geologic cross-section of the study area. Figure from Chapter 2 (Aertker et 

al. in preparation). 
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Fig. 3.3 Box model of the Leadville Limestone and Belden Shale hydrothermal mineralization 

with emphasis on the mineralogical zonation from Chapter 2 (Aertker et al. in preparation). 

 

 

Vertical Fauling 

C
orundum

 Veins

Kw

IPb

Ml

garnetite

NE

scapolite + diopside 

scapolite + diopside 

10 m

 diopside 



 

125 

 

 

 

 

 

Fig. 3.4 (A) Schematic diagram of the rock outcrop depicting mineralogical variations from the 

Leadville skarn lithologic contact. (B) Example of corundum grains from Type I and Type III 

metasomatites within shear bands. (C) Photograph of Type I corundum (var. sapphire) 

occurrence and (D) sillimanite mylonite that hosts corundum grains from Type II metasomatites. 
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Fig 3.5 Cathodoluminescence photomicrographs of corundum Types I, II, and III. (A) 

Compositional zoning of Type I corundum associated with zoned plagioclase and K-feldspar; (B) 

Compositional zoning of Type I corundum associated with zoned plagioclase and K-feldspar; (C) 

Compositional zoning of Type I corundum associated with cordierite and sillimanite; (D) Type II 

corundum occurrence as porphyroclasts within sillimanite-delineated foliations, showing 

corrosion by sillimanite and association with chlorite and plagioclase; (E) Type III corundum in 

polymineralic shear bands, showing corrosion by prismatic sillimanite; and (F) Polymineralic 

Type III corundum occurrence in shear bands and associated with biotite, sillimanite, and 

cordierite 
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Fig. 3.6 (A) BSE image of Type A garnet depicting grossular cores with K-feldspar inclusions 

and simple zoning of andradite rims. (B) Image of Type A garnet depicting simple zoning of 

grossular + K-feldspar cores and andradite rims. (C) Type B garnet polished ore section utilized 

for EPMA analysis (shown as red circles) depicting a grossular core with diopside + scapolite 

inclusions and grossular to andradite oscillatory zoning. 
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Figure 3.7 Selected trace-element geochemistry of corundum determined by laser ablation–

inductively coupled plasma–mass spectrometry. Elements are plotted against Fe to test hypothesis 

regarding elements enriched by paragenetically later Fe metasomatism. Elements shown that are 

core-to-rim enriched in Type I corundum are (A) V, (B) Ca, (C) Cr, and (D) Ga. Element shown 

that is core-to-rim depleted in Type I corundum is (E) Si. 
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Figure 3.8 Discrimination diagrams supporting metamorphic, metasomatic, and/or magmatic 

petrogenesis proposed by various authors utilizing the EPMA corundum geochemistry. (A) 

Metamorphic signature was observed in the Mg–Fe–Ti diagram; (B) the Fe vs. Ga/Mg and (C) 

FeO + TiO2 + Ga2O3 vs. FeO–Cr2O3–MgO–V2O3 diagrams suggest an igneous origin; (D) and 

the Fe/Mg vs. Ga/Mg and (E) V/Cr vs. Ga/Mg diagrams imply indeterminate origins.  
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Fig. 3.8 (continued) 
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Figure 3.9 Trace-element geochemistry of garnet determined by laser ablation–inductively 

coupled plasma–mass spectrometry and patterns of increasing grossular-garnet component used 

to observe what elements were associated with paragenetically early Al metasomatism (i.e., 

increasing grossular component) versus later Fe metasomatism (i.e., increasing andradite 

component) of (A) alkali, (B) alkaline-earth, (C and D) first-row transition, (E and F) other 

transition, (G) REE + Y, and (H) semimetals and base metals. The smaller black arrows show 

element trends with increasing grossular component.  
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Fig. 3.9 (continued) 
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Fig. 3.9 (continued) 
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Table 3.1 Summary of corundum trace element chemistry by EPMA in the Belden Shale. All data is presented in Appendix A S3.2. 

 

Analyses 
Trace Elements (ppm) 

Fe Mn Ti Cr Mg Si Na Zn V Ga 

1-CS-1-Spot1           

Max 8366 149 384 498 500 229 150 167 201 717 

Min 6976 bdl 174 159 42 71 bdl bdl bdl bdl 

(μ) n=8 7380.75 149.00 294.13 363.13 120.13 160.00 99.75 167.00 135.00 327.00 

std. dev. (σ) 444.98  67.17 105.71 154.65 59.73 35.87  44.33 187.96 

Average (±) 200.11 92.32 143.93 85.11 27.09 54.23 32.66 133.55 59.24 181.78 

           

1-CS-1-Spot4           

Max 7796 97 406 364 87 247 100 249 160 505 

Min 6850 bdl 209 bdl bdl 149 60 bdl 69 bdl 

(μ) n=7 7255.14 97.00 290.25 257.00 76.00 199.29 bdl 249.00 116.00 245.33 

std. dev. (σ) 385.02  84.15 95.37 12.77 37.69 28.28  33.21 128.18 

Average (±) 197.89 95.54 140.27 84.26 25.90 54.46 31.30 130.60 59.14 180.30 

           

1-CS-2-Spot1           

Max 6174 123 537 632 46 441 210 bdl 469 372 

Min 3409 bdl bdl 431 bdl 205 bdl bdl 221 224 

(μ) n=5 5126.80 123.00 370.00 512.80 45.00 291.40 127.33  383.80 289.20 

std. dev. (σ) 1025.62  167.00 90.08 1.41 91.81 72.59  98.50 56.90 

Average (±) 175.86 92.43 143.04 85.92 26.59 56.33 32.94  63.59 184.04 

           

1-CS-2-Spot5           

Max 6154 102 657 438 103 509 127 228 380 432 

Min 4417 bdl bdl 157 bdl 48 bdl bdl 66 bdl 
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Table 3.1 (continued) 

 

(μ) n=13 4989.31 102.00 329.00 291.54 67.50 237.69 76.18 186.00 215.62 250.67 

std. dev. (σ) 509.69  151.84 97.42 21.12 117.41 24.45 41.55 81.30 122.67 

Average (±) 169.31 82.85 138.30 80.22 26.43 55.96 31.88 121.61 58.10 165.43 

           

CS-3-Spot2-C1          

Max 6155 155 1227 690 174 318 119 224 486 427 

Min 4456 bdl 228 362 69 163 bdl 157 297 bdl 

(μ) n=5 5277.00 115.00 572.20 558.00 102.60 223.20 103.00 184.75 370.00 317.67 

std. dev. (σ) 699.53 56.57 408.39 146.06 44.39 58.56 22.63 32.54 76.33 94.82 

Average (±) 177.97 93.66 157.70 87.07 27.38 55.86 32.09 131.59 63.13 182.31 

           

CS-3-Spot2-C2          

Max 5255 95 913 475 74 260 110 bdl 358 312 

Min 4312 95 408 227 bdl 166 58 bdl 111 264 

(μ) n=5 4892.20 95.00 581.80 346.60 72.67 224.20 80.00  244.00 283.33 

std. dev. (σ) 355.08  223.00 99.88 1.53 38.87 26.91  110.02 25.32 

Average (±) 173.92 97.34 153.54 85.82 26.98 55.57 31.90  61.43 182.64 

           

CS-3-Spot2-C3          

Max 6120 bdl 538 568 120 438 152 270 517 406 

Min 4221 bdl 144 160 51 138 bdl bdl 83 bdl 

(μ) n=11 5164.50  331.67 378.20 77.80 332.80 103.00 199.25 274.90 300.67 

std. dev. (σ) 580.25  131.98 146.59 23.04 90.77 38.41 54.61 128.34 107.04 

Average (±) 176.53  148.21 85.75 26.89 56.44 32.02 132.30 61.08 181.85 

           

CS-3-Spot3           

Max 6920 bdl 920 880 183 452 81 185 453 352 
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Table 3.1 (continued) 

 

Min 4133 bdl 406 349 bdl 290 bdl bdl 106 189 

 (μ) n=4 5222.25  703.00 600.75 131.00 355.75 66.00 170.50 259.67 287.00 

std. dev. (σ) 1310.44  215.75 222.63 45.08 68.65 21.21 20.51 176.87 86.37 

Average (±) 175.71  156.91 84.92 27.67 57.22 31.90 125.92 58.60 170.33 

           

CS-5           

Max 5018 bdl 1320 188 bdl 298 92 194 68 334 

Min 4396 bdl 386 bdl bdl 145 bdl bdl bdl bdl 

(μ) n=5 4671.00  738.80 155.67  210.20 92.00 175.67 68.00 258.25 

std. dev. (σ) 270.03  349.83 42.90  60.15  24.38  69.94 

Average (±) 167.70  160.30 81.84  55.25 30.55 129.61 56.14 176.84 

           

3-CS-1-5-3-Spot1          

Max 7418 168 1403 546 193 261 242 407 304 415 

Min 6223 bdl 154 bdl 47 bdl bdl bdl 102 bdl 

(μ) n=8 6796.63 138.00 567.38 322.43 110.00 121.17 131.75 311.00 194.50 283.40 

std. dev. (σ) 409.94 42.43 396.40 137.40 52.64 87.21 75.33 135.76 78.78 109.97 

Average (±) 195.88 94.34 158.18 85.30 27.60 54.17 33.45 134.31 60.70 185.24 

           

3-CS-1-5-3-Spot2-C1          

Max 8171 bdl 591 986 120 169 55 194 527 437 

Min 4130 bdl 167 83 bdl bdl bdl bdl bdl bdl 

(μ) n=6 6455.83  377.50 618.00 104.50 80.00 53.00 193.00 446.60 303.00 

std. dev. (σ) 1318.76  179.32 304.02 15.07 50.81 2.83 1.41 96.32 133.11 

Average (±) 155.78 408.08 289.89 122.44 73.08 378.83 83.20 264.21 131.35 388.42 

           

3-CS-1-5-3-Spot2-C2          
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Table 3.1 (continued) 

 

Max 7194 162 2113 822 169 183 187 199 442 623 

Min 4728 bdl bdl bdl 50 64 bdl bdl 134 bdl 

(μ) n=9 6099.11 162.00 720.29 640.13 98.00 126.78 144.33 169.00 330.22 387.33 

std. dev. (σ) 950.46  644.27 195.41 41.77 40.66 50.90 28.95 119.39 145.74 

Average (±) 187.90 95.06 163.19 88.56 27.47 54.68 34.23 134.82 63.68 184.24 

           

3-CS-1-5-3-Spot3          

Max 6565 97 657 875 104 39 76 173 475 402 

Min 3138 bdl bdl 323 bdl 39 bdl bdl 215 bdl 

(μ) n=8 5676.50 95.50 368.14 618.75 70.80 39.00 61.00 149.00 319.38 309.40 

std. dev. (σ) 1067.77 2.12 165.20 177.00 19.61  14.11 33.94 81.18 66.79 

Average (±) 181.82 93.50 147.72 88.05 26.90 52.99 31.65 133.34 62.47 184.12 

           

4-CS3-4-A1           

Max 8740 108 675 775 164 53 86 340 278 327 

Min 5975 bdl bdl 182 bdl bdl bdl bdl bdl bdl 

(μ) n=9 6599.44 108.00 362.00 416.11 76.00 42.33 86.00 237.00 145.57 277.17 

std. dev. (σ) 845.59  164.18 217.93 40.39 9.29  145.66 70.81 42.40 

Average (±) 193.48 94.42 150.32 86.65 27.01 53.46 32.46 134.06 59.79 184.86 

           

4-CS3-4-A2-Spot1          

Max 7556 bdl 669 729 118 180 83 223 154 310 

Min 2271 bdl 371 296 bdl 80 bdl bdl 118 230 

(μ) n=3 5258.00  520.00 474.33 118.00 140.00 83.00 223.00 130.67 279.33 

std. dev. (σ) 2709.03  210.72 226.37  52.92   20.23 43.14 

Average (±) 176.47  153.31 86.12 28.03 55.39 32.60 135.56 60.06 184.69 
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Table 3.1 (continued) 

 

4-CS3-4-A2-Spot2          

Max 5436 168 309 212 94 384 88 253 245 346 

Min 3994 bdl bdl bdl bdl 117 bdl bdl bdl bdl 

(μ) n=8 4359.75 168.00 227.00 168.50 66.25 239.38 69.33 253.00 169.86 299.25 

std. dev. (σ) 472.97  71.36 36.81 23.13 83.39 17.24  57.96 66.90 

Average (±) 162.08 85.01 139.08 77.44 26.02 56.31 31.47 119.01 56.25 159.92 

           

4-CS3-4-A2-Spot3          

Max 8844 143 1048 388 143 248 95 266 158 462 

Min 5118 109 bdl 86 bdl 55 bdl bdl bdl bdl 

(μ) n=9 6995.56 126.00 565.75 269.33 104.00 150.00 73.43 227.33 112.67 303.43 

std. dev. (σ) 1098.48 24.04 203.92 104.92 31.55 69.05 18.95 33.50 38.67 109.22 

Average (±) 196.86 93.31 153.21 84.93 27.62 54.85 32.47 133.94 58.60 183.20 

           

4-CS3-4-A2-Spot4          

Max 6511 173 607 385 52 190 75 155 170 603 

Min 5157 bdl bdl 190 bdl 68 bdl bdl 68 192 

(μ) n=5 5835.60 173.00 407.25 264.20 46.50 139.80 71.50 149.67 115.80 376.00 

std. dev. (σ) 506.05  178.48 74.69 7.78 51.31 4.95 5.03 38.56 163.32 

Average (±) 185.88 97.75 146.18 85.76 26.95 54.81 31.37 133.49 60.27 183.15 

           

4-CS3-4-L-Spot2          

Max 5912 bdl 397 571 bdl 120 79 bdl 228 694 

Min 4800 bdl 144 279 bdl bdl bdl bdl bdl 145 

(μ) n=5 5190.40  221.00 453.40  82.67 68.50  209.50 290.20 

std. dev. (σ) 435.06  105.24 116.72  32.33 14.85  15.97 228.06 

Average (±) 177.25  137.01 87.81  54.12 31.34  60.35 186.02 
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Table 3.1 (continued) 

 

           

4-CS10-5-1-Spot2          

Max 6451 192 557 759 80 176 86 201 460 707 

Min 2963 bdl 249 232 bdl bdl bdl bdl 120 bdl 

(μ) n=10 5473.30 192.00 344.00 414.50 63.67 85.00 73.00 161.33 324.20 390.20 

std. dev. (σ) 1305.28  108.36 147.97 16.01 47.04 18.38 38.55 101.39 204.44 

Average (±) 179.10 98.34 147.45 86.50 26.75 53.89 31.75 133.41 63.12 184.47 

           

4-CS10-5-1-Spot3          

Max 6662.00 108.00 581.00 680.00 89.00 152.00 130.00 223.00 437.00 484.00 

Min 5953.00 bdl 154.00 380.00 bdl bdl bdl bdl 210.00 bdl 

(μ) n=8 6430.50 108.00 347.67 576.00 63.60 100.00 74.80 174.75 284.13 335.50 

std. dev. (σ) 218.03  177.43 119.45 18.57 55.00 33.59 36.74 70.64 89.02 

Average (±) 191.00 91.04 149.66 88.64 27.18 53.79 31.61 134.04 63.19 184.65 

           

4-CS10-5-1-Spot4          

Max 6438 bdl 533 761 77 89 56 148 378 402 

Min 5602 bdl 154 431 bdl bdl bdl bdl 225 bdl 

(μ) n=6 5869.17  284.50 587.33 64.67 55.67 53.50 148.00 301.67 284.40 

std. dev. (σ) 294.87  140.55 141.13 12.50 29.70 3.54  59.20 93.96 

Average (±) 185.66  145.91 87.55 26.96 53.76 30.61 132.39 62.88 183.89 

           

2-M-Spot1           

Max 4081 129 3922 688 bdl 11400 1249 170 902 234 

Min 2486 bdl 493 343 bdl 878 bdl bdl 362 101 

(μ) n=6 3112.17 119.50 1779.00 484.83  6065.17 476.67 142.50 583.00 156.25 

std. dev. (σ) 561.88 13.44 1416.24 134.75  3870.87 669.31 38.89 199.76 55.83 
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Table 3.1 (continued) 

 

Average (±) 142.41 81.61 193.58 77.83  95.57 92.17 110.47 59.90 146.39 

           
All Samples           
Max 8844 192 3922 986 500 11400 1249 407 902 717 

Min 2271 bdl bdl 83 bdl bdl bdl bdl bdl bdl 

(μ) n=163 5732.57 126.90 477.32 421.86 86.62 446.87 101.93 188.63 257.56 299.79 

std. dev. (σ) 1260.60 32.72 444.46 197.06 53.64 1436.92 141.12 54.30 141.20 121.44 

Average (±) 180.47 124.10 156.91 86.60 29.64 71.09 36.09 142.04 63.64 187.69 

                      

(μ) average values 

(σ) standard deviation (1 sigma) 

(±) average uncertainty (1 sigma) 

(bdl) below detection limit  
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Table 3.2 Summary of the trace element chemistry of Belden Shale Type I (n = 18) versus Type III (n = 13) metasomatite corundum 

grain geochemical signatures by LA-ICP-MS. All data is presented in Appendix A S3.3. 

 

  All Corundum Type I Type III   

  
n=170 n=108 n=62   

(μ) (σ) max  min (μ)  (σ) max  min (μ)   (σ) Δ  

Element           

7Li 0.86 0.87 3.75 bdl 1.11 0.85 4.81 bdl 0.73 0.86 0.38 
9Be 0.32 0.95 1.22 bdl 0.22 0.20 10.00 bdl 0.50 1.55 -0.28 
11B 8.51 3.69 24.20 3.99 9.68 3.90 12.83 3.47 6.47 2.10 3.22 
23Na 55.57 115.37 497.04 bdl 50.10 88.57 1067.73 bdl 62.82 143.97 -12.71 
25Mg 286.99 319.17 3107.50 100.43 255.94 336.30 1752.07 123.97 341.10 281.36 -85.16 
29Si 2184.40 1769.78 10076.03 689.77 2008.94 1763.71 7896.36 768.46 2490.05 1752.60 -481.11 
39K 133.68 267.28 1202.25 bdl 69.26 154.02 1634.08 3.92 239.65 365.05 -170.39 
43Ca 1098.97 502.96 2531.92 229.52 1040.93 336.74 5399.56 bdl 1200.08 696.83 -159.16 
49Ti 786.61 1770.88 9221.89 145.94 544.92 1016.67 13891.99 270.87 1207.63 2567.42 -662.71 
51V 249.31 132.80 604.67 64.06 272.69 149.10 397.67 98.44 208.59 84.93 64.10 
52Cr 534.59 208.85 1090.27 205.98 541.27 197.57 1205.65 212.34 522.95 228.39 18.33 
55Mn 10.16 21.43 137.99 bdl 6.83 18.34 152.40 0.56 15.87 25.02 -9.04 
57Fe 2349.39 558.28 4583.12 1283.11 2163.86 506.01 4096.98 1811.57 2672.58 497.28 -508.71 
59Co 0.49 1.10 10.48 bdl 0.41 1.25 5.17 bdl 0.59 0.85 -0.17 
60Ni 6.23 6.41 68.51 1.84 5.93 7.00 35.41 1.98 6.74 5.24 -0.81 
64Zn 2.98 7.81 86.95 0.42 3.07 9.72 10.76 0.65 2.82 1.94 0.25 
65Cu 2.12 2.75 12.61 bdl 1.64 1.96 19.18 bdl 2.86 3.52 -1.22 
69Ga 69.79 12.87 98.02 44.96 73.26 12.08 85.51 40.73 63.74 12.02 9.53 
72Ge 0.50 0.13 1.09 bdl 0.49 0.15 0.79 bdl 0.51 0.11 -0.02 
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Table 3.2 (continued) 

 

85Rb 0.46 0.98 2.46 bdl 0.19 0.38 6.75 bdl 0.77 1.33 -0.58 
88Sr 1.19 2.22 9.91 bdl 0.88 1.83 13.86 0.02 1.68 2.66 -0.79 
89Y 0.48 3.10 34.25 bdl 0.59 4.12 5.33 bdl 0.34 0.91 0.25 
90Zr 140.97 1465.29 16048.44 bdl 257.34 1990.51 66.53 bdl 3.43 10.92 253.92 
93Nb 2.48 8.70 54.13 bdl 1.60 7.79 53.17 bdl 3.49 9.62 -1.88 
98Mo 2.01 8.63 49.38 bdl 3.62 11.96 1.46 bdl 0.30 0.39 3.31 
120Sn 0.86 5.61 73.06 bdl 1.06 7.02 3.79 0.19 0.50 0.65 0.55 
133Cs 0.05 0.06 0.14 bdl 0.03 0.03 0.33 bdl 0.06 0.07 -0.03 
138Ba 4.32 13.64 16.78 bdl 1.34 3.13 145.20 0.03 9.12 20.91 -7.78 
139La 0.36 1.64 10.00 bdl 0.27 1.30 14.20 bdl 0.45 1.95 -0.17 
140Ce 0.76 3.81 19.21 bdl 0.43 2.13 38.43 bdl 1.24 5.35 -0.81 
141Pr 0.13 0.47 2.02 bdl 0.08 0.31 3.61 bdl 0.18 0.60 -0.10 
159Tb 0.04 0.08 0.25 bdl 0.04 0.07 0.27 bdl 0.05 0.08 -0.01 
165Ho 0.06 0.20 1.22 bdl 0.07 0.27 0.24 bdl 0.04 0.06 0.03 
169Tm 0.07 0.24 1.27 bdl 0.12 0.34 0.06 bdl 0.02 0.02 0.10 
175Lu 0.07 0.39 2.47 bdl 0.16 0.60 0.04 bdl 0.01 0.01 0.15 
178Hf 10.70 61.98 377.37 bdl 21.68 88.80 2.35 bdl 0.31 0.59 21.37 
181Ta 0.22 0.62 3.24 bdl 0.17 0.60 2.98 bdl 0.28 0.65 -0.11 
184W 0.56 0.70 2.93 bdl 0.36 0.46 4.35 bdl 0.86 0.89 -0.50 
208Pb 0.49 0.95 10.40 bdl 0.38 1.07 2.64 0.05 0.68 0.67 -0.31 
232Th 0.06 0.35 2.38 bdl 0.04 0.27 3.16 bdl 0.10 0.43 -0.06 
238U 0.18 0.62 7.12 bdl 0.13 0.71 2.01 bdl 0.27 0.42 -0.14 

(μ) mean are the average values 

(σ) standard deviation (1 sigma) 
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Table 3.2 (continued) 

 

(Δ) the difference between Type I and Type III average values in ppm. A negative value indicates the Type I mean concentration is 

less than Type III. 

(bdl) below detection limit 

All corundum includes corundum from Types I and III metasomatites 

Type I indicates corundum from Type I metasomatites 

Type III indicates corundum from Type III metasomatites 
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Table 3.3 Corundum core-to-rim summary, showing number and percentage of grains enriched or depleted, number and percentage of 

grains beyond statistical uncertainty as reported by LA-ICP-MS. All data presented in Appendix A S3.4. 

 

  Enriched Depleted Equal Enriched Depleted Certain Uncertain  Certain  

 (n) (n) (n) (%) (%) (n) (n) (%) 

Element         

7Li 2 7 9 11 39 7 11 39 
9Be 5 13 0 28 72 8 10 44 
11B 1 17 0 6 94 14 4 78 
23Na 8 9 1 44 50 16 2 89 
25Mg 6 12 0 33 67 15 3 83 
29Si 3 15 0 17 83 16 2 89 
39K 4 14 0 22 78 14 4 78 
43Ca 16 2 0 89 11 15 3 83 
49Ti 8 10 0 44 56 16 2 89 
51V 18 0 0 100 0 17 1 94 
52Cr 15 3 0 83 17 18 0 100 
55Mn 8 10 0 44 56 16 2 89 
57Fe 12 6 0 67 33 7 11 39 
59Co 5 13 0 28 72 10 8 56 
60Ni 6 12 0 33 67 11 7 61 
64Zn 5 13 0 28 72 13 5 72 
65Cu 6 12 0 33 67 15 3 83 
69Ga 14 4 0 78 22 9 9 50 
72Ge 8 10 0 44 56 4 14 22 
85Rb 8 10 0 44 56 14 4 78 
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Table 3.3 (continued) 

 

88Sr 4 14 0 22 78 16 2 89 
89Y 6 12 0 33 67 18 0 100 
90Zr 10 8 0 56 44 17 1 94 
93Nb 6 11 1 33 61 15 3 83 
98Mo 7 4 7 39 22 10 8 56 
120Sn 5 13 0 28 72 12 6 67 
133Cs 7 10 1 39 56 13 5 72 
138Ba 4 14 0 22 78 18 0 100 
139La 7 10 1 39 56 16 2 89 
140Ce 9 9 0 50 50 16 2 89 
141Pr 7 9 2 39 50 15 3 83 
159Tb 5 4 9 28 22 7 11 39 
165Ho 7 4 7 39 22 8 10 44 
169Tm 7 3 8 39 17 9 9 50 
175Lu 3 8 7 17 44 8 10 44 
178Hf 9 2 7 50 11 7 11 39 
181Ta 4 12 2 22 67 14 4 78 
184W 7 11 0 39 61 14 4 78 
208Pb 4 14 0 22 78 16 2 89 
232Th 7 11 0 39 61 15 3 83 
238U 9 9 0 50 50 16 2 89 

Enriched/depleted indicates if the rim is enriched or depleted relative to core values 

Enriched, depleted, equal (%) indicate number of grains core-to-rim enriched or depleted out of 100% 

Certain and uncertain indicate whether the core-to-rim enrichment or depletion signature is beyond statistical uncertainty 
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Table 3.4 Corundum Types I and core and rim trace-element comparison based on LA–ICP–MS; max and min, mean (μ), range, and 

standard deviation (σ) for Types I core and rim element concentrations (in ppm) between, and differences in core and rim 

concentrations (Δ). All data presented in Appendix S3.3. 

 

  Type I rim Type I core   

  
n=54 n=54   

max  min (μ)  (σ) max  min (μ)   (σ) Δ  

Element          

7Li 1.40 bdl 0.69 0.41 3.75 bdl 1.41 0.97 -0.72 

9Be 1.22 bdl 0.20 0.22 0.77 bdl 0.22 0.16 -0.02 

11B 14.30 4.74 8.41 2.53 24.20 3.99 10.96 4.58 -2.55 

23Na 468.40 bdl 57.60 98.50 497.04 bdl 43.15 78.81 14.45 

25Mg 1588.78 116.15 236.29 229.07 3107.50 100.43 275.58 418.41 -39.29 

29Si 10076.03 766.86 1953.35 2038.57 8803.17 689.77 2064.52 1455.32 -111.17 

39K 318.45 bdl 49.01 66.98 1202.25 bdl 91.16 210.03 -42.15 

43Ca 1594.15 635.04 1164.13 195.10 2531.92 229.52 917.72 399.92 246.41 

49Ti 9221.89 221.03 680.22 1427.75 641.69 bdl 409.62 104.65 270.60 

51V 604.67 130.75 338.91 146.14 521.08 64.06 206.47 120.78 132.44 

52Cr 1090.27 262.94 620.53 195.40 964.27 205.98 462.02 166.81 158.51 

55Mn 110.73 bdl 6.26 16.96 137.99 bdl 7.40 19.77 -1.14 

57Fe 4583.12 1510.48 2240.88 538.64 4430.18 1283.11 2086.84 463.35 154.04 

59Co 10.48 bdl 0.59 1.76 0.81 bdl 0.25 0.15 0.34 

60Ni 68.51 2.24 6.47 9.51 12.86 1.84 5.38 2.8 1.09 

64Zn 86.95 0.42 4.56 13.55 3.75 bdl 1.55 0.92 3.01 

65Cu 4.97 0.23 1.30 1.09 12.61 bdl 1.96 2.52 -0.66 

69Ga 98.02 58.14 77.43 9.98 89.37 44.96 69.09 12.64 8.34 
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Table 3.4 (continued) 

 

72Ge 0.82 bdl 0.47 0.10 1.09 bdl 0.51 0.18 -0.04 

85Rb 0.94 bdl 0.13 0.20 2.46 bdl 0.26 0.49 -0.13 

88Sr 9.91 bdl 0.94 2.21 5.52 bdl 0.82 1.34 0.12 

89Y 34.25 bdl 1.19 6.04 0.31 bdl 0.07 0.08 1.12 

90Zr 16048.44 bdl 451.99 2636.92 1.20 bdl 0.13 0.23 451.86 

93Nb 54.13 bdl 2.98 10.83 0.86 bdl 0.18 0.24 2.80 

98Mo 8.37 bdl 1.08 2.46 49.38 bdl 8.26 20.14 -7.18 

120Sn 73.06 0.14 1.67 9.90 6.41 0.16 0.45 0.83 1.22 

133Cs 0.09 bdl 0.03 0.02 0.14 bdl 0.04 0.03 -0.01 

138Ba 9.75 bdl 0.85 1.79 16.78 bdl 1.84 4.04 -0.99 

139La 10.00 bdl 0.43 1.80 1.37 bdl 0.11 0.25 0.32 

140Ce 19.21 bdl 0.67 2.95 2.46 bdl 0.17 0.39 0.50 

141Pr 2.02 bdl 0.12 0.41 0.22 bdl 0.03 0.05 0.09 

159Tb 0.25 bdl 0.05 0.08 0.03 bdl 0.01 0.01 0.04 

165Ho 1.22 bdl 0.11 0.35 0.02 bdl 0.01 0 0.10 

169Tm 1.27 bdl 0.13 0.38 0.16 bdl 0.07 0.08 0.06 

175Lu 2.47 bdl 0.29 0.82 0.02 bdl 0.01 0 0.28 

178Hf 377.37 bdl 27.87 100.63 0.03 bdl 0.02 0.01 27.85 

181Ta 3.24 bdl 0.32 0.85 0.10 bdl 0.03 0.03 0.29 

184W 2.93 bdl 0.36 0.49 1.87 bdl 0.37 0.42 -0.01 

208Pb 1.56 bdl 0.20 0.31 10.40 bdl 0.55 1.46 -0.35 

232Th 2.38 bdl 0.07 0.38 0.07 bdl 0.01 0.01 0.06 

238U 7.12 bdl 0.21 0.98 0.25 bdl 0.05 0.06 0.16 

(μ) the average values 
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Table 3.4 (continued) 

 

(σ) standard deviation (1 sigma) 

(Δ) the difference between Type I core and rim values. Positive value indicates core-to-rim rim enriched 

(bdl) below detection limit 
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Table 3.5 Geochemical data (EPMA) of the Leadville skarn Types A (core and rim), B (core-to-rim transect), and C garnets and 

endmember normative (%) calculations from Chapter 2 (Aertker et al. in preparation). 

 

Oxides (wt.%) 

Summary of Type A garnets Summary of Type B garnets Type C garnets 

core  rim  grossular zones andradite zones   

n=18  n=19 n=63 n=38  n=8 

(μ) (σ) (μ) (σ) (μ) (σ) (μ) (σ) (μ) (σ) 

SiO2 37.62 0.17 37.21 0.15 38.15 0.40 37.64 0.38 36.67 0.28 

Al2O3 12.18 0.43 10.04 0.42 14.97 1.04 12.82 1.29 9.41 0.77 

TiO2 0.56 0.11 0.44 0.14 0.41 0.24 0.66 0.17 0.43 0.31 

Cr2O3 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

Fe2O3
a 14.18 0.67 17.15 0.68 10.89 1.21 13.31 1.77 18.13 0.99 

MnO 0.40 0.02 0.34 0.02 0.40 0.11 0.35 0.14 0.34 0.04 

MgO 0.10 0.01 0.07 0.01 0.17 0.03 0.16 0.05 0.07 0.02 

CaO 35.11 0.23 34.97 0.19 35.53 0.17 35.24 0.36 34.87 0.21 

Na2O 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.02 0.01 

V2O3 0.02 0.01 0.02 0.01 0.02 0.01 0.04 0.02 0.10 0.08 

Total 100.17 0.52 100.25 0.25 100.56 0.44 100.22 0.44 100.03 0.30 

Number of cations on the basis of 12 anions   

     

Si 2.97 0.01 2.98 0.01 2.97 0.02 2.97 0.01 2.95 0.01 

Al 1.13 0.04 0.95 0.04 1.37 0.09 1.19 0.11 0.89 0.07 

Ti 0.03 0.01 0.03 0.01 0.02 0.01 0.04 0.01 0.03 0.02 

Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Fe2+           

Fe3+ 0.84 0.04 1.03 0.04 0.64 0.07 0.79 0.11 1.10 0.06 

Mn 0.03 0.00 0.02 0.00 0.03 0.01 0.02 0.01 0.02 0.00 

Mg 0.01 0.00 0.01 0.00 0.02 0.00 0.02 0.01 0.01 0.00 
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Table 3.5 (continued) 

 

Ca 2.98 0.01 3.00 0.01 2.96 0.02 2.97 0.02 3.01 0.02 

Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

V 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 

Sum cation 8.00  8.01  8.01  8.00  8.02  
End-member normative (%)        

Andradite 42.19 2.02 51.60 2.12 31.89 3.71 39.50 5.61 54.97 3.23 

Grossular 56.74 1.91 47.29 1.91 68.57 4.40 59.47 5.45 44.67 3.38 

Uvarovite  0.01 0.03 0.01 0.02 0.01 0.02 0.02 0.03 0.02 0.03 

Almandine  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Pyrope 0.37 0.04 0.29 0.03 0.66 0.11 0.63 0.18 0.28 0.08 

Spessartine 0.90 0.04 0.77 0.05 0.88 0.24 0.79 0.31 0.78 0.10 

(μ) the average values 

(σ) standard deviation (1 sigma) 

Fe2O3
a is ferric iron after corrected oxide weight % Fe3+/Fe2+ estimation 

Type B data is categorized by grossular and andradite compositional zones 

Type A data is categorized by grossular core compositions and andradite rim compositions 

Data from Chapter 2 (Aertker et al. in preparation) 
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Table 3.6 Summary of Leadville Limestone whole-rock data from Chapter 2 (Aertker et al. in preparation) categorized by 

paragenetically early Al metasomatism and later Fe metasomatism according to LA-ICP-MS results from this study. 

 

Comments Al metasomatism (paragenetically early) 
  

Fe metasomatism (paragenetically later) 
  

  
 increasing 

grossular 

component   

Whole-rock enrichment  
increasing 

andradite 

component  

Whole-rock enrichment 
  

WDXRF  

(wt. %) 

ICP-OES-MS 

(ppm) 

 
WDXRF  

(wt. %) 

ICP-OES-MS 

(ppm)    

Alkali elements 

K 0.62   Li  bdl 

Rb  12.77  Na 0.41  
Cs  0.7      

alkaline-earth elements 

Be  bdl      
Sr 0.02       
Mg 2.35       
Ca 29.85       
Ba 0.06       

first-row transition elements 

Mn 0.34   Ti 0.58  
Co  9.8  V 0.03  
Ni  19.25  Cr 0.03  
Zn  63.4  Fe 14.5  
Cu  10      

other transition elements 

Nb  6  Zr  140.42 

Mo  2.2  Hf  3.83 

Ta  bdl     
W  12     

LREE 

La  9.57      
Ce  24.23      
Pr  4.25      

HREE      Tb  0.84 
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Table 3.6 (continued) 

 

 
     Ho  1.1 

     Lu  0.56 

     Tm  0.51 

Other  

Th  4.73  Ga  18.97 

U  2.69  Ge  2 

Pb  bdl      
B  bdl      
Si 42.23       
Sn  4.33      

Whole-rock Data from Chapter 2 (Aertker et al. in preparation) 

(bdl) below detection limit 
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3.3.2 Electron Probe Microanalysis 

Analyses of corundum were obtained by EPMA using the JEOL 8230 Superprobe in the 

Department of Geology and Geophysics Chevron Geomaterial Characterization Lab of the 

Shared Instrumentation Facility at Louisiana State University. The operating conditions were a 

15-kV accelerating potential with a 20-nA beam current and 1-μm beam diameter. The 

corundum was analyzed for quantities of Al, Fe, Mn, Ti, Cr, Mg, Si, Na, Zn, V, and Ga. 

Analyses of core-to-rim compositions of the Leadville garnets were obtained by EPMA using the 

JEOL 8230 Superprobe at the University of Colorado Boulder. The operating conditions were a 

15-kV accelerating potential with a 20-nA beam current and a 2-μm beam diameter. The garnet 

was analyzed for quantities of Fe, Mn, Cr, V, Ca, Ti, Si, Na, Al, and Mg. Conditions are shown 

in Appendix S2.2. 

 

3.3.3 Laser Ablation–Inductively Coupled Plasma–Mass Spectrometry  

Core-to-rim signatures of Type I (n = 18) corundum, Type III (n = 13) corundum, and 

hydrothermal-related Leadville garnets (n = 6), were analyzed for 40 elements using the ICAP-Q 

(Thermo) mass spectrometer at the Korea Basic Science Institute in Ochang, South Korea. Its 

193-nm Excimer Laser (Cetac) was operated at 10 Hz with a 7-J/cm2 laser energy density, an 85-

μm beam diameter, a 10-ms dwell time, and a 15-μm/s scan speed. Calibration was performed on 

external standards using NIST-612 glass and U.S. Geological Survey BCR-2G as primary 

standards. Ablation pits that appeared to have intersected glass or mineral inclusions were 

identified on the basis of Ti, Fe, Na, Ca, K excursions, and associated sweeps were discarded. 

Analyte concentrations of corundum were normalized to Al from previous EPMA analyses. The 

analyte of concentrations of Leadville garnet were normalized to Ca from previous EPMA 

analyses. Each corundum grain analysis combined three core and three rim spot analyses. Each 

garnet grain analysis was done as a core-to-rim transect, beginning with three core spot analyses 

and three rim spot analyses. Conditions are shown in Appendix S2.2.  

 

3.4 RESULTS 

3.4.1 Sample Description of the Corundum Metasomatites (Belden Shale) 

Three unique corundum occurrences characterize the Belden Shale-hosted corundum 

metasomatites juxtaposed with the Leadville skarn (Fig 3.4a). The primary occurrences (Type I) 
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are characterized by hornfels and schist rock fabrics (Fig 3.4b,c) and consist of corundum + 

plagioclase + K-feldspar + cordierite + sillimanite + biotite + hercynite + ilmenite + rutile ± 

epidote ± zircon with retrograde muscovite. The corundum grains are characterized by core-to-

rim compositional zoning evident by CL (Figs 3.5a–c). The corundum is dark-blue and occurs as 

isolated, platy to tabular (<6 mm), and slightly aligned to aligned equigranular euhedral 

porphyroblasts (Fig 3.4b,c). The corundum typically is in sharp contact with a matrix of 

compositionally zoned plagioclase (as determined by CL and FE-SEM) (Figs 3.5a,b) and K-

feldspar. Type I corundum is also observed as kinematically rotated porphyroclasts in a matrix 

defined by anisotropic, heterogranular, fine-grained hypidioblastic cordierite and nematoblastic, 

idioblastic, prismatic sillimanite (<2 mm). Here corundum may have hercynite reaction rims with 

plagioclase inclusions. Type I corundum is commonly altered by later mineralization of fibrolite 

nucleating off grain boundaries and retrograde muscovite within fractures. The primary 

inclusions in Type I corundum consist of plagioclase, randomly aligned, fine-grained, idioblastic 

ilmenite, non-crystallographically controlled rutile, and biotite. 

 

Type II corundum occurs within well-defined sillimanite bands in a mylonite (Figs 3.4d 

and 3.5d). The corundum is associated with cordierite + plagioclase + chlorite + corundum ± K-

feldspar ± hercynite. The corundum occurs as isolated homogeneous deep-blue grains that are 

aligned, xenoblastic, embayed porphyroclasts. 

 

The paragenetically late Type III corundum occurs within corundumite shear bands with 

biotite ± cordierite ± plagioclase ± apatite ± K-feldspar ± sillimanite (Figs 3.4b). Type III 

corundum typically is unzoned, macroscopically gray, and non-isolated platy (<1 mm) 

equigranular hypidioblastic porphyroblasts (Figs 3.5e, f). The corundum typically is fresh, but 

locally may be corroded by late-stage prismatic sillimanite.  

 

3.4.2 Sample Description of the Leadville Limestone and Skarn  

Garnet is the most abundant mineral in the Leadville skarn and occurs in three distinct 

mineralogical associations that differ in composition and morphology. Type A garnets occur 

most proximal to the corundum metasomatites and are characterized as euhedral (1–3 cm), 

transparent grains distinguished by compositional zones of honey-yellow, poikiloblastic 
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grossular-rich cores with K-feldspar inclusions, and inclusion-free, epitaxial, andradite-rich 

brown rims (Figs 3.6a,b). Type B garnets are less common and are more distal from the 

corundum metasomatites. They are typically >4 cm in diameter and euhedral with well-

developed oscillatory zoning defined by poikiloblastic grossular-rich, honey-yellow zones with 

scapolite + diopside inclusions and rhythmic epitaxial transparent, brown, inclusion-free, 

andradite-rich zones (Figure 3.6c). Type C garnets are dark-brown, andradite-rich garnets that 

occur in massive veins crosscutting the most-distal scapolite + diopside + epidote skarn matrix.  

 

3.4.3 Characterization of Belden Shale Corundum by Electron Probe Microanalysis  

All EPMA trace-element concentrations, detection limits, and analytical uncertainties of 

the corundum grains are presented in Appendix S3.2. The max and min, mean (μ) and standard 

deviation (σ), and analytical uncertainties (±) from multiple analyses on each corundum grain are 

summarized in Table 3.1. Iron is the most-elevated trace element (μ = 5733 ppm; σ = 1261), 

followed by Ti (μ = 477 ppm; σ = 445), Si (μ = 447 ppm; σ = 1437), and Cr (μ = 422 ppm; σ = 

197). The EPMA results also indicate elevated Ga (μ = 299 ppm; σ = 300), V (μ = 258 ppm; σ = 

141), and Mg (μ = 87 ppm; σ = 54). Other trace elements detected by EPMA are Zn (μ = 189 

ppm), Mn (μ = 127 ppm), and Na (μ = 102 ppm). 

 

3.4.4 Characterization of Belden Shale Corundum by Laser Ablation–inductively Coupled 

Plasma–mass Spectrometry  

The LA–ICP–MS trace-element analyses, detection limits, analytical uncertainty of all 

corundum grains (n = 31), core and rim mean concentrations (μ) and standard deviations (σ) for 

each grain are shown in Appendix S3.3. Table 3.2 summarizes all corundum max and min, mean 

concentrations (μ) and standard deviations (σ) for all element concentrations. Iron is the most-

elevated trace element (μ = 2349 ppm; σ = 558), followed by Si (μ = 2184 ppm; σ = 1770), Ca (μ 

= 1099 ppm; σ = 1771), Ti (μ = 787 ppm; σ = 2772), and Cr (μ = 535 ppm; σ = 209). Other 

elements detected by LA–ICP–MS include Mg (μ = 287 ppm; σ = 319), V (μ = 253 ppm; σ = 

133), and Ga (μ = 70 ppm; σ = 12.87). Other trace elements were detected: Zr (μ = 805 ppm), Hf 

(μ = 79 ppm), K (μ = 134 ppm), Na (μ = 56 ppm), Nb (μ = 15 ppm), Mn (μ = 14 ppm), Ba 

(μ = 12 ppm), B (μ = 9 ppm), Ni (μ = 6 ppm), Zn (μ = 4 ppm), Cu (μ = 3 ppm), and Sr (μ = 3 

ppm). 
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3.4.5 Type I Corundum Core-to-rim Geochemical Signatures 

Appendix S3.4 presents average core and rim values (μ), concentration differences 

between core and rim (Δ), and mean statistical uncertainties for core and rim (x). Also indicated 

is the extent to which the grain rim is enriched or depleted relative to its core values (D) and 

whether the concentration difference is beyond analytical uncertainty (stat. rel.). The table also 

shows whether corundum is core-to-rim enriched or depleted, the number of analyses conducted 

within the core and rim (n), and the standard deviation (σ) of the results. Table 3.3 summarizes 

the results and shows the number and percentage of Type I corundum grains enriched or 

depleted, the number and percentage of grains beyond statistical uncertainty, and the average 

difference between core and rim values (D) in ppm. Table 3.4 presents average core and rim 

values (μ), concentration differences between core and rim (Δ), and standard deviation (σ)for 

core and rim of Type I corundum. 

 

Core and rim concentrations of trace elements were plotted against Fe to test the 

hypothesis regarding which elements are concomitant with later Fe metasomatism (Fig 3.7). The 

elements that show core-to-rim enrichment with Fe are V (Fig 3.7a), Ca (Fig 3.7b), Cr (Fig 3.7c), 

and Ga (Fig 3.7d), and elements that are depleted core-to-rim are Si (Fig 3.7e) and B. Core-to-

rim depletion trends are also observed in alkali and alkaline-earth elements (K, Sr, Ba, Be, and 

Mg), in transition metals (Co, Zn, Ni, Cu, Y, and Ta), and in the base metals Pb and Sn. 

 

3.4.6 Geochemical-signatures Comparison of Corundum Types I and III by Laser 

Ablation–inductively Coupled Plasma–mass Spectrometry 

All analytical data for corundum Types I and III are presented in Table 3.2, which depicts 

max and min; mean, range, and standard deviation (σ) of the means; and the differences in 

element concentrations (in ppm) between mean values (Δ) for these two types. The elements that 

are core-to-rim enrichment in Type I corundum (V, Ca, Ga, Fe, and Cr), only V (Δ = 64 ppm) 

appears to be enriched in Type I compared to Type III. Calcium (Δ = 159 ppm) and Fe (Δ = 508) 

appear to be enriched in Type III compared to Type I. Chromium (Fig 3.7c) and Ga (Fig. 3.7d) 

show no clear distinction between corundum Types I and III. Elements that display core-to-rim 

depletion (B, Mg, Si, K, Ba, Pb, Co, Zn, and Sn) in Type I corundum are relatively enriched in 

Type III corundum: e.g., Mg (Δ = 85 ppm), Si (Δ = 481 ppm), and K (Δ = 170 ppm). Titanium 
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(Δ = 663 ppm) did not present strong core-to-rim enrichment or depletion values within Type I 

corundum but did show further enrichment within Type III compared to Type I corundum. 

 

3.4.7 Corundum Discrimination Diagrams Based on Electron Probe Microanalysis  

Previous investigators have attempted to use trace-element abundances to discern 

corundum provenance (metamorphic (SS), magmatic, or metasomatic). Various plots based on 

analyzed sample data have been proposed to discriminate petrogeneses (Fig 3.8) (Giuliani et al., 

2014; Peucet et al., 2007; Sutherland et al., 2015). Our EPMA-derived Mg, Fe, and Ti 

concentrations fall within the metamorphic discrimination field and cluster toward Mg (Fig 

3.8a). In contrast, the Fe vs. Ga/Mg discrimination diagram depicts clustering within the 

magmatic discrimination field and the area of no petrogenesis designation (Fig 3.8b). EPMA-

based corundum compositions in the FeO + TiO2 + Ga2O3 vs. FeO–Cr2O3–MgO–V2O3 system 

plot predominantly in the alkali-basalt-hosted-sapphire field (i.e., magmatic), with the remainder 

being divided between the syenite-hosted-sapphire (i.e., magmatic) and metasomatic 

discrimination fields (Fig 3.8c). Most analyses plotted in the Fe/Mg vs. Ga/Mg discrimination 

diagram are in the metamorphic and “transitional” corundum fields. However, a few are in the 

magmatic discrimination fields (Fig 3.8d). The V/Cr vs. Ga/Mg discrimination diagram shows 

data clustering commonly designated as “transitional” corundum (Fig 3.8e). 

 

Overall, the use of discrimination diagrams to discern corundum origins remains 

controversial and ambiguous. A strong metamorphic signature was observed in the Mg–Fe–Ti 

diagram; the Fe vs. Ga/Mg and FeO + TiO2 + Ga2O3 vs. FeO–Cr2O3–MgO–V2O3 diagrams 

suggest an igneous origin; and the Fe/Mg vs. Ga/Mg and V/Cr vs. Ga/Mg diagrams imply 

indeterminate origins.  

 

3.4.8 Leadville Garnet Compositions Determined by Electron Probe Microanalysis 

The Leadville garnets were previously characterized by EPMA in Chapter 2 (Aertker et 

al. in preparation). Table 3.5 shows mean (μ) and standard deviations (σ). Type A garnets most 

proximal to the corundum metasomatites have core compositions of Grosµ = 57 (Grosσ = 1.9), 

epitaxial-rim compositions of Grosµ = 47 (Grosσ = 1.9). Type A garnets show elevated Fe 

relative to Type B garnets. More distal to the corundum metasomatites, Type B exhibit 
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oscillatory zoning from yellowish, grossular zones (Grosµ = 69; Grosσ = 4.4) to epitaxial, 

brownish, more andradite-rich zones (Grosµ = 60; Grosσ = 5.5). The most distal Type C garnets 

from the corundum metasomatites occur within massive andradite-rich veins that crosscut the 

Leadville skarn matrix, are the most andradite-rich garnets (Grosµ = 45; Grosσ = 3.4). 

 

3.4.9 Leadville Garnet Compositions Determined by Laser Ablation–inductively Coupled 

Plasma–mass Spectrometry  

The LA–ICP–MS data shown in Appendix 3.5 compare the early grossular and late 

andradite components among Types A, B, and C garnets. The table presents the average core/rim 

compositions (μ) of Type A garnets, the mean concentrations (μ) of the grossular and andradite 

compositional zones of Type B garnets, and the mean core/rim concentrations of Type B garnets. 

The table also shows the mean concentration differences between the grossular and andradite 

compositional zones of Type B garnets and differences between mean values of core and rim for 

Types A and B garnets (Δ). The table also shows whether the andradite compositions are 

enriched in trace elements relative to grossular compositions in Type B garnets. Also, if 

concentrations are core-to-rim enriched or depleted in Types A and B garnets. Lastly, the 

standard deviation (σ) of all calculations is mentioned. 

 

To interpret which elements coincide with the early Al metasomatism and later Fe 

metasomatism, data from Appendix S3.5 was plotted against increasing Al (i.e, increasing 

grossular component). We found that the alkali trends differ; concentrations of K, Rb, and Cs 

increase with increasing grossular component. Lithium and Na appear to decrease with 

increasing grossular component. Specifically in Type B garnets (Fig 3.9a). Alkaline-earth 

elements (Be, Sr, Mg, Ca, and Ba) increase with increasing grossular component. First-row 

transition metals (Ti, V, and Cr) decrease with increasing grossular component (Fig 3.9b,c). 

Manganese, Co, Cu, and Zn also increase with grossular component (Figs 3.9c,d). Nickle in 

Type B garnet decreases with increasing grossular component, but in Types A and C, it increases 

(Fig 3.9d). Concentrations of other transition metals (Nb, Mo, Ta, W, Th, U, and Pb) increase 

with increasing grossular component, whereas Zr and Hf exhibit inverse trends (Fig 3.9e,f). Total 

rare-earth element (REE) and light rare-earth element (LREE) concentrations increase with 

increasing grossular component (Fig 3.9g). Heavy rare-earth elements (HREEs) + Y 
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concentrations decrease with increasing grossular component (Fig 3.9g). The Type C garnets 

appear to be more enriched in ∑REEs and ∑HREEs. The Type B garnets are the most enriched 

in ∑LREEs. Concentrations of other elements (B, Si, and Sn) increase with increasing grossular 

component. Gallium and Ge concentrations decrease with increasing grossular component (Fig 

3.9h).  

 

3.4.10 Leadville Limestone and Skarn Whole-rock Geochemistry   

Chapter 2 (Aertker et al. in preparation) used major-, minor-, and trace-element whole-

rock geochemistry of the Leadville Limestone skarn to constrain the magmatic-hydrothermal 

fluid composition. The whole-rock geochemistry for the skarn was organized based on what 

elements increase with increasing grossular component (Table 3.6) from this study. The whole-

rock geochemistry of the skarn most proximal to the corundum metasomatites is characterized by 

SiO2 (38.3 wt.%), Fe2O3
(T) (14.5 wt.%), and Al2O3 (10.7 wt.%) with minor K2O (0.48 wt.%) and 

Na2O (0.08 wt.%). Chapter 2 (Aertker et al. in preparation) observed increasing Al2O3 (11.30 

wt.%), Na2O (1.72 wt.%), SiO2 (50.20 wt.%), and MgO (7.70 wt.%) and decreasing Fe2O3 (6.74 

wt.%) with distance from the most garnet-rich parts of the Leadville skarn to the more scapolite-

rich parts. 

3.5 Petrogenetic Interpretation 

3.5.1 Corundum Crystallization Textures 

The open, dynamic environment of metasomatic systems can result in difficulty isolating 

the causes of mineral crystallization and textures (Gaspar et al., 2008). However, apparent 

textural and mineralogical decoupling of corundum Types I and III occurs within the corundum 

metasomatites. This decoupling provides insight into two mechanisms of corundum 

precipitation. Type I corundum is characterized by homogeneous blue and oscillatory zoning 

evident by CL (Fig 3.4b and 3.5a-c). Type III corundum is homogeneously gray and unzoned 

and has a stronger CL signature than Type I (Fig 3.4b and 3.5d,e). These textures and physical 

properties reflect the dynamic crystallization environment, where factors that control mineral 

growth include both intrinsic mechanisms (e.g., mineral diffusion, adsorption, and growth rate) 

and extrinsic mechanisms (e.g., changes in P–T and fluid composition) (Gaspar et al., 2008). 

Both intrinsic and extrinsic mechanisms operate at the mineral surface in contact with the 
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aqueous solution. The operation of these autocatalytic processes favors the reactions and 

substitutions of some elements while inhibiting others (Halden, 1996). 

 

Crystal chemistry controls the cation substitutions under near mineral–fluid equilibrium 

conditions by producing a chemical potential gradient between the fluid and the mineral surface. 

Under these near-equilibrium conditions, the diffusion of elements exceeds the crystallization 

rate. The result is substitution is controlled principally by Goldschmidt's rules. However, if 

conditions are defined by mineral–fluid disequilibrium, then kinetic effects control mineral 

growth. Here, the crystallization rate exceeds the elements' diffusion rate, and the adsorption and 

occlusion mechanisms of elements dominate their partitioning (McIntire, 1963). Type B garnets 

(Fig 3.6c) and paragenetically early Type I corundum show oscillatory zoning (Figs 3.5a-c) not 

evident in Type III corundum (Figures 3.4b and 3.5e,f). Interpretations of the oscillatory zoned 

crystallization textures suggest dominantly extrinsic, near-equilibrium fluid–mineral interaction, 

which may have been governed by fluid composition. The implication is that intrinsic 

mechanisms (e.g., surface adsorption) involving the aqueous solution became less significant. 

Thus, the extensive oscillatory zoning and optically zoned cores observed within the Type I 

corundum, as in the Type B garnet, likely reflect a dynamic metasomatic fluid environment 

during crystallization. 

Based on the work of Tropper and Manning (2007), the later Type III corundum is 

interpreted to have resulted from more-rapid decompression-induced precipitation compared to 

Type I corundum. Rapid crystallization enables intrinsic mechanisms (e.g., mineral diffusion, 

adsorption, and growth rate) to become increasingly dominant during crystallization. Diffusion 

afforded by a chemical potential gradient between the mineral surface and the aqueous solution 

is increasingly limited in terms of element availability during crystallization. The result is 

continued depletion of elements within aqueous fluids during high growth rates. Thus, the 

mineral–fluid interaction is driven further toward disequilibrium, maximizing kinetic effects, and 

adsorption and occlusion mechanisms are dominant (McIntire, 1963). The increased sorption 

onto the mineral surface enables further mimicking of the bulk composition of the hydrothermal 

fluid and likely account for the disequilibrium crystallization of the homogeneously gray and 

unzoned Type III corundum. The appearance of strong CL signatures is likely due to the 

abundance of substantial compositional defects within the Type III corundum grains. In contrast, 
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Type I corundum, which crystallized under near-equilibrium mineral–fluid conditions, possesses 

fewer compositional defects. 

 

3.5.2 Corundum Optical Zoning and Cathodoluminescence Signatures 

Pure corundum is essentially colorless. Substitutions of chromophores are known to alter 

the visible color spectrum of corundum. For example, the substitution of Fe3+ for Al3+ cations 

likely cause a yellow color (Emmett et al., 2003). The substitution of Ni cation causes a green 

color. Purple and violet colors in corundum, which may grade into blue sapphire, are related to 

charge-transfer effects of coupled substitution of Fe2+ and Ti4+ for Al3+ (Filina et al., 2019). 

Chromium is known to induce the red coloration characteristic of ruby. Also, variations in V and 

Cr concentrations have been known to produce red, purple, and gray corundum (Zaw et al., 

2017).  

 

LA–ICP–MS characterization of zoned Type I corundum documents that Ti has neither 

strong enrichment nor depletion core-to-rim signatures. Analyses also indicate that 67% of the 

corundums have rims enriched in Fe, 83% have rims enriched in Cr, and all have rims enriched 

in V (Table 3.3). The analyses also show V (coreμ = 206 ppm; rimμ = 334 ppm) and Cr (coreμ = 

462 ppm; rimμ = 620 ppm) values (Table 3.4; Figure 3.7a, c). The core-to-rim increases in V and 

Cr could explain the occurrence of blue cores with gray rims. The variations in Cr are likely the 

main CL activator of extensive zoning in Type I corundum.  

 

3.5.3 Coupling of Hydrothermal Garnet and Corundum Trace-element Geochemical 

Signatures by Laser Ablation–inductively Coupled plasma–mass Spectrometry 

Previous investigators have used various approaches to constrain fluid composition 

associated with corundum-crystallization. Such as bulk-rock composition analysis assuming that 

the protolith is known (Yakymchu & Szilas, 2018); characterization of chemical zoning of 

minerals that co-crystallized with corundum (Dutrow et al., 2019); fluid-inclusion analysis 

(Giuliani et al., 2015; Voudouris et al., 2019); and bulk crush–leach analysis (Giuliani et al., 

2015). Fluid-inclusion analysis has facilitated consensus that fluid inclusions in corundum are 

generally pure or nearly pure CO2-bearing fluids (Voudouris et al., 2019). Bulk crush–leach 

analysis has shown that fluid inclusions tend to be mixtures of Na–Ca–Al carbonates, at least in 
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the marble-hosted ruby from Mogok, Myanmar (Giuliani et al., 2015). We used Leadville 

Limestone’s whole-rock geochemistry and garnet core-to-rim and mineral associations (i.e., 

inclusions) characterization by EPMA and LA–ICP–MS (Table 3.6) to evidence metasomatic 

fluid composition. The Leadville garnets provide insight into the timing of trace-element 

enrichment by magmatic-hydrothermal fluids that broadly transition from Al-rich to Fe-rich 

composition. Garnet is the main constituent of the Leadville skarn proximal to the corundum 

metasomatites. Its chemical zoning (Figure 3.6) has been suggested to reflect variations in fluid 

chemistry during hydrothermal fluid flow (e.g., Holten et al., 2000; Zhai et al., 2014) while the 

chemical disparity between the protolith and the fluids is reestablishing chemical equilibrium 

within the system (e.g., Dziggel et al., 2009; Gaspar et al., 2008; Ismail et al., 2014; Smith et al., 

2004; Xu et al., 2016; Zahi et al., 2014; Zhang et al., 2017). The garnets can be used to constrain 

the fluid composition and physicochemical properties of the evolving hydrothermal system (e.g., 

Jamtveit et al., 1991; Xu et al., 2016; Yardley et al., 1991). The compositional continuum 

between the grossular and andradite endmembers and their concomitant trace elements operate as 

temporal vectors between the earlier Al metasomatism (i.e., highest grossular component) and 

the later Fe metasomatism (i.e., highest andradite component). 

 

  Coupling corundum core-to-rim geochemical signatures with those of the hydrothermal-

related Leadville garnets is justified by the corundum core as crystallizing early and associated 

with the early Al metasomatism. The corundum rims likely reflect the later Fe metasomatism. 

Thus, trace elements associated with the early Al metasomatism would show core-to-rim 

depletion in Type I corundum. The trace elements associated with the later Fe metasomatism 

would show core-to-rim enrichment in Type I corundum. Also, because of the variation in 

precipitation styles between Types I and III corundum, Type I core-to-rim signatures record the 

dynamically evolving metasomatic-fluid composition. 

 

3.5.4 Evidence of Paragenetically Early Al Metasomatism in Corundum from Laser 

Ablation–inductively Coupled Plasma–mass Spectrometry 

The early Al metasomatism manifests mineralogically as poikiloblastic grossular cores 

(Grosµ = 69) with scapolite + K-feldspar + diopside inclusions (Fig 3.6) in the Leadville garnets. 

The Al metasomatism is also reflected geochemically (Table 3.6) in the Type I corundum (Table 
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3.3). The Leadville garnets alkalis concentrations (Fig 3.9a) show that K, Cs, and Rb enrichment 

coincides with increasing grossular component. Sodium and Li are ambiguous, but enrichment 

coincides with decreasing grossular component of Type B garnets. The Type I corundum core-

to-rim signatures correlate with the Leadville garnet’s alkali signatures for K (78% of corundum 

grains have rim concentrations that are less than core concentrations). The other alkalis (Li, Na, 

Rb, and Cs) do not show core-to-rim enrichment or depletion in Type I corundum. The increase 

in the concentration of alkaline-earth elements within the Leadville garnets (Sr, Ba, Be, Ca, and 

Mg) (Fig 3.9b) coincides with an increase in the grossular component. Type I corundum core-to-

rim signatures correlate with those of the Leadville garnets for Sr (78% depleted), Ba (78% 

depleted), Be (72% depleted), and Mg (67% depleted). A reverse correlation in Type I corundum 

core-to-rim signatures compared to garnet is evident with Ca (89% enriched) (Fig 3.7b). Chapter 

2 (Aertker et al. in preparation) explained the geochemical trend due to Ca metasomatism 

operating later than Al metasomatism within the corundum metasomatites.  

 

First-row transition elements (Co, Zn, Cu, and Mn) (Fig 3.9c, d) also show concentration 

increasing with grossular component within the Leadville garnets. Nickle increases with 

grossular component in garnet Types A and C, but decrease in Type garnet B. Type I corundum 

core-to-rim trends correlate with those of the Leadville garnets for Co (72% depleted), Zn (72% 

depleted), Ni (67% depleted), and Cu (67% depleted). Other transition elements (Nb, Mo, Ta, W, 

Th, U, and Pb) (Fig 3.9e, f) in the Leadville garnets show concentrations increasing with 

grossular component. The trends for several of these elements correlate with the core-to-rim 

depletion signatures of Type I corundum (Table 3.3): Nb (61% depleted), Ta (67% depleted), W 

(61% depleted), Th (61% depleted), and Pb (78% depleted). The Leadville garnets also show an 

increase in LREE concentration (Fig 3.9g) that coincides with increasing grossular component. 

Type I corundum core-to-rim signatures do not show a strong correlation with the Leadville 

garnet’s LREE signatures. However, concentrations of B, Si, and Sn coincide with an increasing 

grossular component (Figure 3.9h) in the Leadville garnets, correlating to B (94% depleted), Si 

(83% depleted), and Sn (72% depleted) core-to-rim signatures of the Type I corundum. 

 

3.5.5 Evidence of Paragenetically Later Fe Metasomatism in Corundum from Laser 

Ablation–inductively Coupled plasma–mass Spectrometry 
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The paragenetically later Fe metasomatism manifests mineralogically as andradite-

enriched compositions of Grosµ = 45 (Table 3.5) in the Leadville garnets. The Fe metasomatism 

is also reflected geochemically in the Type I corundum (Table 3.3). The trace elements 

associated with Fe metasomatism in the garnets include first-row transition elements (Fe, V, Cr, 

and Ti) (Fig 3.9c). Their concentrations increase with the increasing andradite component. 

Except for Ti, the trends correlate with those of the Type I corundum core-to-rim signatures: V 

(100% enriched; i.e., rim concentrations are higher than core concentrations) (Fig 3.7a), Cr (83% 

enriched) (Fig3.7c), and Fe (67% enriched). Increases in Hf and Zr concentrations (Fig 3.9e) 

coincide with increasing andradite component within the Leadville garnets. This pattern is not 

observed in the Type I corundum core-to-rim signatures. The concentrations of HREEs (Tb, Ho, 

and Tm) (Fig 3.9g) and Y increase with increasing andradite component within the Leadville 

garnets. Type I corundum shows a slight but comparable HREE core-to-rim enrichment 

signature. As andradite component increases, Ga (Fig 3.9h) concentrations increase within the 

Leadville garnets, correlating with the Type I corundum core-to-rim signature of 78% core-to-

rim enrichment.  

 

3.5.6 Comparing Corundum Types I and III Signatures from Laser Ablation–inductively 

Coupled Plasma–mass Spectrometry 

Mineral–fluid interaction is not an equilibrium process during corundum Type III 

decompression-induced precipitation. The kinetic effects dominate, resulting in adsorption and 

occlusion mechanisms to control element partitioning (McIntire, 1963). In the case of 

decompression-induced precipitation of Type III corundum, its chemistry likely reflects the fluid 

bulk composition. Consequently, most trace elements would be expected to be elevated in Type 

III corundum (Table 3.3).  

 

Silicon, K, Mg, and Ba are characterized by core-to-rim depletion within Type I 

corundum. Later Type III corundum is relatively enriched in Si (Δ = 481 ppm) (Figure 3.7f) and 

K (Δ = 170 ppm) compared to early Type I corundum. Titanium, Cr, Ga, and V are concomitant 

with later Fe metasomatism. However, Type I corundum does not show Ti core-to-rim 

enrichment and exhibits only moderate Fe core-to-rim enrichment. Compared to early Type I 

corundum, later Type III corundum shows relative enrichment of Fe (Δ = 508 ppm) and Ti (Δ = 
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663 ppm). Early Type I corundum evidence reducing conditions by increased ilmenite 

mineralization compared to later Type III corundum. The substitution of Fe2+ in corundum must 

involve heterovalent coupled substitution with quadrivalent cations (such as Ti4+) to retain 

electrical neutrality within the corundum. The likelihood that coupled substitutions are less 

favored energetically than are homovalent substitutions of cations (such as V3+ and Cr3+) may 

explain why early Type I corundum exhibits pronounced core-to-rim changes in Cr3+ and V3+. 

Increasing oxygen fugacity may have resulted in an increased presence of Fe3+, which would 

allow a favorable homovalent substitution in later Type III corundum.  

 

Vanadium, Ga, and Cr are associated with the later Fe metasomatism. These elements 

show evidence of core-to-rim enrichment in Type I corundum. However, the early Type I 

corundum shows further enrichment of only V (Δ = 64 ppm; Fig 3.7a) relative to later Type III 

corundum. No clear distinction between corundum Types I and III is evident for Cr and Ga. The 

lack of enrichment of these elements in the later Type III corundum may be due to the initial 

pelitic-protolith compositions. 

 

3.6 DISCUSSION 

3.6.1 Trace-element Indicators of Corundum Provenance 

Using corundum trace-element concentrations as provenance indicators is extensively 

tested using concentrations of Ti, Fe, Ga, V, Cr, Mg, Sn, Si, K, Ca, Be, Mn, and Cu (Guillong, 

2001), with specific emphasis on Ti, Fe, Ga, and Cr (Harlow & Bender, 2013). This concept has 

been used to create discrimination diagrams. However, opinions on the validity of this approach 

range from total rejection to complete acceptance. The petrogenetic origins of corundum have 

generally been attributed to one of two processes in metamorphic terranes (Simonet et al., 2008; 

Giuliani, 2014): metamorphism (SS) or hydrothermal metasomatism. The latter broadly 

encompasses loosely defined, open-system, hybrid petrogeneses involving syngenetic, 

magmatically derived fluids; devolatilization-derived fluids; protolith composition; and dynamic 

and isochemical metamorphism. Because corundum is rarely discovered in situ (Sorokina, 2019), 

most geochemical investigations of corundum provenance have been limited to placer deposits. 

Our findings concerning fluid composition, the evolution of the fluids, and establishing an 
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influence of igneous and skarnification in the corundum allow the development of a petrogenetic 

indicator for corundum occurrences.  

 

Common indicators of metasedimentary origin include elevated Cr, V, and Ti based on 

their presumed residual enrichment in sedimentary compositions (Harlow & Bender, 2013; 

Sutherland et al., 2015a, b; Giuliani, 2015; Dutrow et al., 2019). The combined geochemical 

signatures of Fe and Ga in corundum are inferred to reflect a magmatic-hydrothermal origin 

(Muhlmeister et al., 1998; Calligaro et al., 1999).  Low Fe and Ga concentrations in corundum 

indicate a metamorphic origin, whereas elevated concentrations suggest an igneous influence 

(Peucet et al., 2007; Sutherland et al., 2015). Skarn influence has been based on elevated Si + Ca 

+ Ga concentrations (Harlow & Bender, 2013; Sutherland et al., 2015a). Elevated Mg has been 

used to suggest fluids derived by devolatilization from mafic units (Saminpaya et al., 2003), 

evaporites, and serpentinites (Dutrow et al., 2019). Thus, elevated Cr + V + Ti and low Ga + Fe 

in corundum are used to discern a metamorphic (SS). The combined signatures of elevated Fe + 

Ga (Saminpaya et al., 2003; Peucet et al., 2007) with elevated Si + Mg + Ca are used to implicate 

a hydrothermal origin.  

 

Magmatic- and devolatilization-derived hydrothermal fluids influenced the formation of 

corundum in the Whitehorn Stock metamorphic aureole. The observed compositional signatures 

deviate from those generally attributed to hydrothermal petrogenesis. As previously mentioned, 

the Cr–Fe–(Ga) ternary diagram (Fig 3.8a) suggests a metamorphic origin; the Mg–Fe–Ti, Fe vs. 

Ga/Mg, and FeO + TiO2 + Ga2O3 vs. FeO–Cr2O3–MgO–V2O3 (Figs 3.8b, c) diagrams suggest a 

magmatic origin; and the Fe/Mg vs. Ga/Mg and V/Cr vs. Ga/Mg diagrams (Figs 3.8d, e) are 

ambiguous.  

 

3.6.2 Proposed Discrimination Diagram for Magmatic-hydrothermal, Skarn, and 

Metapelitic Signatures 

Previous investigations into the trace-element patterns of corundum have commonly 

utilized both EPMA and LA–ICP–MS. Decoupling of EPMA values from the corresponding 

LA–ICPMS values are reported. For example, differences reported between LA-ICP-MS and 

EPMA for V (1.3–2.7x), Cr (1.3–5x), Fe (1.1–1.5x), Ti (1.2x), and Ga (1.3x) have been 
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attributed to limitations of the two methods (Sutherland et al., 2015a). The decoupling of LA–

ICP–MS and EPMA values is attributed to LA–ICP–MS ablating micro-inclusions that are not 

resolvable via microscopy (Dutrow et al., 2019). The lack of knowledge regarding the solubility 

limits of trace elements in corundum complicates recognizing micro inclusions' effects (Harlow 

& Bender, 2013). A further limitation is the lack of internal standards for LA–ICP–MS analysis 

(Wang, 2017). This study used extensive reflected-light microscopy, CL, and FE-SEM 

characterization prior to LA–ICP–MS analysis to identify inclusion-free regions in corundum 

grains. 

 

A discrimination diagram based on molar-element ratio (MER) analysis can reduce the 

intrinsic analytical limitations of EPMA and LA–ICP–MS. The MER method's advantage is that 

data no longer sum to unity (Stanley, 2020; Stanley & Russel, 1989), thereby allowing 

quantification of the solid solutions linked to corundum from various geologic processes. The 

MER method uses a denominator based on mass transfer, for which we used Si. Silicon is a 

viable indicator of hydrothermal origin (Harlow and Bender, 2013). However, detecting Si by 

LA-ICP-MS in corundum is a known issue due to background interference. Previous 

investigations have determined Si can be detected within corundum down to 66 ppm by LA-ICP-

MS (Shen, n.d.). This study detected Si above these values for both EPMA and LA-ICP-MS. In 

this investigation, we have shown that Si partakes in mass transfer. Evidence includes Si being 

the second most-elevated trace element in corundum and results showing that 83% of Type I 

corundum grains are core-to-rim depleted in Si. The later Type III corundum grains appear to be 

enriched in Si by average values of 481 ppm relative to early Type I corundum.  

 

Using our LA-ICP-MS data, the MER diagram that we propose uses paired-element 

ratios to define the solid solution in corundum (Fig 3.10). The solid solution signature fields are 

defined as magmatic-hydrothermal components (Fe and Ga), skarn-related components (Ca and 

Mg), and initial-protolith pelitic components (V, Cr, and Ti) (Fig 3.10a). The solid solution 

signatures are established by boundaries that separate our data. Thus, our results provide 

improved interpretation beyond magmatic, metamorphic, and metasomatic genesis. Pairing Ga 

and Fe is based on Fe originating from magmatic-hydrothermal fluids shedding excess Fe 

chloride complexes (Audétat, 2008; Richards, 2011). We found evidence of Fe metasomatism by 
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elevated Fe2O3
(t) (14.5 wt.%) (Table 3.6) within the Leadville skarn (whole-rock composition) 

and in the andradite-rich rims of the Leadville garnets (Table 3.5). Iron is also the most-elevated 

trace element within the corundum. Gallium is found to increase five-fold during fractionation of 

felsic magmas (Breiter et al., 2013). Whole-rock analysis of the Leadville skarn documents Ga 

enrichment by magmatic-hydrothermal fluids (Table 3.6). Furthermore, Leadville garnet 

analyses evidence that Ga is concomitant with Fe metasomatism (Fig 3.9h). 

 

Skarn solid solution signatures in corundum (e.g., Harlow and Bender, 2013) include Ca 

and Mg from the carbonate protolith. The primary constituent of limestone is limitedly 

incorporated during skarnification, and Ca is released (Lentz, 2005; Lindgren, 1924). Calcium is 

believed to enhance Al solubility and transport in Si-alkali-Ca-halide fluids under high P–T 

conditions (Newton & Manning, 2007, 2010). Thus, Ca is viable indicator of skarn influence. 

Calcium participating in metasomatism is documented within the corundum metasomatites by 

textural evidence of anorthite overprinting albite. Also, by EPMA showing that 89% of Type I 

corundum grains’ rims are enriched in Ca (Table 3.3). The later Type III corundum also appears 

to be enriched in Ca by average values of 159 ppm relative to Type I corundum (Table 3.2).  

 

We also propose a solid solution metapelite discrimination field based on Cr, V, and Ti. 

Our data did show these elements are concomitant with Fe metasomatism (Fig3.9c). Also, LA–

ICP–MS core-to-rim characterization of Type I corundum show 83% enrichment of Cr and 

100% enrichment of V (Table 3.3). Thus, elevated concentrations of these elements may not be 

solely due to residual enrichment. However, Cr, V, and Ti are major components of shales 

(Harlow & Bender 2013; Sutherland et al., 2015), such as the Belden Shale, and elevated 

signatures are likely valid for pelitic-derived corundum. 

 

3.6.3 Validating Discrimination Diagrams for Magmatic-hydrothermal, Skarn, and 

Metapelitic Signatures 

Using the solid solution pairs, we calculated MER parameters from the LA–ICP–MS 

results of previous studies (Fig 3.10b-d). We tested samples (PAR-1 and PAR-5) of corundum 

that occur within a corundum–kyanite–amphibole schist in a shear zone in Paranesti, Greece 

(Wang et al., 2017). The corundums are assumed to have originated from a hybrid but poorly 
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constrained regional amphibolite-facies metamorphism with a possible localized metasomatic 

influence. When we characterized PAR-1 using (V+Ti)/Si vs. Cr/Si and Fe/Si vs. Ga/Si 

(Fig3.10b) ratios, the (V+Ti)/Si vs. Cr/Si ratios plotted within the metapelitic protolith signature 

field. The signature supports our discrimination diagram as these corundums are pelite hosted. 

The magmatic-hydrothermal ratio of Fe/Si vs. Ga/Si for PAR-1 plots within the magmatic-

hydrothermal signature field. The signature could suggest a metasomatic influence, according to 

Wang et al. (2017).  

 

For PAR-5, the (Ti + V)/Si vs. Cr/Si ratios plot within the hydrothermal signature field 

and the Fe/Si vs. Ga/Si ratios within the metapelitic field. These signatures could reflect a pure 

metamorphic (SS) genesis of the corundum, or a limitation of the discrimination diagram. The 

increased solid solution from metapelitic components could be due to less hydrothermal-related 

solid solution (e.g., Fe, Ga, Ca, and Mg). Our discrimination diagram is also supported by ratios 

based on data from Voudouris et al. (2019) (Figs 3.10c,d). Nx1 is pegmatite-related corundum. 

The Fe/Si vs. Ga/Si ratios plots within the magmatic-hydrothermal field. Go1 is shear-zone-

hosted corundum spatially related to marble plots in the skarn field when characterized by Ca/Si 

vs. Mg/Si ratios. Dr1 is corundum-kyanite-amphibole schist-hosted corundum from Paranesti, 

Greece, plots within the metapelite field when characterized by (Ti + V)/Si vs. Cr/Si ratios. 

These signatures support the discrimination diagram. 

 

3.6.4 Other Elements Indicating Igneous Petrogenesis and/or Skarn Influence 

Granophile (W, Sn, and Mo) and other elements (Be and B) are commonly found in 

magmatic intrusions that have assimilated crustal components within post-collisional settings 

(Meinert, 1992; Audétat, 2008) and thus could be viable magmatic-hydrothermal indicators. The 

magmatic-hydrothermal fluids that mineralized Leadville skarn do not appear to be significantly 

enriched in these elements. The Leadville garnets documents that Sn, Be, and B are concomitant 

with Al metasomatism (Table 3.6; Fig 3.9). These signatures correlate with the Type I corundum 

core-to-rim depletion trends: 72% decrease in Sn, 72% decrease in Be, and 94% decrease in B. 

These signatures suggest that Sn, Be, and B (e.g., Dutrow et al., 2019) may also be viable 

indicators of magmatic-hydrothermal signatures. 
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Fig 3.10 Proposed petrogenetic diagrams using paired trace-element data for corundum from 
LA-ICP-MS of current samples and prior studies. For example, previous study's dataset may be 
tested for magmatic-hydrothermal solid solution such as indicated by pairing Fe/Si vs. Ga/Si. (If 
signature was not tested, trace-element data were not available from prior study.) (A) Proposed 
diagram based on molar-element ratio (MER) analyses (and assuming hybrid petrogenesis) to 
discriminate metapelite, skarn, and magmatic-hydrothermal signatures for samples from current 
study; (B) Discrimination diagram for samples from metamorphic (SS) rock (sample PAR-5) 
(Wang et al., 2017); (C) Discrimination diagram for samples from Voudouris et al. (2019) to 
validate magmatic-hydrothermal and skarn signatures; and (D) Discrimination diagram for 
samples from Voudouris et al. (2019) to validate metapelite signatures. 
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First-row transition metals (Co, Ni, Zn, and Cu) have been observed to be mobile within 

Fe skarns (Meinert, 1984).  The Leadville garnets show that these elements are concomitant with 

Al metasomatism (Table 3.6). LA–ICP–MS core-to-rim signatures of Type I corundum (Table 

3.3) mirror the trends seen in the Leadville garnets. LILEs (K, Cs, Rb, Ba, Sr, and Pb) are highly 

fluid mobile and are likely linked to magmatic-hydrothermal fluids (Meinert, 2005). Leadville 

garnets indicate LILE are concomitant with Al metasomatism (Fig 3.9a, b). LA–ICP–MS 

revealed that some LILEs in Type I corundum are correspondingly core-to-rim depleted (Table 

3.3). The parallel core-to-rim depletion of Co, Ni, Zn, Cu, and the LILEs suggests a magmatic-

hydrothermal signature. 

 

3.6.5 Petrogenetic Interpretation of Hydrothermal Garnet Trace-Element Signatures as 

Records of Fluid Composition, pH, and/or Oxygen Fugacity 

The validity of using the Leadville garnets to infer the evolution of the Whitehorn 

magmatic-hydrothermal fluid is based on two characteristics of hydrothermal garnets. The two 

characteristics relate to hydrothermal garnet mineralization and REE signatures. The Leadville 

garnets are typical of skarn garnets formed during early prograde Al mineralization with later Fe-

rich rims (e.g., Meinert, 1992; Ochai et al., 1993; Nicolescu et al., 1998; Meinert et al., 2005; 

Chang & Meinert, 2008; Gaspar et al., 2008; Zhang et al., 2017). Research on hydrothermal 

garnets is limited, but hydrothermal garnets have been shown to be normally enriched in ∑HREE 

relative to ∑LREE (e.g., Ismail et al., 2004; Gaspar et al., 2008; Dziggel et al., 2009; Zahi et al., 

2014; Zhang et al., 2017). Additionally, aluminum-rich garnet compositions have elevated 

∑HREEs, whereas Fe-rich compositions have elevated ∑LREEs. The Leadville garnets appear to 

show trends that differ from what has been reported. With increasing grossular component, the 

Leadville garnets show typical ∑REE enrichment, but atypical ∑LREE enrichment relative to 

∑HREE. The andradite component shows atypical elevated ∑HREE + Y concentrations. 

However, the more-distal veins of paragenetically late Type C garnets reveal typical ∑HREE 

enrichment compared to ∑LREEs (Fig 3.9g). Opposite ∑HREE and ∑LREE trends are reported 

in hydrothermal garnet (Gaspar et al., 2008; Ismail et al., 2014; Zahi et al., 2014; Xu et al., 

2016), indicating that garnets of similar origin could have differing REE patterns (Zhang et al., 

2018). 
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The atypical trends suggest that the Leadville garnet REEs + Y compositions result from 

mineral–fluid reactions involving an initial exsolved LREE-enriched magmatic-hydrothermal 

fluid (e.g., Lukanin & Dernov-Pagerev, 2010; Reed et al., 2000; Schmidt et al., 2017). The later 

Type C garnets showing ∑HREE enrichment may indicate hydrothermal garnets that could be 

paragenetically dated relative to one another by shifting from ∑LREE to ∑HREE enrichment. 

However, the partitioning of REEs + Y and trace elements is a complex process. The partitioning 

of REEs + Y are controlled by crystal chemistry, extrinsic crystal–fluid equilibrium conditions 

(e.g., P–T, pH, and fluid composition), and mechanisms that promote kinetic controls (e.g., 

growth rate and sorption) (Smith et al., 2004; Gaspar et al., 2008). Some studies indicate that the 

incorporation of REEs + Y in garnet is related to major-element composition (Smith et al., 2004; 

Gaspar et al., 2008). This is well documented for Al-rich garnets (i.e., almandine, grossular, 

pyrope, and spessartine) (Boyd et al., 2004; Gaspar et al., 2008; Yang et al., 2013; Zhang et al., 

2000, 2017). However, what remains poorly documented is a substitution mechanism for large 

trivalent REEs + Y ions in garnets (e.g., Smith et al., 2004; Gaspar et al., 2008; Carlson et al., 

2014; Ismail et al., 2014; Xu et al., 2016). The Leadville garnets provide insight into possible 

substitutions. 

 

The lanthanide contraction of ionic radii with increasing atomic number fundamentally 

explains the underlying reason for garnet to preferentially accommodate HREEs over LREEs 

(Carlson et al., 2014). The isovalent incorporation of divalent cations into the X site does not 

produce a charge imbalance. Substitution of trivalent cations, such as REEs and Y, needs to 

accommodate their large ionic radii (ranging from 1.019 Å for Y3+ to 0.977 Å for Lu3+) 

(Shannon, 1976). For example, trivalent REE substitutions likely can only be facilitated by the 

replacement of divalent cations that have large radii (ranging from 0.89 Å for Mg to 1.12 Å for 

Ca) (Shannon, 1976) and by maintaining electrical neutrality (Gaspar et al., 2008; Dziggel et al., 

2009; Carlson et al., 2014). Suggested substitutions within garnet are rarely conclusive, as they 

likely are affected by complexities of natural systems (Carlson et al., 2014). The inferred 

substitution mechanism may be only partially correct due to limited data (Xu et al., 2016). Y–Al 

garnet (YAG)-type substitution (Jaffe, 1951) is the most commonly proposed coupled 

substitution for skarn garnets (e.g., Gaspar et al., 2008; Xu et al., 2016). The exchange vector is 

defined as [X!"]#$
%&&&[REE'"]"$

%&&&[Si("]#$
&% [Z'"]"$

%&&& (Gaspar et al., 2008). Vacancies in the X site 
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attain the charge balance in garnet. Another substitution model involves alkali exchange, as 

defined by the exchange vector [X!"]#!
%&&&[X"]"$

%&&&[REE'"]"$
%&&& (Gaspar et al., 2008; Carlson et al., 

2014), where [X"]%&&& is a monovalent cation, commonly Na+ (Enami et al., 1995; Smith et al., 

2004; Gaspar et al., 2008) or Na+ and Li+ (Cahalan, 2014; Carlson et al., 2014). A third proposed 

substitution mechanism for REEs within garnets is menzerite-type substitution (Grew et al., 

2010), in which octahedral Al is replaced by either Mg2+ or Fe2+, with an exchange vector 

defined as [X!"]#$
%&&&[REE'"]"$

%&&&[Al'"]#$
%&&&[(Mg, Fe)!"]"$

%&&& (Carlson et al., 2014). 

 

YAG-type substitution has been found to be the highest-energy substitution, whereas 

menzerite-type and alkali exchange are the least energetically costly substitution mechanisms for 

REEs + Y (Carlson et al., 2014). Therefore menzerite-type and alkali exchange are expected to 

account for the majority of REE + Y incorporation. LA–ICP–MS analysis of the Type B garnets 

indicates Na and Li's (Fig 3.9a) concentrations increase with increasing andradite component. 

Conversely, Mg and Si concentrations (Fig 3.9b, h) increase with increasing grossular 

component. The increase of ∑REE with Al concentrations within the Leadville garnets supports 

YAG-type substitution. However, such substitution is also defined by [Si("]#$
&% , according to 

which Si should decrease (Fig 9b). The elements Na+ + Li+, based on Type B garnet data, are 

observed to increase with HREE + Y and Fe concentration (Fig 3.9g). Menzerite-type 

substitution	is not supported by the increase in Mg with Al concentration (Fig 3.9b). Although 

Fe2+ can also facilitate menzerite-type substitutions. The incorporation of HREE + Y with Na+, 

Li+, and Fe may indicate an underlying reason for the shift of HREE + Y with the alkali-

exchange-substitution model for Leadville garnets. 

 

Fluctuations of fluid–rock (F/R) ratios during garnet mineralization may be accompanied 

by changes in pH and the ligands that mobilize elements within the fluids. The grossular cores 

are characterized by poikiloblastic textures, which suggest decreased (F/R) ratios compared to 

the crystalline, epitaxial andradite-rich overgrowths (Figs 3.6b,c). A decreased fluid–rock ratio 

during Al metasomatism supports greater involvement of diffusive metasomatism. The 

crystalline andradite zones likely resulted from increased advective metasomatism with elevated 

fluid–rock ratios. The diffusive metasomatism presumably reflects a longer fluid residence time 

in contact with the Leadville Limestone protolith. The increased residence time produces near-
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neutral rock-buffered fluids characterized by increased hydroxide and carbonate complexes. 

Crystallization of andradite compositions may have involved lower-pH aqueous solutions and 

increased chloride complexes (Gaspar et al., 2008). Hard acids (e.g., OH- and CO3
2-) 

preferentially combine with hard cations such as the REEs and Y. Similar to Al forming 

hydroxide complexes with Si and alkalis (Newton & Manning, 2006, 2010). Such combinations 

could explain total REE increasing with Al and Si and certain alkalis' behavior in the Leadville 

garnets (Figs 3.9a, h).  

 

Fluctuating oxygen fugacity (fO2) during Al and Fe metasomatism may also explain how 

substitutions of elements of differing valences (e.g., V and Cr) into garnet octahedral Y sites 

increase. Evidence of fluctuating fO2 includes U’s increase with increasing grossular component 

(Fig 3.9f). Substitution of U into ugrandite garnets is thought to involve coupled substitutions 

that replace Ca+2 in the dodecahedral site with U4+. This substitution is a more-favorable 

substitution than that by U6+ (Smith et al., 2004; Gaspar et al., 2008). Decreasing fO2 of the fluid 

system could reduce U solubility and increase U substitution into garnet (Smith et al., 2004; Zahi 

et al., 2014). Uranium increasing with grossular component suggest that grossular-rich 

compositions crystallized under more-reducing conditions, whereas andradite-rich compositions 

formed under more-oxidizing conditions. This increased fO2 may have enhanced the substitution 

of Cr and V elements into Y sites (Fig 3.9c). 

 

3.7 CONCLUSIONS 

The in situ corundum juxtaposed with the Leadville Skarn and near the Whitehorn Stock 

in Colorado appears to be unique since it is geologically well-constrained (including delineation 

of fluid compositions). The garnets showing LREE enrichment relative to HREE and trace-

element compositions typical of initial magmatic-hydrothermal fluids exsolved from an igneous 

intrusion reflect variations in magmatic-hydrothermal fluid composition during garnet 

crystallization. Thus, magmatic fluids and compositional evolution from the Whitehorn Stock 

were constrained by the Leadville skarn and garnets. The Leadville garnets reflect an initial Al-

alkali–halide-rich fluid and later Fe-enrichment by core grossular (Grosµ = 69) + scapolite + K-

feldspar and more andradite-rich (Grosµ = 47) rim composition and their concomitant trace-

element. Corundum was established to be hydrothermally related with the Leadville garnets 
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through similar core-to-rim depletion signatures of K, Sr, Ba, Be, Mg, Co, Zn, Cu, Mn, Nb, Ta, 

W, Th, Pb, B, Si, and Sn, and by core-to-rim enrichment of Fe, V, Cr, and Ga. 

 

Hydrothermal corundum trace-element signatures show the influences of magmatic-

hydrothermal, skarn, and pelitic protolith influences. Iron is the most elevated trace-element 

within the corundum. Iron and Ga are the most common elements used to implicate the 

involvement of an igneous-sourced fluid. Calcium in corundum indicates hydrothermal genesis 

since it enhances the transportation and solubility of Al within Al-alkali–Si–Cl-rich fluids. 

Calcium was observed to be the third most enriched trace-element within corundum. The use of 

elements that are interpreted to occur from residual enrichment due to low solubility (i.e., Cr, Ti 

and V) may be assumed. Thus, a discrimination diagram based on MER analysis was 

constructed, allowing the quantification of solid solution from an igneous influence by ratios of 

(Fe/Si vs. Ga/Si), skarn influence (Ca/Si vs. Mg/Si), and metapelitic protolith ((Ti + V)/Si vs. 

Cr/Si). The discrimination diagram, tested against previous investigations, shows its applicability 

to delineate corundum from hybrid petrogeneses. Another possible provenance of magmatic-

hydrothermal indicators are B, Sn, and Be. These elements are concomitant with the initial Al 

metasomatism. The Type I corundum correlates with the Leadville garnets by core-to-rim 

depletion of these elements. The primary indicators of hydrothermal corundum are the 

oscillatory zoning and the equilibrium association of alkali–halide-bearing minerals. Lastly, the 

study showed that corundum rims' stronger CL signatures might be due to the increase of Cr 

(coreμ = 462 ppm; rimμ = 620 ppm). 
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CHAPTER 4 

 

HIGH-PRECISION URANIUM-LEAD CA-ID-TIMS DATING OF MAGMATIC AND 

HYDROTHERMAL ZIRCON FROM THE WHITEHORN STOCK  

METAMORPHIC AUREOLE, COLORADO: INSIGHT INTO 

 THE MAGMATIC–HYDROTHERMAL TRANSITION 

 

Modified from a paper to be submitted to the Journal of Metamorphic Geology 

William Aertker, Richard Wendlandt, and Jim Crowley 

 

Abstract 

The present study examines the magmatic-hydrothermal evolution of the Laramide calc-

alkaline I-type Whitehorn Stock in central Colorado. The objective is to determine the 

emplacement-to-crystallization age, the timing of the magmatic-to-hydrothermal transition, and 

further document the criteria for identifying hydrothermal zircon. The emplacement and 

crystallization ages were bracketed by U–Pb zircon dating of the paragenetically early-

crystallized cogenetic diorite sill and paragenetically later-crystallized granodiorite. The 

bracketing of the magmatic-to-hydrothermal evolution was determined by dating a felsic 

anorthosite hosting both magmatic and hydrothermal zircons, and by dating hydrothermal zircon 

occurring within a shear zone-hosted metapelitic metasomatite comprised of corundum (var. 

sapphire) + plagioclase + K-feldspar ± ilmenite + apatite ± rutile ± epidote. The high-precision 

geochronology of this study supports models in which multiple injections accrete igneous 

intrusions. It further suggests that the magmatic-hydrothermal phase is derived and sustained by 

incremental magmatic pulses, and that hydrothermal mineralization concluded before 

solidification of the Whitehorn Stock. According to U-Pb zircon geochronology, the Whitehorn 

Stock was emplaced into the upper crust at 68.740 ± 0.021 Ma, and crystallization concluded at 

68.183 ± 0.009 Ma. These ages bracket an emplacement-to-crystallization age of approximately 

557 kyr for the Whitehorn Stock. Analyses also document multiple intrusive events, including 

injections at 68.230 ± 0.012 Ma and 68.223 ± 0.013 Ma. The magmatic-to-hydrothermal 

transition probably operated for approximately 300 kyr and ceased approximately 28 kyr before 

complete solidification of the Whitehorn Stock. The temperature calculations and Th/U ratios of 
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the hydrothermal zircons are lower than those of magmatic zircon. This research proposes the 

following primary criteria for identifying hydrothermal zircon: 1) euhedral and compositionally 

zoned crystals associated with hydrothermal mineralization, 2) core and rim ages of zircon that 

are younger than the detrital age of the host rock, and 3) Ti-in-zircon geothermometry indicates 

lower crystallization temperature than the causative intrusions.  

4.1 INTRODUCTION 

The laws of superposition (Steno, 1669) and cross-cutting relationships (Hutton, 1795) 

are the main principles of relative geologic dating. Although a relative time scale is generally 

accepted, quantifying the duration of geologic processes remains both challenging and elusive. 

Since its inception by Strutt (1909), U–Pb zircon geochronology has evolved and now covers the 

expanse of planetary time (Patterson, 1956). Researchers use high-precision U–Pb zircon 

geochronological techniques to build coherent geologic records of poorly understood temporal 

processes (such as the magmatic-to-hydrothermal evolution). With modern advances in U–Pb 

geochronology based on chemical abrasion-isotope dilution-thermal ionization mass 

spectrometry (CA-ID-TIMS), the precision of such time scales has reached ± 0.05% (or better). 

Further, the high closure temperature of Pb in zircon (>900 °C; Lee et al., 1997; Cherniak & 

Watson, 2001) suggests crystallization ages. However, the actual identification of mineralization 

that reflects the magmatic-to-hydrothermal transition and the bracketing of the emplacement-to-

crystallization age of causative intrusions are difficult to determine. 

 

This research explores the magmatic-hydrothermal evolution of the Late Cretaceous calc-

alkaline I-type Whitehorn stock in central Colorado. The objectives are to clarify the 

emplacement-to-crystallization age, determine the magmatic-to-hydrothermal transition duration, 

clarify the criteria for identifying hydrothermal zircon, and validate whether the zircons within 

this study are of a hydrothermal petrogenesis. The study area is broadly characterized by the 

prominent NNW–SSE-trending Whitehorn phaneritic granodiorite and surrounding metamorphic 

aureole. The intrusive complex within the study area is compositionally heterogeneous, ranging 

from gabbro to felsic pegmatites. The primary igneous compositions are granodiorite, diorite, 

and felsic anorthosite. Within the metamorphic aureole, the study area is characterized by a 

hydrothermal zone spatially associated with a prominent NNW–SSE-trending aphanitic diorite 

sill. This hydrothermal zone is a juxtaposed, shear-zone-hosted occurrence of a metapelitic 
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corundum metasomatite (Belden Shale) and a skarn (Leadville Limestone). The hydrothermally 

mineralized Belden Shale (hereafter, "corundum metasomatites") is characterized by a mineral 

association of corundum (var. sapphire) + plagioclase + K-feldspar + cordierite + sillimanite + 

biotite + hercynite + ilmenite + zircon + apatite + rutile ± epidote with retrograde muscovite. The 

modal mineralogy of the corundum metasomatites is dominated by >50% idioblastic platy 

hexagonal-to-tabular crystals (<6 mm) of corundum (var. blue sapphire). The hydrothermal 

system that mineralized the Belden Shale is reflected across the lithological contact within the 

chemically contrasting hydrothermally mineralized Leadville Limestone (Leadville skarn). The 

Leadville skarn is mineralogically characterized as grossular-andradite ± scapolite ± diopside ± 

epidote ± apatite ± zircon.  

 

Previous researchers have attempted to constrain emplacement-crystallization-ages and 

magmatic-to-hydrothermal ages using CA-ID-TIMS high-precision geochronology (Deckart et 

al., 2005; Scoates & Friedman, 2008; Von Quadt et al., 2011; Samperton et al., 2015; Tapster et 

al., 2016; Buret et al., 2017; Large et al., 2020; Courtney-Davies et al., 2020). However, to the 

best of our knowledge, CA-ID-TIMS U–Pb zircon geochronology has not been applied to a 

metapelite within a metamorphic aureole to constrain the timing of the magmatic-to-

hydrothermal transition. Zircon fragments were examined with maximum analytical precision by 

LA-ICP-MS and CA-ID-TIMS (Large et al., 2020) to accomplish the study objectives. The 

emplacement and final crystallization ages were bracketed by U–Pb zircon dating of the 

paragenetically early-crystallized Whitehorn aphanitic diorite sill and the paragenetically later-

crystallized phaneritic Whitehorn granodiorite. To understand the magmatic-hydrothermal 

evolution in more detail, we dated a prominent felsic anorthosite composition ~100 m from the 

hydrothermal zone, which hosts both magmatic and magmatic-hydrothermal zircons. Finally, the 

genetic relationship and timing of the magmatic-to-hydrothermal transition of the igneous 

complex were determined by dating the hydrothermal zircons from the shear zone hosting the 

corundum metasomatites.  

 

Whitehorn Stock and metamorphic aureole are suitable for determining the incremental 

age of emplacement and delineating the magmatic-to-hydrothermal transition for two reasons. 

First, the Whitehorn granodiorite and diorite sill are reasonably cogenetic. According to the field 
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and textural observations, the Whitehorn phaneritic granodiorite crystallized later than the 

similarly oriented, early-crystallized aphanitic diorite satellite sill. Hence, this temporally 

brackets the emplacement-to-crystallization age of the intrusion within the study area. Second, 

minerals yielding accurate dates of hydrothermal mineralization relative to a causative intrusion 

are rarely encountered in similar systems (Courtney-Davies et al., 2020). In natural systems, 

localized thermal anomalies intrinsically return to thermal equilibrium. In the Whitehorn Stock, 

reinstatement to thermal equilibrium was facilitated by two processes that redistributed the 

thermal energy and mass: 1) conductive thermal energy transfer, and 2) the redistribution of 

thermal energy and mass transfer by convecting fluids. Convection fluids are considerably more 

efficient than thermal conduction. During the emplacement of the Whitehorn Stock, thermal 

energy and mass transfer were enabled by syngenetic shearing. The shearing functioned as a 

magmatic-hydrothermal fluid "exhaust valve" (Norton & Knight, 1977; Norton, 1984; Tapster et 

al., 2020). Evidence of this mass transfer is currently reflected within the shear zone as a 

metasomatic assemblage (Petford et al., 1993; Burnham, 1997; Shinohara & Hedenquist, 1997; 

Sillitoe, 2010). Thus, the current study's geochronological dating allows the temporal delineation 

of the emplacement-to-crystallization age and the magmatic-to-hydrothermal transition that 

operated therein. 

 

The final objective of clarifying the criteria for identifying hydrothermal zircon and 

validating that zircons within this study are of a hydrothermal petrogenesis is based on previous 

work where Zr reportedly mobilizes in (and precipitates from) alkali-rich fluids (Rubin et al., 

1993; Aja et al., 1995; Zhang, 2005; Kebede et al., 2007; Ayers et al., 2012). Other work in 

Chapters 2 and 3 (Aertker et al. in preparation) investigated and delineated the initial generation 

of magmatic-hydrothermal fluid that exsolved from the Whitehorn Stock and the processes that 

subsequently modified these fluids. The work determined that corundum and associated minerals 

within the corundum metasomatites were derived from a hybrid fluid with mixed magmatic-

hydrothermal and devolatilization reaction origins (hereafter, “hybrid fluid”). The initial 

magmatic-hydrothermal fluid enriched with Si–Al–alkali–alkaline–halides subsequently evolved 

during its passage through the surrounding reactive Leadville Limestone. Notably, skarnification 

reactions depleted the Si and enriched the Ca in the fluid during the Leadville skarn 

mineralization. The Leadville skarn reflects the fluid composition by a mineralogy of grossular-
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andradite ± scapolite ± diopside ± epidote ± zircon ± apatite. The subsequent Al–alkali–Ca–

halide-enriched hybrid fluid then entered the quartz-bearing Belden shale protolith, where it 

facilitated quartz dissolution and precipitation of albite (e.g., Newton & Manning, 2008, 2010). 

As the silica activity in the fluid decreased, corundum (Al2O3) was ultimately precipitated. The 

Leadville skarn garnets typifies those skarns formed by paragenetically early Al metasomatism 

and later Fe metasomatism (Ochai et al., 1993; Nicolescu et al., 1998; Meinert, 1992, 2005; 

Chang & Meinert, 2008; Gaspar et al., 2008; Smith et al., 2004; Gaspar et al., 2008; Dziggel et 

al., 2009; Ismail et al., 2014; Zhai et al., 2014; Xu et al., 2016; Zhang et al., 2017). From this, 

Chapter 3 (Aertker et al. in preparation) deduced the relative timing of element enrichment 

within the corundum metasomatites. However, Chapters 2 and 3 (Aertker et al. in preparation) 

did not extrapolate on the influence of Zr, showing evidence of being mobile within the 

hydrothermal system. Additionally, Chapters 2 and 3 did not determine if zircons within the 

corundum metasomatites are detrital or hydrothermal. Thus, this objective is accomplished by 

investigating the textures, trace-element chemistries, geothermometry, mineral associations, and 

the rare opportunity of fluid composition to establish a genetic link to such an origin.  

 

4.2 GEOLOGIC SETTING 

The Late Cretaceous Whitehorn Stock forms part of the central core and eastern flank of 

the Laramide-age Sawatch anticline (Tweto & Sims, 1963; Tweto & Case, 1973; Tweto, 1975) 

in central Colorado. The Whitehorn Stock is considered a continuation of the southern Mosquito 

Range and located on the Arkansas River Valley graben's eastern side. The Arkansas River 

Valley graben is the northern portion of the Rio Grande Rift system. The Arkansas River Valley 

graben defines a topographic depression between the Sawatch/Collegiate Range in the west and 

the Mosquito Range in the east. 

 

The Whitehorn Stock (see Fig. 4.1) is an exposed, dish-shaped NNW–SSE-trending 

laccolith that is 25 km long and 8 km wide. It lies within the SSE-plunging Pleasant Valley 

syncline, which predates the intrusion (Workman, 1997). The Whitehorn Stock intrudes into a 

Precambrian igneous and metamorphic basement and Paleozoic sedimentary units. Within the 

aureole, Pennsylvanian- and Mississippian-aged sedimentary units dip into and beneath the 
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intrusion, and primarily envelop the intrusion (Fig. 4.2). Based on thermochronometric and 

thermometry calculations, the equilibrium depth was approximately 5–6 km (Abbey, 2018), and 

the estimated emplacement temperature was 900 °C (Chualaowanich, 1996). Once the 

equilibrium depth was attained, the Whitehorn Stock facilitated syngenetic shearing of the 

country-rock. The syngenetic shearing during emplacement created important fluid conduits.  

 

 

 

Fig. 4.1 Geology of the Whitehorn Stock area modified after Abbey et al. (2018) with additional 

structural data from Workman (1997). Figure from Chapter 2 (Aertker et al. in preparation). 

 

The Whitehorn Stock is generally characterized as granodiorite with felsic enrichment 

toward the center (Wrucke, 1974; Chualaowanich, 1996).  On the western portion of the study 

area (Fig. 4.2), a NNW-SSE trending aphanitic diorite sill bisects the Leadville Limestone 

juxtaposed with the corundum metasomatites. The intrusion-related syngenetic shearing 

facilitated intense hydrothermal activity and contact metamorphic processes in the hydrothermal 

zone. The result was significant skarnification of the Mississippian-aged Leadville Limestone 

and metasomatism of the Pennsylvanian-aged Belden Shale. Chapter 2 (Aertker et al. in 

preparation) recognize Al-alkali, Fe, and late-stage Si metasomatism in the metamorphic aureole. 

 

4.3 METHODS 
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Fig. 4.2 Geology and geologic cross-section of the study area. Figure from Chapter 2 (Aertker et 

al. in preparation). 
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Figure 4.2 presents a geologic map and a cross-section of the hydrothermal zone and the 

Whitehorn stock. Appendix S4.1 summarizes the samples and the zircons analyzed from each 

sample. The site is a NW-trending shear zone hosting a hydrothermal mineralized zone 

containing an interval of Belden Shale-hosted corundum metasomatites and Leadville skarn. The 

igneous complex is characterized as Whitehorn granodiorite (Kw) and is ~50 m east from the 

hydrothermal zone. The Leadville Limestone is bisected by a NNW–SSE-trending aphanitic 

diorite sill (Kws). Approximately 100 m SE of the hydrothermal zone, the Whitehorn stock's 

igneous composition is highly heterogeneous, consisting of gabbros, syenogabbros, pyroxenites, 

hornblendites, cross-cutting felsic pegmatites, and felsic anorthosite (Kwf). 

 

To validate the existence of metapelite-hosted hydrothermal-metasomatic zircon, 

investigate the timing of mineralization in the metamorphic aureole, and hence understand the 

magmatic-to-hydrothermal transition, we sampled the corundum metasomatites that host the 

zircons of hypothesized hydrothermal origin (hereafter, “WA-CM”). The sampling methodology 

involved acquiring samples from the Belden Shale portions that were sheared, permeable, and 

most affected by hydrothermal fluids, and that contained the highest modal abundance of 

corundum and its associated minerals.  

 

The magmatic-hydrothermal evolution of the Whitehorn Stock was investigated in three 

igneous samples. First, the Kw (i.e., main granodiorite intrusion), which hosts magmatic zircons 

(hereafter, “WA-WI”). WA-WI was sampled at ~50 m from the hydrothermal zone to determine 

the emplacement crystallization age. Second, the Kws bisects the Leadville Limestone and 

contains magmatic zircons (hereafter, "WA-WS"). The WA-WS was sampled to gain a temporal 

perspective of sill emplacement. The WA-WS samples were collected from intrusive margins to 

minimize any possible effects of country-rock assimilation. Based on the hypothesis that the 

satellite sill (Kws) may have crystallized earlier than the cogenetic Kw. Thus, the emplacement-

to-crystallization age of the Whitehorn intrusion at this location could be constrained. Third, the 

largest and most representative igneous occurrence within the compositionally heterogeneous 

zone (felsic anorthosite (Kwf)) was sampled ~100 m SE of the hydrothermal zone. The Kwf 

hosts zircons originating from both assumed magmatic-hydrothermal and magmatic processes, 

hereafter referred to as WA-WF-hydrothermal and WA-WF-magmatic, respectively. The WA-
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WF-hydrothermal zircons allow the identification of when the hydrothermal activity occurred 

within the emplacement-to-crystallization age.  

 

 

 

Fig. 4.3 Examples of (A) Kwf (WA-WF-hydrothermal and WA-WF-magmatic zircons) and (B) 

corundum metasomatites (WA-CM zircons). 
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Fig. 4.4 Optical CL photomicrograph of the Belden Shale corundum metasomatites, depicting 

the zoned corundum, plagioclase, and zircon.  
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Fig. 4.5: Representative SEM CL photomicrographs of A) oscillatory zoned hydrothermal WA-

CM zircons from the corundum metasomatites; B) sector zoned WA-WI zircons from Kw; C) 

WA-WS zircons from Kws, depicting inherited Proterozoic cores and Cretaceous-aged rims; and 

D) the two prominent zircon populations: WA-WF-hydrothermal zircons and WA-WF-magmatic 

zircons with slight oscillatory zoning. Geochronology shown are 206Pb/238U LA-ICP-MS dates 

and 2 sigma errors. 
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Fig. 4.6 Plot of CA-ID-TIMS 206Pb/238U dates determined from zircon. Plotted with Isoplot 3.0 

(Ludwig, 2003). Error bars are at 2 sigma. Weighted mean date is represented by a gray box 

behind the error bars. MSWD = Mean Square of Weighted Deviation; pof = probability of fit.  

 

4.3.2 Zircon LA-ICP-MS Methods 

LA-ICP-MS methods were conducted at the Boise State University Isotope Geology 

Laboratory located in Boise, Idaho. Zircon grains were separated from rocks using standard 

techniques, and then annealed at 900 °C for 60 hours in a muffle furnace. Randomly selected 

grains were mounted in epoxy and polished until their centers were exposed. 

Cathodoluminescence (CL) images were obtained with a JEOL JSM-300 scanning electron 

microscope and a Gatan MiniCL. The zircons were analyzed with LA-ICP-MS using a 

ThermoElectron X-Series II quadrupole ICP-MS and a New Wave Research UP-213 Nd:YAG 

UV (213 nm) laser ablation system. The U–Pb dates and a suite of high-field-strength elements 

(HFSEs) and rare-earth elements (REEs) were acquired and calibrated using in-house analytical 

protocols, standard materials, and data reduction software. The zircons were ablated with a 25-

µm-wide laser spot under fluence and pulse rates of 5 J/cm2 and 5 Hz, respectively. Each 
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ablation was applied for 45 seconds (15 seconds for the gas blank, 30 seconds for ablation), 

excavating a ~25 µm-deep pit. The ablated material was carried by a 1.2 L/min He gas stream to 

the nebulizer flow of the plasma. The quadrupole dwell times were 5 ms for Si and Zr, 200 ms 

for 49Ti and 207Pb, 80 ms for 206Pb, 40 ms for 202Hg, 204Pb, 208Pb, 232Th, and 238U, and 10 ms for 

all other HFSEs and REEs. The total sweep duration was 950 ms. Background count rates were 

obtained prior to the spot analysis of each analyte and were subtracted from the raw count rate of 

each analyte. For concentration calculations, the background-subtracted count rates of each 

analyte were internally normalized to 29Si and calibrated with respect to two primary standards 

(NIST SRM-610 and -612 glasses). Ablation pits that appeared to have intersected glass or 

mineral inclusions were identified from Ti- and P-signal excursions, and their associated sweeps 

were discarded. The U–Pb dates from these analyses were considered valid if the U–Pb ratios 

were unaffected by inclusions. After subtracting the mercury backgrounds measured during the 

gas blank (<1000 cps 202Hg), the signals at mass 204 were typically indistinguishable from zero, 

so the dates did not require the common-Pb correction. Rare analyses with apparent 

contamination by common Pb were detected as mass 204 signals above the baseline, and were 

discarded.  

After correcting for instrumental fractionation of the background-subtracted ratios, the 

U–Pb and 207Pb/206Pb dates were calibrated by interspersed measurements of zircon standards 

and reference materials. The primary standard, Plešovice zircon (Sláma et al., 2008), was used 

for monitoring the time-dependent instrumental fractionation (two analyses per 10 analyses of 

unknown zircon). The 206Pb/238U dates were secondarily corrected based on the results of the 

zircon standard AUSZ2 (Kennedy et al., 2014), which was treated as an unknown zircon and 

measured once per 10 analyses of the actual unknown zircon. These results showed a small 

percentage of linear age bias related to the 206Pb count rate. The secondary correction mitigated 

the matrix-dependent variations caused by the contrasting compositions and ablation 

characteristics between the Plešovice zircon and other standards (and unknowns).  

 

In all analyses, uncertainties in the radiogenic isotope ratios and age-error propagation 

were introduced by the counting statistics and background subtraction. The standard-calibration 

uncertainty in the U–Pb data was estimated as the local standard deviation σ of the polynomial fit 

to the fractionation factor of the Plešovice standard versus time, whereas that in the 207Pb/206Pb 
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data was determined as the standard error in the mean fractionation factor of the Plešovice. These 

uncertainties (2σ) were 0.5% for 206Pb/238U and 0.2–0.3% for 207Pb/206Pb. Age interpretations 

were based on the 207Pb/206Pb dates in the 207Pb/206Pb analyses and on the 206Pb/238U dates at 

>1,000 Ma. Other interpretations were based on the 206Pb/238U dates. Analyses with 206Pb/238U 

dates >1,000 Ma and >10% positive discordance or >5% negative discordance were discarded. 

Errors on the ages were given as 2σ. 

 

 

 

Fig. 4.7 Concordia diagram of WA-CM (from CA-ID-TIMS). Fragments are interpreted as 

containing inherited Proterozoic zircon because in all analyses, a regression on the concordia plot 

yielded an upper intercept of 1572 ± 340 Ma. 
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Fig. 4.8 chondrite normalized plots of A) WA-CM zircons; B) WA-WF-hydrothermal and 

magmatic zircons; C) WA-WI zircons; and D) WA-WS-mesozoic zircons. Normalizing values 

were taken from Sun and McDonough (1989). 
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Fig. 4.9 Ti-in-zircon thermometry vs. Th/U ratios (from LA-ICP-MS) of WA-CM, WA-WI, 

WA-WS-mesozoic, WA-WF-hydrothermal, and WA-WF-magmatic zircons 

 

 

4.3.3 CA-ID-TIMS U-Pb Zircon Geochronology Methods 

CA-ID-TIMS methods were conducted at the Boise State University Isotope Geology 

Laboratory located in Boise, Idaho. The U–Pb dates were obtained by CA-ID-TIMS analyses of 

single zircon grains, modified as described in Mattinson (2005). The zircon was separated from 

rocks using standard techniques, placed in a muffle furnace at 900 °C for 60 hours in quartz 

beakers, mounted in epoxy, and polished until the centers of the grains were exposed. CL images 

were obtained with a JEOL JSM-300 scanning electron microscope and Gatan MiniCL. The 

zircon grains were removed from the epoxy mounts, and their dates were determined from the 

CL images and LA-ICP-MS data. For this purpose, the zircon was placed into a 3 ml Teflon 

polytetrafluoroethylene (PFA) beaker and loaded into 300 μl Teflon PFA microcapsules. Fifteen 
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in 120 μl of HF (29 M) for 12 hours at 190 °C. The zircon was returned to the 3 ml Teflon PFA 

beaker, and the HF was removed. The zircon was then immersed in 3.5 M HNO3, ultrasonically 

cleaned for one hour, and fluxed on a hot plate at 80 °C for an additional hour. After removing 

the HNO3, the zircon was rinsed twice in ultrapure H2O and then reloaded into the 300 μl Teflon 

PFA microcapsules (where they were rinsed and fluxed in 6 M HCl during sonication and 

washing). After spiking with an EARTHTIME-mixed 233U–235U–202Pb–205Pb tracer solution 

(ET2535), the zircon was dissolved in Parr vessels containing 120 μl HF (29 M) and trace HNO3 

(3.5 M) at 220 °C for 48 hours, dried to fluorides, and re-dissolved in 6 M HCl at 180 °C 

overnight. Uranium and Pb were separated from the zircon matrix through an HCl-based anion-

exchange chromatographic procedure (Krogh, 1973). They were eluted together and dried with 2 

µl of 0.05 N H3PO4. 

 

The Pb and U were loaded on a single outgassed Re filament in 5 µl of a silica 

gel/phosphoric acid mixture (Gerstenberger & Haase, 1997), and their isotopic measurements 

were made on a thermal ionization mass spectrometer (GV IsoProbe-T multicollector) equipped 

with a Daly detector. The Pb isotopes were measured by peak-jumping all isotopes on the Daly 

detector for 160 cycles. The results were corrected for mass fractionation using the known 

202Pb/205Pb ratio of the ET2535 tracer solution. Transitory isobaric interferences caused by high-

molecular-weight organics, particularly on 204Pb and 207Pb, disappeared within approximately 30 

cycles, and the ionization efficiency averaged 104 cps/pg for each Pb isotope. Linearity (to ≥1.4 

× 106 cps) and the associated dead-time correction of the Daly detector were determined by 

analysis of NBS982. Uranium was analyzed as the UO2
+ ions in static Faraday mode on 1012 

ohm resistors for 300 cycles, and was corrected for isobaric interference of 233U18O16O on 

235U16O16O with an 18O/16O ratio of 0.00206. The ionization efficiency averaged 20 mV/ng per U 

isotope. Uranium mass fractionation was corrected using the known 233U/235U ratio of the 

ET2535 tracer solution.  

 

The U–Pb dates and their uncertainties were calculated using the algorithms of Schmitz 

and Schoene (2007). Calibration of the ET2535 tracer solution (Condon et al., 2015) gave 

235U/205Pb = 100.233, 233U/235U = 0.99506, 205Pb/204Pb = 8,474, and 202Pb/205Pb = 0.99924. The 

U decay constants were those recommended by Jaffey et al. (1971), and the 238U/235U ratio was 
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137.818 (Hiess et al., 2012). The 206Pb/238U ratios and dates were corrected for initial 230Th 

disequilibrium using DTh/U = 0.2 ± 0.1 (2 σ) and the algorithms of Crowley et al. (2007). After 

the correction, the 206Pb/238U dates were increased by ~0.09 Ma. The common Pb in the analyses 

was attributed to the laboratory blank and was subtracted from the results. The blank was 

determined by measuring the Pb isotopic composition in the laboratory, and its associated 

uncertainty. The estimated mass of the U blanks was 0.013 pg.  

 

The weighted mean 206Pb/238U and 207Pb/206Pb dates were calculated from the equivalent 

dates (probability of fit >0.05) using Isoplot 3.0 (Ludwig, 2003). Errors in the weighted mean 

206Pb/238U dates were given as ±x/y/z, where x is the internal error contributed by analytical 

uncertainties only. The x error includes the counting statistics, subtraction of the tracer solution, 

and subtraction of the blank and initial common Pb, y is the tracer calibration uncertainty 

propagated in the quadrature, and z is the uncertainty in the 238U decay constant uncertainty, 

which also propagates in the quadrature. The errors in the weighted mean 207Pb/206Pb dates were 

given as ±x/z, where x is the internal error contributed by the analytical uncertainties only 

(counting statistics, subtraction of the tracer solution, and subtraction of the blank and initial 

common Pb), and z denotes the uncertainties in the 238U and 235U decay constants propagated in 

the quadrature. The internal errors should be considered when comparing our dates with the 

206Pb/238U dates from other laboratories using the same tracer solution or a tracer solution that 

was cross calibrated with EARTHTIME gravimetric standards. Meanwhile, the errors including 

the uncertainty in the tracer calibration are important for comparing our dates with those derived 

from other geochronological methods based on the U–Pb decay scheme (e.g., laser ablation ICP-

MS). Finally, the errors including the uncertainties in the tracer calibration and the 238U decay 

constant (Jaffey et al., 1971) should be considered when comparing our dates with those derived 

from other decay schemes (e.g., 40Ar/39Ar, 187Re-187Os). All errors were declared at 2σ. 

 

4.3.4 Ti-in-zircon Geothermometry 

The crystallization temperatures of the Whitehorn Stock and corundum metasomatites 

were constrained using Ti-in-zircon geothermometry (Watson et al., 2006). The Ti-in-zircon 

geothermometer is based on the following temperature-dependent exchange reaction:  
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ZrSiO4 + TiO2=ZrTiO4 + SiO2 or 

TiO2 + SiO2 = TiSiO4 

 

and ideally suited for equilibrium assemblages of zircon, rutile, and quartz. Ti-in-zircon 

geothermometry of lithologies lacking rutile and/or quartz is not straightforward. The reason is 

that the Si activity (!!"#!)	and Ti activity (!$"#!) may be below unity during zircon 

crystallization (Schiller & Finger, 2019). The Ferry and Watson (2007) correction to the Ti-in-

zircon thermometer for reduced activities of !!"#!and !$"#!,  

 

log(ppm	Ti) = 5.711	 ± 0.072 − %&''(±&*)

,(-)
− log5!!"#!6 + log(!$"#!), 

 

was used in the present research because the corundum metasomatites of the Belden Shale 

hosting the WA-CM zircons are quartz-absent. The !!"#!within the Belden Shale corundum 

metasomatites was estimated as 0.2. This estimate is in concert with thermodynamic modeling of 

desilicification during the metasomatism of pelite that stabilized corundum at !!"#! = 0.226 

(Bucher et al., 2005). Finally, the !$"#!of the WA-CM zircons was set to approximately unity, 

owing to the presence of rutile.  

 

The rhyolite-MELTS calculations yield !$"#!values of 0.4–0.6 for granitic assemblages 

in equilibrium with ilmenite (Schiller & Finger, 2019) and, accordingly, the !$"#! for the WA-

WI and WA-WS zircons was assumed to be ~0.50. As the WA-WF-magmatic and WA-WF-

hydrothermal zircons are associated with rutile in Kws, their !$"#!was estimated as unity. In 

contrast, the !!"#! values of all igneous compositions were likely below 1, as quartz is typically 

absent under the near-liquidus conditions of early magmatic zircon crystallization (Holtz & 

Johannes, 1991) and the calc-alkaline I-type Whitehorn Stock intrusive compositions are 

relatively primitive. Moreover, modeling has shown that I-type tonalites have an !!"#! around 

0.75 (Schiller & Finger, 2019). Thus, the !!"#! of WA-WI zircons hosted in Kw, whose 

composition is similar to that of tonalite, was assumed to be 0.75. The less evolved composition 

of WA-WS (hosted in Kws) and WA-WF zircons (hosted in Kwf) compared to a tonalitic 

composition suggested an !!"#!of 0.60. 



 

 

206 

4.3.5 Cold-cathode Cathodoluminescence 

CL was conducted on corundum metasomatite samples at the Louisiana State University 

Department of Geology & Geophysics, located in Baton Rouge, LA, U.S.A. The CL and 

transmitted-light system consisted of a 1) Leica petrographic microscope with a low-light 

fluorescence camera, 2) low-vacuum Relion CL chamber with an electron beam focused on the 

sample, and 3) Leica Applications Suite© imaging software for digital image-acquisition control. 

Operating conditions were dependent on optimal imaging requirements; they included a pressure 

of 25–35 mTorr, a beam voltage of 8–9 kV, and a beam current of 0.3–0.5 mA. The purpose was 

to image WA-CM zircons. 

4.4. RESULTS 

4.4.1. Field Relations 

The Whitehorn Stock metamorphic aureole resides within a polymetamorphic terrane 

(Fig. 4.1), which is metamorphosed by contact metamorphism from spatially related intrusions. 

The intrusion complex (Fig. 4.2) consists of the main intrusive body Kw, a dish-shaped, high-K 

NNW–SSE-trending calc-alkaline I-type laccolith granitoid. Based on the modal mineralogy, the 

compositions of the intrusions and satellite formations in the study area range from granodiorite 

to syenogabbro and felsic pegmatites. The Kw hosts WA-WI zircons and is primarily 

characterized by fine-to-medium-grained homogeneous gray phaneritic holocrystalline 

hypidiomorphic seriate granodiorite. Southwest of the Kw resides a NNW–SSE-trending 

homogeneous gray aphanitic holocrystalline allotriomorphic-to-hypidiomorphic sill (i.e., Kws). 

Kws hosts WA-WS zircons. The Kws bisects the Mississippian-aged Leadville Limestone 

juxtaposed with the corundum metasomatites. At the SE of the hydrothermal zone is a region of 

extensive igneous compositional heterogeneity. The dominant composition is the WA-WF 

hydrothermal and magmatic zircon hosting homogeneous white aphanitic holocrystalline 

allotriomorphic titanite–rutile felsic anorthosite (Kwf) (Fig. 4.3a). Along the Kwf margins, the 

compositions show a gradational transition from heterogeneous syenitic to more mafic 

compositions [black phaneritic holocrystalline allotriomorphic-to-hypidiomorphic syenogabbro 

(Kwi)]. The mafic composition becomes more primitive, leading to heterogeneous black coarse-

grained phaneritic holocrystalline hypidiomorphic gabbro-to-hornblende pyroxenite-to-

hornblendite (Kwm). The Kws, Kwf, Kwi, and Kwm units are cross-cut by NNE–SSE-trending 
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pegmatites of quartz–plagioclase–epidote–biotite (Kwp). Units of Kwi, Kwf, and Kwm present 

evidence of cumulate textures and hydrothermal overprint. 

 

Within the contact metamorphic aureole, sedimentary protoliths are metamorphosed to 

hornblende hornfels facies conditions. These protoliths range in composition from shales and 

arenite to limestone and dolostone, striking N10–N15° W and dipping eastward by 22–32° 

toward the Whitehorn Stock (Fig. 4.2). The hydrothermal zone lies within a NW-trending 

syngenetic shear zone to the Whitehorn Stock. The hydrothermal zone is characterized as a 

detached portion of metasomatized Belden Shale that hosts zircons WA-CM (Fig. 4.3b). The 

hydrothermal zone is enveloped to the east and west by the Leadville skarn. Both the Belden 

Shale and Leadville Limestone have undergone extensive hydrothermal metasomatism at their 

shared lithologic contact. 

 

Within the most intensively hydrothermally mineralized portions of the Belden Shale, the 

mineralogy is dominated by corundum + plagioclase + K-feldspar ± cordierite ± sillimanite ± 

biotite ± hercynite ± ilmenite ± rutile ± zircon ± epidote with retrograde muscovite. The 

Leadville Limestone has undergone intense hydrothermal mineralization to grossular-andradite ± 

scapolite ± diopside ± epidote ± apatite ± zircon skarn. Both the Belden Shale and Leadville 

skarn show mineralogical zoning with increasing distance from the most intense hydrothermal 

mineralization. Within the Belden Shale, the corundum and plagioclase's modal abundances 

decrease with increasing distance from the hydrothermal zone. Mineralogical zonation within the 

Leadville skarn reflects that in the Belden Shale. The Leadville skarn most proximal to the 

corundum metasomatites is a garnetite skarn with a characteristic assemblage of grossular-

andradite ± scapolite ± diopside ± epidote ± zircon. With increasing distance from the grossular-

andradite garnetite, the skarn mineralogically transforms into a scapolite + diopside skarn with 

minor garnet, and eventually into a diopside skarn with minor garnet. In the most distal portions 

of the hydrothermal zone, the Belden Shale and Leadville Limestone transform to typical contact 

metamorphic hornfels units (cordierite–quartz–sillimanite hornfels and marble, respectively).  

 

4.4.2 Petrography of Corundum Metasomatites (WA-CM) and Whitehorn Stock (WA-WI, 

WA-WS, WA-WF) 
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Zircon occurs within the corundum metasomatites and is associated with a 

metasomatically derived assemblage of corundum + plagioclase + K-feldspar ± cordierite ± 

sillimanite ± biotite ± hercynite ± ilmenite ± rutile ± epidote. Zircon appears as euhedral grains 

sized ~100 to >300 μm that are concentrically zoned and sector zoned under SEM CL (Figs. 4.4, 

4.5A). Zircon is primarily set in a feldspar matrix. Plagioclase can be characterized as 

heterogranular xenoblastic (usually compositionally zoned, and (or) compositionally 

homogeneous) and (or) with antiperthitic exsolution lamellae. Less commonly, zircon is 

observed in the matrix assemblage of K-feldspar and plagioclase. The other major mineral 

associated with zircon is corundum. Corundum is the primary mineral constituent of the 

corundum metasomatites. Corundum characteristically presents as isolated platy-to-tabular 

grains (up to 6 mm), homogeneously sapphire blue or with sapphire blue cores with gray rims 

under plane-polarized light. The corundum grains typically make sharp contacts along with 

plagioclase to the K-feldspar matrix. Concentrically zoned corundum is often seen under the 

optical CL microscope. The main mineral inclusion in WA-CM zircons is rutile.  

 

SEM CL imaging reveals distinct zoning and textural patterns in each Whitehorn 

lithology. The magmatic zircon within Kw (WA-WI) is associated with plagioclase + orthoclase 

+ quartz + hornblende + biotite + augite + magnetite. Zircons (Fig. 4.5b) appear as ~100 μm 

subhedral-to-euhedral grains, which are homogenously bright under SEM CL imaging. Primarily 

sector zoning and (or) slight concentric zonation are observed. In contrast, the mineral 

assemblage in the sill, Kws, is characterized as plagioclase + hornblende + biotite + augite + 

magnetite. The WA-WS zircons appear as ~100 μm subhedral-to-euhedral grains. The SEM CL 

image of the WA-WS zircons (Fig. 4.5c) is heterogeneously bright, with dark inherited cores and 

bright concentrically zoned magmatic rims. 

 

The WA-WF magmatic and magmatic-hydrothermal zircons hosted in the felsic 

anorthosite, Kwf, are divisible into two texturally distinct populations (Fig. 4.5d). Both zircon 

populations are associated with plagioclase + rutile + titanite + ilmenite + K-feldspar ± quartz. 

The primary WA-WF-magmatic zircon population textures are grey oscillatory zoned (under 

SEM CL) ~150 μm subhedral grains. The less common zircon population WA-WF-hydrothermal 
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zircon textures are elongated (600 μm × 100 μm) subhedral grains with sector-zoning under 

darker SEM CL.  

 

Table 4.1 CA-ID-TIMS U-Pb zircon summary. All results presented in Appendix A S4.3. 

 

  CA-ID-TIMS Weighted Mean Calculations 
       

WA-CM: Belden Shale Corundum Metasomatites (hydrothermal-metasomatic) 

 206Pb/238U ± random (+tracer) [+decay constant] MSWD = 0.7 

 68.211 

± 0.009 (0.035) 

[0.081]  pof = 0.62 

     n = 7 

       

WA-WF: Whitehorn Anorthosite (magmatic-hydrothermal and magmatic) 

 Group 1 (WA-WF-magmatic)     

 206Pb/238U ± random (+tracer) [+decay constant] MSWD = 1.8 

 68.230 

± 0.012 (0.036) 

[0.082]  pof = 0.13 

     n = 5 

       

 Group 2 (WA-WF-hydrothermal)    

 206Pb/238U ± random (+tracer) [+decay constant] MSWD = 1.2 

 68.520 

± 0.017 (0.038) 

[0.083]  pof = 0.30 

     n = 3 

WA-WI: Whitehorn Granodiorite (magmatic)    

 Group 1      

 206Pb/238U ± random (+tracer) [+decay constant] MSWD = 1.7 

 68.183 

± 0.009 (0.035) 

[0.081]  pof = 0.09 

     n = 9 

       

 Group 2      

 206Pb/238U ± random (+tracer) [+decay constant] MSWD = 0.4 

 68.223 

± 0.013 (0.036) 

[0.082]  pof = 0.81 

     n = 5 

WA-WS: Whitehorn Diorite (magmatic)    

 206Pb/238U ± random (+tracer) [+decay constant] MSWD = 1.3 

 68.740 

± 0.021 (0.040) 

[0.084]  pof = 0.25 

     n = 6 

             

        

       

 

4.4.3. U–Pb Geochronology Results 

The LA-ICP-MS and CA-ID-TIMS results are shown in APPENDIX S4.2 and S4.3, 

respectively. Table 1 summarizes the CA-ID-TIMS results. Forty-seven WA-CM zircon grains, 

hosted within the Pennsylvanian-aged Belden Shale, were analyzed by LA-ICP-MS, yielding 

dates of 69.7 ± 1.6 to 65.9 ± 1.4 Ma. Six grains analyzed by CA-ID-TIMS (Fig. 4.6) were broken 
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into two fragments that were then analyzed separately. One of the grains produced a usable result 

from only one fragment. The weighted mean of the seven youngest dates was 68.221 ± 

0.009/0.035/0.081 Ma (mean squared weighted deviation [MSWD] = 0.7, probability of fit = 

0.62). The four fragments with older dates (68.271 ± 0.022 to 68.656 ± 0.022 Ma) probably 

contained inherited Proterozoic zircon, because their regression analyses on a concordia plot 

consistently yielded an upper intercept of 1572 ± 340 Ma (Fig. 4.7). 

 

Seventy-five grains from Kwf (WA-WF zircons) were analyzed by LA-ICP-MS, yielding 

dates of 72.4 ± 2.7 to 62.2 ± 1.6 Ma. Eight grains were analyzed by CA-ID-TIMS (Fig. 4.6), five 

from the dominant subsequent magmatic zircon (gray CL population; WA-WF-magmatic grains) 

and three from the elongated magmatic–hydrothermal zircons (dark-CL population; WA-WF-

hydrothermal grains) (Fig. 4.5d). The weighted mean of the five dates from the dominant WA-

WF-magmatic population was 68.230 ± 0.012/0.036/0.082 Ma (MSWD = 1.8, probability of fit = 

0.13). Meanwhile, the weighted mean of the three dates from the WA-WF-hydrothermal 

population was 68.520 ± 0.017/0.038/0.083 Ma (MSWD = 1.2, probability of fit = 0.30). 

 

Forty-one grains from Kw (WA-WI zircons) were analyzed by LA-ICP-MS, yielding 

dates of 72.5 ± 3.3 to 62.5 ± 3.4 Ma. Among the 15 grains analyzed by CA-ID-TIMS (Fig. 4.6), 

the weighted mean of the nine youngest dates was 68.183 ± 0.009/0.035/0.081 Ma (MSWD = 

1.7, probability of fit = 0.09), and that of the five oldest dates was 68.223 ± 0.013/0.036/0.082 

Ma (MSWD = 0.4, probability of fit = 0.81). The oldest date was 68.297 ± 0.032 Ma. 

 

Eighty-seven grains from Kws (WA-WS zircons) were analyzed by LA-ICP-MS. The 45 

oldest dates ranged from 1713 ± 33 to 1343 ± 49 Ma, and the others were dated as 82.1 ± 2.1 to 

64.4 ± 1.6 Ma. The older dates (Proterozoic in age) were obtained from the dark-CL cores, and 

the younger dates (Mesozoic in age) derived from the bright-CL rims and whole grains (Fig. 

4.5c). Six bright-CL grains yielding younger dates were broken into two fragments for separate 

CA-ID-TIMS analyses (Fig. 4.6). Their weighted mean date was 68.740 ± 0.021/0.040/0.084 Ma 

(MSWD = 1.3, probability of fit = 0.25). Due to significant age variations, the Proterozoic WA-

WS zircons will hereafter be addressed as "WA-WS-proterozoic” and Mesozoic WA-WS zircons 

will hereafter be addressed as “WA-WS-mesozoic”. 
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4.4.4. Zircon Trace-element Compositions (WA-CM, WA-WI, WA-WS, WA-WF)  

Appendix S4.4 contains the zircon trace element compositions determined by LA-ICP-

MS. Table 4.2 summarizes the results. The WA-CM zircons from the corundum metasomatites 

have the most elevated Th, P, and Hf concentrations and the second-highest concentrations of U, 

Pb, Ti, ∑REE, and ∑HREEs. The WA-CM zircons are second lowest in ∑LREEs concentrations 

and Th/U ratio. The Kw (WA-WI) zircons have the highest Y, ∑REEs, ∑HREEs, and ∑LREEs 

concentrations. The Kws sill zircons (WA-WS-mesozoic) have the highest Pb, Ta, and Nb 

concentrations and lowest Th/U ratio. Further, the WA-WF-hydrothermal zircons have the 

second-lowest ∑REEs, ∑LREE, low Y, Th, Ti, P concentrations, and the third-lowest Th/U ratio. 

Finally, WA-WF-magmatic has the highest Ti concentrations.  

 

The WA-CM zircons are characterized by steeply increasing chondrite-normalized REE 

patterns and pronounced positive Ce and negative Eu anomalies (Fig. 4.8a). Further, all zircons 

demonstrate increasing chondrite-normalized REE patterns (Figs. 4.8a, c, and d). The WA-WF 

magmatic and WA-WF-hydrothermal zircons show strong positive Ce and negative Eu 

anomalies. The WA-WF-hydrothermal zircons have the highest Ce and the least pronounced Eu 

anomalies. Variations are observed within the magmatic WA-WI and WA-WS-mesozoic zircons. 

Both WA-WI and WA-WS-mesozoic zircons present a positive Ce anomaly. However, the slight 

Eu anomaly observed in WA-WI is absent in WA-WS-mesozoic 

 

The WA-CM zircons are characterized by the second-lowest average (Sm/La)N values 

among all the zircons, with a range of 113–1,471 (average = 708). The magmatic zircons 

(excluding WA-WS-Proterozoic) have the largest (Sm/La)N range of 30–26,330 (average = 

1,183). The WA-WF-hydrothermal zircons have the most elevated (Sm/La)N ratios, with a range 

of 38–9,736 (average = 2,567).  

 

The Ce anomaly is the second-lowest in the WA-CM zircons (Ce/Ce* = 16–91, average = 

44). Excluding WA-WS-Proterozoic, the magmatic zircons' Ce anomaly are highly variable 

(Ce/Ce* = 6–1,463, average = 94). WA-WF-hydrothermal have the highest average value 

(Ce/Ce* = 24.5–328.0, average = 110.6) compared to those of WA-CM and magmatic zircons.  
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The Eu anomaly is the lowest in the WA-CM zircons (Eu/Eu* = 0.04–0.34, average = 

0.33). Again, excluding WA-WS-Proterozoic, the magmatic zircons are the widest ranging  

and most prevalent (Eu/Eu* = 0.10–1.26, average = 0.54). The Eu/Eu* in the WA-WF 

hydrothermal zircons are the second-lowest with a range of 0.15–0.36 (average = 0.29). 

 

4.4.5 Ti-in-zircon geothermometry 

The Ti-in-zircon geothermometry results are shown in Appendix S4.4, summarized in 

Table 4.2 and shown in Figure 4.9. The WA-CM zircons have the second-lowest average 

crystallization temperature (748 ± 23 °C), comparable to that of the magmatic WA-WS-

mesozoic population (730 ± 39 °C). The crystallization temperature is highest for the WA-WF-

magmatic zircons (869 ± 39 °C). The thermometry indicates the lowest temperature for the WA-

WF-hydrothermal zircons (673 ± 49 °C). The crystallization temperature of the WA-WF-

magmatic zircons is comparable to that of WA-WI zircons (864 ± 19 °C).  

 

4.5 DISCUSSION 

4.5.1. Validating WA-CM to be Hydrothermal and Reflecting the Magmatic-to-

hydrothermal Transition  

The origin of zircon can be magmatic, hydrothermal, or metamorphic (Belousova et al., 

2002, 2006; Hoskin and Schaltegger 2003; Pettke et al., 2005). The WA-WI, WA-WS-mesozoic, 

and WA-WF zircons are magmatic in origin, other than WA-WF-hydrothermal. Hydrothermal 

and magmatic zircons cannot unambiguously be distinguished by their textures and trace-

element geochemistries (e.g., Rubin et al., 1989; Sinha et al., 1992; Hoskin 2005; Pettke et al., 

2005; Schaltegger et al., 2005; Schaltegger 2007; Gasquet et al., 2007; Lawrie et al., 2007; Fu et 

al., 2009; Wang and Ren; 2018; Zhong et al., 2018). For example, based primarily on 

occurrences within the magmatic-to-hydrothermal interface of intrusions, hydrothermal zircon is 

identified as zoned or unzoned, spongy in texture, and morphologically anhedral to euhedral (Fu 

et al., 2009). Hydrothermal zircon is reported to crystallize at temperatures ranging from <500 

°C (Fu et al., 2009) to <952 °C (Hoskin, 2005). Hydrothermal zircons have also been chemically 

characterized by either high or low common-Pb, higher Zr/Hf ratios (Toscano et al., 2014), and 

low Th/U ratios (Zhong et al., 2018). Further, a hydrothermal origin is inferred from REE data, 
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whereby chondrite-normalized LREEs increase steeply within magmatic zircons and more 

gradually in hydrothermal zircons (Hoskin, 2005; Yang et al., 2014). Additionally, it is suggested 

that hydrothermal zircons are more enriched in REEs and LREEs compared to magmatic zircons 

(Hoskin, 2005; Toscano et al., 2014). A hydrothermal petrogenesis has also been inferred from 

REE ratios, with a (Sm/La)N range of 1.5–4.4 and a Ce/Ce* range of 1.8–3.5. Ratios above these 

ranges suggest magmatic zircon (Hoskin, 2005). However, LREE concentrations also differ 

among hydrothermal zircon occurrences (Pettke et al., 2005). Thus, the compositional and 

textural characteristics of hydrothermal zircons are not definitive (Hoskin and Schaltegger, 

2003), and the lack of characterization of metapelite-hosted hydrothermal zircon within aureoles 

results in their petrogenetic origin being even more contentious. 

The use of REE patterns and enrichment are commonly used to attempt to identify 

hydrothermal zircon. Fundamentally, magmatic-hydrothermal zircons can become LREE-

enriched by an exsolved magmatic-hydrothermal fluid that is supposedly LREE-enriched and 

HREE-depleted (Reed et al., 2000; Lukanin & Dernov-Pagerev, 2010; Schmidt et al., 2017). 

Other origins of LREE enrichment include metamorphic zircons produced by anatexis 

(Whitehouse and Platt, 2003; Xia et al., 2010). While the corundum metasomatites that host WA-

CM zircon do not show evidence of anatexis, the WA-CM zircons exhibit the second highest 

concentrations of ∑REE and ∑HREEs. However, they also exhibit the second-lowest 

concentrations of ∑LREEs compared to the other zircons. The (Sm/La)N and Ce/Ce* ratios for 

WA-CM are also within magmatic ranges. Also, the WA-CM zircons do not exhibit flat 

chondrite-normalized LREE patterns (Fig. 4.8a). Hydrothermal zircon with no LREE enrichment 

might result from REE-sequestering by co-crystallizing minerals (Whitehouse and Kamber, 

2003; Pettke et al., 2005; Chapman et al., 2016). Chapter 2 (Aertker et al. in preparation) 

suggested that Leadville garnets sequestered REEs, producing a REE-depleted fluid before 

passage into the Belden Shale. Similarly, WA-CM zircons are located within a bimodal 

corundum + plagioclase matrix. Plagioclase may accommodate more LREEs (Fig. 4.3, 4.4b). 

Metamictization is another possible source of localized LREE enrichment in zircon by post-

crystallization alteration (Cavosie et al., 2006). Minerals within the corundum metasomatites of 

Belden shale (such as corundum, plagioclase, and zircon) are commonly characterized by well-

defined concentric zoning and primarily euhedral morphologies. Metamictization reportedly 
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decreases the stability of zircon during fluid-rock interactions (Geisler et al., 2003). These 

euhedral morphologies are also consistent with minimal post-crystallization hydrothermal 

alteration of the WA-CM zircons [Figs. 4.4, 4.5a; see also Zhong et al. (2018)] or 

metamictization. Current evidence suggests that commonly used hydrothermal petrogenesis 

criteria (such as REE enrichment signatures and ratios) are ambiguous. Moreover, zircons of 

assumed hydrothermal origin in recent publications do not fit universal criteria (Pelleter et al., 

2007; Pettke et al., 2005; Toscano et al., 2014; Yang et al., 2014). 

 

Bracketing the magmatic-to-hydrothermal transition of the Whitehorn stock is only valid 

if the WA-CM zircons are of hydrothermal origin. As previously discussed, the characteristics of 

hydrothermal zircons are ill-defined. Thus, the association of zircon within a metasomatic 

assemblage is considered the primary indicator of hydrothermal petrogenesis in some studies 

(Lawrie et al., 2007; Fu et al., 2008). However, experimental investigations into Zr mobility 

within the natural system have started to counter the notion of immobile or conserved Zr (Ayers 

et al., 2012). Accordingly, it appears that Zr, other HFSEs, and REEs can be mobile in alkali-rich 

fluids (Rubin et al., 1993; Aja et al., 1995, 1997; Zhang, 2005; Kebede et al., 2007; Ayers et al., 

2012).  

 

Previous investigations of hydrothermal zircon and its mobility focused on magmatic-

hydrothermal evolution within intrusions. The previous investigations were also limited in 

constraining the fluid composition. However, Chapters 2 and 3 (Aertker et al. in preparation) 

investigated hydrothermal evolution within the aureole of the Whitehorn Stock and delineated 

the hybrid fluid composition that permeated the Belden Shale. Because fluid compositions are 

modified by reaction with the pure crystalline Leadville Limestone before permeating the Belden 

Shale, the Leadville skarn's whole-rock geochemistry can be used to infer the evolution of the 

magmatic-hydrothermal fluid composition. Chapters 3, further characterized the chemically 

zoned Leadville skarn garnets, which have grossular-rich cores and andradite-rich rims, as a 

temporal vector (e.g., Smith et al., 2004; Gaspar et al., 2008; Dziggel et al., 2009; Ismail et al., 

2014; Zahi et al., 2014; Xu et al., 2016; Zhang et al., 2017), reflecting paragenetically early Al 

metasomatism and paragenetically later Fe metasomatism (e.g., Ochai et al., 1993; Nicolescu et 

al., 1998; Meinert, 1992; Meinert et al., 2005; Chang & Meinert, 2008; Gaspar et al., 2008; 
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Zhang et al., 2017). Chapter 3 reported that an Al–alkali–Ca–halide-rich hybrid fluid 

metasomatized the Belden Shale. The Leadville skarn whole-rock data suggest that the HFSEs 

(Zr, Hf, Ti, Nb, Ta, and U) were transported by the magmatic-hydrothermal fluids. Based on 

analyses of the Leadville garnets, Nb, Ta, U, and Th were concomitant with the paragenetically 

early Al metasomatism. Titanium, Zr, and Hf were concomitant with the paragenetically later Fe 

metasomatism. The whole-rock data of the Leadville Skarn also suggest that the LREEs and 

HREEs + Y were mobile within the magmatic-hydrothermal fluids. As evidenced in the 

Leadville garnets, the LREEs and HREEs coincided with the paragenetically early Al 

metasomatism and the paragenetically later Fe metasomatism, respectively.  

 

The metapelitic nature of the Belden Shale metasomatites allows limited delineation of 

the compositional continuum between the protolith and hydrothermal enrichment. Nevertheless, 

a hydrothermal origin of the WA-CM zircons is supported by several findings. First, the zircons 

are associated with a quartz-absent assemblage of zoned euhedral hydrothermal corundum and 

plagioclase (Fig. 4.3b. 4.4). Second, the studies in Chapters 2 and 3 provide evidence that the 

HFSE and REES were mobile within the Whitehorn Stock’s magmatic-hydrothermal fluids. 

Third, Chapter 2 (Aertker et al. in preparation) quantified alkali-Ca relative enrichment within 

the corundum metasomatites compared to less metasomatized samples of the Belden Shale by 

isocon analysis, and reported relative percent change of K (factor of 40.8), Na (factor of 37.6) Rb 

(factor of 7.77), Cs (98 %), and CaO (factor of 29.7). The isocon analyses provide evidence for 

an alkali-Ca-rich hybrid fluid. Fourth, the zircons hosted in the Pennsylvanian-aged Belden shale 

only documented Cretaceous ages by LA-ICP-MS. Moreover, the CA-ID-TIMS results for 4 of 

the 11 WA-CM zircons detected discordant ages from possible small-scale Proterozoic cores 

(Fig. 4.6). Finally, the crystallization temperatures and Th/U ratios (Fig. 4.9) are lower for WA-

CM zircons than for zircons in the causative intrusions.  

 

These lines of evidence support a growing consensus that Zr (similar to REEs and other 

HFSEs) is mobile in alkali-rich hydrothermal systems (Rubin et al., 1993). Further, this mobility 

appears to be related to Ca metasomatism and (or) Na metasomatism (Kinnaird 1985; Sheard et 

al., 2012; Yang et al., 2014). This style of metasomatism is comparable to the style of 

metasomatism that operated within the Belden shale. Also, the reciprocal solubility of Al and its 



 

 

216 

transport with Si is thought to be enhanced in alkali–Ca–halide rich fluids (Newton and 

Manning, 2006; 2007; 2008; 2010) and is postulated as the origin of hydrothermal corundum 

within the corundum metasomatites according to Chapter 2 (Aertker et al. in preparation). 

Zirconium is also said to possess reciprocal solubility with Si in alkali-rich fluids. Notably, Na–

Zr silicates have been precipitated from hydrated Zr–Si complexes in Si-undersaturated alkaline 

fluids (Dubinska et al., 2004; Ayers et al., 2012). Also, elevated Ca, Al, and Fe concentrations 

have been found in hydrothermal zircon (Geisler et al., 2003, 2007; Schaltegger, 2007;). The Ca, 

Al, and Fe concentrations are similar to the dominant fluid components determined in Chapter 2. 

Thus, neocrystallization can occur by dissolution–reprecipitation of zircon within these alkali-

rich fluids, thereby resetting the minerals' isotopic clock (Breeding et al, 2008; Ayers et al., 

2012; Wang et al., 2012). In this instance, the zircon U–Pb ages of WA-CM are interpreted as 

corresponding to hydrothermal metasomatic events and bracketing the magmatic-to-

hydrothermal transition of the Whitehorn stock. 

 

4.5.2 Bracketing the Emplacement-to-crystallization and Magmatic-to-hydrothermal Ages 

The LA-ICP-MS and CA-ID-TIMS geochronology results document the emplacement of 

the Whitehorn stock and the contact metamorphic processes operating during the Late 

Cretaceous. The dates agree with previous investigations of the northern exposure of the 

Whitehorn stock, which produced dates of 69.3 ± 0.2 Ma by 40Ar–39Ar biotite and 69.8 ± 0.2 Ma 

by 40Ar–39Ar hornblende (Abbey, 2018). The southern exposure was dated at 73.4 ± 2.5 Ma by 

Young (1972) and at 66 ± 1.7 Ma by Chualawanich (1996), both estimates being derived from 

K–Ar biotite geochronology. The dates of this study and previous investigations coincide with 

the onset of the compressional Laramide orogeny in the southern Rocky Mountains (Tweto, 

1975). Proterozoic core ages of WA-WS zircons are interpreted as inherited by detrital zircon 

assimilation during intrusion of the Whitehorn diorite sill. Similarly, small-scale inherited 

Proterozoic cores that were not detectable by LA-ICP-MS or resolvable by CL are believed to 

explain the discordant ages obtained from certain CA-ID-TIMS results of WA-CM zircons (Fig. 

4.6).  
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Table 4.2 Summary of LA-ICP-MS trace element results for zircon. All results presented in Appendix A S4.4. 

 

  WA-CM WA-WF-hydrothermal WA-WF-magmatic WA-WI WA-WS-mesozoic 

 n=49 n=7  n=68 n=41 n=41 

Analysis (μ) (σ) (μ) (σ) (μ) (σ) (μ) (σ) (μ) (σ) 

(ppm) 

P 442.93 93.40 200.73 63.22 236.48 46.58 273.79 35.97 188.71 77.79 

Ti 52.51 12.08 8.12 3.91 55.40 15.09 20.68 3.05 7.63 4.21 

Y 1580.97 499.06 856.00 387.79 789.72 364.70 1889.62 436.76 1565.49 1009.26 

Nb 0.92 0.66 3.66 2.20 0.41 0.27 1.91 0.51 13.23 7.26 

La 0.03 0.02 0.06 0.06 0.03 0.02 0.07 0.15 0.05 0.05 

Ce 7.82 2.48 15.60 6.21 12.49 4.04 13.15 1.84 22.10 20.89 

Pr 0.11 0.08 0.15 0.12 0.25 0.20 0.35 0.13 0.12 0.24 

Nd 2.74 1.46 2.59 2.03 4.57 3.28 6.70 2.00 2.24 4.22 

Sm 6.81 2.86 5.75 4.03 7.56 4.88 12.40 2.96 6.15 8.17 

Eu 1.10 0.58 1.09 0.88 1.09 0.51 3.92 1.07 3.97 4.18 

Gd 30.87 10.86 21.32 13.43 23.07 13.59 47.36 12.30 28.41 28.05 

Tb 11.82 3.89 7.58 4.36 7.56 4.19 17.66 4.31 11.55 9.20 

Dy 156.96 49.48 93.72 50.91 88.63 45.66 214.71 51.28 151.49 108.00 

Ho 59.62 18.95 32.83 15.81 30.58 14.84 72.92 17.01 55.71 36.19 

Er 271.37 83.31 143.07 59.77 133.79 59.57 296.47 66.55 246.08 147.94 

Tm 78.42 22.52 43.48 16.41 40.28 16.05 81.73 16.94 73.82 40.57 

Yb 1005.49 271.06 611.81 196.08 568.80 200.55 1009.77 199.09 978.22 487.37 

Lu 100.87 31.27 51.43 14.63 51.42 18.61 87.26 18.32 87.75 43.85 

Hf 9205.44 1400.48 9175.49 1096.33 7481.65 959.04 8089.34 1129.89 8307.32 1121.61 

Ta 0.28 0.27 2.77 1.66 0.16 0.08 0.94 0.20 3.38 1.47 

Th 136.85 48.56 107.44 49.58 42.67 43.89 80.34 23.35 115.34 91.24 

U 360.75 89.64 264.26 104.38 63.00 34.88 76.89 16.79 398.43 181.41 

Pb 4.58 1.19 3.46 1.35 0.89 0.56 1.19 0.28 9.24 2.16 
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Table 4.2 (continued) 

 

Ratios 

Ce/Ce* 44.35 22.45 110.61 145.43 47.24 33.29 36.33 30.93 270.73 358.55 

Eu/Eu* 0.23 0.07 0.29 0.07 0.31 0.16 0.49 0.04 0.97 0.11 

∑REE 1733.98 489.21 1030.42 377.31 970.11 375.65 1864.45 388.74 1667.55 907.96 

∑LREE 49.43 17.57 46.51 25.08 49.05 24.89 83.93 19.69 62.94 64.74 

∑HREE 1684.55 473.81 983.91 353.44 921.06 352.41 1780.52 369.82 1604.61 860.31 

(Gd/Yb)cn 0.03 0.00 0.03 0.01 0.03 0.01 0.04 0.01 0.02 0.01 

Lu/Hf 0.01 0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.01 0.01 

Nb/Ta 3.67 1.47 1.35 0.38 3.13 2.15 2.04 0.38 3.84 0.87 

Nb/U 0.00 0.00 0.01 0.01 0.01 0.00 0.02 0.00 0.03 0.01 

Nb/Th 0.01 0.00 0.03 0.01 0.01 0.01 0.02 0.01 0.25 0.52 

Th/U 0.38 0.07 0.43 0.22 0.63 0.18 1.03 0.16 0.34 0.29 

Hf/Y 0.09 0.01 0.14 0.06 0.06 0.04 0.04 0.00 0.08 0.04 

(Sm/La)n 708.12 465.95 2566.56 4782.35 1617.48 4968.26 1140.81 2551.18 474.24 598.78 

Ti-in-zircon (°C) 

Ti-in-zircon 748 23 673 48 868 39 864 19 730 39 

Ce/Ce* = (Ce/0.613)/ SQRT((La/0.237)⁎(Pr/0.0928))        

(Sm/La)n = (Sm/0.148)/(La/0.237)         

(WA-CM) Belden Shale Corundum Metasomatites         

(WA-WF-hydrothermal) Whitehorn felsic anorthosite        

(WA-WF-magmatic) Whitehorn felsic anorthosite        

(WA-WI) Whitehorn granodiorite         

(WA-WS-proterozoic) Whitehorn diorite sill        

(WA-WS-mesozoic) Whitehorn diorite sill        

(σ) standard deviation (1 sigma)         

(μ) Avaerage           
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Based on concordant high-precision CA-ID-TIMS geochronology (Fig. 4.6), the 

prolonged zircon crystallization ages are determined to be ~557 kyr. The ages of the WA-CM 

zircons (68.211 ± 0.009 Ma) overlap those of the WA-WF-magmatic zircons (68.230 ± 0.012 

Ma) and the oldest WA-WI zircon populations (68.223 ± 0.013 Ma). However, there are no age 

overlaps between the WA-CM zircons (68.211 ± 0.009 Ma), the youngest WA-WI zircons 

(68.183 ± 0.009 Ma), the WA-WF-hydrothermal zircons (68.520 ± 0.017 Ma), and the WA-WS-

mesozoic zircons (68.740 ± 0.021 Ma).  

 

Cogenesis of the Kw, Kws, and Kwf from a genetic parental magma source of the 

Whitehorn stock can be inferred from the similar intrusion orientations, compositions, and ages 

of zircons of the three intrusions. The relative timing of crystallization can be inferred from the 

variable crystallization textures of the aphanitic Kws and phaneritic Kw. It can be ascertained 

that the Kws crystallized more quickly and (probably) paragenetically earlier than the Kw after 

distal injection from the main Kw intrusive body. Thus, the age of the aphanitic Kws tentatively 

constrains the injection and emplacement timing of the Whitehorn Stock into the upper crust at 

this location at 68.740 ± 0.021 Ma based on the WA-WS-mesozoic age. 

 

The youngest zircons (WA-WI) indicate that crystallization of the Whitehorn stock 

concluded at 68.183 ± 0.009 Ma in the study area. Therefore, the total emplacement-to-

crystallization age is bracketed at 557 ± 30 kyr. Incremental pulses of the Whitehorn stock into 

the upper crust are evidenced by the WA-WF-magmatic zircons from Kwf (68.230 ± 0.012 Ma) 

followed by a Kw pulse at 68.223 ± 0.013 Ma, which is represented by the older WA-WI zircon 

population from Kw. The total time of the Whitehorn stock magmatic evolution (557 ± 30 kyr) 

and evidence of multiple pulses are consistent with plutonic accretion by multiple injections over 

thousands to millions of years, as suggested in some models (Lipman, 1984; Mahan et al., 2003; 

Miller & Miller, 2002; Coleman et al., 2004; Glazner et al., 2004; Lipman, 2007; Michel et al., 

2008; Schaltegger et al., 2009; Annen, 2009; Miller et al., 2011; Barboni et al., 2012; Schoene et 

al., 2012; Gundmundsson, 2012; Degruyter & Huber, 2014; Tapster et al., 2016).  

 

The WA-WF-hydrothermal zircons (68.520 ± 0.017 Ma) provide the earliest indication of 

magmatic-to-hydrothermal transition of the Whitehorn stock. The hydrothermal WA-CM zircons 
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in the shear zone of the metamorphic aureole can be used to bracket the termination of the 

metasomatic stage at 68.211 ± 0.009 Ma. These dates suggest that the duration of the magmatic-

to-hydrothermal transition was 309 ± 26 kyr. Further, it can be inferred from the sill 

emplacement age that the total duration of the magmatic-to-hydrothermal transition could be 

(and probably does not exceed) 529 ± 30 kyr.  

 

The ages of the WA-CM and younger WA-WI zircons do not overlap, suggesting that 

termination of the metasomatic phase occurred 28 ± 18 kyr before solidification of the 

Whitehorn stock. It is speculated that this termination in the study area could reflect a collapse of 

the shear zone, which would limit the permeability and (or) dissipating of fluid exsolved from 

the crystallizing melt. Our results support the findings of other studies that hydrothermal activity 

can derive from (and be sustained by) incremental magmatic pulses (Petford et al., 1993; 

Burnham, 1997; Shinohara & Hedenquist, 1997; Sillitoe, 2010). In summation, our results 

document that hydrothermal mineralization operated for ~300 or possibly ~500 kyr and 

terminated approximately 28 kyr before the Whitehorn stock completely crystallized.  

 

4.5.3 Zircon Crystallization Temperature by Ti-in-zircon Geothermometry 

Based on Ti-in-zircon geothermometry (Fig. 4.9), the primary constituents of Whitehorn 

stock (Kw and Kwf) crystallized at higher temperatures than the satellite bodies and 

hydrothermal-related zircons. The average crystallization temperature in the Kw (863 ± 19 °C) is 

comparable to that of the WA-WF-magmatic zircons in the Kwf (869 ± 40 °C). The temperatures 

are in concert with the Whitehorn crystallization temperature of 900 °C approximated by 

Chualaowanich (1996). Based on WA-WS-mesozoic thermometry, the geothermometry 

calculations for the corundum metasomatites and Kws within the aureole yielded similar results 

(748 ± 23 and 730 ± 39 °C, respectively). These temperatures also overlap with the Ti-in-biotite 

geothermometry calculations of biotite inclusions in corundum (681 ± 47 °C) reported in Chapter 

2 (Aertker et al. in preparation) for the corundum metasomatites. 

 

Within the Kwf, the older WA-WF-hydrothermal zircons document the lowest 

crystallization temperature (673 ± 48°C). The younger WA-WF-magmatic zircons document the 
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highest temperature (869 ± 40 °C). This nonlinear age relation suggests either a relic zircon 

population or that hydrothermal activity occurred before complete crystallization of the Kwf. 

Nonetheless, the WA-WF-hydrothermal zircons relatively low crystallization temperatures 

indicate the Whitehorn stock sustained intervals of cooling and reheating, probably facilitated by 

incremental accretion. 

 

4.6 CONCLUSIONS 

High-precision geochronology reveals that the Whitehorn stock was emplaced into the 

upper crust at 68.740 ± 0.021 Ma, and crystallization was complete at 68.183 ± 0.009 Ma, 

bracketing an emplacement-to-crystallization age of 557 ± 30 kyr. The Whitehorn stock 

emplacement involved multiple injections, including intrusion events at 68.230 ± 0.012 Ma and 

68.223 ± 0.013 Ma. It is suggested that the magmatic-to-hydrothermal transition operated for 300 

to 500 kyr, ceasing approximately 28 kyr before complete solidification of the Whitehorn stock. 

These ages support the observations that hydrothermal activity is derived from (and sustained 

by) incremental magmatic pulses, and the primary magmatic-hydrothermal hydrothermal event 

terminates before complete solidification. This research proposes the following primary criteria 

for identifying hydrothermal zircon: 1) association with hydrothermal minerals that are also 

euhedral and compositionally zoned; 2) zircon ages younger than their host rock; and 3) lower 

crystallization temperature than the causative intrusions.  
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CHAPTER 5 

 

CONCLUSIONS 

 

A comprehensive study of the occurrence of metapelite-hosted hydrothermal corundum at 

the sheared contact of a syngenetic skarn and the related magmatic-hydrothermal evolution of 

the Laramide calc-alkaline I-type Whitehorn Stock shows that Al hydrothermal mass transfer 

leads to the origin of corundum within quartz-bearing protoliths. Additionally, it shows that 

corundum composition reflects local igneous, skarn, and metapelitic geological processes, and 

hydrothermal mineralization operated for approximately 300 kyr. This chapter summarizes the 

conclusions of the research and proposes future work to understand Al metasomatism, corundum 

geochemistry, hydrothermal zircon geochemistry, and the magmatic-hydrothermal evolution. 

 

5.1 Research Findings 

Key research findings include the following: 

 

1. The in-situ corundum related to the Whitehorn Stock occurrence in Colorado is located 

near the intrusion and Leadville skarn. This thesis proposed a petrogenetic model to form 

corundum through a petrogenesis associated with hydrothermal metasomatism. At this 

setting the interplay of syngenetic, magmatically derived fluids from the Whitehorn 

Stock, devolatilization-reaction-derived fluids from the Leadville skarn, metapelitic 

protolith composition, and dynamic and isochemical metamorphism resulted in the 

formation of hydrothermal corundum.  

 

2. The LILE- and alkali-rich nature of the corundum metasomatites supports primarily Al-

alkali–alkaline-rich metasomatic genesis rather than residual Al2O3 from varying 

desilicification mechanisms (e.g., pre-metamorphic weathering, chemical potential 

gradients, and partial melting). The proposed petrogenetic model delineates the fluid 

composition and evolution through skarnification of the Leadville pure limestone 

protolith associated with a primarily Si–Al-alkali–alkaline–halide-rich magmatic-

hydrothermal fluid that became increasingly Fe-rich. The proposed model shows alkali–
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halide-rich solutions are powerful Al2O3 and SiO2 solvents that precondition the original 

quartz-bearing lithologies by desilication prior to corundum precipitation. 

 

3. Contrasting lithologies are not restricted to acting as silica sinks by producing potential 

chemical gradients; they can also serve as Si reactants to produce low !!"#! permeating 

fluids that are enriched in Al-alkalis–halides. Thus, for the SiO2-saturated Belden Shale 

to become highly reactive to a high "!"#!magmatic-hydrothermal fluid, the fluid must be 

modified to lower "!"#! by reactions within the Leadville skarn, where skarn 

mineralization consumed SiO2 before its passage into the Belden Shale. The proposed 

model shows that this preconditioned low "!"#! 	Al − alkali– Ca	solution	fluid reacted 

with quartz within the quartz-bearing Belden Shale protolith, leading to quartz depletion 

and precipitation of alkali–Ca–halide bearing minerals (e.g., plagioclase, K-feldspar, and 

apatite) and ultimately corundum. 

 

4. This research shows that the corundum geochemistry reflects a hybrid petrogenesis 

involving magmatic-hydrothermal fluids from the Whitehorn Stock, devolatilization-

derived fluids from the Leadville skarn, and metapelitic signatures.  

 

5. The Leadville garnets REE trace-element signatures are enriched in LREE relative to 

HREE. The Leadville garnet REEs + Y compositions result from mineral–fluid reactions 

involving an initial exsolved LREE-enriched magmatic-hydrothermal fluid. Thus, the 

trace-element compositions of these garnets are controlled by magmatic-hydrothermal 

fluid compositions and reflect variations in fluid chemistry during hydrothermal fluid 

flow reestablishing chemical equilibrium with the protolith. The paragenetically later 

garnets showing HREE enrichment may indicate hydrothermal garnets that could be 

paragenetically dated relative to one another by the shift from LREE to HREE 

enrichment. 

 

 

6. Establishing the Leadville garnets as a monitor of magmatic-hydrothermal fluid 

composition is correlative with corundum trace-element composition derived from a 

continuum among the protolith and metasomatic fluid composition. Cogenesis of the 
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hydrothermal corundum with Leadville garnets was documented using comparable core-

to-rim signatures of K, Sr, Ba, Be, Mg, Co, Zn, Cu, Mn, Nb, Ta, W, Th, Pb, B, Si, and 

Sn, and from core-to-rim enrichment of Fe, V, Cr, and Ga. Thus, delineating the 

compositional continuum between protolith and metasomatic fluids. 

 

7. Three discrimination diagrams for corundum petrogenesis are proposed that allows 

recognizing igneous influence by ratios of (Fe/Si vs. Ga/Si), skarn influence (Ca/Si vs. 

Mg/Si), and metapelitic protolith ((Ti + V)/Si vs. Cr/Si). The discrimination diagram was 

tested against previous investigations and can be used to delineate corundum from hybrid 

petrogenesis. This application is an improvement over traditional corundum diagrams 

that discriminate metamorphic, igneous, and metasomatic origins and allows 

distinguishing corundum gemstone (sapphire) and placer deposits from other 

occurrences. 

 

8. High-precision geochronology indicates an emplacement-to-crystallization age of 557 ± 

30 kyr. The Whitehorn Stock emplacement involves multiple injections or intrusion 

events.  

 

9. The geochronology results suggest that the magmatic-to-hydrothermal transition operated 

for 300 to 500 kyr, ceasing 28 ± 18 kyr before solidification of the Whitehorn Stock. 

These ages support the observations that hydrothermal activity is derived from (and 

sustained by) incremental magmatic pulses and the primary orthomagmatic hydrothermal 

event terminates before completing solidification.  

 

10. This research proposes the following primary criteria for identifying hydrothermal zircon: 

1) association with hydrothermal minerals that are also euhedral and compositionally 

zoned; 2) zircon ages younger than their host rock; and 3) lower crystallization 

temperatures than the causative intrusions. 

 

5.2 Recommendation for Future Work 

From this study’s results, the following recommendations for future studies are made: 
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1. A magmatic-hydrothermal influence on corundum mineralization remains contentious. 

The oxygen isotopic ratios (18O/16O) of corundum can be good indicators of their origin 

of the fluids. The ratios could be further utilized to substantiate a metamorphic, 

magmatic, or metasomatic origin. 

 

2. A noted commonality for corundum of metasomatic origin is the presence of corundum 

mineralization associated with alkali–Ca–halide-bearing mineral assemblages. The 

presence of alkali–Ca–halide-bearing mineral assemblages includes corundum hosted 

within marbles, skarns, metapelites and ultramafic protoliths. The composition of such a 

mineral assemblage appears to be essential to Al enrichment and Si depletion by 

reactions with quartz, which creates a favorable environment for corundum 

mineralization. Ultimately this may be the common feature among corundum 

occurrences. More study is required on corundum geochemistry to test the hypothesis that 

alkali-halide fluids is the underlying mechanism for corundum formation on geologically 

well-constrained in situ corundum. However, to substantiate this, solubility limits and 

extensive geochemical characterization on corundum is needed. 

 

3. This study showed that the corundum metasomatites are juxtaposed against a garnet + 

scapolite skarn. Further investigations are required to test whether garnetite skarns in 

contact with metapelites are an exploration vector for gemstone corundum (var. sapphire) 

deposits. 

 

4. This research showed a shift from LREE to HREE enrichment in paragenetically late 

garnets. Further research is required to test the validity of relative timing of hydrothermal 

garnets within magmatic-hydrothermal systems. This study considered the REE 

substitution mechanism within garnets. Here, REE substitution in garnets involves the 

alkali exchange substitution reaction becoming the dominant mechanism as total HREE 

concentrations increase. Further study is required to investigate if the connection from 

LREE to HREE enrichment exists due to this change in substitution style. 
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5. Many studies have identified hydrothermal zircon. Hydrothermal zircon associated with 

the plagioclase + corundum within the corundum metasomatites appears to be unusual. 

This study suggests the need for extensive electron microprobe analyses of zircon, that 

goes beyond HFSEs and REEs. Other elements such as Al, Ca, and Fe, may be elevated 

as a consequence of metamictization and hydration in hydrothermal zircon; however, 

these trace-element signatures may be petrogenetic indicators of hydrothermal zircon. 
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APPENDIX A 

 

File                                                      Description 

S2.1 Summary of samples and methodology for Chapter 2 

S2.2 EPMA and LA-ICP-MS conditions 

S2.3 WHOLE-ROCK LEADVILLE AND BELDEN SHALE 

Whole-rock geochemical data of major, minor, and trace elements of the Leadville 

Limestone, Belden Shale, and corundum metasomatites. For the Leadville Limestone, 

samples 1-LV-2 and 1-LV-6 are garnetite skarns; 1-LV-3, 1-LV-4, 1-LV5 are garnet + 

scapolite + epidote skarns; and 1-LV-1 is a scapolite + diopside + grossular–andradite 

skarn  

S2.4 FELDSPAR EPMA 

All geochemical data (EPMA) of the Belden Shales Type III metasomatite feldspar and 

Leadville skarn feldspar composition and end-member normative (%) calculations  

S2.5 SCAPOLITE EPMA 

All geochemical data (EPMA) of the Leadville skarn scapolite inclusions in garnet and 

matrix scapolite composition and end-member normative (%) calculations  

S2.6 PYROXENE EPMA 

All geochemical data (EPMA) of the Leadville skarn diopside and end-member 

normative (%) calculations from diopside inclusions in Type B garnets  

S2.7 

EPIDOTE EPMA 

All geochemical data (EPMA) of the Leadville skarn epidote and end-member 

normative (%) calculations 

S2.8 Summary of Leadville skarn whole-rock and Belden Shale WDXRF (major and minor 

elements) and ICP-OES-MS (trace elements), categorized by concomitant enrichment 

with the paragenetically early Al metasomatism and paragenetically later Fe 

metasomatism  

 

 

S2.9 GARNET EPMA 

Leadville skarn garnet data by EPMA showing core-to-rim transects of Type B garnets, 

core and rim analyses of Type A garnets, and analyses of Type C garnets 
 

 

S2.10 CORDIERITE EPMA 

All geochemical data (EPMA) of the Belden Shale cordierite between Type I and Type 

III metasomatites and end-member normative (%) calculations  

S2.11 

  

SPINEL EPMA 

All geochemical data (EPMA) of the Belden Shale spinel and end-member normative 

(%) calculations 

S2.12 BIOTITE EPMA 

All geochemical data (EPMA) of the Belden Shale biotite, Ti-in-biotite 

geothermometry (Henry et al., 2005), and end-member normative (%) calculations  
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Appendix A (continued) 

 

S2.13 ISOCON CALCULATIONS OF THE BELDEN SHALE  

Isocon quantifications for 2-B-3 and P-1-1 reference frames. The table presents 

Δwt.% which is a change in weight percentage compared with the reference frame. Δ 

Ci/Ci (Rel.%) is the relative enrichment percentage compared with the reference 

frame, and Δ Ci is the mass transfer percentage compared with the reference frame 

 

 

S3.1 Summary of methodology for Chapter 3 

S3.2 CORUNDUM EPMA 

Corundum trace-element chemistry obtained by electron probe microanalysis 

(EPMA) and based on all analyses, with summaries of max and min, mean (μ) and 

standard deviation (σ), and analytical uncertainties ( ± ) from multiple analyses on 

each grain. Also shown are detection limits and uncertainties of EPMA analyses 

 

 

S3.3 CORUNDUM LA-ICP-MS 

Trace-element analyses of corundum by laser ablation–inductively coupled plasma–

mass spectrometry (LA–ICP–MS), showing detection limits, analytical uncertainty 

for all corundum grains (n = 31), core and rim mean concentrations (μ), and core and 

rim concentration standard deviations (σ) for each grain.  

 

 

 

S3.4 CORUNDUM CORE AND RIM VALUES (LA-ICP-MS) 

Trace-element analyses of by laser ablation–inductively coupled plasma–mass 

spectrometry (LA–ICP–MS), showing average core and rim values (μ), concentration 

differences between core and rim (Δ), mean statistical uncertainties for core and rim 

(x), extent to which grain rim is enriched or depleted relative to core values (D), and 

whether concentration difference is beyond analytical uncertainty (stat. rel.).  

 

 

 

 

S3.5 GARNET LA-ICP-MS 

Laser ablation–inductively coupled plasma–mass spectrometry (LA–ICP–MS) data 

for all garnet types. Table S5 compares paragenetically early grossular components 

and paragenetically late andradite components among Types A, B, and C garnets. 

Also shown are mean concentrations (μ) of grossular and andradite compositional 

zones for Type B garnets; mean core/rim concentration values for Type B garnets; 

average core/rim compositions (μ) for Type A garnets; mean concentration (Δ) 

differences between grossular and andradite compositional zones for Type B garnets; 

differences in mean values of core and rim for Types A and B garnets (Δ); and 

standard deviation (σ) for all calculations. Table also indicates whether andradite 

compositions are enriched relative to grossular compositions in Type B garnets and 

whether Types A and B garnets are core-to-rim enriched or depleted 

 

 

 

 

 

 

S4.1 Summary of methodology for Chapter 4 

S4.2 

ZIRCON U-Pb GEOCHRONOLOGY (LA-ICP-MS) 

LA-ICP-MS geochronology zircon results 

S4.3 

ZIRCON U-Pb GEOCHRONOLOGY (CA-ID-TIMS) 

CA-ID-TIMS zircon results 

S4.4 

ZIRCON LA-ICP-MS 

LA-ICP-MS trace-element results for zircon 

 


