
 

 

 

 

 

 

 

 

 

Copyright 

by 

Michelle Lynne. Gevedon 

2018 

 

 

  



The Dissertation Committee for Michelle Lynne Gevedon Certifies that this is the 

approved version of the following Dissertation: 

 

On the timing, fluid sources, and behavior of skarn formation: Lessons 

from oxygen isotopes in skarn garnets of the North American Mesozoic 

Cordilleran arc 

 

 

 
Committee: 

 

 

 

 

Jaime D. Barnes, Supervisor 
 
 

 

Jade Star Lackey, Co-Supervisor 
 
 
James Gardner 
 
 
 
Daniel F. Stockli 
 
 
 
Staci Loewy 
 
 
 
 



On the timing, fluid sources, and behavior of skarn formation: Lessons 

from oxygen isotopes in skarn garnets of the North American Mesozoic 

Cordilleran arc 

 

 

by 

Michelle Lynne Gevedon 

 

 

 

Dissertation  

Presented to the Faculty of the Graduate School of  

The University of Texas at Austin 

in Partial Fulfillment  

of the Requirements 

for the Degree of  

 

Doctor of Philosophy 

 

 

The University of Texas at Austin 

December 2018 



Dedication 

 

To Stephen, Jasper, and Stella.  

 

 



 v 

Abstract 

 

On the timing, fluid sources, and behavior of skarn formation: Lessons 

from oxygen isotopes in skarn garnets of the North American Mesozoic 

Cordilleran arc 

Michelle Lynne Gevedon, Ph.D. 

The University of Texas at Austin, 2018 

 

Supervisor: Jaime Barnes, Co-Supervisor: Jade Star Lackey 

 

Skarns, the calc-silicate products of fluid-facilitated decarbonation reactions 

occurring at the interface of carbonate-bearing rocks and igneous bodies, are best studied 

for the base metals and ore minerals they often host (e.g., Meinert, 2005). Skarn garnets 

preserve the compositions of fluids present during the initial stages of skarn formation 

because they form early in the skarn metasomatic paragenetic sequence. Although skarns 

constitute a volumetrically insignificant proportion of the crust, they represent the seldom 

preserved crustal-level interactions between plutons and their host rocks and as such 

preserve information regarding the local and regional conditions prevailing during arc 

magmatism. Skarn garnet crystalizes early, if not first, during metasomatic skarn-forming 

reactions and records the oxygen isotope composition of the initial hydrothermal fluids 

(e.g., Einaudi and Burt, 1982; Brown et al., 1985; Meinert et al., 2005). Therefore, the 

skarn garnet oxygen isotope record is a powerful proxy for hydrothermal fluid sources and 

a useful monitor of the relative depth of skarn formation, which may be critical to skarn 

metal classification and, as we show here, paleogeography and tectonic rifting. 



 vi 

This study focuses on three aspects of skarn formation. First, the timing of skarn 

formation in relation to assumed causative plutons, which also serves as a method for 

dating the presence of meteoric fluid within the subsurface. Second, an investigation of the 

various fluid sources that contribute to the fluid budgets in skarn systems spanning the 

spatial and temporal extent of a long-lived continental margin arc. And third, a detailed 

investigation of the relative timing of fluid source contributions and fluid flow mechanisms 

that result in large degrees of isotopic heterogeneity.  Through the combined use of U-Pb 

geochronology and stable isotope geochemistry it is possible to provide radiometric ages 

to constrain the spatial and temporal extent of regional hydrothermal systems. The presence 

of meteoric fluids captured by skarn garnet correspond to skarns emplaced during tectono-

magmatic regimes with extensional components or with plutons experiencing shallow 

emplacement. Moreover, use of regional paleogeographic reconstructions, U-Pb 

geochronology, and the presence of meteoric fluid at depths of skarn formation provides a 

new proxy for constraint on the location and proximity of the Panthalassan paleo-shoreline 

in the Jurassic, and provides evidence for the Jurassic Andean-style emergence of the arc 

edifice many millions of years earlier than previously hypothesized.  Data presented here 

suggests that skarn garnet, in comparison with other mineral records of oxygen isotopes, 

provides the highest-fidelity proxy for the compositions and sources of metasomatic fluids 

regardless of age or pressure-temperature conditions subsequent to garnet crystallization. 
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Chapter 1:  Regarding the oxygen isotope composition of skarn garnets 

and the Mesozoic North American Cordilleran margin arc  

1.0 INTRODUCTION 

Skarns, the calc-silicate products of fluid-facilitated decarbonation reactions 

occurring at the interface of carbonate-bearing rocks and igneous bodies, are best studied 

for the base metals and ore minerals they often host (e.g., Meinert, 2005). Recently, skarns 

have drawn renewed attention as these decarbonation reactions are a potential source of 

atmospheric CO2 during periods of long-lived and geographically extensive continental-

margin arc volcanism (Lee et al., 2013). Although skarns constitute a volumetrically 

insignificant proportion of the crust, they represent the seldom-preserved crustal-level 

interactions between plutons and their host rocks and, as such preserve information 

regarding the local and regional conditions prevailing during arc magmatism.   

The most common occurrences of skarns span the contact of an igneous stock and 

a carbonate-rich lithologic unit, with the pluton supplying the heat required to drive 

hydrothermal circulation and mineral crystallization. Generation of skarn is dependent on 

the presence and mobility of fluids (both H2O and CO2) available to drive the metasomatic 

reactions required to form skarn mineral assemblages (Einaudi and Burt, 1982; Bowman 

1998; Meinert et al., 2005). Water-rich skarn systems like those diagnostic of the Sierra 

Nevada arc efficiently drive away excess CO2, which permits for an influx of metals (e.g., 

Meinert, 2005). Fluid sources include the host igneous body, the decarbonating carbonate 

host, devolatilizing metamorphic wall rocks, and meteoric fluids which may either infiltrate 

from the surface, or as shown in chapter 3, be present in the subsurface at the time of skarn 

metasomatism.  
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 The compositions and sources of the fluids participating in the early stages of skarn 

formation provide under-utilized insight into the crustal conditions, and potentially surface 

conditions, present at the time of pluton emplacement and initial hydrothermal activity. 

Focusing on minerals crystalized early during skarn-forming reactions, such as calcic skarn 

garnet, provides the ability to add detail to interpretations of relative depths of pluton 

emplacement, regional tectonics (e.g., extensional versus compressional components), 

paleo-geographic conditions, and may provide the basis to define and characterize wide-

spread hydrothermal events within volcanic arc systems.  

The following chapters all focus on skarns bodies associated with the Mesozoic 

North American Cordilleran margin arc (i.e., the Sierra Nevada batholith subordinate arcs 

including the Mojave arc segment) and (1) address the timing of skarn formation in various 

segments of the active arc through time and space, (2) document the heterogeneity of fluids 

participating in skarn formation across the arc, paying special attention to skarns that record 

large degrees of meteoric fluids (i.e., fluid with a low-temperature surface heritage) and 

their exclusive occurrence either within tectonic settings controlled by an extensional 

component, or shallowly emplaced plutons. And finally, (3) I assess the mechanisms 

responsible for the generation of meteoric fluids and inherent isotopic variability within 

skarn garnet based on in situ and high-spatial resolution oxygen isotope measurements. 

2.0 SKARN FORMING PROCESSES 

Skarn formation falls within the lexicon of contact metamorphism, however, skarn 

as a subordinate term specifically refers to a calc-silicate rock composition and a 

metasomatic origin. Skarn minerals are formed by fluid-mediated chemical reactions 

which facilitate the exchange of heat and fluids between intrusive igneous bodies and a the 

carbonate-rich host rock under open-system conditions (Bowman, 1998; Meinert et al., 
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2005). The chemical constituents of skarn minerals are stripped away from the pluton or 

liberated from host rocks via dehydration and/or decarbonation reactions and transported 

via hydrothermal fluid to participate in geochemical exchange. A direct result of skarn 

forming reactions is the decarbonation (the release of lithologically-bound CO2) of the host 

carbonate body. The chemical breakdown of the carbonate supplies the high concentrations 

of calcium indicative of calc-silicate rocks, whereas the other key calc-silicate elements 

(e.g., iron, aluminum, silicon, etc.) may be provided by the causative pluton and calc-

silicate wallrocks (e.g., Brown et al., 1985). Examples of common skarn forming 

decarbonation reactions include:  

 
1) Anorthite + 2Calcite + Quartz à Grossular + 2CO2 

2) Calcite + Fe2O3 + 3 Quartz à Andradite + 3CO2  

3) 2Hedenbergite + 2Calcite + O à2Andradite + 2Quartz + 2CO2 

4) Calcite + Quartz à Wollastonite + CO2 

2.1 Skarn mineralogy  

Skarn mineralogy is predominately characterized by a predictable, often mappable, 

progression of calc-silicate mineral growth: primary calcic garnet followed by subsequent 

formation of calcic-clinopyroxene, and a lower-temperature stage often containing the 

minerals quartz, epidote, and calcite (Meinert et al., 2000; Figure 1.1). The high-

temperature metasomatic phase of mineralization may follow a period of isochemical 

metamorphism which may form wollastonite-, tremolite-, and/or vesuvanite-bearing 

hornfels. Garnet present within skarns commonly belong to the grossular (Ca3Al2(SiO4)3) 

– andradite (Ca3Fe3+
2 (SiO4)3) solid solution and generally forms early if not first within 

the initial metasomatic stage of anhydrous skarn mineral development (e.g., Brown et al., 
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1985; Figure 1.2). Economically important mineral phases may result due to the 

enrichment of metals (e.g., W, Mo, Fe, Cu, Ag, Au) and postdate the higher-temperature 

metasomatic garnet formation (e.g., Meinert et al, 2005). Formation of skarn systems is 

well-documented to occur in a range of crustal levels in convergent margin arcs as these 

locations provided abundant opportunity for ascending magma bodies to intersect crustal 

sedimentary rock packages (e.g., Meinert et al., 1997; Meinert et al, 2005). 

Although this study focuses on the high-temperature, metasomatic stages of skarn 

growth, most of the skarns included in this study are classified as oxidized tungsten skarns 

(Newberry and Einaudi, 1981). Tungsten skarns are most commonly associated with calc-

alkaline batholiths, and as a result are frequently occur as the result of arc magmatism, and 

are abundant within the Sierra Nevada batholith and satellite volcanic arcs (i.e., The Argus 

and Benton ranges). The Darwin skarn (located in the Argus range) featured within 

Chapters 2 and 3 is classified as a Pb-Zn-Ag skarn. Zinc skarns are characterized by a distal 

location from their causative pluton and low pluton-to-wallrock ratios (Newberry et al., 

1991), whereas tungsten skarns are interpreted to be associated with deep pluton 

emplacement (e.g., Kwak, 1987), which helps to explain the infrequent occurrence of 

tungsten skarns with a meteoric fluid signature (Chapter 3).  The skarns of this study 

located within the Mojave Desert are classified as carbonate-hosted iron skarns, and have 

extensive retrograde mineralization of magnetite with minor occurrences of copper and 

gold (Einaudi et al., 1981). The iron skarns, as well as, bodies referred to as “IOCGs” (iron-

oxide-copper-gold deposits) are abundant within the Mojave, and characterized by 

andradite-rich garnets and oxidizing fluids.  As described in chapters 3 and 4, the iron 

skarns of the Mojave are often associated with oxidizing conditions and meteoric or 

modified-meteoric fluids such as brines (e.g., Battles and Barton, 1995; Barton et al., 

2011).   
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3.0 OXYGEN ISOTOPE COMPOSITIONS OF SKARN GARNETS 

The stable isotope ratios of skarn minerals reflect the compositions, and by 

interpretation, the sources of fluids that participate in skarn formation because the minerals 

form as a direct result of metasomatism. The oxygen isotope composition (d18O) of skarn 

garnet serves as a proxy for the fluids budget of a given hydrothermal system during the 

initial stages of skarn formation (e.g., Bowman, 1998; Clechenko and Valley, 2003; Crowe 

et al., 2001; D’Errico et al., 2012; Jamtveit and Hervig, 1994; Taylor and O'Neil, 1977). 

Skarn garnet d18O values reflect the oxygen isotope ratios of the initial metasomatizing 

fluid at the time of crystallization despite sample age and history due to slow self-diffusion 

of oxygen through garnet (Jamtveit, 1993; Page et al., 2010).  

Garnets formed in equilibrium with metasomatizing skarn fluids have been 

demonstrated to faithfully record the d18O value of the fluid present during garnet growth 

while resisting the overprint of regional metamorphism (e.g., Clechenko and Valley, 2003). 

In that study, garnet cores with oscillatory zonation from the Proterozoic Willsboro skarn 

body in the New York Adirondacks preserve the chemical and isotopic compositions from 

their original skarn formation despite a regional greenschist-facies regional metamorphic 

event and overprinting. Oxygen isotope compositions of the cores reveal cyclical d18O 

trends, with oxygen isotope compositions reaching a minimum of –1.3‰, and a general 

trend of rim-ward decrease in d18O values. Low d18O values indicate the presence and 

influence of meteoric water during skarn formation, and document a complex fluid 

evolution history. Furthermore, the mole fraction of andradite in individual garnet zones 

appear to form a loose, positive correlation with d18O values (Clechenko and Valley, 2003). 

A similar correlation between mole fraction andradite and d18O values, meteoric d18O 

values, and oscillatory zonation is observed in garnets of the Cretaceous Dalnegorsk 

boroslilcate skarn in Far East Russia (Crowe et al., 2001). Until preliminary investigations 
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for this study began, garnets from the Dalnegorsk had the lowest d18O compositions 

measured from a skarn, reaching–7‰ (Crowe et al., 2001); these extremely low d18O 

values are thought to result from the effect of latitude on the d18O ratios of meteoric water 

because polar regions are characterized by low-d18O, whereas equatorial locations typically 

have higher d18O compositions (e.g. Sharp, 2007). Grossular-andradite garnets from the 

Drammen granite contact aureole of the Oslo Rift, show similar oscillatory zonation, rim-

ward decrease in d18O, and correlation between mole fraction andradite and d18O values 

(Jamtveit et al., 1993).  

The seemingly pervasive positive correlation between mole fraction andradite and 

d18O value is not consistently present in the zoned garnets from this study. Skarn garnets 

of the Osgood Mountains, Nevada were determined to have chemical and isotopic zonation 

and high andradite compositions, and coincided with a fluid primarily derived from a 

cooling magmatic source (Taylor and O’Neil, 1977). Likewise, d18O compositions of 

tungsten skarns in southwestern Montana, and those from grossular-andradite from the 

Pine Creek Mine, the largest and perhaps most comprehensively studied tungsten skarn of 

the Sierra Nevada, indicate that meteoric fluids had little impact during the initial high 

temperature phase of skarn mineral formation, and instead indicate that the metasomatic 

agent was a mixture of magmatic fluid supplemented by 18O-rich fluid produced during 

decarbonation (Bowman, 1978; Brown et al., 1985).  

Skarn garnets from various locations have been demonstrated to document isotopic 

heterogeneity that surpasses the oxygen isotope record preserved within other mineral 

proxies (e.g., the zircon, whole-rock, and feldspar isotopic record). In chapter 3, I argue 

that skarn garnet are perhaps the highest fidelity and most reliable proxy for the oxygen 

isotope composition of ancient systems. Such observed compositional heterogeneity is 

interpreted to reflect changes in the hydrothermal fluid source as the result of end-member 
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mixing or source variability (Jamtveit et al., 1993; Crowe et al., 2001; Clechenko and 

Valley, 2003; Meinert et al., 2005; D’Errico et al., 2012 and references within). Although 

it is possible that changes in mineral composition may result in fractionation of oxygen 

isotopes between grossular and andradite not related to changes in fluid composition, the 

effect is not significant; fractionation between grossular and andradite end-members is 

established to be Agrandite-quartz = Agrossular-quartz – 0.57XAdr at 750°C, where  

Δ(Phase1 – Phase 2) = A1–2106 / T2 + B1–2 * 103 / T  C1–2   

therefore, the fractionation factor for specific compositions of grandite is easily corrected 

for using the mole fractionation of andradite in a given garnet zone (Kohn and Valley, 

1999; Clechenko and Valley, 2003). Likewise, changes in temperature effects oxygen 

isotope fractionation and may result in changes in garnet d18O values. However, garnet 

oxygen isotope variation beyond the potential difference accountable for by garnet solid-

solution compositions and temperature related-fractionation are attributed to changes in the 

composition of the equilibrium fluid (Kohn and Valley, 1999). 

Previous work has demonstrated the capacity for fluid source variability within 

individual skarns (e.g., Crowe et al., 2001; D’Errico et al., 2012;); however, no one has 

addressed the extent to which skarn forming hydrothermal fluid sources may vary within 

individual arc systems through time and space. The abundance of skarns associated with 

the Mesozoic North American Cordilleran margin arcs provide the opportunity to assess 

spatial-temporal variability within hydrothermal fluid sources, and the ability to define 

distinct arc magmatic hydrothermal events.  

4.0 THE NORTH AMERICAN CORDILLERAN MARGIN ARC AND SKARN FORMATION 

Arc magmatism of the Sierra Nevadan and satellite arcs spans much of the 

Mesozoic, following initiation of Farallon subduction (Figure 1.3). Few plutonic examples 
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of the Triassic arc are preserved in the Sierra Nevada, though Triassic marine sediments 

east of the arc suggest the northern plutons intruded below sea level (e.g., Woods et al, 

1999). The Jurassic arc segment is characterized by extensional tectonics based on the 

presence of meta-volcanics and meta-sedimentary rocks that are interpreted as having 

accumulated in extensional basins (Busby, 2012; Saleeby and Dunne, 2015). The Jurassic 

Mojave segment of the arc was intruded largely into crystalline basement, whereas Sierra 

Nevadan plutons to the north intruded into diverse crustal components with passive margin 

affinities (e.g., Saleeby and Dunne, 2015). Paleozoic packages of sedimentary rocks 

including carbonate packages and ophiolite blocks were accreted onto the western paleo-

North American continent during truncation of the passive margin along the California-

Cahuilla transform prior to subduction initiation (Saleeby, 2011). The compound nature of 

Sierran pluton and intrusive suite emplacement has obliterated or obfuscated all pre-

batholithic crustal structures and contacts; remnants of Paleozoic and earlier Mesozoic 

framework rocks are occasionally preserved as metamorphic screens, septa, pendants and 

skarn bodies (Busby, 2004; Saleeby, 2011; Busby, 2012; Saleeby and Dunne, 2015). 

Geochemical, isotopic and detrital zircon studies of these bodies have been useful in 

reconstructing the configuration and history of the pre-Cordilleran passive margin. Detrital 

zircon studies of these bodies and rocks from the Great Valley, which represents the Sierran 

forearc basin (e.g., Barth et al., 2013), corroborate the timing of the observed pulses and 

lulls in arc productivity (Figure 1.4; e.g., Klemetti et al., 2014), and support the modern 

interpretation of incremental emplacement of batholiths and intrusive suites (Coleman et 

al., 2004; De Silva and Gosnold, 2007; Miller et al., 2007; Memeti et al., 2010).  

The compositionally-variable pre-intrusive North American passive margin crust, 

which included Paleozoic carbonates, resulted in abundant skarn formation and 

decarbonation during Sierra Nevada arc magmatism (Lackey et al., 2008; Saleeby, 2011; 
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Saleeby and Dunne, 2015). The composite nature of the Sierran arc, and the incremental 

nature of pluton emplacement resulted in skarn bodies of various ages and activity of 

different hydrothermal systems active at different times. Given the Sierra Nevada arc’s 

longevity and well-established lateral variability, it is likely that differences in magmatic 

style, composition, and depth of emplacement that varied through time and space result in 

variable skarn compositions and degrees of decarbonation. By focusing on skarns from 

regions of the Sierra Nevada that represent various spatial and temporal segments of the 

Cordilleran arc, we can develop a comprehensive view of the active hydrothermal system 

and shallow magmatism. Detailed in situ secondary ion mass spectrometry (SIMS)  

analyses of skarn garnet from the same region will provide insight regarding the 

mechanisms for skarn garnet isotopic heterogeneity and elucidate matters such as skarn 

fluid budgets and the relative timing of fluid end member dominance. 

5.0 CONTENTS AND FOCUS OF FOLLOWING DISSERTATION CHAPTERS  

The following dissertation organized into three chapters intended be coherent and 

stand-alone manuscript topics.  Chapter Two presents case studies and applications of a 

new laser ablation method for obtaining U-Pb ages directly from andradite-rich skarn 

garnets as a means to directly date primary metasomatic skarn minerals; this chapter was 

published in the journal Earth and Planetary Science Letters in September 2018. Chapter 

Three is written as a manuscript for submission to the journal Geology, and seeks to address 

the sources of hydrothermal fluids and the extent to which they are heterogeneous through 

both time and space. This dissertation investigates skarns formed throughout time and 

space within areas where available geochronology data is among the densest in the world, 

which provides context for the study of skarns in regions without dense age-data coverage, 

or provides examples of how to consider stable isotope and geochronologic data in tandem. 
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Chapters three and four present the usefulness of oxygen isotopes in skarn garnet as useful 

and somewhat non-traditional method for discerning surface conditions where meteoric 

fluids are able to penetrate to skarn formation depths. The presence and magnitude of 

oxygen isotope ratios measured from skarn garnets has the ability to detect formation in 

sub-aerial vs. sub-aqueous crust, and provide clues regarding the prevailing 

paleogeographic conditions controlling the mass-dependent isotope fraction dictate by the 

hydrologic cycle.  For example, Chapter 4 of this dissertation discusses the potential 

paleogeographical controls on low-d18O values (as low as –12.25‰ VSMOW); I propose 

that the skarn fluid in equilibrium garnets preserving such low-d18O values may indicate 

the presence of high elevations and emergence of the arc edifice by Late Jurassic times.   
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Figure 1.1. Simplified schematic diagram of the phases of skarn formation for the Pine 
Creek skarn, Sierra Nevada, CA. Pine Creek is a tungsten skarn, however, 
the general mineral progressions are the same for the iron skarns of the 
Mojave where scheelite is absent and magnetite grows in its place.  
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Figure 1.2. Schematic and photographic example of the skarn reaction front through 
relative time.  (A) Diagram depicting the progression of focused fluid flow 
and resultant exoskarn mineral development through time. The distance 
between reaction fronts increases as skarn formation progresses. Figure 1.3a 
is modified from Meinert et al. (2005).  (B) A photo of the contact between 
the White Chief pluton and the exoskarn garnetite of the same name. 
Exoskarn hosted by the pluton is visible and outlined in red.  The 
metasomatic fluid reaction front is labeled. The dashed white box compares 
the lithologies present at the White Chief skarn with the same position in the 
schematic diagram show in part A. (C) Examples of grossular-rich skarn 
garnets from the Tungsten Hills, CA. (D) Example of the reaction fronts 
between host carbonate and garnet>pyroxene zone of the Copper Strand 
skarn, Mojave Desert. 
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Figure 1.3. Map skarn occurrences of the United States Mesozoic Cordilleran margin arc. 
Yellow dots denote locations of skarn, whereas red dots mark skarn 
localities studies in this dissertation.  
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Figure 1.4. Punctuated magmatic and volcanic activity in the Sierra Nevada. (A) 
Punctuated equilibrium of Sierra Nevada plutonism showing distinct peaks 
during the Jurassic (~145 to 170 Ma) and the Cretaceous (~110 to 125 Ma, 
and ~85 to 105 Ma). (B) Punctuated equilibrium of Sierra Nevada 
volcanism showing smaller peaks during the Jurassic and a larger event in 
the Cretaceous. Superimposed yellow stars denote the approximate ages of 
skarns included in this study. 1- Empire Mountain skarn, 2- White Chief 
skarn, 3-The skarn system of the Tungsten Hills, 4- Jurassic skarns of the 
Mojave arc, 5- The Black Rock and Darwin skarns. (C) Shows changes in 
whole rock (green regions) and bulk plutonic zircon oxygen isotope 
compositions (individual circle symbols) in response to magma production. 

  



 15 

Chapter 2:  Unraveling histories of hydrothermal systems via U-Pb 

laser ablation dating of skarn garnet 

1.0 ABSTRACT 

Skarns are one of the few direct genetic links between magma and base metals in 

ore deposits, yet temporal relationships between skarns and their assumed causative 

plutons are rarely confirmed with radiometric formation ages. Skarns have been 

notoriously difficult to date directly due to a limited primary mineral assemblage, generally 

garnet and pyroxene. Discrepancies in timescales of skarn formation versus pluton 

emplacement emphasize our tenuous understanding of temporal relationships between 

plutons and hydrothermal systems including the duration of hydrothermal activity and 

skarn mineral growth rates. Here we apply a new method for U–Pb dating grossular-

andradite (grandite) garnet via LA-ICP-MS and present the first comprehensive study to 

focus on U–Pb dates of primary skarn garnet. We present U–Pb age constraints on garnets 

from multiple skarns within the Jurassic and Cretaceous arcs of the North American 

Cordillera. Two case studies (Darwin and Empire Mountain skarns) illustrate the 

effectiveness of the U–Pb grandite method by demonstrating that garnet U–Pb ages agree 

within error of the pluton- and skarn-hosted U–Pb zircon ages. Two additional study 

localities (Black Rock and Mojave skarns) demonstrate the ability of grandite U–Pb ages 

to: 1) directly identify a causative igneous event, and 2) record timing of major tectonic  

__________________________ 
1This chapter is published as a peer-reviewed journal.  Co-Authors include, in order: 
Spencer Seman (participated in U-Pb data collection, reduction, and interpretation), 
Jaime D. Barnes and Jade Star Lackey (both participated in data interpretation), and 
Daniel F. Stockli, who over saw geochronologic data collection and interpretation.  
Gevedon, M., Seman, S., Barnes, J.D., Lackey, J.S., and Stockli, D.F., 2018, Unraveling 
histories of hydrothermal systems via U–Pb laser ablation dating of skarn garnet. Earth 
and Planetary Science Letters, v. 498, p. 237-246, 
https://doi.org/10.1016/j.epsl.2018.06.036 . 
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events, specifically extensional to trans-tensional shifts in the Jurassic Mojave of 

California.  

2.0 INTRODUCTION 

Skarns are the calcic garnet- and pyroxene-rich products of decarbonation reactions driven 

by infiltration or fluxes of water- rich fluids and commonly occur at the interface of igneous 

bodies intruding carbonate-rich rocks, and frequently host economically valuable base and 

precious metals (e.g., Mo, W, Cu, Au, and Ag) in ores minerals. Therefore, skarns serve as 

one of the most direct genetic links between economically important ores and magmas, and 

provide a glimpse into the process of fluid and thermal transfer between magma bodies and 

the surrounding crust. Despite their economic importance, absolute formation ages of 

skarns are notoriously difficult to determine; as such, few measurements exist on the 

growth rates of skarn minerals, the duration of skarn formation, or the longevity of 

hydrothermal activity (e.g., Meinert et al., 2005).  

Skarn formation ages are commonly referenced to the crystallization ages of assumed 

causative intrusive igneous bodies (Nokleberg, 1981; Meinert, 1993; Xie et al., 2011); 

however, this is problematic in instances where the causative pluton is unknown or 

ambiguous (e.g. Tornos et al., 2000). Additionally, modern interpretations of magma 

emplacement emphasizes the potential for pluton emplacement to occur incrementally over 

several million years (Coleman et al., 2004; Miller et al., 2007), yet thermodynamic models 

of skarn formation require much less time, on the order of 10
6 to as few as 10

4 years 

depending on factors such as intrusion size, host rock permeability and conductive vs. 

convective heat flow (Cathles et al., 1997). This discrepancy between timescales of 

emplacement and skarn formation suggests that little is known about the temporal 

relationships of plutons and their active hydrothermal systems, the longevity of 
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hydrothermal activity, the inter-play of multiple coeval hydrothermal centers, rates of skarn 

mineral growth, and whether subsequent ore formation follows a lapse in hydrothermal 

activity (Chesley, 1999).  

Numerous skarn minerals have been employed as geochronometers (e.g. Re–Os 

dating of molybdenite veins, and U–Pb dating of accessory allanite and vesuvianite) 

(Romer, 1992; Stein et al., 2001; Mathur et al., 2002; Stein et al., 2003; Deng et al., 2014). 

Although useful, these methods require the occurrence of accessory mineral phases not 

universally present in skarns. These methods date the timing of ore formation, which occurs 

during late-stage metasomatism, or “retrograde” phases of skarn formation instead of at the 

onset of hydrothermal activity (Meinert et al., 2005). In addition, the inconsistent 

occurrence of accessory minerals such as meta- somatic zircon, xenotime, and monazite 

keep these minerals from being constant skarn geochronometers (Schaltegger et al., 2005; 

Rasmussen et al., 2006; Rasmussen and Mortensen, 2013; Liu et al., 2015).  

Garnet, however, is common and often voluminous in skarns and is among the 

earliest, if not the first, of the characteristic paragenetic minerals to crystallize upon skarn 

formation; these traits mean garnet crystallization most accurately captures the onset of 

hydrothermal activity. Past attempts to apply the U–Pb geochronometer via TIMS to garnet 

have been plagued by low concentrations of U (typically <1 ppm) (DeWolf et al., 1996). 

However, andradite-rich garnets, and andradite-rich zones within grossular garnets, are 

common in most skarns (Meinert et al., 2005) and have the ability to accommodate U via 

suspected coupled substitutions involving Fe3+ (DeWolf et al., 1996; Smith et al., 2004; 

Guo et al., 2016), with a common positive correlation between increasing mol% andradite 

and U concentration (Figure 2.1). To date, attempts to date U–Pb skarn garnets are limited 

to one conference abstract (Meinert et al., 2001) and recent work by Seman et al.  
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(2017) and Deng et al. (2017). However, all of these papers are focused on method 

development and demonstrating the viability of the method by illustrating garnet U–Pb 

ages are coeval with plu- ton age. Here we not only show the viability of the method, but 

highlight its utility by addressing geologic questions.  

The closure temperature of the U–Pb system for a 0.5 cm diameter garnet is 

estimated to exceed 800◦C though no specific estimates for grossular-andradite garnet 

exists (Mezger et al., 1989; Burton et al., 1995; DeWolf et al., 1996). However, skarn 

formation temperatures generally range from 350 to 650◦C (Bowman, 1998), well below 

the U–Pb closure temperature of garnet. Low formation temperatures of skarn garnet, 

coupled with the high closure temperature for garnet U–Pb indicates that diffusion is 

unlikely to affect U–Pb dating of andradite. Despite relatively low [U], andraditic garnet is 

well suited for laser ablation ICP-MS analysis as it is large, commonly exceeding 500 μm 

in diameter, and can accommodate large (>60 μm) laser spots.  

Here we present two case studies from the Darwin and Empire Mountain skarns 

demonstrating the effectiveness of a new application of U–Pb LA-ICP-MS 

geochronometry for dating andradite-rich garnets from natural skarn systems, as well as 

two additional case studies from the Black Rock Mine and two Mojave Desert skarns 

demonstrating two different applications of the method: (1) identification of an unknown 

causative pluton, and (2) generation of temporal constraints on regional hydrothermal 

alteration and oscillations in the paleo-shoreline of the Jurassic Mojave.  

2.1 Geologic setting of the Mesozoic Cordilleran skarns 

This study samples skarns from the Mesozoic North American continental arc, 

including the Mojave Desert, Inyo and Benton Ranges, and Sierra Nevada, California, 

which provide a spatial and temporal cross-section of skarn-forming environments through 
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the composite arc (Table 2.1; Figure 2.2). Samples from the Mojave Desert, and Benton 

and Inyo Ranges sample older (Triassic and Jurassic) inboard portions of the arc where 

isolated plutons and stocks commonly intruded thick passive margin sedimentary 

sequences rich in carbonate wallrock (Nelson, 1962; McKee and Conrad, 1996; Saleeby 

and Dunne, 2015). The Darwin Stock exemplifies such intrusions in that the age of its 

associated pluton (ca. 175 Ma, Chen and Moore, 1982) lies at a relatively subdued period 

of magmatism in the Jurassic, and is located over 50 km from another exposed pluton of 

this age. In addition, significant interest in its Pb, Zn, and Ag mineralization has led to 

detailed study of the connections between skarn petrogenetic sequences and ores (e.g., 

Newberry et al., 1991 and references therein). At the Darwin skarn, tungsten- bearing 

garnet skarn is shown to be early-stage and well-exposed in direct and intermingled contact 

with the top of the quartz monzonite in the eroded pluton core. Thus this pluton provides 

an excellent setting to test for linkage between of U–Pb age of skarn garnet and plutonic 

zircon. In contrast, many Cordilleran arc plutons and associated skarns may be subject to 

overprinting by extensional deformation and in some cases, younger, regional plutons may 

lead to considerable skarn formation age uncertainty.  

Such is the case for the Cordilleran arc segments of the Mojave where plutons of 

Triassic, Jurassic, and Cretaceous age are intruded into arc crust that was continually 

deformed (trans-tension and extension) during the Mesozoic (Walker et al., 1990, 2002). 

As a result, clear pluton-skarn associations are elusive and further obscured by recent Basin 

and Range extension. Further complication arises because Mojave arc segments expose 

shallow crustal levels where hypabyssal intrusions and silicic volcanic deposits range from 

ca. 180 to 148 Ma (Walker et al., 1990, 2002) and capture an upper-crustal volcanic–

plutonic transition. These shallow intrusion levels allowed volumetrically large quantities 

of surface (meteoric) waters to infiltrate to skarn formation depths within a large regional 
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hydrothermal system, and resulted in hydrothermal alteration of many plutons and volcanic 

rocks (Solomon and Taylor, 1991). This alteration affects all regional Jurassic Mojave 

plutons. Therefore, dating of the skarns in the region (Whitehorse and Verde Antique in 

this study) provides a robust means to precisely constrain the timing of active meteoric 

water incursion, which reflects the relationship between changing tectonic regime, 

plutonic– volcanic expression in the arc, and styles of ore mineralization.  

Skarns in the Sierra Nevada arc are the antithesis of the Mojave arc skarns as 

voluminous Cretaceous plutonic rock far exceeds the proportion of the metamorphic 

wallrock. Sierra Nevadan skarns are found in scattered wallrock screens often bound by 

multiple, well-exposed plutons. A multitude of local plutons, however, obfuscates skarn–

pluton genetic and age relations, thus making direct dating of skarn minerals particularly 

powerful for linking hydrothermal activity to specific intrusive events. The case study of 

the Empire Mountain skarn in the Mineral King pendant of the south-central Cretaceous 

Sierra Nevada, tests whether garnet skarn formation ages can directly implicate a single 

intrusion as the source of metasomatizing fluids despite the presence of several different 

local Cretaceous plutons.  

3.0 METHODS 

Garnet from all samples, with the exception of Empire Mountain, was removed from whole 

rock samples either via mechanical means or whole rock dissolution in HCl. Garnet for 

analyses are sub- to euhedral such that the center of the garnet is easily identifiable, and 

are ∼25 mm or greater in diameter, such that several laser spots may fit within one crystal. 

Individual garnets chosen for analysis were mounted in 1-inch epoxy rounds, polished to 

the garnet center, then subsequently polished using 1 μm diamond paste. For the Empire 

Mount sample, a euhedral garnet was analyzed in situ within a ∼40 μm thick section.  
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The ability of grossular-andradite garnet to accommodate measurable 

concentrations of U is hypothesized to rely on coupled substitutions involving Fe3+ 

(DeWolf et al., 1996; Smith et al., 2004; Guo et al., 2016). Skarn garnets are frequently 

compositionally-zoned and may alternate between near end-member grossular 

(Ca3Al2(SiO4)3) and end-member andradite (Ca3Fe
3+

(SiO4)3)2 within a single crystal. The 

highest precision andradite U–Pb ages reported in this study via laser ablation were attained 

by characterization of compositional zonation prior to laser ablation in order to identify 

zones of high Fe
3+

. High andradite zones were identified either quantitatively through 

electron probe micro-analyzer (EPMA) determination of XAnd and XGros, or qualitatively 

through SEM energy dispersive X-Ray spectroscopy (EDS) mapping of apparent Al:Fe 

ratios. Both EDS maps and back-scatter electron (BSE) images were made using a 

Phillips/FEI XL30 environmental scanning electron microscope (ESEM) in low-vacuum 

mode such that a carbon coat was not required prior to U–Pb analyses; carbon coating was 

avoided due to the potential of Pb contamination from the carbon source. The measured 

XAnd component of all garnets in this study were measured using the JEOL JXA-8200 

electron probe micro-analyzer with an accelerating voltage of 25.0 kV and focused beam 

current of 20 nA at the University of Texas at Austin after U–Pb analyses were complete. 

Natural and synthetic silicate and oxide standards were used.  

All garnet U–Pb age data were collected on a ThermoFisher Element II, single 

collector, magnetic sector ICP-MS with a Teledyne Analyte G2 193 nm ArF excimer laser 

and a two-volume Helex cell at the University of Texas at Austin (UTChron Laboratory), 

following the methods described in Seman et al. (2017). Willsboro Andradite was 

employed as a primary U–Pb age standard (Figure 2.3); Mali Grandite served as a 

secondary, quality control standard. A laser spot with a diameter of 110 μm was used to 

target zones of high-andradite garnet (Figure 2.4). Primary standard (Willsboro Andradite) 
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analyses were interspersed between every 5 unknown analyses. Secondary standards were 

dispersed evenly throughout the analytical session. As the grossular-andradite solid 

solution incorporates non-radiogenic Pb (Pbc), garnet U–Pb ages are determined using 

linear regressions in Tera–Wasserburg Concordia (Tera and Wasserburg, 1972). Garnet U–

Pb dates are lower intercepts determined by linear regression of discordant arrays. Reported 

garnet age determinations are based on multiple concordant analyses from one or more 

individual garnets depending on the size of the garnet (Table 2.2) as calculated using 

Isoplot version 3.0. The mean squared weighted deviation (MSWD) of the linear regression 

through the discordant array is used to assess analyzed garnets which may contain multiple 

isotopic compositions of Pbc.  

Zircon U–Pb ages were determined following the methods de- scribed in Levina et 

al. (2014) and Hart et al. (2016) and using a 30 μm spot. Reported zircon U–Pb analyses 

have less than 10% discordance between 
206

Pb/
238

U and 
207

Pb/
235

U ages; zircon U–Pb ages 

reported are the one sigma coherent age populations as calculated by Isoplot 3.0.  

Careful screening of all garnet samples was done to avoid analysis of inclusions. 

BSE images and X-ray maps were utilized to avoid surficial exposures of mineral 

inclusions, and to analyze discrete growth annuli. Although inclusions may be concealed 

below the exposed mineral surface, positioning the analytical spots within growth zones 

suggests that any inclusions incorporated into the analysis will be either the same age as 

the surrounding host gar- net, or older than the age of the garnet and be identifiable. Where 

inclusions were a concern, trace element ratios of the analyzed andradite-rich zones also 

were used to monitor for the possibility of inclusions within the analyzed garnet zone (see 

section 5.1.1 as an example).  

Trace element data were collected via laser ablation at UTChron Laboratory at the 

University of Texas using the same instrumentation as used to measure U–Pb ratios. NIST-
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612 glass served as a primary concentration standard. Trace element analyses used 40 μm 

laser spots, 10 Hz repetition rate, 30 s of ablation, and 1.67 J cm
2 fluence; analytical spots 

were positioned adjacent to the locations of the U–Pb analytical spots and within the same 

apparent growth annuli in order to characterize the composition of the annulus.  

4.0 RESULTS AND DISCUSSION 

Skarn garnet successfully U–Pb dated in this study by LA-ICP- MS analysis are 

characterized by relatively high Fe3+ concentrations, but in fact span a range of grossular-

andradite composition. One garnet domain that was successfully dated was iron poor (XAnd 

as low as 20, garnets analyzed generally range from 40 to >99 mol% andradite (Table 2.2; 

Fig. 2.1). U–Pb ages were determined in garnet growth zones with average XAnd > 35 

(Figures 2.1 and 2.2). Calculated lower-intercept ages were derived from multiple (n ≥ 17) 

110 μm laser spot analyses on one or more garnet crystals (Table 2.2). Garnet domains 

characterized by lower Pbc typically yielded more precise and reproducible age 

determinations. Ages from both andradite garnet and metasomatic zircon are presented in 

Table 2.2; all uncorrected isotopic data may be found in Supplemental Files 2.1, 2.2 and 

2.3.  

5.0 DISCUSSION 

5.1 Case Studies  

5.1.1 Case study one: Darwin skarn, Argus range  

The 175 ± 1 Ma (Chen and Moore, 1982) Darwin stock in eastern California’s 

Argus range has a small size, solitary location, and emplacement age during a lull in arc 

magmatism. Thus, it would appear to be a simple, short-lived plutonic system, but the 

preponderance of previous work points to two stages of ore formation, with earlier tungsten 
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ores forming at the pluton contact, and Ag–Zn– Pb skarns forming on faults that cut the 

intrusion (Newberry et al., 1991). The Darwin Stock presents clear contact relations of the 

early-stage W-skarns and the pluton. In particular, in the center of the pluton, zircon occurs 

in the garnet skarn found within 1 m of the top of the pluton and was successfully separated 

and dated, thus providing a second measure of on the age of the skarn. Collectively, the 

detailed prior work and two U–Pb phases to target associated with a relatively small pluton 

makes the Darwin skarn an excellent locale to apply this garnet U–Pb method.  

Direct comparison of skarn grandite U–Pb ages with those of garnetite-hosted 

zircon provide the opportunity to assess the validity and precision of the analytical method. 

The U–Pb grandite age (175 ±	1 Ma; MSWD =	1.9; Table 2.2; Fig. 2.5a) obtained from 

andradite-rich garnet crystal rims, is in agreement with the ∼175 Ma zircon age (Chen and 

Moore, 1982) of the genetically linked Darwin stock. Moreover, the zircon from the skarn 

yield a U–Pb age of 178 ±	3 Ma (Table 2.2; Figure 2.5b; Supplemental File 2.3). This 

agreement between the previously published Darwin stock age, the newly determined age 

of the zircon in the tungsten-bearing garnetite, and the age of the Darwin skarn garnet 

demonstrates the viability of grandite U–Pb as a tool for directly dating skarns.  

The presence of zircon within the Darwin garnetite presents the possibility that laser 

ablation intersected zircon inclusions within the skarn garnet despite careful 

characterization of the sample surface via SEM. However, trace element ratios of the 

analyzed andradite-rich zones can be used to screen for inclusions. Trace element 

concentrations were measured within the andradite-rich garnet rims in order to assess the 

possible presence or absence of zircon. Trace element concentrations of Zr in ten out of 18 

analyses of the Darwin garnet rims are below detection limits (<1 ppm; Figure 2.5c). 

Analytical spots where [Zr] is below the detection limit correspond with higher [U] than 

analytical spots with measurable [Zr]. If U was hosted by zircon inclusions within the host 
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andradite, the opposite relationship between [Zr] and [U] would be observed. Instead, the 

trace elements of the Darwin skarn garnet reveal com- positional heterogeneity within the 

garnet rims, perhaps due to the influence of the Darwin Stock magma. Furthermore, both 

allanite and monazite have structurally controlled Th/U ratios >>	3. Measured Th/U ratios 

of Darwin skarn andradite rims fall within a range of 0.001 to 0.2 based on the same 18 

laser ablation analyses, suggesting that neither monazite or allanite inclusions host the 

measured U.  

The Darwin skarn zircon Th/U ratios (0.4 to 1.2; n =	12) suggest they are dominantly 

magmatic in their character (Hoskin and Schaltegger, 2003). These new age data from both 

magmatic zircon with texturally late rims of skarn garnetite (Figure 2.5a and 2.5b) permit 

but do not require close succession of pluton emplacement and the onset of skarn forming 

hydrothermal activity.  

5.1.2 Case study two: Empire Mountain  

The skarn at Empire Mountain is readily interpretable as the result of interaction between 

the shallow, sub-volcanic Empire Mountain pluton and the Mineral King pendant (Figure 

2.2) despite close proximity to the White Chief skarn and White Chief pluton. The Empire 

Mountain pluton is well characterized in terms of age, geologic history, and composition 

(Busby-Spera, 1983; D’Errico et al., 2012; Sisson and Moore, 2013), thereby providing 

excellent context for determining the accuracy of a skarn grandite age. The grandite U–Pb 

age of 103 ±	4 Ma (MSWD =	3.7; Table 2.2; Figure 2.6) is within error of the previously 

reported age of the Empire Mountain pluton, 106 ±	1 Ma (Sisson and Moore, 2013).  

Laser ablation on the Empire Mountain skarn sample was con- ducted as in situ 

analyses on one euhedral, texturally late-stage garnet surrounded by coarse-grained vein 

quartz (Figure 2.6). The ability to conduct in situ analyses allows for interpretation of age-
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data in the context of important textural information lost during analysis of a separated 

mineral. Compositional zonation is observable in plane polarized light, and BSE images 

and electron probe data confirm the presence of grossular-rich core and andradite-rich rim 

(Figure 2.4b). Internal zonation structure visible within the garnet core suggest at least a 3-

step history of this particular garnet: initial growth, resorption or dissolution, followed by 

additional growth stages (Figures 2.4a and 2.4b). Laser ablation was purposefully restricted 

to the andradite-rich rim, thus dating the later stages of garnet growth. The inclusion of this 

garnet within a texturally-late quartz vein cross-cutting the Empire Mountain skarn 

garnetite further emphasizes that the analyzed garnet is not the product of coeval growth 

of the main garnetite body, but rather occurred once skarn formation was well established. 

We interpret the identical ages of this garnet (103 ±	4 Ma) and the Empire Mountain quartz 

diorite (106 ±	 1 Ma) to signify that skarn formation at Empire Mountain, though 

volumetrically significant and with multiple stages of development and possible protracted 

time span of skarn formation, occurred concomitant with the emplacement of the Empire 

Mountain quartz diorite.  

5.2 Application of the U–Pb garnet method  

5.2.1 Application one: Identifying the causative pluton of the Black Rock Mine skarn 
using grandite U–Pb geochronology  

In regions of skarn formation, compound emplacement of multiple local plutons 

may obscure the identity and age of a skarn’s causative pluton (e.g., Tornos et al., 2000). 

The genetic relationship between the Black Rock Mine skarn (Benton Range, CA) and its 

causative pluton is not obvious because apparent faulting between the main skarn body and 

the physically closest pluton (Elliot, 1971; Newberry, 1983) complicate determination of 

the causative pluton based on field relations. A minimum of four plutonic bodies of various 
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ages present in the immediate region of the Black Rock Mine skarn may have contributed 

to the fluid and heat budget necessary for skarn formation. Samples were collected from 

each of these four plutons, which yield weighted-mean zircon U–Pb ages of 221±2 Ma, 

211+8 and −3 Ma, 206±2 Ma, and 175±1 Ma (Table 2.2, Figures 2.7 and 2.8). These ages 

are in good agreement with the age ranges and distribution of Triassic and Jurassic plutons 

distributed throughout the region (Barth et al., 2011). When considering all collected garnet 

U–Pb spot analysis data, we calculate a skarn garnet U–Pb age of 172 ±	3 Ma with a high 

MSWD of 5.6. By restricting data to radiogenic analyses with 238 U/206 Pb greater than 30 

and anchoring the 207 Pb/206 Pb intercept (defined by Discordia based on all data), we 

calculate an age of 171 ±	2 Ma with a MSWD of 3.7, indicating this over-dispersion is 

attributable to scatter in the low-radiogenic data yields. Exclusion of low-radiogenic 

outliers (depicted in gray in Figure 2.7e) and recalculation yields an identical age of 172 ±	

3 Ma with a slightly improved MSWD of 5.0. This sensitivity of these analyses 

demonstrates the robustness of the calculated age and attributes the observed over-

dispersion primarily to low radiogenic analyses. In light of these findings, we prefer and 

report the skarn garnet U–Pb age of 172 ±	3 Ma and MSWD of 5.0 for the Black Rock skarn 

(Table 2.1; Figure 2.7e), utilizing the most complete and unbiased data array to define the 

radiogenic lead mixing line and Pbc composition.  

Only the Middle Jurassic pluton (15BR_2; Table 2.2) produces a zircon age that 

overlaps with the skarn garnet formation age within reasonable error. The high closure 

temperature of U–Pb in garnet precludes the possibility of thermal resetting, thus we 

interpret this age determination to represent the age of formation. These ages suggest the 

Black Rock Mine skarn is genetically related to the magmatism of the ∼175 Ma pluton, a 

conclusion not readily achievable based on field observations alone. This connection 

between the Black Rock Mine skarn and the 176 Ma pluton provides rational for future 
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investigation of field, geochemical, isotopic, or petrologic evidence in support of a genetic 

relationship. Matching ages of the Black Rock Mine skarn and causative pluton with those 

of the Darwin skarn and stock suggest regional plutonism may have been more 

geographically wide-spread than the solitary Darwin stock suggests.  

5.2.2 Application two: Dating hydrothermal fluid sources and paleogeographic 
changes in the Mojave Desert  

The Verde Antique and Whitehorse skarns of the Jurassic Mojave arc lie in a 

geographically important region for studying fluctuations in the tectono-magmatic regime 

of the southern Jurassic North American Cordillera (Figure 2.2). Changes in subduction 

obliquity and the opening of the Gulf of Mexico result in a transition from extensional 

tectonics in the Early Jurassic to transtensional dominance in the Late Jurassic (Busby, 

2012). The abundant, shallow Jurassic plutons of the Mojave arc are intruded largely into 

rifted crystalline basement and volcanic rocks during this transition (Busby-Spera et al., 

1990; Solomon and Taylor, 1991; Busby, 2012). The influx of fluids with low δ18O values, 

interpreted as meteoric in origin, were responsible for high-temperature hydrothermal 

overprinting of regional plutons (Solomon and Taylor, 1991). These fluids influenced and 

generated widespread skarn formation at the intersection of these Jurassic plutons and 

carbonate- rich country rock.  

Bulk garnet oxygen isotope data from the Verde Antique and Whitehorse skarns 

capture the largest amount of variability in δ18O values documented within an individual 

skarn system to date, including a preponderance of strongly negative values (−3.7 to +4.4‰ 

and −9.8 to +2.3‰, respectively; Gevedon et al., 2014). Such low δ18O values can only 

result from participation of meteoric surface waters in the active hydrothermal system at 

the depths of skarn formation. The presence of these fluids at depth has been interpreted to 
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result from the migration of meteoric sur- face water along the extensional faults 

responsible for Mojave regional rifting (Solomon and Taylor, 1991; Busby, 2012).  

Two individual garnets from the Verde Antique skarn garnetite yield overlapping U–Pb 

ages of 161 ± 2 Ma (MSWD = 1.6) and 162 ± 2 Ma (MSWD = 1.3; Figures 2.9a and 2.9b; 

Table 2.2). A large exoskarn garnet from the Whitehorse skarn with a well-defined core 

and rim yields an age of 149 ± 5 (MSWD = 1.5; Figure 2.9c), which coincides with the 

youngest known age for regional plutonism (Stone et al., 2013).  

The presence of meteoric fluids active in these skarns requires access to surface 

precipitation, thereby demonstrating that the skarn was above sea level at the time of 

formation and precluding skarn formation in crust submerged under ocean water. Paleo- 

geographic reconstructions of the Mojave Desert attempt to track the changing position of 

the shoreline of the paleo-Pacific ocean, which responded to changes in tectonism and 

latitude through the Early to Middle Jurassic, and eustatic sea-level rise in the Early 

Cretaceous (Busby, 2012). As such, these new skarn garnet U–Pb ages require that this 

portion of the Mojave segment of the Jurassic arc had emerged above sea level by the end 

of the middle Jurassic, earlier than the late-Jurassic emergence suggested by previous 

oxygen isotope analyses of undated, hydrothermally altered plutons in the region (Solomon 

and Taylor, 1991). Likewise, these coupled δ18O values and U–Pb ages provide further 

support for the presence of pervasive Jurassic faulting, which provide structural pathways 

for the delivery of surface waters to skarn formation depths, throughout the north-west 

Mojave. The Verde Antique and Whitehorse skarn ages indicate that meteoric-based 

hydrothermal alteration in the Jurassic arc of the Mojave spanned at least 13 Ma (the 

difference between the oldest and youngest best-fit values of 162 Ma and 149 Ma), 

suggesting a longer period of hydrothermal activity than previously interpreted (Solomon 

and Taylor, 1991). In addition, both the Verde Antique and Whitehorse skarns are west of 
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the previously recognized low-δ18O plutons recognized by Solomon and Taylor (1991), 

thereby expanding the geographic extent of this Mojave low-δ18O zone.  

6.0 CONCLUSIONS  

Laser-ablation ICP-MS U–Pb dating of andradite-rich skarn garnet can produce 

geologically robust age constraints for skarn formation independent of the age of associated 

causative igneous bodies. The ability to U–Pb date andradite-rich garnet provides the future 

opportunity to determine the temporal relationship between formation of primary skarn 

minerals and hydrothermal activity relative to emplacement timescales of related magma 

bodies. Present analytical precision restricts resolution of these timing relationships within 

the several million year timeframe often indicated for emplacement of plutons of the age 

range of those chosen in this particular study (i.e., Jurassic and Cretaceous). Analytical 

precision hinges on the [U] of the analyzed garnet and is demonstrated to correlate with 

andradite compositions of the analyzed garnet. Laser ablation permits for in situ analysis 

and recovery of spatial age information, such as formation of texturally late garnet rims. 

As the method continues to improve, it may be possible to date multiple generations of 

growth within a single skarn. Comparing garnet ages that represent initiation of skarn 

formation with ages of ore formation (e.g., Re–Os dating of molybdenite) has the potential 

to reveal whether ore formation directly follows the primary phases of skarn garnet and 

pyroxene growth, or if ore formation follows a pause in, or reactivation of, hydrothermal 

activity such as second boiling events (Chesley, 1999; Rasmussen and Mortensen, 2013). 

Comparison of ore formation ages with skarn garnet formation ages can reveal the duration 

of active hydrothermal and skarn systems, and if coupled with high- resolution pluton 

geochronology it may be possible to determine the complex chronologic relationships 

between hydrothermal activity, ore formation, and the stages of pluton emplacement.  
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Figure 2.1. Plot of measured andradite mol% versus measured U concentration (ppm). 
Plot depicts a general positive correlation between andradite and U 
concentration. Individual points represent matched U and andradite 
compositions; corresponding symbols in solid color represent garnets dated 
and reported in this study. For reference, the high-U garnets of the Beinn an 
Dubhaich Aureole are shown as triangles (Smith et al., 2004); grey field 
with square symbols reflects distribution of data from the White Chief 
skarn, southern Sierra Nevada (Ryan-Davis et al., 2016); light grey fields 
with circular symbols reflects compositions of the Han-Xing and Choingli 
districts of the North China craton (Deng et al., 2017). 
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Figure 2.2.  Map 
depicting locations of 
skarns sampled in this 
study. See Table 2.1 for 
GPS coordinates and 
brief sample 
descriptions. 
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Figure 2.3. Tera-Wasserberg Concordia (TWC) diagrams of the Willsboro andradite 
standard, used as a primary standard, during laser ablation U-Pb analysis of 
each skarn presented in this study. a) TWC of Willsboro andradite standard 
during analysis for Empire Mountain skarn garnet.  b) TWC of Willsboro 
andradite standard during analysis for both the Verde Antique and 
Whitehorse skarn garnets.  c) TWC of Willsboro andradite standard during 
analysis for Darwin skarn garnet.  d) TWC of Willsboro andradite standard 
during analysis for Black Rock Mine skarn garnet.   
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Figure 2.4.  Visual representation of laser ablation spots corresponding to high-andradite 
garnet zones. a) Photomicrograph of visually zoned garnet surrounded by 
texturally late quartz vein cross-cutting skarn garnetite of the Empire 
Mountain skarn (10MD32). Circular pits show the placement of laser 
ablation analyses. B) Back-scatter electron (BSE) image of same dated 
Empire Mountain skarn garnet. Brighter hues in BSE correspond to heavier 
atomic masses; bright inner and outer rims shown are produced by higher 
concentrations of Fe in the rims than in the core. Laser ablation pits are 
positioned within these high-Fe rims.  c, e) Energy dispersive X-ray 
spectroscopy (EDS) images of Darwin skarn garnets obtained prior to laser 
ablation and used to identify and target Fe-rich rims.  Purple and blue colors 
indicate emission of X-rays corresponding to Fe (proxy for andradite) and 
Al (proxy for grossular) respectively.  d, f ) BSE images of same Darwin 
skarn garnets as shown in figures 2c and 2e, respectively.  Laser ablation 
pits correspond with Fe-rich zones as identified by the EDS images. 
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Figure 2.5. U-Pb and trace element data pertaining to the Darwin skarn case study. a) 
Tera-Wasserberg Concordia (TWC) of garnet U-Pb ages of high-andradite 
rims of Darwin skarn garnet. All data-point error analyses are 2σ. b) 
Wetherill Concordia diagram depicting U-Pb age determination of zircon 
separated from the Darwin Skarn skarn garnetite. All data-point error 
analyses are 2σ. c) Diagram of trace element concentrations of high-
andradite rims used to obtain U-Pb age. [Zr] is below detection limit for 10 
out of 18 total analyses, these analyses are depicted as open breaks at Zr on 
the X-axis. When Zr is above detection limits it corresponds with a LREE 
enrichment inconsistent with addition of LREEs from incorporation of 
zircon. 
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Figure 2.6. Tera-Wasserberg Concordia diagram for in situ analysis of Empire Mountain 
skarn garnet in texturally late quartz vein. Analytical outliers are show in 
grey and excluded from age calculation. All data-point error analyses are 2σ. 
Error ellipses shown in grey are outliers excluded from age calculations. 
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Figure 2.7. U-Pb ages associated with the Black Rock Mine skarn. All data-point error 
analyses are 2σ. a-d)  Whetherill Concordia diagrams for zircon separated 
from plutons in the region of the Black Rock Mine skarn. Grey error ellipses 
represent analyses with greater than 10% discordance. “N” values refer to 
the number of concordant analyses. All reported ages are one sigma 
coherent age populations as calculated by Isoplot, as shown in respective 
insets. e Tera-Wasserberg Concordia diagram for garnet from the Black 
Rock Mine skarn, Benton Range, CA. Two grey error ellipses are excluded 
from calculations  due to high ratios of 206Pb/238U. Error ellipses shown in 
grey are excluded from calculations due to high ratios of 206Pb/238U.   
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Figure  2.8.  Weighted 238U/206Pb average ages as determined by the Tuff Zrc function 
from Isoplot 3.0. This method was favored due to excess scatter and 
inheritance in zircon dates. 
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Figure 2.9. Select Tera-Wasserberg Concordia (TWC) diagrams depicting individual 
analytical error ellipses and lower intercept intersection. All data-point error 
analyses are 2σ. a) TWC for high-andradite garnet 1 of 2 from the Verde 
Antique skarn, Mojave Desert, CA. b) TWC for high-andradite garnet 2 of 2 
from the Verde Antique skarn, Mojave Desert, CA. c) TWC for high-
andradite skarn garnet from the Whitehorse skarn, Mojave Desert, CA. 
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Table 2.1. Locations and sample descriptions. 
  

 

Sample number Sample description Latitude Longitude
Darwin Skarn 
13DW2F garnet Garnet rims from garnetite, averaged 36.277167 117.597014
13DW2F zircon Zircon hosted in skarn garnetite  
Black Rock skarn 
14BR2A_a garnet Garnet from garnetite, averaged  37.682125 118.514939
15BR_1 zircon Zircon from peraluminous granite 37.640683 118.516367
15BR_2 zircon Zircon from feldspar-megacrystic granodiorite 37.637997 118.516164
15BR_3 zircon Zircon from quartzmonzonite of Deer Springs 37.648933 118.615775
16BR2 zircon Zircon from biotite granodiorite 37.682758 118.534106
Empire Mountain skarn  

10MD32 garnet Single garnet (rim only) in texturally
late quartz vein 36.466403 118.584608

Verde Antique skarn 
14SW2C_cd garnet Single garnet from garnetite 34.669247 117.094931
14SW2C_ce garnet Single garnet from garnetite 
Whitehorse  skarn 
15SW3W_a garnet Thick rim of large garnet, garnetite 34.542622 116.962464
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Table 2.2. Laser ablation U-Pb ages of garnet and zircon. 

 

Sample number Andradite 
mol%

Garnet  [U] 
ppm

U-Pb age
(Ma)

Precision
precent*

MSWD Number of 
garnet 

"n"  Corresponding
 pluton age

Darwin Skarn 

13DW2F garnet 92 to 98 (rims) 16.9 to 41.2 175 ± 1 2.1 1.9 11 31 175 Ma (Chen and Moore, 1982)

13DW2F zircon  --  -- 178 ± 3  --  --  -- 12 175 Ma (Chen and Moore, 1982)

Black Rock skarn 

14BR2A_a garnet 20 to 51 (cores) 1.88 to 17.2 172 ± 3 3.3 5.0 2 87 Causative pluton unknown

15BR_1 zircon  --  -- 206 ± 2  --  --  -- 28  -- 

15BR_2 zircon  --  -- 175 ± 1  --  --  -- 42  -- 

15BR_3 zircon  --  -- 221 ± 2  --  --  -- 35  -- 

16BR2 zircon  --  -- 211 +8 , −3  --  --  -- 17  -- 

Empire Mountain skarn  

10MD32 garnet 46† and 62‡ undetermined  103 ± 4 5.5 3.7 1 41 106±1 (Sisson and Moore, 2013) 

Verde Antique skarn 

14SW2C_cd garnet 98.1 to 99.7 3.6 to 5.4 161 ± 2 2.8 1.6 1 19 Assumed. Regional ages of 151 

14SW2C_ce garnet 98.0 to 99.7 5.4 162 ± 2 2.8 1.3 1 17 to 167 Ma (Karish et al., 1993)

Whitehorse  skarn 

15SW3W_a garnet 93.7 to 96.9 0.5 to 1.0 149 ± 5 4.3 1.5 1 50 Assumed. Regional ages of 151 

to 167 Ma (Karish et al., 1993)

* Garnet age percent pricision including the percent precision of the Willsboro andradite garnet standard TIMS analysis (1022 ± 16 Ma)

† garnet core

‡ garnet rim
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Chapter 3:  Oxygen isotope compositions of skarn garnet from the Mesozoic 
Sierran arc: skarn fluids sources as non-traditional constraints on 

paleogeography  

1.0 ABSTRACT  

Skarn garnets preserve the compositions of fluids present during the initial stages of skarn 

formation because they typically form early in the metasomatic paragenetic sequence. Analyzed 

garnet (n=215) from 26 skarns sampled from the Mesozoic Cordilleran margin arc capture d18O 

variability of ~20 (–8.9 to 11.1) ‰, surpassing the documented variability of skarn garnet d18O 

from around the world. We propose that skarn garnet serves as an underutilized and robust record 

of crustal fluids and the crustal conditions from which they are derived. Spatial and temporal 

correlations between low d18O values (<~20‰) and regions of tectonic extension and/or inferred 

shallow pluton emplacement demonstrate the control of tectonics on the availability of 

hydrothermal fluid sources. Data presented here suggests the oxygen isotope record preserved in 

skarn garnet is the ideal proxy for addressing the origin of hydrothermal fluid sources; skarn garnet 

forms at pluton-wallrock contacts, an temperatures and crustal conditions which may enable it to 

detect surface conditions should surface fluids have access to the metasomatic front, whereas 

variability within the zircon d18O  record of arc plutons is generally limited to ± ~3‰, and the 

whole rock d18O values of granitoids is reliant on geochemical exchange and subject to alteration. 

For example, strongly negative d18O values of Mojave Desert skarns add spatial constraints to the 

regional location of the shoreline of the Jurassic Panthalassan ocean as the skarn systems require 

access to subaerial surface conditions. 

2.0 INTRODUCTION 

Skarns – calc-silicate products of fluid-facilitated decarbonation reactions occurring at the 

interface of carbonate-bearing rocks and igneous bodies – are most commonly studied for the base 

metals and ore minerals they often host (e.g., Meinert, 2005). Recently however, skarns have 

drawn renewed attention as these decarbonation reactions are a potential source of atmospheric 
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CO2 during periods of long-lived and geographically extensive continental-margin arc volcanism 

(Lee et al., 2013). Although skarns constitute a volumetrically insignificant proportion of the crust, 

they represent the seldom preserved crustal-level interactions between plutons and their host rocks 

and as such preserve information regarding the local and regional conditions prevailing during arc 

magmatism.  
Skarn occurrence most commonly spans the contact between a pluton and carbonate-rich 

lithologic units, and requires participation of fluids to drive metasomatic reactions of which 

skarn mineral assemblages including grossular (Ca3Al2(SiO4)3) to andradite Ca3Fe3+
2(SiO4)3 

garnet and other Ca-silicate minerals form (Bowman, 1998). The compositions and sources of 

the fluids participating in the early stages of skarn formation provide under-utilized insight into 

the prevailing conditions (e.g., relative depth, tectono-magmatic regime, paleo-geography) 

present at the time of pluton emplacement and onset of hydrothermal activity. Skarn garnet 

crystalizes early, if not first, during metasomatic skarn-forming reactions, and likley records the 

oxygen isotope composition of the initial hydrothermal fluids (e.g., Einaudi and Burt, 1982; 

Brown et al., 1985; Meinert et al., 2005). Therefore, the skarn-garnet oxygen isotope record is a 

powerful proxy for hydrothermal fluid sources and a useful monitor of the relative depth of skarn 

formation, which may be critical to skarn metal classification and, as we show here, may be 

useful for identifying features of paleogeography and tectonic rifting. In this study, we compare a 

global compilation of the d18O values of skarn garnet to those of Mesozoic skarns of the U.S. 

Cordillera to define the instances of magmatic-derived versus other fluid sources and 

demonstrate that skarn garnet isotopic compositions are an excellent measure of periods of 

tectonic rifting, and therefore paleogeographic setting (i.e., sub-aerial vs. sub-aqueous crustal 

columns).   
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3.0 BACKGROUND 

3.1 Skarn occurrence within the North American Mesozoic Cordilleran margin arcs  

The Mesozoic Cordilleran arcs of North America are the result of ~170 million years of active 

magmatism, and span >1000 km2 of modern day eastern California. Plutons of these composite 

arcs, including but not limited to the Sierra Nevadan batholith, the Peninsular Ranges batholith, 

and the disassembled arc segments in the Mojave Desert and San Bernardino Mountains sampled 

during this study (Fig 1), were emplaced and interacted with compositionally heterogeneous 

hostrocks at variable depths (e.g., Barton et al., 2011).   

Cordilleran arc magmatism spans much of the Mesozoic, following initiation of Farallon 

subduction. Few plutonic examples of the Triassic arc are preserved in the Sierra Nevada, though 

Triassic marine sediments east of the arc suggest the northern plutons were intruded in an 

extensional arc-setting below sea level (e.g. Woods et al., 1999). The prevailing tectono-magmatic 

regime of the Jurassic Cordilleran arcs was characterized by extensional tectonics, based on the 

presence of meta-volcanic and meta-sedimentary fill accumulated within extensional basins, 

located predominantly in the southern arc segments (Saleeby and Busby-Spera, 1992; Busby et al., 

2015). However, complex transitions between regional sinistral-transtensional extension and 

dextral-transpressional contraction precipitated by far-field plate forces spatially dissect the arc 

and temporally punctuate Jurassic magmatism (Saleeby and Dunne, 2015.) Alternative hypotheses 

explaining the complex history of the Jurassic Cordillera call for repeated instances of exotic arc 

accretion (e.g., Dickenson, 1998; Anderson, 2015). Conversely, Cretaceous arc components are 

interpreted to have been intruded following a transition to dominantly compressional regime 

(Tikoff and Saint Blanquant, 1997; Busby, 2004), although evidence for regional rifting persists, 

including but not limited to intra-arc basins of the Stokes Mountain region of the western Sierra 

Nevada foothills (Clemens-Knott et al., 2013).  

Accumulation of carbonate-rich passive margin sediments prior to subduction initiation 

(Saleeby, 2011) provided increased opportunity for skarn formation upon intersection with 
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ascending arc plutons (Lee et al., 2013) and drive crustal decarbonation at various depths and 

timescales (Lackey et al., 2008; Saleeby, 2011; Saleeby and Dunne, 2015). The Sierra Nevada 

batholith and satellite arcs host several hundred Mesozoic skarn bodies, many of which contain 

recoverable quantities of W, Mo, Fe, Pb, Zn, and Cu ore (Fig. 1; Newberry, 1982; Newberry 1991; 

Barton, 1996). Given the longevity of Cordilleran arc activity, large geographic footprint, crustal 

column compositional variability, and dynamic tectonic regime, it is likely that differences in 

intrusive parameters, such as relative depth of emplacement or prevailing tectono-magmatic 

conditions (i.e., dominantly extensional vs. compressional configurations) were manifested as 

variations in primary skarn mineral compositions. Measuring the compositions of arc 

hydrothermal fluids may provide insight into arc systematics including fluid source changes over 

time. 

We have measured the d18O values of primary grossular-andradite garnets (n = 215) from 

24 different skarn deposits with the Mesozoic Cordilleran continental margin arcs of California 

(Fig. 2a; Appendix A); additional garnet samples from continental interior locations of the Great 

Basin (Nevada and Utah) and a skarn from the Coast Mountains Batholith (Alaska) to provide 

comparison for the skarns from the continental margin arc. Locations were selected to capture 

skarns of various size and economic production as well as major episodes of Jurassic and 

Cretaceous magmatism, and periods and locations of inferred extension in the arc. These data 

capture the active processes and range of wallrock types possible during upper-crustal 

emplacement of magma.  

4.0 METHODS 

Data presented here are comprised of both individual garnets and garnet from massive garnetite. 

Most of the skarn garnets are compositionally zoned resulting in core to rim color variations. 

Where possible, core and rim garnets were separated (Appendix B). Garnet separates were washed 

in dilute HCl to remove carbonate, rinsed in deionized water, and hand-picked under a binocular 

microscope to ensure purity (e.g., no visible mineral inclusions). Oxygen isotope ratios were 
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measured at the University of Texas at Austin using a ThermoElectron MAT 253 mass 

spectrometer on ~2.0 mg of mineral via laser fluorination following the methods described in 

Sharp (1990). Precision and accuracy were confirmed with in-run calibrations of garnet standard 

UWG-2 (d18O = +5.8‰) (Valley et al., 1995) and in-house quartz standard Lausanne-1 (d18O  = 

+18.1‰). δ18Ovalues are reported relative to SMOW, where the δ18O value of NBS-28 is +9.65‰. 

Precision is ± 0.1‰ for all reported data. All supplemental data including oxygen isotope data 

collected by laser fluorination is tabulated in Appendix B. 

5.0 RESULTS AND DISCUSSION 

Skarn garnet d18O values serve as a proxy for skarn fluid budget and compositions of 

contributing fluids (e.g., Bowman, 1988; Clechenko and Valley, 2003; Crowe et al., 2001; 

D’Errico et al., 2012; Jamtveit and Hervig, 1994; Taylor and O'Neil, 1977; Fig. 2b). Garnets that 

form in equilibrium with hydrothermal fluids have been demonstrated to record the d18O value of 

the fluid present during growth, and to resist overprinting or recrystallization during episodes of 

regional metamorphism (e.g. Clechenko and Valley, 2003). The source of these fluids reflects the 

processes and conditions present during skarn formation. Garnet formed in equilibrium with 

magmatic fluids are expected to have d18O values between ~5 and ~8‰ (Bowman, 1998), whereas 

garnets formed in the presence of fluids released via metamorphic reactions generally have values 

>8‰ (e.g., Bowman, 1998; Clechenko and Valley, 2003). In contrast, garnet formed via 

interaction with meteoric water have values <5‰, depending on the composition of local rainwater 

precipitation (Fig. 2).  

The d18O values of Cordilleran arc skarn garnets spans approximately 20‰ (-8.9‰ to 

+11.1‰, Fig. 2a). We group the values to designate skarns as either low-, normal- or high-δ18O, 

from which further interpretations and observations can be made. For the purpose of calculating 

equilibrium fluid compositions, we assume a skarn formation temperature of 600°C; this 

temperature was chosen because it represents a typical temperature of formation for the primary 

anhydrous phase of skarn mineral growth, and was demonstrated to be the maximum temperature 
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of formation at the Cretaceous Pine Creek skarn of the Central Sierra Nevada batholith (Brown et 

al., 1985).  

Garnet d18O values from this study and the global dataset (Supplemental File 3.1) highlight 

the strong influence of magmatic-derived fluids (Fig. 2b), or fluids that have come to equilibrium 

with a magma body, during the initial stages of skarn-forming metasomatism. The primary source 

for metasomatizing fluids is interpreted to be fluids released from or in equilibrium with the 

cooling causative igneous body (e.g., Brown et al., 1985; Bowman, 1998). Based on whole-rock 

and zircon d18O values of calc-alkaline arc plutons within Mesozoic California arc system 

(between ~6 and ~8‰; e.g., Lackey et al., 2008), fluids in equilibrium with magmas exhibit limited 

variation in calculated d18O values, ranging from ~4.5‰ to ~6.4‰, based on zircon-quartz and 

quartz-water fractionation factors (Clayton et al., 1972; Valley, 2003). Using this range of 

magmatic fluid values and the garnet-quartz and quartz-water fractionation factors of Matthews 

(1994) and Clayton et al. (1972) respectively, the calculated range of d18O values typical of skarn 

garnet that formed in equilibrium with predominantly magmatic fluids is between ~5.9 and ~7.9‰. 

Although the data confirm a dominance of magmatic fluid sources, d18O values both exceeding 

and below the established range of magmatic fluids indicate heterogeneous fluid sources during 

skarn formation are common.  

Metamorphic devolatilization reactions occurring within the surrounding wall rocks during 

pluton emplacement prior to or concurrent with skarn formation provide an additional source of 

metasomatizing fluid. Skarns with consistent but elevated d18O values, such as the Darwin skarn 

(Figs. 1, 2a), indicate the ability for magmatic and metamorphic fluid sources to become well-

mixed. Conversely, the isotopic variability within Black Rock Mine, the Consolidated Tungsten 

Mine, and the White Knob skarns suggest that the addition of fluids to the hydrothermal system 

may be sporadic, localized, or that growth of skarn garnet occurs more rapidly than fluid sources 

can homogenize. 

In contrast, d18O values below those expected of magmatic fluids signify incorporation of 

meteoric fluids into the source. Low-d18O values recorded in the Empire Mountain and White 
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Chief skarns of the south central Sierra Nevada, and in the Jurassic skarns of the Mojave (e.g., 

Verde Antique, Whitehorse, Copper Strand, Figures 3.1, 3.2a; Appendix B) can only be formed 

through interaction with surface derived fluids during the initial metasomatic stages of skarn 

formation. Previous work demonstrates that meteoric fluids as recorded by skarn minerals often 

trend from higher d18O values in the primary anhydrous skarn minerals (i.e., garnet and pyroxene) 

to progressively lower d18O values in the secondary and retrograde mineral assemblages (e.g., 

Brown et al, 1985). This isotopic trend is interpreted to reflect the early dominance of magmatic-

derived fluids within the hydrothermal system, followed by an influx of meteoric fluid with time. 

Conversely, textural indications of relative time (e.g., garnet cores and rims, cross-cutting veins of 

later-stage garnet) within the Whitehorse, Verde Antique, and Copper Strand skarns of the Jurassic 

Mojave arc plutons exhibit an antithetical isotopic trend: texturally early garnets and garnet cores 

routinely exhibit lower, more negative d18O values than texturally-later garnet generations. An 

analogous trend has been observed in SIMS d18O data from individual garnet crystals with low-

d18O cores and high-d18O rims from both the Empire Mountain and White Chief skarns (Fig. 1 and 

2a) of the central Cretaceous Sierra Nevada batholith (D’Errico et al., 2012; Ramos et al., 2018; 

Ryan-Davis et al., 2016). The tectonic implications of initially low-d18O skarns suggest either early 

infiltration of meteoric water into the skarn system, or that surface fluids that previously penetrated 

the subsurface are circulated and participate in skarn formation. 

5.1 Low-d18O skarn garnet as a record of extensional tectonics 

The presence of the negative d18O signature of meteoric fluid within primary and texturally-early 

exoskarn garnet is interpreted to indicate the ready availability of meteoric fluid. It follows that 

skarns with a preponderance of strongly negative d18O values likely experience shallow depths 

of formation to permit infiltration of meteoric fluid to emplacement depths (e.g., Taylor and 

O’Neil, 1977; Crowe et al., 2001; Clechenko and Valley, 2003; D’Errico et al., 2012). A 

majority of the low-d18O skarns are located in the Mojave Desert (Figures 3.1 and 3.2a), where 
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plutonism coinciding with extensional and trans-tensional regional tectonics resulted in skarn 

formation in thin continental crust (Solomon and Taylor, 1991; Barton et al., 2011; Busby, 

2012). Thinned regional crust allowed for relatively shallow intrusion of Late Jurassic plutons 

(e.g., Solomon and Taylor, 1991; Dickinson and Gehrels, 2010; Busby, 2012), and subsequent 

heating and circulation of the local groundwater resulting in primary metasomatic skarn garnet 

with strongly negative d18O (≤ –8.9 ‰; Fig. 3.2a). Late Jurassic U-Pb ages of garnet in the 

Whitehorse and Verde Antique skarns (Gevedon et al., 2018) coincide spatially with 

hydrothermally altered low-d18O plutons that define a geographically extensive shallow 

hydrothermal system (Solomon and Taylor, 1991). Likewise, all Mojave region skarns of this 

study closely match the descriptions of mineralized intrusions and deposits formed in arid and 

extensional conditions characteristic of the Jurassic as described by Barton et al. (2011), thus 

highlighting the role of extensional tectonics in availability of meteoric fluids at the pluton-host 

rock interface.  

 These new data suggest low-d18O values are a direct result of the tectono-magmatic 

regime, and imply that oxygen isotope composition of primary metasomatic skarn garnets can 

provide constraints on local emplacement conditions. Additional low-d18O primary skarn 

minerals are not limited to the Jurassic or to the Mojave arc. The Empire Mountain skarn (106 ± 

4 Ma; Gevedon et al., 2018) and White Chief skarn (~135 Ma; Sisson and Moore; 2013) both 

contain garnet with low-d18O values (< −4.5 and ≥ −9.0‰ respectively; Ryan-Davis et al., 2016; 

Figs. 1, 2a); each skarn exhibits the reversed isotopic trend with lower d18O values in garnet 

cores than corresponding rims. These skarns are associated with meta-volcanics and meta-

sediments preserved within an intra-arc basin suggestive of shallow emplacement for causative 

plutons (e.g., D’Errico et al., 2012), and corroborates the correlation between shallow depths of 

emplacement and low-d18O values observed in the Mojave skarns.  
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5.2 Low-d18O skarn garnet as paleo-shoreline proxy 

The negative d18O values of the skarn garnet from Mojave region skarns require access to 

surface fluid, and therefore limit the possible geographic extent of the paleo-shoreline. Developing 

detailed paleogeographic reconstructions of western Cordillera are important for their 

contributions to the comprehensive interpretation of the tectonic forces controlling the Mesozoic 

continental margin. In the Mojave Desert, in the region of the Sidewinder and Cowhole mountains, 

the location and timing of variations of the Jurassic marine shoreline are linked to regional 

tectonics and volcanic activity (Barton et al., 2011; 2012; Fig. 3). Because garnet can be used in 

geochronologic context it is possible to link d18O values and radiometric age data (e.g., Gevedon 

et al., 2018). All Jurassic Mojave arc skarns included within this study record d18O values 

indicative of involvement of surface waters at the onset of skarn formation; when considered 

together the locations of these skarns add additional constraints to the paleogeograophic 

reconstructions of the Mojave Desert (Fig. 3.3). Likewise, the negative skarn garnet d18O values 

of the White Chief and Empire Mountain skarns require sub-areal emergence of the Mineral King 

area prior to ~135 Ma (the inferred age of the White Chief skarn; Sisson and Moore, 2013). 

Previous studies (e.g., Dickinson and Gehrels, 2010; Busby, 2012) draw the location of the Jurassic 

paleoshoreline to the east of the low-d18O skarns of this study, indicating that these skarns would 

have formed within a crustal column covered by Jurassic seawater. Data presented here requires 

skarn formation within a sub-aerial crustal column, suggesting the paleo Jurassic shoreline lay to 

the west of the White Horse and Verde Antique skarns (Figure 3.3). 

5.3 Additional Jurassic arc trends in skarn garnet oxygen isotope compositions 

Among the oldest skarns sampled are the Black Rock Mine skarn of the Benton Range and 

the Darwin skarn of the Argus range (Figs. 1, 2a), which yield garnet U-Pb ages of 175 ± 1 Ma 

and 172 ± 3 Ma, respectively (Gevedon et al., 2018). Garnets of the Black Rock Mine skarn are 

large (<3 cm diameter) and permit physical separation of cores from intermediate zones and garnet 

rims: garnet cores have high d18O values of 9.2 to 9.8‰, whereas intermediate garnet zones and 
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rims yield progressively lower d18O values (5.9 to 7.0‰). The high d18O values in garnet cores 

indicate formation in equilibrium magmatic fluids diluted by addition of fluids derived from 

metamorphic reactions. The trend of decreasing d18O values through time may indicate a minor 

influx of meteoric fluid similar to isotopic trends observed in other skarn systems, such as the Pine 

Creek skarn (Brown et al., 1985). 

Darwin skarn garnets yield consistent d18O values between 7.3 and 7.6‰ and remain 

homogeneous across garnets despite presence of cores and rims. Zircon with magmatic growth 

zonation separated from within the exoskarn garnetite and interpreted to belong to the Darwin 

stock have d18O values measured by SIMS between 7.3 and 7.6 ‰ (n = 4 in 2 zircon). Magmatic 

fluid in equilibrium with the Darwin stock is calculated to be ~8.5‰, assuming a temperature of 

600ºC (see Appendix C for all fractionation factors and calculations discussed). However, the 

calculated oxygen isotope composition of the hydrothermal fluid in equilibrium with the Darwin 

skarn garnet is ~9.9‰ (Appendix C). These calculations suggests Darwin skarn garnet d18O values 

are the result of primarily magmatic fluid with dilution by metamorphic dehydration fluids. Both 

the Black Rock Mine skarn and the Darwin skarn are located within segments of the arc where the 

ratio of active igneous bodies to host-rock is low (Newberry, 1980); the Darwin stock is relatively 

small and geographically isolated from other regional plutons, and the Black Rock skarn 

corresponds a single Jurassic pluton surrounded by numerous emplaced Triassic plutons (e.g., 

Barth et al., 2011). One possible precursor for the preservation of metamorphic fluids with in the 

skarn oxygen isotope record is a low magma body-wall rock ratio, such that the proportions of 

magmatic fluids within the system cannot overpower the proportions of metamorphic fluids 

present.  

Alternatively, the multiple skarns of the Tungsten Hills skarn deposits (Figs. 1, 2a) occur 

where the volume of Late Jurassic (~150 Ma; Frost and Mattinson, 1993) plutons surpass the 

amount of meta- and sedimentary host rocks, and occur during a time of high arc magmatic flux. 

All skarn garnet from five skarns of the Tungsten hills have values between 4.8‰ and 6.6‰ 

indicating formation with fluids primarily derived from igneous sources (Figures 3.1, 3.2a). The 
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locations and ages of the Tungsten Hills plutons correspond with the age of the Independence Dike 

Swarm, widely considered to the be the result of geographically-extensive trans-tensional rifting 

(Chen and Moore, 1982; Carl and Glazner, 2002). Thus, formation during a hypothesized period 

of extension the Tungsten Hills skarn garnets have “normal”- d18O values, are internally 

isotopically homogeneous, and lack strong indication of interaction with surface waters. Potential 

explanations for the lack of meteoric fluid signatures include relatively comparatively deep 

emplacement, too deep to permit infiltration of meteoric fluids. Alternatively, the hornblende 

gabbro host plutons suggest a wet, high temperature magma, which may have resulted in a fluid-

hostrock ratio too high to permit appreciable input from additional fluid sources.  

6.0 CONCLUSIONS 

Skarn garnet oxygen isotopes serve as a proxy for the prevailing tectonic conditions and 

fluids present at the pluton-hostrock interface during emplacement. The Mesozoic Cordilleran arcs 

exhibit a wide range of d18O values from (–8.9 to + 11.1‰), surpassing the extent of heterogeneity 

observed a global scale (Appendix B), and are complimentary to the various ages, depths of 

emplacement, hostrock composition and tectono-magmatic regimes experienced during arc 

magmatism. Skarns with relatively low-d18O garnets exhibit the largest degree of variation, and 

require the participation of meteoric water in the hydrothermal system at crystallization depths. 

The presence of low-d18O with primary skarn garnet suggest formation tectonic extensional and/or 

shallow pluton emplacement, and can be used as additional constrains on paleogrographic features 

such as shorelines and sub-aerial environments. In the Mojave Desert low-d18O skarn garnets 

provide definition of the footprint of the Jurassic regional hydrothermal system and the source of 

the circulating fluids. Future geobarometric work to constrain emplacement depth is required to 

draw conclusions regarding the implications of relatively deep pluton emplacement on skarn 

garnet oxygen isotope systematics.   
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Figure3.1. Map of skarn localities within the Mesozoic Cordilleran margin arcs of California. 
Yellow symbols refer to locations of documented skarn occurrences. Red symbols 
mark select locations of skarns analyzed by this study or included within the 
compendium of global skarn garnet oxygen isotope data. Skarns noted on the inset 
of the western United States are included in this study to a comparison with the 
skarns more closely associated with the primary arc (Fig. 2a). See Appendix A for a 
comprehensive list of all skarns and locations included within this study.  
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Figure 3.2.  Skarn Garnet oxygen isotope data. A) Garnet oxygen isotope data analyzed by laser 
fluorination within this study; error on all analyses is 0.1‰. Twenty-five total 
skarns are represented, n=215. Individual symbols represent single analysis of 
garnet by laser fluorination. Five separate skarns of the Tungsten Hills are plotted 
together to represent the Tungsten Hills skarn district. The Crestmore Quarry and 
Old City Quarry of San Bernardino are plotted together.  1=Black Rock, 
2=Tungsten Hills skarn district, 3= Empire Mountain, 4=White Chief, 5=Verde 
Antique, 6=Whitehorse, 7=Copper Strand. See Appendix A for all skarns and 
locations; individual oxygen isotope values are reported in Appendix B. B)  
Representation of global skarn garnet oxygen isotope data compiled from literature. 
Data points represent individual data points as reported by their sources; data 
collected via SIMS is shown in grey. 8= Dalnegorsk, 9=White Chief, 10= Empire 
Mountain. See Supplemental File 3.1 for tabulated global skarn data and references. 
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Figure 3.3. Paleogeographic reconstruction of the western North American Cordillera within the 
contiguous United States. Adding to the work of Dickenson (2008), Barton et al., 
(2011) and Busby (2012), low-d18O skarn garnet from the Mojave provide 
additional constraint to the location of the migrating Jurassic shoreline through time 
and space. Pervious workers assert all calderas in the region of the SW caldera are 
marine, however, skarn oxygen isotope data require growth in a sub-aerial crust.   
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Chapter 4: Fluid sources and causes of isotopic heterogeneity in Low- δ18O 
skarns of the Jurassic Mojave arc, Mojave Desert, California 

1.0 INTRODUCTION  

Although dissected by Basin and Range tectonics, the Mojave Desert geographic province 

hosts the best described and largest volume of Jurassic plutons associated with the Mesozoic 

continental margin arc of the North American Cordillera. Jurassic and Cretaceous plutonism within 

the Mojave segment of the arc is genetically associated with magmatism of the Sierra Nevada; 

however, differences in the age and identity of the host rocks, and tectonic expression result in 

compositional differences between plutons of the Sierra Nevada and the Mojave. Most notably, 

plutons of the Mojave intrude the Proterozoic crystalline basement of the North American craton 

and have limited interaction with passive margin sediments. A distinct difference between plutons 

of the Mojave arc segment and those of the Sierra is the abundance of xenocrystic or inherited 

zircon present within Mojave plutons, likely the result of differences in the arc framework rocks 

(Miller and Wooden, 1994; Miller and Glazner, 1995). 

Jurassic plutons of the Ord-Rodman Mountains (Mojave Desert) exhibit whole-rock 

oxygen isotope compositions between 0 and 9‰, with a single analysis as low as -4 ‰ (Solomon 

and Taylor, 1991; Figure 4.1b), and Jurassic plutons commonly exhibit sodic-rich hydrothermal 

alteration associated with basinal brines (e.g., Battles and Baron, 1995). Previous workers have 

documented the presence of a regionally extensive, shallow hydrothermal system active 

throughout the mid to late Jurassic. The combination of extensional arc-graben tectonics 

(Dickenson and Geherels, 2010; Barton et al., 2011; Busby, 2012) and active arc magmatism result 

in shallow emplacement of Jurassic plutons, and permit for high-temperature hydrothermal 

alteration of plutons by non-marine and non-magmatic sourced fluids (e.g., Solomon and Taylor, 

1989; Figure 4.1a). All evidence of hydrothermal alteration is strictly limited to Jurassic plutons, 

even in instances where Jurassic and Cretaceous plutons are located in close proximity, indicating 

hydrothermal activity is the result of the unique and unified tectono-magmatic and 
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paleogeographic conditions of the Jurassic (Solomon and Taylor, 1991; Battles and Barton, 1995; 

Barton et al., 2001; Busby, 2012).  

 As a direct result of this hydrothermal activity, the Mojave arc segment is host to numerous 

instances of iron-oxide mineralization, in the form of igneous-hosted "iron-oxide-copper-gold" 

mineralization (IOCG), as carbonate-hosted iron skarns (e.g., Park, 1972; Battles and Barton, 

1995; Barton et al., 2011), or as a hybrid of these end-member mineralization styles (Barton et al., 

2011). Regional iron-oxide mineralization is so pervasive that Barton et al. (2011) prescribed its 

use as a diagnostic feature for discerning Jurassic from Cretaceous plutons. In this study we focus 

on garnets from two carbonate-hosted Jurassic iron skarns west of the Ord Mountains, as well as 

data from 3 additional western Mojave arc skarns, as a means of tracking the sources of fluids 

available to participate in Jurassic skarn formation, responsible for iron-oxide mineralization, and 

fueling the regional hydrothermal system of the Jurassic Mojave arc.  
 

1.1 Skarn garnet as a proxy for hydrothermal fluid 

Calc-silicate skarn minerals form via metasomatic reactions (open-system geochemical 

exchange). Consequently, they are assumed to grow equilibrium with the skarn metasomatizing 

fluids. Direct fluid-mineral equilibrium suggests skarn garnets are a more reliable proxy for fluid 

compositions than are whole-rock stable isotope ratios, which rely on isotopic exchange that may 

occur at a wide variety of temperatures and puts them at risk for "losing" the record of the event 

of interest as subsequent events occur. The oxygen isotope record as preserved by skarn garnets is 

perhaps the clearest and most powerful proxy for the composition, and therefore the source, of the 

fluids participating in skarn formation Garnet has been demonstrated to preserve its isotopic 

composition, including variability captured within oscillatory zonation, despite being subject to 

regional greenschist facies metamorphism (e.g., Clechenko and Valley, 2003) as a result of slow 

self-diffusion of oxygen through garnet (Jamveit et al., 1991). Although zircon is also known to 

retain its isotopic compositions despite alteration and metamorphic events short of melting or 
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resorption conditions, zircon from arc plutons generally only preserve δ18O variation on the order 

of ~±3‰ (e.g., Lackey et al., 2008). Alternatively, skarn garnet has the documented availability to 

capture many per mil variation within individual skarns and within individual garnet crystals (>8‰ 

variation; e.g., Jamtviet and Hervig, 1994; Crowe et al., 2001; Clechenko and Valley, 2003; 

D'Errico et al., 2012, Ryan-Davis et al., 2016; Chapter 3). When such variation occurs as 

oscillatory zonation, epitaxial garnet growth provides information regarding the relative timing of 

fluid source variability. Garnet is among the early, if not the first, of the paragenetic anhydrous 

metasomatic skarn minerals to form during the onset of skarn formation as opposed to the 

secondary and retrograde skarn minerals (e.g., Bowman, 1998), and forms at high-temperatures 

that minimize isotopic fractionation (e.g., Brown et al., 1985; Einaudi and Burt, 1982; Meinert et 

al., 2005). When formed in tectonic settings where surface fluids may reach the pluton-host rock 

interface skarn garnet is capable of detecting the surface conditions (Chapter 3). Finally, the 

western Mojave skarns at the center of this study have direct U-Pb ages that correspond to and 

better constrain the timing and location of the regional hydrothermal system (Gevedon et al., 

2018).  
 

2.0  GEOLOGIC BACKGROUND 

2.1 Verde Antique skarn  

The Verde Antique skarn is a small (<1 km2) carbonate-hosted iron skarn surrounded by a 

small Jurassic gabbroic body, located south of Stoddard Ridge in the western Mojave desert 

(Figure 4.1a; 4.2). Much of the skarn-pluton contact has been excavated; the quarry was built to 

mine "dimension stone," a building material used prior to modern paving techniques and the advent 

of cement, and that was mined from multiple quarries within San Bernardino County, CA between 

1880 and 1900 (Cox et al., 1987). The remaining skarn outcrop consists of pyroxene-rich exoskarn, 

where secondary epidote > calcic pyroxene > ferric yellow-green garnet, and is cross-cut by both 

vein and void-filling calcite and quartz. A sub-horizontal 2m thick zone of pyroxene is the 
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dominant feature within the skarn and is interpreted to represent the clearest expression of a fluid 

reaction front.  

 Multiple generations (3 apparent generations) of garnet are discernable in thin sections of 

garnetite samples (Figure 4.3a). Small (0.05 to 0.5 mm), yellow garnets within the epidote-

pyroxene skarn rock are anisotropic and exhibit sector zonation in cross-polarized light. Larger 

(up to 2mm) euhedral to subhedral aggregates of anisotropic and sector zoned garnet, are rimmed 

by anisotropic garnet with planar and continuous zonation defining euhedral garnet faces that 

crystallized in an apparent void space, now filled with coarse-grained calcite. Included within the 

calcite are euhedral isotropic garnets (Figure 4.3a). The garnets and the pyroxenite are pervasively 

cracked; early generations of cracks are sealed by additional skarn garnet, whereas later 

generations of cracks are filled with lower-grade skarn minerals (secondary garnet, quartz and/or 

calcite). U-Pb ages measured from two Verde Antique skarn garnets by LA-ICP-MS yield ages of 

161± 2 Ma and 161±2 Ma (Stone et al., 2013; Gevedon et al., 2018; Chapter 2), and correspond to 

the ages of regional plutons reported by Wooden et al., (1991).  

2.2 White Horse skarn 

The White Horse skarn (Figure 4.1a; 4.4) is smaller in area than the skarn exposed at the 

Verde Antique quarry, and consists of a bowl-shaped carbonate-body surrounded by the dioritic 

host pluton. A zone of red-brown calcic primary skarn garnet is well-developed along all 

carbonate-pluton contact; when present pyroxene is calcic and dark green and rarely surpasses 

garnet in abundance. In most places, garnet occurs as garnetite (90% or more garnet) with void-

filling and texturally-late quartz, epidote, and calcite; garnetite textures vary widely from massive 

to euhedral, with individual garnet crystals approaching 6 cm in diameter. Small (0.5 to ~1 meter 

wide) pods of wollastonite are limited to the southern skarn boundary in contact with garnetite and 

host pluton and are interpreted to represent the extent of early isochemical contact metamorphism 

prior the skarn forming metasomatic phase. Tremolite and vesuvianite are generally absent; 



 62 

evidence of minor late-stage copper mineralization is present in the form of small amounts of 

chrysocolla and malachite.  

Similar to the skarn at the Verde Antique quarry to the north, the  White Horse skarn 

garnetite and skarn is heavily fractured with several generations of fractures and joints 

apparent.  White Horse skarn garnet is predominantly isotropic in thin section; however, 

occasional optically zoned rims mantle euhedral and subhedral garnets (Figure 4.3b). Magnetite is 

apparent in hand sample where pyroxene abundance approaches that of garnet, although void-

filling magnetite also occurs in fractures in garnet (Figure 4.5). A single zoned garnet by LA-ICP-

MS yields an age of 149±5 Ma (Gevedon et al., 2018; Chapter 2). Sulfides, mainly pyrite, are only 

observed as texturally-late crystals forming a veneer on multi-mineral (epidote-quartz-garnet) 

skarn rocks and are euhedral, suggesting growth at the interface with void space during retrograde 

mineral paragenesis.  
 

2.3 The skarn at the Copper Strand Quarry 

For comparison with the Verde Antique and White Horse skarns, which represent more 

traditional carbonate-hosted iron skarns, metasomatic garnets from the Copper Strand skarn were 

analyzed. Additional Mojave arc skarns from which bulk oxygen isotope data were collected 

include the Bessemer iron skarn and the Galway Lake skarn. The Copper Strand skarn and quarry 

are located east of the White Horse and Verde Antique iron skarns in an area of middle Jurassic 

monzonite porphyries that are intruded by many Independence Dikes. The deposit has at times 

also been referred to as the "Henry and Lee" and "Independence" prospect. The locality is noted 

as a Cu-Ag deposit by Tucker and Sampson (1943) and was prospected in several areas within 

1km2. Mineralization is expressed as vein deposit hosted in the quartz monzonite, skarns, marble, 

and locally quartzite. Workings include surface and underground openings. Assays report 

approximately 6% Cu plus minor Ag; the Copper Strand quarry and skarn were the most 

economically viable deposit investigate by secondary ion mass spectrometry (SIMS) by this study.  
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Marble-quartzite mixtures are locally replaced by garnet-pyroxene skarn. Skarn garnet 

varies from red to brown, and exhibits different modes of occurrence from massive, garnetite, to 

vein-fill with mixtures of garnet and calcite; occasionally veins of texturally-late grossular cross-

cuts an andradite-rich host. The garnetite is commonly inter-mixed with chrysocolla, malachite, 

and occasionally azurite. At the south end of the prospect, the skarn grades from red garnetite, to 

pyroxenite and then epidotized porphyry. 
 

3.0 METHODS  

Individual garnets and chips of garnetite were physically removed from the bulk skarn rock 

either by lightly crushing, slow-speed saw, or dissolution in HCl acid where appropriate. When 

skarn garnets present compositional zonation visible by color, core and rim segments were 

removed and analyzed separately. All garnets were washed in dilute HCl acid to eliminate any 

residual carbonate, rinsed in deionized water, and hand-picked under a binocular microscope to 

ensure purity (i.e., no visible mineral inclusions) before analysis. A hand magnet was used to 

remove magnetite and garnets with magnetite inclusions.  

3.1 Major element analysis 

X-ray fluorescence spectroscopy was performed on eight representative samples of skarn 

garnetite, pyroxenite, carbonate, and host plutons from the Verde Antique and White Horse skarns 

to determine bulk-rock major- and trace-element compositions. Sample preparation and analytical 

protocols for the Pomona College XRF lab are described by Lackey et al. (2012), where major, 

minor, and 17 trace elements (Ba, Ce, Cr, Cu, Ga, Nb, Ni, Pb, Rb, Sc, Sr, Th, U, V, Y, Zn, Zr) are 

analyzed on the same fused bead using a 3.0 kW PANalytical Axios WD-XRF equipped with PE, 

LiF 200, LiF220, GE, and PX1 crystals. Quantitative concentrations are determined according to 

calibrations based on 65 Certified Reference Materials that span a range of compositions. 

Methodology and error analysis were adapted from Johnson et al. (1999). 
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Major element garnet chemistry was determined via JEOL JXA-8200 Superprobe 

electronprobe microanalyzer (EMPA) with "Probe for EPMA" software at the University of Texas. 

Natural and synthetic mineral standards used for calibration include fayalite (Fe, Si), grossular 

(Ca, Al, Si), Ilmenite (Fe, Ti), Chromite 531M-8 (Cr), and Pyrope (Mg); secondary andradite and 

wollastonite standards were used to ensure accurate characterization of ferric iron and high-weight 

percent (>30 wt. ‰) calcium. Count times of 10 and 40 seconds on background and peaks were 

used, respectively. Iron measurements were exported by the Probe for EPMA software as ferric 

iron (Fe2O3). Garnet stoichiometry was calculated based on 8 oxygen cations described as 

appropriate for iron-rich garnet compositions (Quinn et al., 2016). Analytical conditions include 

15 kV accelerating voltage, 10 nA beam current and 1 µm beam diameter. X-Ray maps of select 

individual garnets and garnetite were made for elements Fe, Ca, Mg, Mn and Al using a beam 

current of 500 nA, diameter of 1 µm, and a dwell time of 1 second.  

3.2 Oxygen isotope analysis  

Oxygen isotope ratios presented here were collected via two methods: laser fluorination 

and secondary ion mass spectrometry (SIMS). Laser fluorination data presented here was initially 

included in the North American data compilation presented in Chapter 3; however, results from 

individual skarns are discussed here in further detail. Oxygen isotope ratios measured by laser 

fluorination, referred to hereafter as "bulk δ18O data," were analyzed at the University of Texas at 

Austin using a ThermoElectron MAT 253 mass spectrometer on ~2.0 mg of mineral via laser 

fluorination following the methods described in Sharp (1990). Precision and accuracy were 

confirmed with in-run calibrations of garnet standard UWG-2 (δ18O = +5.8‰) (Valley et al., 1995) 

and in-house quartz standard Lausanne-1 (δ18O = +18.1‰). δ18O values are reported relative to 

SMOW, where the δ18O value of NBS-28 is +9.65‰. Precision is ± 0.1‰ for all reported bulk 

δ18O data.  

 In situ δ18O analyses were conducted by SIMS at the WiscSIMS facility at the University 

of Wisconsin Madison using a CAMECA IMS 1280 high-resolution multi-collector ion 
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microprobe. Garnet standard UWG-2 (5.82‰) was used standard-sample bracketing for every ten 

analyses on average (Valley and Kita, 2009). Variable garnet major element compositions results 

in instrumental mass fractionation (IMF) requiring a compositionally dependent matrix correction; 

five grossular-andradite standards with variable molar percent andradite components (92LEW2, 

92LEW7, 92LEW8, 92LEW10 and Grossular SE) were analyzed and results were used to apply 

an IMF correction as described by Page et al. (2010). The andradite mole percent of the garnet 

unknown at the specific location of individual SIMS analyses was used to apply the garnet matrix 

correction and IMF correction. 

 All garnets analyzed by SIMS were mounted in 1-inch diameter epoxy mounts and 

polished with diamond grit to 0.025μm. Mounts were gold-coated before analysis to increase 

sample surface conductivity. Analytical conditions include a 133Cs+ primary ion source with 

intensity range from 1.9 to 2.2 nA, and the use of an electron flood gun positioned normal to the 

sample surface provided charge compensation. Primary ion beam spot size used was 10μm. 

Sputtered secondary oxygen ions were measured on dual Faradays, and a mass resolving power of 

~2200 was used to ensure separation of 18O from potential interferences of hydride. Individual 

SIMS analyses include a 10-second interval of pre-sputtering, and 60 seconds of auto-focusing the 

field aperture. The 2SD uncertainty for UWG-2 was ± 0.17‰ over 48 continuous hours of SIMS 

analysis of garnet.  

 Oxygen isotope measurements by SIMS were also made on zircon from plutons from both 

the Verde Antique and  White Horse skarns, as well as quartz inclusions found within skarn garnet. 

Analytical conditions and sample preparation for quartz and zircon are identical to those used 

during garnet analysis, except for standardization. Quartz analyses are corrected using standard-

sample bracketing with the UWQ-1 quartz standard (δ18O = 12.33 ± 0.14‰; Kelly et al., 2007); 

the zircon standard used is KIM-5 (δ18O = 5.09 ± 0.06‰; Valley, 2003).  
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4.0 RESULTS  

4.1 Garnet compositions  

Garnet from all analyzed Mojave Desert skarns falls within the grossular-andradite solid 

solution, with minor, generally fewer than five molar percent, pyralspite components. Andradite-

rich garnet is the most common composition, approaching or reaching 100 mol% andradite (Figure 

4.6a and 4.6b). Where garnets are compositionally zoned, andradite content is highest in the core 

(approaching 100 molar percent andradite), followed by outer oscillatory growth rims of more 

grossular-rich garnet; cores are observed to have fractures filled with garnet of the same 

composition as that of the outer rims. Garnets from the Verde Antique and White Horse skarns are 

compositionally zoned with complex resorption patterns, and garnet-sealed fractures (Figure 4.7a 

and 4.7b). Garnets from the Copper Stand Quarry are homogeneous with regards to intra-

crystalline grossular-andradite compositions and lack oscillatory zonation with exception of 

several garnets of a single hand sample. However, major-element compositions do vary among 

garnets from different hand samples (Figure 4.7c and d). Whole-rock data from skarn rocks 

collected via XRF provide estimates of the bulk compositions the Verde Antique and  White Horse 

skarns (Appendix D). Major-element X-ray maps and backscatter electron (BSE) images make 

apparent pervasive fractures or joints across garnet crystals from all skarns analyzed. All garnet 

BSE images and corresponding X-ray maps are compiled in Appendix E. For major-elements 

values greater than 10 wt. % precision is better than ± 1% relative to the value reported; Ca, Fe, Si 

wt.% values are all ±1 %. Minor element precisions vary but do not exceed ± 10%.   

4.2 Stable isotope data  

Bulk δ18O demonstrate the extent of isotopic variation within individual skarn bodies. All 

measured bulk δ18O values are reported in Table 3.1of Chapter 3. The Verde Antique skarn ranges 

from –3.9‰ to +4.9‰ (n=21; Figure 3.2a), whereas the bulk δ18O values for the  White Horse 

skarn define a broader range from –8.9‰ to +2.4‰ (n=28; Figure 3.2a); the extent of isotopic 

heterogeneity documented by the skarn garnets at the  White Horse skarn is previously 
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undocumented within the scientific literature. Garnets from the Copper Strand quarry (n=13; 

Figure 3.2a) are  bimodal: two garnet samples (3 total analyses) yield δ18O values of –5.9, –4.8, 

and –5.6‰, with the remainder of the δ18O analyses ranging from +3.0 to +6.1‰. For comparison, 

other western Mojave skarns reported in Chapter 3 include the Bessemer Mine skarn and the 

Galway Lake skarn, both of which yield δ18O values ~1‰ range from +4.8 to +5.8‰ (Figure 3.2a).  

High-spatial resolution δ18O data from 22 individual garnets in ten samples were analyzed, 

including five samples and 14 garnets or chips of garnetite from the White Horse skarn, two chunks 

of garnetite with distinct garnet crystals from the Verde Antique skarn, and three samples totaling 

six garnets from the Copper Strand skarn. Oxygen isotope ratios of the Verde Antique skarn define 

a relatively tight range from –5.37 to +0.09‰ for a range of 5.38‰ and have an average of                 

–1.26‰ across garnet from two garnetite chunks. White Horse skarn garnets analyzed by SIMS 

range from –12.25 to –1.08‰. When considered with the bulk oxygen isotope data presented in 

Chapter 3, the higher measured δ18O value from the  White Horse skarn is +3.4‰, resulting in a 

range of more than 15‰ from this skarn alone; the total δ18O variation expressed by all samples 

from the Mesozoic Cordilleran arc bulk isotope data is ~20‰. Variations in the White Horse 

oxygen isotope compositions correspond to differences in garnet cores, rims, vein-filling garnet, 

and recrystallized garnet as discussed below. Results of SIMS analyses of garnets from the Copper 

Strand skarn are bimodal; texturally-early garnet is characterized by negative δ18O values from        

–7.64 to –5.33‰ and average of –6.58‰ and standard deviation of 0.93, whereas texturally late 

garnets yield δ18O values from +1.78 to +3.62‰, with an average of 2.62‰ and standard deviation 

of 0.58.  

Quartz inclusions, where present and not directly adjacent to fractures, were analyzed 

within one garnet from the White Horse, and three garnets from the Copper Strand skarns. Quartz 

values are highly variable (3.98 to 5.93‰ within garnet 14SW3U from the  White Horse skarn; 

0.09 to 23.13‰ for inclusions in three Copper Strand skarn garnets). For all quartz-garnet pairs, 

differences in δ18O values are beyond those expected if the mineral pairs grew in isotopic 

equilibrium and prohibit calculation of a formation temperature. Oxygen isotope measurements 
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made by SIMS on garnet and quartz with corresponding molar percent andradite used for garnet 

compositional matrix corrections are tabulated in Supplemental File 4.2; all major element data 

measured by electron probe is tabulated in Supplemental File 4.3.  

Oxygen isotope ratios measured in zircon separated from the host plutons in contact with 

the Verde Antique and White Horse skarns yield a range of δ18O values from 6.81 to 4.14‰. 

Individual zircon grains imaged by cathodoluminescence (CL) reveal complex zonation patterns 

that vary across the population of zircon in both plutons (Figure 4.8). Zircon U-Pb age data 

collected from the  White Horse skarn following methods described in Chapter 2 (Gevedon et al., 

2018) yield a weighted mean average age of 156 ± 2Ma (Figure 4.9), and contained only three 

inherited xenocrystic grains (Appendix E). 
  

5.0 DISCUSSION 

Bulk oxygen isotope data from the Verde Antique, White Horse, and Copper Strand skarns 

are interpreted to represent the average δ18O composition of the analyzed garnets and document 

the relative extent of isotopic variation exhibited by the individual skarns. At the  White Horse, 

spatial relationships between bulk δ18O values and distances from the pluton and carbonate 

boundary are ambiguous and present no apparent trend. When compared with the range of δ18O 

values measured by SIMS, the apparently limited extent of White Horse bulk δ18O data (i.e., White 

Horse bulk δ18O values only reach low δ18O values of –8.9‰, whereas δ18O values measured by 

SIMS reach a low δ18O value of  –12.25‰) can be understood. The spatial resolution provided by 

SIMS analyses demonstrates that the lowest δ18O values (between –12.25‰ and ~ –10.5‰) only 

occur at the cores of garnets, which are then cross-cut and rimmed by garnet with higher δ18O 

values (e.g., Figure 4.10a). Domains of garnet with variable δ18O values (such as the garnet vein 

cross-cutting the high-andradite garnet host shown in Figure 4.10b) are not observable by simple 

visual inspection with a binocular microscope, therefore δ18O values as analyzed by laser 
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fluorination represent averages between the low- δ18O values of garnet cores and the higher- δ18O 

values of the following generations of skarn garnet.  

Comparison with the compilation of global skarn garnet oxygen isotope data (Figure 3.2b; 

Supplemental File 3.1) indicates that the skarn garnet of the Mojave Desert skarns constitute the 

lowest- δ18O measured from skarn garnet to date. The garnet laser fluorination data is a useful 

indicator of compositions, and therefore sources of fluids involved in skarn formation and 

metasomatism, however, given complex fluid histories documented by the skarn garnet not 

discernable within the bulk δ18O record, the remainder of the discussion will be focused on the 

δ18O data collected by SIMS.  

5.1 Skarn-forming fluid histories as reflected by oxygen isotopes  

Thin sections of the Verde Antique skarn garnetite suggest multiple generations of garnet 

exist in close spatial proximity, therefore in situ SIMS skarn analysis targeted "chunks" of garnet-

rich skarn rock. Alternatively, relationships between multiple generations of skarn garnet at 

the  White Horse and Copper Strand are more cryptic; therefore many individual garnets and one 

garnet-rich pyroxenite sample were analyzed. Consultation of garnet BSE images and major 

element X-Ray maps in concert with the SIMS δ18O data permits for the mapping of multiple 

generations of garnet growth, instances of garnet resorption and system-wide fracturing episodes.  

5.1.1 Generations of garnet growth and skarn forming microstructural events at the  White 
Horse skarn  

Garnet sample 14SW3G-B (bulk δ18O values between –8.6 and –2.6‰) appears nearly 

euhedral in hand sample and has SIMS δ18O values between –12.09 and –2.37‰ and average of   

–5.92‰ (standard deviation of 3.87), resulting in a range of ~9.7 per mil within a single garnet. 

Principles of cross-cutting relations in tandem with isotopic and geochemical similarity within 

garnet 14SW3G-B provide the basis for establishing five distinct generations of garnet growth as 

well as micro-structural events that affected the growth, development, and isotopic compositions 
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of skarn minerals. Micro-structural and garnet generations are compiled in Table 4.1, illustrated in 

Figure 4.11, and are described here.  

 Generation 1 andradite comprises the central core of the single garnet. Molar percent 

andradite is the highest within the garnet core with XAdr values >75; δ18O values are strongly 

negative and vary from –11.9‰ to –10.71. Much like the rest of the Mojave Desert skarn garnet 

inclusions of accessory minerals are rare to non-existent. Following crystallization of Generation 

1 Andradite, a resorption event resulted in an irregular, occasionally cuspate outward crystal face. 

A transition away from garnet resorption permitted growth of the Generation 2 Grandite as a zone 

of oscillatory zoned garnet with variable thickness (~ 150 to 250 μm). Generation 2 Grandite is 

characterized by XAdr compositions between 40 and 65 mol %, δ18O values with an average lower 

than those of the Generation 1 andradite; this decrease in the andradite component paired with a 

slight increase in δ18O values signals decoupling between major-0element composition and oxygen 

isotope systematics in the early stages of skarn formation. Grossular and andradite contents of the 

zones within the Generations 2 Grandite growth zone is compositionally complex with variation 

in Al2O3 and Fe2O3 wt. % variable on the scale of several dozen microns (Figure 4.11). After 

crystallization of the Generation 2 Grandite a systematic perturbation occurred resulting in 

subparallel fractures that cross-cut the Generation 1 Andradite was well as the Generation 2 

Grandite. The fractures are interpreted to post-date the Generation 2 grandite but predate the 

grandite of Generation 3 because none of the subparallel fractures propagate into the Generation 3 

Grandite growth zone, which is interpreted to occur rapidly following the fracturing event. The 

Generation 3 Grandite can be divided into sub-generations referred to as "A" and "B" for 

simultaneously forming zone-forming and vein-filling garnet, respectively. The change in oxygen 

isotope ratios from <-10‰ compositions of Generation 1 and 2 garnets to the <-3.6‰ of 

Generation 3 garnet is hypothesized to represent an influx of new fluid, likely the result of mixed 

magmatic and meteoric fluids, capable of infiltration as a result of the permeability created by the 

fracturing event. Although it is tempting to interpret the apparent offset of the zone of Generation 

2 Grandite by fractures filled with Generation 3B garnetite to reflect true offset (e.g., 4.11), the 
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limitations of the 2D BSE images prohibit elimination of vein opening during growth of 

Generation 3B garnet as the cause for the apparent offset.  

Conditions favoring growth of Generations 3A and 3B garnet is followed by conditions 

that favored resorption and resulted in an irregular crustal face, that served as the growth substrate 

for growth of Generation 4 Grandite, which is recognizable by the dark band of garnet in contact 

with the Generation 3 Grandite, and characterized by variable XAdr compositions (between ~45 

and ~66 mol%) as suggested by compositional zonation seen in BSE images. This major-element 

heterogeneity is diagnostic of Generation 4 Grandite, as the initial grossular-rich zone is 

identifiable along the irregular crystal face produced by the previous episode of resorption. Oxygen 

isotope compositions are similar to but lack the internal variability of prior generations of garnet 

with δ18O values between –3.06 and –3.44‰ (Figure 4.11b). The relative isotopic homogeneity of 

the Generation 4 Grandite suggests the combined fluid sources may have become well-mixed or 

may indicate relatively rapid growth. Finally, an episode of fracturing resulted in the network of 

cracks and joints visible in the BSE image of Figure 4.11 and allowed for increased permeability 

throughout the garnet crystal as a whole. Fluids are interpreted to have percolated through these 

cracks and fractures permitting the recrystallization of the Generation 1 Andradite, resulting in 

what is considered to be the Generation 5 garnet with the highest measured δ18O values reaching 

-2.37‰. This recrystallized garnet is readily observable adjacent to the arcuate crack in the lower, 

left-hand quadrant of the garnet (Figure 4.11). The Generation 5 garnet is hypothesized to have 

formed during the secondary, lower-temperature stage of garnet mineral paragenesis when most 

hydrous skarn mineral phases form based on the increase in Mn concentrations (e.g., Bowman et 

al. 1998; Meinert et al., 2005). Evidence for this interpretation includes the presence of cogenetic 

void-filling calcite filling the cracks of the final fracturing event as evidenced by Ca concentration 

and depicted in the Ca X-ray map (Figure 4.12; Supplemental File 4.1).  

 Additional evidence supporting the classification of the five generations of garnet growth 

is the reported 16OH/16O concentration measured during SIMS analysis of the oxygen isotopes. To 

correct for interferences on mass 17O, the 16OH/16O concentrations are measured but not 
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standardized. As a result, the 16OH/16O analyses are only a qualitative metric for discrimination 

between the various generations of garnet. The 16OH/16O concentration of Generation 1 and 2 

garnets, before the introduction of a mixed-magmatic fluid source, are high (between 2.89 x 10-3 

and 1.84x10-3) whereas 16OH/16O are consistently below 1.67 x 10-3 after the fracture-controlled 

introduction additional fluid sources (Supplemental File 4.1).  

 Garnet 15SW3G-B (Figure 4.11) was collected from ~5 meters from the pluton contact to 

the east, and ~5 meters from the contact with the host carbonate to the west. In closer proximity to 

the carbonate contact with the skarn garnetite is sample 15SW3F: a massive red-brown garnetite 

with occasionally discernable subhedral to anhedral garnet crystal faces, few mineral inclusions 

are present with the exception of an occasional magnetite, and minor occurrences of void-filling 

calcite and quartz. Garnetite chunks from 15SW3F display thin (1 to 15 um thick) oscillatory 

zonation of variable Al2O3 and Fe2O3 concentrations (Figure 4.13a,b,c; Supplemental File 4.1). 

Here three chips of the 15SW3F all separated from the same hand sample are briefly discussed; 

both a chip of green (15SW3F-A_Ga; Figure 4.13a) and of red (15SW3F-A_Rg; Figure 4.13b) 

were analyzed by SIMS including a high-density analytical transect across the garnetite chips. 

Despite clear but minor compositional zonation in both garnetite chips, andradite molar percent is 

relatively constant (Min=88.8, Max=96.2, Mean=90.5, n=20 for the red garnetite chip; Min=84.0, 

Max=96.2, Mean=94.2, with an excluded outlier andradite composition of 61.1, n=40 for the green 

garnetite chip.) Oxygen isotopes are homogeneous with values between -11.0 and -10.19‰ for all 

60 SIMS analyses. The major-element and isotopic compositions of the 15SW3F red and green 

garnetite chips suggest they belong to the Generation 1 Andradite as previously defined.  

 Moreover, an additional green garnetite chip (15SWF-A_Gc; Figure 4.13c) has similar 

oscillatory zoning and Generation 1 Andradite oxygen isotope ratios (as low as –12.25‰, the 

lowest skarn garnet δ18O value measured globally to date,) and molar percent andradite. However, 

this garnet chip is cross-cut by a prominent fracture (~200 μm thick) filled with garnet matching 

the isotopic and geochemical characteristics of Generation 3 Grandite (Figure 4.10c, 4.13c). A 

network of thinner grossular filled cracks is present, as is a complex and delicate scalloped pattern 
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along the edge of the central grandite vein (Figure 4.13d). Isotopic compositions across the vein 

were measured, but remain relatively constant with an average of –3.49‰ (standard deviation 

0.19). Moreover, the garnetite chip is further fractured in a manner akin to that described by Event 

8 (Table 4.1), with these latest fractures partially filled by quarts, and two inclusions of magnetite.  

 Lastly, the hand sample 15SW3AB was collected in closest proximity to the igneous body, 

(~0.5 meters from the carbonate-garnetite contact) though not directly along the same transect as 

samples 15SW3G and 15SW3F as previously discussed. Sample 15SW3AB is the most pyroxene-

rich sample discussed here; pyroxene is diopsidic, less abundant than the garnet, and has inclusions 

of quartz, magnetite, and epidote. Garnet exhibits resorption textures, but remains free of 

inclusions (Figure 4.14a and b). Garnets from a chip of this pyroxene-garnetite were analyzed by 

SIMS in addition to several individual garnet crystals physically removed from the bulk rock. 

Zonation patterns and the compositions of 15SW3AB crystals lack garnet generations 1 and 2 and 

instead have cores composed of Generation 3 Grandite suggesting they begun to crystallize after 

samples where Generations 1 and 2 garnet are present. Additionally, X-Ray maps of these garnets 

show the highest concentrations of Mn documented within the entire system (Supplemental File 

4.1; Figure 4.14c and d). High-manganese concentrations in garnets are frequently interpreted to 

reflect re-crystallization following garnet dissolution event (e.g., Kohn, 2003).  

 Newberry (1980) argues that Mn concentrations and spessartine components of skarn 

garnets is a diagnostic to distinguish late-stage from early-stage metasomatic garnets in the 11 

Sierra Nevadan skarns studies. The interpretation of the 15SW3AB garnets as late-stage 

metasomatic is consistent with their composition of Generations 3 and 4 garnet. Assessment of the 

Mn concentrations in other samples interpreted to be comprised predominantly of Generations 1 

and 2 (or "early-stage metasomatic" to use the terminology of Newberry (1980)) continue the trend 

of very low- δ18O values, low-Mn concentrations, and high- to moderate-andradite components. 

Increasing Mn concentrations with microstructural indicators of passing relative time provide 

additional evidence for an increase in δ18O values, likely the result of increases in the magmatic-

derived fluid endmember of the metasomatic fluid budget.  
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5.1.2 Comparison of trends in oxygen isotopes, major element concentrations, and 
microstructural indicators of skarn forming events at other Mojave arc skarns  

Given the geographic proximity, similarity in mineralogy and oxygen isotopes, the same 

attempt to identify multiple generations of garnet growth and episodes of apparent fracturing 

across the region at the Verde Antique and Copper Strand skarns were made. Garnets of the Copper 

Strand skarn can be characterized as early-metasomatic, late-metasomatic, and texturally-late. 

When considering the laser fluorination data as well as the SIMS data, there appears to a period of 

meteoric influx, although the timing of this event is ambiguous. The main body of garnetite in 

contact with the igneous porphyry exhibits some of the highest δ18O values measured (samples 

CS-7 and CS-6 have δ18O values of 5.7 and 4.9‰, respectively, Chapter 3). However, garnets from 

sample CS-8 and CS-9 have bulk δ18O values between –5.9 and –4.8‰, despite appearing to 

belong to the same body of early garnetite. Additional garnetite samples fall within these garnet 

endmember compositions with bulk δ18O values between 3.0 and 4.7‰ suggesting eventual 

mingling of fluid endmembers. Two garnets with the lowest δ18O values in their cores (–7.37 and 

–6.37‰) have transitions to higher-andradite, higher δ18O rims (e.g., Figure 4.15). The relationship 

between low- δ18O values and high andradite is inverse of the relationship observed in the  White 

Horse skarn garnet. Mn concentrations do not correlate with textural observations or δ18O values.  

 Alternatively, the garnetite of the Verde Antique skarn can be interpreted as a simplified 

analog for the White Horse skarn with similar evidence for episodic fracturing events. Cores of 

individual garnet crystals engulfed within the garnetite samples have cores and zones of end- 

member andradite. Isotopic variability is less extreme in the White Horse skarn: the garnet crystals 

have δ18O values between –5.08 and –3.20‰, and garnet-sealed fractures have δ18O values –7.58 

and –7.12‰. Muted isotopic heterogeneity provides less basis to identify distinct generations of 

garnet growth. The general isotopic trend, however, is a decrease in fluid δ18O composition with 

time. Two generations of fracture-filling garnet are identified. The first set of fractures penetrates 

only the high-andradite garnet cores, and is sealed with grandite garnet with only slightly more 
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negative δ18O compositions; a second generation of veins dissects the andradite-rich cores and the 

oscillatory-zoned grandite rims with measured compositions of –7.58 and –7.12‰ (Figures 4.16 a 

to c show various textures). Major-element compositions and X-Ray maps of these samples 

demonstrate negligible amounts of Mn. Bulk isotopic data indicate the δ18O values increase at 

greater distances from the intrusive body. A late stage influx of meteoric fluids is often observed 

in skarns (e.g., Taylor, 1976; Browne et al., 1985, Bowman, 1985; Turner and Bowman, 1993), 

much like the data of the Verde Antique skarn suggest. But, the initial δ18O values happen to 

already have a strong meteoric component at the onset of garnet growth.  

5.2 Hypothesized fracture-controlled metasomatism and fluid flow  

Studies of the Elkhorn skarn in Montana and skarns of the Osgood Mountains, Nevada, 

among others, document a pronounced increase in δ18O values with increased proximity to the 

contact with the host carbonate (Taylor, 1976; Bowman et al., 1985; Bowman, 1998). This 

phenomenon is interpreted to reflect mixing of hydrothermal fluids present (predominantly 

magmatic), with fluids liberated from the decarbonating wall rocks. At the White Horse skarn, no 

such spatial trend is observed; although there is an increase in garnet δ18O values with relative 

time, no correlation with distance from either the carbonate or the igneous contact is observed. The 

lack of correlation between contact distance and δ18O values is likely a result of fluid transport in 

the White Horse skarn not being controlled by focused flow along main reaction fronts, as 

described by Meinert et al. (2005). Instead, the microstructural evidence suggests that repeated 

episodes of fracture control fluid flow, which allowed for punctuated influx of fluid. Such fracture 

controlled permeability is hypothesized to minimize the time fluids take to infiltrate wall rocks 

and limits the ability to come into equilibrium with high- δ18O host rocks. Therefore fracture 

controlled permeability works to both transport near-surface fluids to skarn while allowing them 

to avoid re-equilibration or homogenization.  

Fracture-controlled metasomatism is described to have occurred in at least one other skarn 

system—the contact aureole and brecciated skarn surrounding the Marulan batholith of New South 
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Wales lacks the isotopic indicators of fluid-flow connectivity across the skarn-marble interface 

(Buick and Cartwright, 2002). The dominant feature of the Marulan skarn are veinlets of 

vesuvianite that are out of isotopic equilibrium with the carbonate host. Buick and Cartwright 

(2002) suggest the host carbonate body likely became essentially impermeable; whereby fluids 

exsolving from the causative pluton increased fluid pressures enough to hydrofracture (Buick and 

Cartwright, 2002). Similar skarn-wide brecciation is observed at both the Empire Mountain and 

White Chief skarns of the Mineral King region of the western Sierra Nevada, both skarns are 

characterized by brecciation and pervasive fracturing of all skarn lithologies; both skarn exhibit a 

preponderance of strongly negative δ18O value and heterogeneity (D'Errico et al., 2012; Ryan-

Davis et al., 2016).  

 Neither the White Horse nor the Verde Antique skarn appear to have approached 

equilibrium with the host carbonate as evidenced by (1) their strongly negative δ18O values, and 

(2) the lack of isotopic enrichment trends corresponding to distance from the carbonate-skarn 

contact. Analogous to the vesuvianite veinlets of the Marulan skarn (Buick and Cartwright, 2002), 

the veinlets of the Mojave skarns are composed of grossular-andradite within a dominantly 

andradite host garnet. Hydrofracture control on fluid flow would account for the vast differences 

in garnet δ18O values between the host andradite, and generations of vein-filling garnet. Following 

the fracturing event the resultant fractures would create permeability within the skarn garnetite and 

allow infiltration of fluids with a magmatic heritage (Buick and Cartwright, 2002). Indeed, the 

vein-filling garnet consistently has higher δ18O values that the host andradite, suggesting a mix 

between meteoric and magmatic-derived fluids. The microstructural evidence in both the White 

Horse and Verde Antique skarns suggests multiple episodes of hydrofracturing. Re-sealing of early 

sets of fractures by garnet would allow fluid pressures to increase, leading to subsequent rounds 

of hydrofracturing to occur. The youngest episode of hydrofracturing likely occurred once the 

system cooled significantly, permitting for vein-filling calcite, quartz, and magnetite to crystallize 

as well as the recrystallization of the Generation 1 Andradite into the Generation 5 Grandite. 
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5.2.1 Isotopic mass balance and fluid compositions  

The Mojave arc skarn garnet preserves unprecedented low- δ18O compositions and extent 

of isotopic variability, providing the opportunity to investigate the tectonic and paleogeographic 

conditions of the arc at the time of skarn formation. Oxygen isotope ratios allow for determining 

the mass balance or the proportions of multiple sources contributing to an individual heterogeneous 

system. Because most silicates (including rocks and minerals), silicate melts, and fluids are 

approximately 50% oxygen, there is no need to consider the measured concentrations of oxygen 

in any of the system components. Moreover, due to the distinct oxygen isotope compositions of 

crustal reservoirs including rocks, fluids, and silicate melts with varying low-temperature heritage, 

the oxygen isotope system provides excellent leverage for mass balance calculations and isotopic 

models. Due to the vastly different δ18O values of components associated with the Verde Antique 

and  White Horse skarn (e.g., garnet with δ18O values <–12.25‰, assumed magmatic fluids with 

δ18O values between 4 and 5‰, and potential input from devolatilizating carbonate with in excess 

of 10‰, the potential to calculate the contributions of individual endmember fluids exists.  

Here I build a mass balance model for simple binary mixing between meteoric fluids and 

magmatic derived fluids to serve as an end member example of the proportions and oxygen isotope 

composition of the meteoric water present in these skarn systems in the paleogeographic 

environment of the Jurassic Mojave arc. This model considers the δ18O values of the Generation 1 

Andradite, and Generations 2 and 3 Grandites; the intent is to model the composition of the fluids 

in isotopic equilibrium with the most negative values measured in both skarn systems, as these low 

δ18O values most closely reflect the composition of the paleo-meteoric fluid. Furthermore, it is 

well-documented that as skarn develops and the host pluton cools temperatures of skarn mineral 

formations decrease (Layne et al., 1991; Haruna and Ohmoto, 1993; Bowman, 1998). The inverse 

relationship between temperature and stable isotope fractionation means that as temperatures 

decrease the accuracy of calculated compositions of fluids in equilibrium with the measured 

mineral phase become more reliant on the known temperature variable. Therefore, only the first 
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three generations of garnet growth are modeled because, as the first phases of garnet growth, they 

are the most likely to have formed at high-temperature conditions.  

The parameters of such mass balance mixing model are as follows: First, the equilibrium 

fluid calculations require a known temperature of formation. Based on examples primary skarn 

garnet formation temperatures available from previous studies (Newberry, 1990; Newberry et al., 

1982; Newberry et al, 199l; Brown et al., 1985; Bowman, 1998), three temperatures conditions 

(600ºC, 650ºC, and 700ºC) provide the basis for 3 parallel mass balance models, the results of 

which demonstrate the effect temperature on stable isotope fractionation in high-temperature 

systems.  

Second, to solve for the composition of one end-member fluid (in this case, meteoric fluid) 

the composition of the second end-member (in this case the magmatic-derived fluid) must be 

known. The δ18O values of the Verde Antique and  White Horse plutonic zircon provide the means 

to calculate the fluid in equilibrium with the host plutons at each skarn. The measured zircon δ18O 

values are heterogeneous and require some interpretation prior to the determination of 

representative δ18O value. The causative pluton at the White Horse skarn has a zircon U-Pb age of 

~160 Ma by a weighted mean average of 38 concordant grains with individual U-Pb ages that 

range from ~147 to ~170 Ma (Figure 4.9). Although plutons of the Mojave arc frequently contain 

xeneocrystic grains inherited from the Proterozoic crystalline basement they intrude, such 

xenocrystic grains are not a large component of the sampled zircon. Zircon δ18O data measured in 

outer growth rims by SIMS from 23 grains yield an average of 5.79‰ (standard deviation of 0.51), 

over a range of compositions from 4.52‰ to 6.81‰ (Figure 4.8). Three grains yield δ18O values 

below 5‰ (4.52, 4.88 and 4.69‰).  

One approach to determining the composition of the fluid in equilibrium with these zircons 

and by interpretation, the host pluton, would be to use the average δ18O values of all zircon 

measured without discrimination. However, a high-temperature low- δ18O regional hydrothermal 

system is documented to have influenced the Jurassic plutons in the immediate area (Solomon and 

Taylor, 1991; Figure 4.1a), and the zircon δ18O record has been demonstrated to be extremely 



 79 

resistant to subsolidus exchange (e.g., Valley, 2003). Therefore, an alternative approach for 

determining the δ18O value of the causative pluton would be to consider the average of only the 

three low- δ18O zircon, as they are likely to have formed under the influence of the regional 

hydrothermal system described by Solomon and Taylor (1991). Although no U-Pb data exist for 

the causative pluton at the Verde Antique skarn, the plutonic zircon δ18O values are similar to those 

measured at the White House skarn (values range from 4.14‰ to 6.02‰ with an average of 5.72‰ 

with standard deviation of 0.42 from 33 analyzed grains). Fractionation and mass balance 

calculations considering both the average δ18O values of all grains, as well as the average δ18O 

values of only the low- δ18O zircon are shown in Appendix G and demonstrate the effect that fluid 

compositions in equilibrium with the causative plutons has on the mass balance and fluid budget, 

as well as the calculated value of the meteoric endmember. Magmatic fluid compositions were 

calculated using the combined fractionation factors for zircon-quartz (Valley et al., 2003), and 

quartz-water (Clayton et al., 1972) to achieve a zircon-water fractionation factor. Magmatic-

derived water is calculated to be between  6.29‰ and 7.44‰ at 700°C for the  White Horse skarn, 

and between 5.83‰ and 7.32‰ at 700°C for the Verde Antique skarn. All calculations and 

fractionation factors are shown in Appendix F.    

Third, the measured δ18O compositions of the skarn garnets must be used to calculate the 

composition of the metasomatizing fluid from which they form. The δ18O composition of the 

hydrothermal fluid is calculated for both the White Horse skarn and the Verde Antique skarn 

separately, based on the δ18O values of representative garnet samples, including lowest measured 

garnet δ18O value of –12.25‰. To account for differences in fractionation between grossular and 

andradite, the correction A(grandite-qtz) = A(gros-qtz) - 0.57(XAdr)  where 

 Δ(Phase1 – Phase 2) = A1–2106 / T2 + B1–2 * 103 / T  C1–2  

is applied to the grossular-quartz fractionation factor of Matthews (1994), which is combined with 

the quartz-water fractionation factor of Clayton et al., (1972) to achieve a fractionation factor for 

andradite-water.  
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 After calculating the composition of the hydrothermal fluid in equilibrium with the values 

measured in skarn garnet two options exist: 1) the composition of the meteoric fluid end-member 

can be assumed (there is no known proxy for the composition of meteoric water in the Jurassic) 

and the proportion of magmatic fluid to meteoric fluid (in a simple binary mixing system) can be 

calculated; or, 2) the proportions of the meteoric to magmatic fluid end-members can be assumed 

if the composition of the meteoric water end-member can be calculated. Here, the latter approach 

is taken as we lack a reasonable approximation for the composition of meteoric water at the 

paleogeographic station of Jurassic Mojave arc.  

5.2.2 Meteoric fluid endmember compositions for the  White Horse and Verde Antique skarn 
systems  

Meteoric water is the only terrestrial reservoir capable of producing the strongly negative 

values measured in the Mojave skarn garnets except for fluids in equilibrium with sea ice or 

glaciers (e.g., Sharp, 2007). Based on the aforementioned fractionation factors between garnet and 

water at high temperatures, the metasomatic fluid in equilibrium with a skarn garnet will have a 

slightly less negative δ18O value than what is directly measured from the garnet. This principle is 

demonstrated in data Appendix G. Crystallization of skarn garnet with measured δ18O values as 

low as –12.25‰ require an endmember meteoric fluid with an oxygen isotope signature that is 

strongly negative as well. 

Given, (1) the range of compositions of magmatic-derived fluids calculated from zircon 

δ18O date, (2) range of assumed temperatures of formation assumed based on the findings of 

previous workers in similar skarn systems, and (3) considering various ratios of magmatic-to-

meteoric simple binary mixing in each skarn system, I hypothesize the oxygen isotope composition 

of the meteoric fluid in the Mojave segment of the of the North American Cordilleran margin arc 

to be between ~ –15‰ and ~ –10‰ (Appendix G). These end-member compositions are based 

upon the lowest measured δ18O value of the White Horse skarn, temperatures between 600C and 

700C, a balance of 25% magmatic-derived fluids to 75% meteoric fluids. Because the iron 
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available to form minerals during skarn formation is generally assumed to be removed from the 

pluton by aqueous metasomatizing fluids (e.g., Meinert et al., 2005) one common skarn reaction 

known to form andradite is:  

3CaCO3 (calcite) + Fe2O3 (aq) + 3SiO2 (quartz) →  

Ca3Fe2(SiO4)3 (andradite) + 3CO2 (carbon dioxide) 

wherein the Fe2O3 reactant is generally supplied by the host pluton. A common observation 

at both the White Horse and Verde Antique skarns is the conversion of iron oxides, hornblende 

and biotite within the host granodiorite to be converted to actinolite indicating iron is leached from 

the iron-rich igneous minerals and transported into the skarn. This reaction is the preferred reaction 

of formation for the White Horse skarn andradite as few other minerals are present in textural (or 

isotopic) equilibrium with the andradite. It follows that Fe2O3 is supplied by the pluton via a dose 

of magmatic-derived fluid, or surface fluid that has equilibrated with the pluton. The value of 25% 

magmatic-fluid by volume is chosen somewhat arbitrarily and intended to represent a skarn system 

where meteoric-fluids are the dominant metasomatic agent. Increasing the proportion of meteoric 

fluid decreases the required oxygen isotope composition of the meteoric fluid endmember and vice 

versa. For reference Appendix G demonstrates that a hypothetical skarn system with exclusively 

meteoric fluids would require a meteoric endmember with an approximate between –9.4 and             

–9.7‰ depending on the temperature of formation. Decreasing the temperature of formation of the 

skarn system would have the effect of increasing the oxygen isotope composition required of the 

meteoric fluid in equilibrium with the skarn garnet, by a maximum of 2‰ for the range of likely 

skarn forming temperatures. The hydrothermal fluid calculated to be in equilibrium with the lowest 

garnet δ18O value (–9.4‰ and –9.7‰) represents the maximum possible composition of Jurassic 

meteoric water in the Mojave arc if it is assumed that no fluids that reached equilibrium with the 

White Horse pluton participated in skarn metasomatism. In this way, skarn garnet oxygen isotopes 

provide a unique proxy for the composition of Jurassic surface fluids. Strictly for reference, the 

modern-day average annual oxygen isotope composition of precipitation in the Mojave desert is –

5.1 to –9‰, with potential excursions to ~–12‰ (e.g., http://waterisotopes.org).  Meteoric fluid 
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compositions in the modern day Mojave Desert are the result continentality and rainout over 

regions of high elevation between the Pacific ocean and the Mojave Desert province.   
 

5.2.3 Potential causes of the super low-δ18O meteoric fluid of Jurassic Mojave: A thought 
experiment 

Although the modern-day composition of meteoric water in the Mojave Desert and the 

Pacific margin of North America is well-known, many factors influence the composition of the 

local meteoric water line; thus the modern-day composition is not an indicator of fluid 

compositions ~150 to 165 Ma. Regional geography (latitude, distance from the coast, elevation, 

seasonal temperature, and rain out amount) strongly influences the local hydrologic cycle and 

dictates the oxygen isotope composition of precipitation (Sharp, 2007). Using what is known or 

hypothesized about the paleogeographic configuration of the Jurassic Cordilleran margin, we can 

speculate on the influence (direction and magnitude) factors such as latitude, distance from the 

coast, and elevation would have on the local Jurassic meteoric water composition.  

Paleogeographic and plate tectonic reconstructions place the Jurassic Mojave region at the 

"horse latitudes," (Dickinson and Gehrels, 2010; Barton et al., 2011; Busby, 2012), a region lying 

roughly 30 degrees north (or south) of the equator, where prevailing winds diverge and flow either 

north to the pole as the "westerlies" or south toward the equator as the "trade winds" (Figure 4.17). 

The result is a geographic region characterized by calm, dry winds and minimal precipitation, 

which corroborates what is frequently described as the "arid environment" of the Jurassic Mojave 

(e.g., Barton et al., 2011). Latitude and δ18O compositions have an inverse relationship—

increasing latitude corresponds with decreasing δ18O values of precipitation due to greater amounts 

of rain out and lower temperatures with increasing distance from the equator. Although the latitude 

effect is not linear, the modern-day mid-latitudinal gross-magnitude deviation from equatorial 

precipitation δ18O values is ~-0.5‰ per degree of latitude (Sharp, 2007). Therefore, mean annual 

precipitation at the paleo-latitude of the Mojave skarns would be more enriched in 18O (less 
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negative) than expected for their modern-day locations, thus requiring a greater proportion of 

meteoric fluids to participate in skarn metasomatism.  

Increasing distance from the hydrologic source of precipitation (e.g., the coast) has the 

effect of decreasing the δ18O values of precipitation, known as the continentality effect (Sharp, 

2007). The paleo-shoreline is hypothesized to be close to the locations of the Verde Antique and 

White Horse skarns (Dickinson and Gehrels, 201;0 Busby, 2012). The proximity of the skarn 

locations to the paleo-shoreline diminishes the opportunity for the δ18O, composition of 

precipitation to decrease with distance. On possibility is that the source of Jurassic precipitation 

was from the east, rather than from the west. The paleo-wind direction at the latitude of the Jurassic 

Mojave arc is demonstrated to have blown from east to west by preserved aeolian cross beds in 

the Navajo Sandstone and similar units formed in the Jurassic ergs (e.g. Dickinson and Gehrels, 

2010). If precipitation in the Jurassic Mojave was transported over the entirety of the Laurentian 

continent, is possible to deplete meteoric water δ18O values through an extreme continentality 

effect. However, using the modern continents as an analog, no such extreme continentality effects 

are observed in δ18O values of modern day precipitation that would suggest such a phenomena 

occurred in the Jurassic.  

One possible source of sufficiently low- δ18O fluids would be regions of high elevation. 

Precipitation at high altitudes is consistently more depleted in 18O because temperatures decrease 

with altitude, therefore increasing isotopic fractionation. For example, the mean annual δ18O 

composition of precipitation in the modern-day Andes varies from ~–12 to ~–22‰ with lower 

δ18O values strongly correlated with higher elevations (e.g., http://waterisotopes.org). The oxygen 

isotope compositions of streams and groundwater may be a mix of local precipitation and water 

transported from regional areas of high topographic relief. The orographic nature and the timing 

of the Andean-style emergence of the Mesozoic volcanic arc is debated (Schweikert and Cowan, 

1975; Schweikert et al., 1985; Tobisch et al., 1987; Saleeby and Busby-Spera, 1992; Wolfe and 

Saleeby, 1992; Dunne and Walker, 1993; Dunne and Walker, 2004; Memeti et al., 2010; Busby, 

2012; Anderson, 2015; Barth et al., 2017). Preservation of the signature of low-δ18O fluids within 
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the horse latitudes of the Jurassic Mojave arc may suggest high paleo-elevations of the volcanic 

arc edifice millions of years before previously hypothesized. More data are required to confirm the 

presence of a high elevation region of the Jurassic Mojave and Sierran arcs, however, given the 

garnet U-Pb ages of the skarn garnet (~150 and ~162 Ma) and their geographic locations, this data 

may have implications for the timing, extent, and expression of the Nevadan Orogeny (e.g., 

Anderson, 2015).  

7.0 CONCLUSIONS 

Fracture-controlled fluid flow is significant for skarn formation because it provides a 

means for generating extreme isotopic heterogeneity without relying on rapid physical changes 

emanating from the pluton (changes in temperature, fluid output, or recharge). Evidence for 

fracture-controlled permeability includes preservation of physical cracks and joints filled with 

progressively down-temperature skarn minerals (i.e., garnet before quartz before magnetite and 

calcite) or left unsealed. In the case of the Verde Antique skarn fractures even appear to result in 

the true offset of garnet growth faces. Additionally, generations of garnet, including fracture-filling 

garnet, can be mapped and identified based on major element and isotopic compositions. This 

physical control on skarn formation has the potential to operate on short time scales, which 

coincides with the prevailing interpretations of rapid skarn-growth rates. No strong evidence for 

fracturing is observed at the Copper Strand skarn, however, the strongly negative δ18O values that 

do exist suggest a short-lived participation of surface fluids at skarn forming depths.  

The skarn garnet as a proxy for surface fluids is a useful concept, but limited in its utility 

to geographic locales where skarn formed in extensional settings where surface fluid had access 

to the pluton-host rock interface to influence skarn formation. Out of 26 skarns surveyed in chapter 

3 skarns from only two regions (the Jurassic Mojave arc, and the Early Cretaceous Mineral King 

region) capture the signature of surface fluids. Other ambiguities persist regarding the regional 

interpretation of the data discussed. For example, because the White Horse skarn is several million 

years younger than the Verde Antique skarn the average δ18O recorded by their garnets (with the  
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White Horse skarn having more strongly negative values than the Verde Antique skarn) may be 

interpreted to signify that (a) the depth of emplacement decreased over time as a result of 

continuing extension such that larger amounts of meteoric fluids were able to reach skarn forming 

depts at the  White Horse skarn, (b) fluid infiltration increases with time independent of depth of 

emplacement, or (c) that the composition of the meteoric fluid becomes more negative with time 

as elevation increases. One pitfall of skarn garnet as an anhydrous proxy for a paleo-fluid source 

is the exclusion of hydrogen and therefore diagnostic hydrogen isotopes which constrain the 

composition of a fluid reservoir on a global or local meteoric water line. However, the potential to 

use skarn garnet as a proxy for the occurrence and tectonic style of the Nevadan Orogeny has the 

potential to be impactful for reconstructions of the Mesozoic North American margin but would 

have far-reaching implications for the tectonic history and development of the Cretaceous Sierra 

Nevadan arc.  
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Figure 4.1 Location map including the 5 Mojave Desert skarns discussed in Chapter 4. (A) 
Isopleth map depicting the whole-rock oxygen isotope ratios defining the high-
temperature low-d18O hydrothermal system of Solomon and Taylor (1991). 
Numbered skarns represent 1= Verde Antique skarn, 2=White Horse skarn, 
3=Copper Strand Quarry 4=Bessemer Iron skarn 5=Galway Lake skarn.  (B) 
Histogram representing the whole-rock d18O  measurements for the mapped region. 
Excluding one value (-4‰), the lowest d18O values recorded by the altered plutons 
is ~0‰. 
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 Figure 4.2.  Simplified geologic map of the Verde Antique skarn region, south of Stoddard 
Ridge.  Garnets analyzed by SIMS in this study are marked black and white 
symbol.   
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Figure 4.3a.  Photomicrograph of pyroxene-epidote-garnet skarn calc-silicate of same hand 
sample analyzed by SIMS in cross-polarized light.  Three apparent stages of garnet 
growth are discernable.  White boxes highlight examples of the earliest generation 
with in the epidote and pyroxene rich groundmass.  The second generation is coarse 
grained, sub- to anhedral crystal faces with distinct sector zonation and anisotropy. 
The third stage of garnet growth is shown on both sides of the calcite-filled void 
space in the upper left of the figure; stage 3 garnet appears to be a continuous band 
of garnet growth on previously established garnet.  Veins are filled with both calcite 
and quartz.   
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Figure 4.3b.  Photomicrograph the Whitehorse skarn garnetite sample 15SW3-SW23 in plane 
polarized light.  Garnets in this skarn are typically isotropic, but oscillatory zoned 
rims are visible in thin section. Olive green garnet cores have high andradite-
components, whereas red-brown rims have higher grossular components. An 
example of an optically zoned garnet is annotated in the yellow box. Oxides are 
magnetite as confirmed by EDS. ‘Cte’ = calcite, ‘qtz’ = quartz 
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Figure 4.4. Simplified geologic map of the White Horse skarn, Mojave Desert, CA.  Garnetite is present along the full contact with the 
host carbonate body (Pzl, Paleozoic limestone) but is beyond the scale of the mappable features. Red circles represent the 
limited occurrence of wollastonite in outcrop. Sample abbreviations correspond to unique garnetite sample names.  F= 
15SW3F, G=15SW3G-B, AB=15SW3AB, 23=15SW3-SW23, U=14SW3U, N=14SW3N. Minor igneous dikes are 
depicted by red lines.  Additional abbreviations include: Pzq=Paleozoic quartzite; Ji= Jurassic intrusive; Qal= Quaternary 
alluvium.  
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Figure 4.5. Magnetite veins filling fractures cutting through Generation 1 Andradite.  Magnetite 
identification confirmed through energy dispersive spectroscopy (EDS) and 
highlighted by white box. Annotated red spots mark placements of EPMA analysis.   
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Figure 4.6a. Ternary diagrams depicting the major-element compositions of garnets from the Verde Antique, White Horse, and 
Copper Strand Skarns. Each symbol represents the major-element composition of garnet paired with an individual SIMS 
oxygen isotope analysis. Notable trends in oxygen isotope composition, or garnet generation are annotated: Generation 1 
and 2 garnet is highlighted in yellow. High-Mn Generation 5 garnet is highlighted in grey.  
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Figure 4.6a to c continued. Geochemical and isotopic data for all analyzed skarn garnet samples 
analyzed by SIMS. Continued on next page 
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Figure 4.6d to f continued. Geochemical and isotopic data for all analyzed skarn garnet samples 
analyzed by SIMS.  
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Figure 4.7. Backscatter electron (BSE) images of garnet textures representative of the skarns 
analyzed by SIMS. A) Andradite-rich cores and zones of the Verde Antique skarn 
appear offset by garnet and quartz filled fractures; the Verde Antique garnets 
generally lack textural indications of episodes of garnet dissolution. B) Prominent 
fracture filled with Generation 3 Grandite cross cutting Generation 1 and 2 garnet. 
C) A geochemically homogeneous garnet with fractures from the Copper Strand 
skarn, D) Only documented example of compositionally zoned garnet of the Copper 
Strand skarn. Inclusions (appear black in BSE) are quartz.   
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Figure 4.8. Cathodoluminescence (CL) images of representative zircon from sample 14SW3N 
(White Horse skarn) and UTZ-V(Verde Antique skarn) plutons. SIMS pits are 
annotated with red circles are each 10 μm. SIMS data is ranked from lowest to 
highest along the X axis.   
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Figure 4.9. Concordia diagram and inset ranked weighed mean average U-Pb age for 14SW3N, 
the pluton in contact with the Whitehorse pluton (Figure 4.4). Age reported is the 
weighted mean age; a discordance filter of 10% was applied. All error ellipses are 
2-sigma.    
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Figure 4.10. Examples of major-element heterogeneity visible in backscatter electron images, but 
not visible optically in reflected light. A) Variability in 15SW3AB-C garnet visible 
in BSE.  B) Image of the same garnet in reflected light. C and D) BSE and reflected 
light image of 15SW3F-A_Gc showing lack of zonation without use of 
compositionally sensitive microscopy.  Both examples are from the Whitehorse 
skarn.  

 
  



 99 

 

Figure 4.11a. Mapped interpretation of compositional, isotopic and microstructural evidence for 
5 generations of garnet growth as captured by garnet 15SW3G-B (Figure 4.4).  
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Figure 4.11b Garnet 15SW3B-G annotated with measured SIMS oxygen isotope values. δ18O 
values vs. mol% andradite for 15SW3GB are shown in figure 4.6b.   

 



 101 

Figure 4.12.  Calcium X-ray map for 
garnet 15SW3G-B showing 
precipitation of texturally-late calcite 
within fractures and dissolved void 
spaces. Brighter blue areas indicate 
presence of calcite, whereas the 
constant blue hue of the host garnet 
reflect the Ca of the grossular-
andradite solid solution.  
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Figure 4.13a.  BSE image of garnet 15SW3F-A_Ga (green garnet) annotated with δ
18

Ovalues for 

corresponding SIMS analysis pits. Values in white  text are oxygen isotope values, 

green values are andradite molar percent. Oxygen isotope compositions remain 

constant within a span of ~2‰ variation across the andradite-rich host. δ
18

Ovalues 

vs. XAdr is plotted in figure 4.6b. Error bars for SIMS analyses are presented in 

figure 4.6b. 
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Figure 4.13b.  BSE image of garnet 15SW3F-A_Rg (red garnet) annotated with δ
18

Ovalues for 

corresponding SIMS analysis pits. Values in white  text are oxygen isotope values, 

green values are andradite molar percent. Oxygen isotope compositions remain 

constant within a span of ~2‰ variation across the andradite-rich host. δ
18

O values 

vs. XAdr is plotted in figure 4.6b. Error bars for SIMS analyses are presented in 

figure 4.6b. 
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Figure 4.13c.  BSE image of garnet 15SW3F-A_Gc (green garnet) annotated with δ
18

O values 

for corresponding SIMS analysis pits. Generation 3 grandite filling a fracture across 

Generation 1 andradite. Values in white  text are oxygen isotope values, green 

values are andradite molar percent. Oxygen isotope compositions remain constant 

within a span of ~2‰ variation across the andradite-rich host, whereas SIMS 

analyses within the garnet-filled fracture vary between ~-5 and -3.5‰. δ
18

O values 

vs. XAdr is plotted in figure 4.6b. Error bars for SIMS analyses are presented in 

figure 4.6b. 
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Figure 4.13d. Scalloped texture of vein boundary of Generation 3 Grandite cross-cutting 

Generation 2 grandite.  Scalloped textures is interpreted to result from the 

preferential dissolution of more Fe-rich garnet during dissolution preceding 

crystallization of the Generation 3 Grandidte.  
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Figure 4. 14a. Annotated garnets of  sample 15SW3AB. Values in white  text are oxygen isotope 

values, green values are andradite molar percent. Oxygen isotope compositions 

remain constant within a span of ~2‰ variation. Error bars for SIMS analyses are 

presented in figure 4.6b. Continued on next page.   

A 
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Figure 4. 14b. Annotated garnets of  sample 15SW3AB. Values in white  text are oxygen isotope 

values, green values are andradite molar percent. Oxygen isotope compositions 

remain constant within a span of ~2‰ variation. Error bars for SIMS analyses are 

presented in figure 4.6b. Continued on next page.   

 

 

 

 

B 
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Figure 4. 14c. Annotated garnets of  sample 15SW3AB. Values in white  text are oxygen isotope 

values, green values are andradite molar percent. Oxygen isotope compositions 

remain constant within a span of ~2‰ variation. Error bars for SIMS analyses are 

presented in figure 4.6b. Continued on next page.   

 

 

C
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Figure 4. 14d. Annotated garnets of  sample 15SW3AB. Values in white  text are oxygen isotope 

values, green values are andradite molar percent. Oxygen isotope compositions 

remain constant within a span of ~2‰ variation. Error bars for SIMS analyses are 

presented in figure 4.6b. 

D D 
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Figure 4.15. Annotated garnet of  sample CS-9 from the Copper Strand skarn. Values in white  

text are oxygen isotope values, green values are andradite molar percent. Oxygen 

isotope compositions are more negative in the grossular-rich core, but higher in the 

andradite-rich cores. This is the opposite trend observed at the White Horse skarn. 

Error bars for SIMS analyses are presented in figure 4.6b.  
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Figure 4.16a.  Annotated garnets of garnetite sample 14SW2I from the Verde Antique skarn. Values in white  text are oxygen isotope 
values, green values are andradite molar percent. Oxygen isotope compositions remain constant across a range of 
andradite compositions. Error bars for SIMS analyses are presented in figure 4.6b.  
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Figure 4.16b. Annotated garnets of garnetite sample 14SW2I from the Verde Antique skarn. Values in white text are oxygen isotope 
values, green values are andradite molar percent. Oxygen isotope compositions remain constant across a range of 
andradite compositions. Error bars for SIMS analyses are presented in figure 4.6b. 
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Figure 4.16c.  Annotated garnets of garnetite sample 14SW2I from the Verde Antique skarn. Values in white  text are oxygen isotope 
values, green values are andradite molar percent. Oxygen isotope compositions remain constant across a range of 
andradite composition. Error bars for SIMS analyses are presented in figure 4.6b.  
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Figure 4.17. Modern-day mean annual oxygen isotope composition of precipitation in North 
America (left) and South America (right). Approximate locations of the horse 
latitudes represented by red dashed line.  The modern day Mojave Desert is 
modeled to have been situated within the horse latitudes during Jurassic arc activity. 
Color-coded isopachs demonstrate the effects of latitude (e.g., North American 
polar region) and altitude (blue hues over the South American Andes) on the δ18O 
ratio of meteoric water. Modified from the Waterisotopes Database (2017; 
http://waterisotopes.org. Accessed 2/25/2017). 
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Table 4.1. Order of garnet growth, fracture, and dissolution events interpreted from 15SW3B. 

Event Evidence Diagnostic XAdr Diagnostic δ18O 

1 Growth of Generation 1 Andradite >75 ~−10.5 to −12‰
2 Dissolution of Generation 1 Andradite  --  -- 
3 Growth of Generation 2 grandidte 45 to 65 ~−10.5 to −12‰
4 Fracturing and minor dissolution  --  -- 
5 Growth of Generation 3 grandite in fractures and as rim 50 to 65 < −3.6‰
6 Growth of Generation 4 grandite 45 to 65 ~−3.3‰
7 Dissolution  --  -- 
8 Fracturing +/-minor dissolution of whole garnet  --  -- 
9 Recrystallization into Generation 5 grandidte 50  to 67 ~−2.4 to −3.0
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Chapter 5:  In summary of new information regarding the timing, fluid 
sources, and isotopic heterogeneities recorded by skarn garnet 

1.0 INTRODUCTION  

The preceding three chapters have investigated various aspects of the skarn record 

of Mesozoic North American Cordilleran arc including:  
(1) The timing of skarn formation in relation to assumed causative plutons, which 

also serves are method for dating the presence of meteoric fluids within the 
subsurface. 

(2) Investigation of the various fluid sources that contribute to the fluid budgets in 
skarn systems spanning the spatial and temporal extent of a long-lived 
continental margin arc.  

(3) Detailed investigation of the relative timing of fluid source contributions and 
fluid flow mechanisms that result is large degrees of isotopic heterogeneity.  

2.0 CONCLUSIONS REGARDING LASER ABLATION U-PB GEOCHRONOLOGY OF 
ANDRADITE-RICH SKARN GARNET 

Following the assertations of previous workers that andradite-rich garnets may 

accommodate relatively large concentrations of uranium facilitated by coupled substitution 

involving Fe3+ in the octahedral coordination site. Due to the major element variability 

common within skarn garnet, I used the scanning electron microscope (SEM) to make X-

Ray maps of garnets that were good candidates for the laser ablation method.  The X-ray 

maps and semi-quantitative data Fe:Al ratios served as a guide to discern the more 

andradite-rich garnet zones from more grossular-rich zones for placement of laser ablation 

spots during analysis.   

The work, published by Earth and Planetary Science Letters in September 2018, 

provides examples of five successful case-studies of natural skarn garnet from the Darwin 

skarn, the Empire Mountain skarn, the Black Rock Mine skarn, the Verde Antique skarn, 

and the Whitehorse skarn. Ages from the Darwin and Empire Mountain skarns serve as a 

test of the method with in a relatively simple and presumably well-understood geologic 
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setting. Results of the Black Rock skarn are used to identify the previously unrecognized  

causative pluton related to that skarn system. Together, the ages of the Verde Antique skarn 

and the Whitehorse skarn provide direct radiometric date on the regional hydrothermal 

system active in the Jurassic Ord Mountains region of the Mojave Desert. The four ages 

document the range of major element compositions which may yield successful U-Pb ages, 

and provides correlations between precisions possible and garnet andradite composition. 

One interesting data set collected after the submission of this manuscript for 

publication is the zircon U-Pb age of the known causative pluton associated with the 

Whitehorse skarn, which is presented in Chapter 4.  The zircon U-Pb age of this pluton is 

159.6 ± 2 Ma, whereas the U-Pb age of the skarn garnet is 149 ± 5 Ma.  Geologically, these 

ages may be interpreted to mean the Whitehorse pluton began crystallizing a few million 

years before the skarn garnet were crystallized, which is geologically reasonable.  

However, closer inspection of the U-Pb zircon ages of the pluton reveal the three youngest 

individual zircon ages are excellent matches for the skarn formation age provided by the 

garnets. The scientific community has been grappling with the interpretation of U-Pb 

zircon data as it reflects the emplacement age of a pluton; the significance of these data, if 

any, will require additional pondering.  

3.0 CONCLUSIONS REGARDING THE SIGNIFICANCE OF LOW-d18O VALUES IN SKARN 
GARNETS FOR REGIONAL TECTONICS AND PALEOGEOGRAPHIC RECONSTRUCTION 

Focusing on a single skarn-mineral (i.e., garnet) proxy for fluid composition from 

multiple skarn bodies that span the spatial and temporal extent of the arc system provides 

a record of  hydrothermal fluid source heterogeneity that has the potential to provide 

constraints on the prevailing tectono-magmatic conditions during formation.  In general, 

high-d18O values (>8‰) from skarn garnet are interpreted to indicate infiltration of fluids 



 118 

derived from metamorphic devolatilization of adjacent host rocks, and may partially result 

from low pluton-to-host rock volume. Skarn garnet d18O values between ~5.0 and ~8.0 ‰ 

indicate equilibrium with hydrothermal fluids derived from the host magma. Magmatic 

fluids dominate the skarn fluid budget in both the compiled set of skarn garnet oxygen 

isotope data from the available published literature, and in skarns measured by this study. 

Many of the skarns of the Sierra Nevada arc are classified as tungsten skarns, which are 

often characterized by pluton emplacement at great depths; none of the traditional tungsten 

skarns investigated by this study indicate involvement on meteoric fluids within the 

hydrothermal system.  

Skarns of this study capture the lowest d18O values measured in skarn minerals, as 

well as an unprecedented amount of variation within those low-d18O skarns. The spatial 

and temporal occurrence of meteoric fluid input recorded by skarn garnet corresponds with 

periods and areas with extensional tectonic components, such as the Jurassic Mojave arc, 

or with areas where shallow pluton emplacement allows for surface fluid to reach the 

pluton wall rock interface  

4.0 HIGH-INFLUX OF METEORIC FLUID IN JURASSIC SKARN SYSTEMS AS THE RESULT OF 
FRACTURE-CONTROLLED FLUID FLOW 

Garnet from two skarns of the Jurassic Mojave arc exhibit degrees of oxygen 

isotope variation surpass that displayed by skarns around the globe, reaching low d18O 

values of <-12‰.  Microstructural, geochemical and isotopic evidence suggests garnet in 

these skarns grew as multiple generations with punctuated periods of increased fluid flux 

driven by hydrofracturing. Based on models for simple binary mixing, it is possible that 

the local meteoric water in the Jurassic Mojave arc would have been at minimum ~-20‰, 

a value rivaled only by the modern day polar regions or produced by the altitude effect in 
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the Andes. Should the results of these mass balance equations have merit, the skarn garnet 

oxygen isotope data may suggest the Mojave arc or portions of the Jurassic arc to the north 

may have emerged to high, Andean-like elevations, which would have implications for 

tectonic reconstructions of the dynamic Mesozoic North American Margin. 
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Appendices 

APPENDIX A:  SAMPLE LOCATIONS AND DESCRIPTIONS 

Locations and ages of skarns analyzed in Chapter 3.           

#  Skarn Name Latitude  Longitude Location description  
 ~Age 
(Ma) Age source  Age reference  

1 Minaret Mining 37° 40' 6" N 119° 8' 42" W Madera County 98 Zircon U-Pb  Busby-Spera, 1988 

2 Strawberry #3 37° 33' 7"N 119° 17' 45"W Madera County, CA  99 
Zircon U-Pb of Jackass Lakes 
Pluton  Nokleberg, 1981 

3 Bishop Antimony Mine 37° 19' 14" N 118° 27' 31" W Eastern Sierra Nevada  210 Zircon U-Pb  Correlation with Barth, 2011 

4 Mount Morrison 37°31'36.46"N 118°51'06.69"W Eastern Sierra Nevada  89 Age of Laurel Mt. Pluton  Davis et al. 2012 

5 Darwin 36°16'37.80"N 117°35'49.25"W Argus Range  176 U-Pb on skarn garnet  Gevedon et al., 2018 

6 Black Rock Mine 37 40' 55" N 118 31' 45" W Near Benton, CA  172 U-Pb on skarn garnet  Gevedon et al., 2018 

7 Tungsten Blue  37°21'29.75"N 118°31'41.42"W west of Bishop, CA  150 Zircon U-Pb   Frost and Mattinson, 1993 

8 Little Little Sister 37°20' 59" N 118 31' 38" W west of Bishop, CA  150 Zircon U-Pb   Frost and Mattinson, 1993 

9 Aeroplane 37°20'37.75"N 118°31'35.41"W west of Bishop, CA  150 Zircon U-Pb   Frost and Mattinson, 1993 

10 Lucky Strike 37°20'51.75"N 118°32'16.42"W west of Bishop, CA  150 Zircon U-Pb   Frost and Mattinson, 1993 

11 Little Sister 37°20' 49" N 118  31' 51" W west of Bishop, CA  150 Zircon U-Pb   Frost and Mattinson, 1993 

12 Empire Mountain 36°27'42.75"N 118°35'1.19"W 
Mineral King, Sequoia National 
Park  106 U-Pb on skarn garnet  Gevedon et al., 2019 

13 White Chief 36°24'34.03"N 118°35'30.14"W 
Mineral King, Sequoia National 
Park  135 

Zircon U-Pb of White Chief 
Pluton  Sisson and Moore, 2013 

14 Consolidated Tungsten Mine 36°38' 12'' N 120 15' 10"W western Sierra Nevada foothills  164 Goldstein Peak paper  Clemens-Knott et al., 2013 

15 Garnet Hill 38°28'48.71" N 120° 15' 9.71''W western central Sierra Nevada  111 U-Pb zircon of tonalite Lackey (unpublished) 

16 Crestmore Quarry 34° 1'34.82"N 117°23'1.80"W Riverside, CA  120 
Zircon U-Pb of nearest dated 
pluton Premo et al. (2014) 

17 Old City Quarry  33°59'39.14"N 117°22'32.91"W Riverside, CA  107 
Zircon U-Pb of nearest dated 
pluton Premo et al. (2014) 
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#  Skarn Name Latitude  Longitude Location description  
 ~Age 
(Ma) Age source  Age reference  

 
 

18 Desert View 34 18' 50" N 116 57' 55" W San Bernardino Mountains, CA  156 
Zircon U-Pb of  Crystal Creek 
Pluton Barth et al., 2008 

19 Verde Antique skarn 34°40'9.79"N 117° 5'39.39"W Western Mojave Desert 162 U-Pb on skarn garnet  Gevedon et al., 2018 

20 Whitehorse skarn  34°32'33.54"N 116°57'44.42"W Western Mojave Desert  149 U-Pb on skarn garnet  Gevedon et al., 2018 

21 Bessemer mine 34°34'57.93"N 116°33'49.175"W Western Mojave Desert  162 Regional Correlation Lackey (unpublished) 

22 Galway Lake 34°32'02.837'N 116°30'26.736"W Western Mojave Desert  162 Regional Correlation Lackey (unpublished) 

23 Copper Strand skarn  34°37'45.60"N 116°40'16.75"W Western Mojave Desert  162 
Zircon U-Pb of nearest dated 
pluton Lackey (unpublished) 

24 White Knob 34°21'54.43"N 117°00'29.87"W Western Mojave Desert  151 
Zircon U-Pb of nearest dated 
pluton Barth et al., 2008 

25 Notch Peak 39°11'14.07"N 113°24'31.60"W House Range, Utah 166 Titanite U-Pb   Henze et al., 2018 

26 Jumbo skarn  55°14'56.7"N 132°37’43.5”W 
Coast Mountains Batholith, 
Alaska  105 Zircon U-Pb  

Newberry, 1995 open file 
report  
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APPENDIX B:  LASER FLUORINATION OXYGEN ISOTOPE DATA OF SKARN GARNET  

 
  

Oxygen isotope compositions of skarn garnet  

#    Skarn Name and sample # δ
18

O (vsmow) 2SE Statistics

1 Minaret Mining Grt "N" Max Min Mean Median Mode Range Variance STD 

T-17279-O 7.2 0.1 2 8.70 7.20 8.0 8.0 #N/A 1.5 1.13 1.06

T-17279-T 8.7 0.1

2 Strawberry #3 Grt "N" Max Min Mean Median Mode Range Variance STD 

T-12001-R 4.1 0.1 9 5.10 3.30 4.2 4.3 4.3 1.8 0.21 0.46

T-12001-Y 3.3 0.1

T-12001-G 5.1 0.1

11AK-15 4.4 0.1

11AK-19 4.2 0.1

11AK-21 4.3 0.1

11AK24a 4.3 0.1

11AK24b 4.3 0.1

11AK24c 4.2 0.1

3 Bishop Antimony Mine Grt "N" Max Min Mean Median Mode Range Variance STD 

T-4538-G 8.5 0.1 1 8.50 8.50 8.5 8.5 #N/A 0.0  --  -- 

4 Mount Morrison Grt "N" Max Min Mean Median Mode Range Variance STD 

99LV262 5.8 0.1 11 7.20 5.40 5.7 5.5 5.4 1.8 0.27 0.52

99LV262 5.9 0.1

99LV741 5.5 0.1

99LV742 5.4 0.1

99LV743 5.6 0.1

99LV744 7.2 0.1

99LV745 5.4 0.1

99LV746 5.4 0.1

99LV747 5.4 0.1

99LV748 5.5 0.1

99LV749 5.7 0.1

5 Darwin Grt "N" Max Min Mean Median Mode Range Variance STD 

13DW1A 7.5 0.1 5 7.60 7.30 7.5 7.5 7.5 0.3 0.01 0.11

13DW2B 7.5 0.1

13DW2H 7.3 0.1

13DW2F 7.6 0.1

13DW3E 7.5 0.1

6 Black Rock Mine Grt "N" Max Min Mean Median Mode Range Variance STD 

13BR3B-R 6.0 0.1 25 9.80 5.90 6.7 6.2 6.0 3.9 0.92 0.96

13BR3B-Y 9.2 0.1

13BR3B-G 6.0 0.1

13BR4A-R 6.0 0.1

13BR4A-P 9.8 0.1

13BR4B 6.1 0.1

14Br1Aa 6.6 0.1

14BR1Aa (duplicate) 6.8 0.1

14BR1Aa 6.7 0.1

14BE1Aa 6.8 0.1

14BR1Ad-grt 7.0 0.1

14BR1Ad-grt (duplicate) 6.9 0.1

14BR1AF-grt 6.8 0.1

14BR1AF-grt (duplicate) 6.1 0.1

14BR1B-core 7.2 0.1

(duplicate) 6.2 0.1

14BR1Hb-late grt 6.1 0.1

14BR2Ab 6.1 0.1

14Br2Ab (duplicate) 5.9 0.1

14BR2Ab (duplicate) 6.2 0.1
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#    Skarn Name and sample # δ18O (vsmow) 2SE Statistics
14BR2Ab 5.9 0.1

14BR2B 6.0 0.1
14BR2B (duplicate) 6.0 0.1

14BR2E 7.0 0.1
14BR2E (duplicate) 7.0 0.1

7 Tungestn Blue Grt "N" Max Min Mean Median Mode Range Variance STD 
12TH-11 5.2 0.1 5 6.30 4.80 5.5 5.2 #N/A 1.5 0.38 0.62
12TH-9 5.1 0.1

14Th4-G 4.8 0.1
14TH4V late 6.3 0.1

14Th4W-early 5.9 0.1
8 Little Little Sister Grt "N" Max Min Mean Median Mode Range Variance STD 

13TH3B 5.8 0.1 3 6.20 5.80 6.1 6.2 #N/A 0.4 0.05 0.22
13TH2K-G 6.2 0.1

14TH3A 6.2 0.1
9 Aeroplane Grt "N" Max Min Mean Median Mode Range Variance STD 

14TH1H-r 5.5 0.1 13 6.60 5.50 5.8 5.7 5.7 1.1 0.09 0.30
14TH1H-r 5.8 0.1
14TH1i-o 5.5 0.1

14TH1i-o  5.7 0.1
14TH1H-o  (duplicate) 6.0 0.1

14TH1i-a 6.1 0.1
1TH1i-b 5.6 0.1

14TH1H-a 5.7 0.1
14TH1H-a (duplicate) 5.9 0.1

14TH1G-a 5.9 0.1
14TH1Gb- 6.6 0.1
14TH1Da 5.6 0.1

14TH1Da  (duplicate) 5.7 0.1
10 Lucky Strike Grt "N" Max Min Mean Median Mode Range Variance STD 

14TH2E-r 5.6 0.1 4 5.80 5.40 5.7 5.7 5.8 0.4 0.04 0.19
14Th2E-r (duplicate) 5.8 0.1

14TH2H-o  5.4 0.1
14Th2H-r 5.8 0.1

11 Little Sister Grt "N" Max Min Mean Median Mode Range Variance STD 
13TH3D-O 5.6 0.1 1 5.60 5.60 5.6 5.6 #N/A 0.0  --  -- 

12 Empire Mountain Grt "N" Max Min Mean Median Mode Range Variance STD 
EMP-1B 2.4 0.1 25 3.00 -1.80 0.8 0.8 -0.5 4.8 2.31 1.52
EMP-1R -0.2 0.1
EMP-2B 2.5 0.1
EMP-2R -1.3 0.1
MD27B 2.9 0.1
MD27R 1.0 0.1
MD31B 2.3 0.1
MD31R 0.0 0.1
MD31R -0.5 0.1
MD32B 2.1 0.1
MD32B 3.0 0.1
MD32B 2.3 0.1
MD32R -0.5 0.1
MD32R -0.5 0.1
MD35R -1.8 0.1
MD35R -1.7 0.1

MD36A-B 1.9 0.1
MD36B-B 2.6 0.1

MD12B 0.6 0.1
MD12B 0.4 0.1
MD12R 0.2 0.1

11MK9B-R 0.8 0.1
11MK13A-R -1.3 0.1
11MK13C-B 1.3 0.1
10EMP31A 1.6 0.1
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#    Skarn Name and sample # δ18O (vsmow) 2SE Statistics
13 White Chief Grt "N" Max Min Mean Median Mode Range Variance STD 

13WC8-R -4.9 0.1 4 -4.90 -8.40 -7.3 -8.0 #N/A 3.5 2.69 1.64
13WC14-G -8.4 0.1

13WC1 -7.6 0.1
13WC4 -8.3 0.1

14 Consolidated Tungsten Mine Grt "N" Max Min Mean Median Mode Range Variance STD 
T-12714-G 6.9 0.1 9 7.20 5.90 6.6 6.8 6.1 1.3 0.27 0.52
T-12714-O 6.1 0.1

A2-O 5.9 0.1
AF8-Y 6.1 0.1

A2-O-Grt 6.1 0.1
CMT-Af5-Core 7.2 0.1

T-12714-G 6.9 0.1
CMT-X 6.8 0.1

CMT-AF5-Rim 7.2 0.1
15 Garnet Hill Grt "N" Max Min Mean Median Mode Range Variance STD 

T-11969-Y 5.5 0.1 4 5.90 5.10 5.5 5.5 #N/A 0.8 0.11 0.33
T-11969-B 5.4 0.1
T-GH69-R 5.9 0.1
T-12313-R 5.1 0.1

16 Crestmore Quarry (Riverside) Grt "N" Max Min Mean Median Mode Range Variance STD 
AOW 958A 5.4 0.1 3 6.90 4.50 5.6 5.4 #N/A 2.4 1.47 1.21

AOW 1030E 4.5 0.1
Strehle 106 6.9 0.1

17 Old City Quarry (Riverside) Grt "N" Max Min Mean Median Mode Range Variance STD 
12-OC-1 11.1 0.1 3 11.10 7.20 8.9 8.4 #N/A 3.9 3.99 2.00
12-OC-2 7.2 0.1
12-OC-4 8.4 0.1

18 Desert View Grt "N" Max Min Mean Median Mode Range Variance STD 
13DV-5-B 1.9 0.1 5 7.70 0.80 4.1 2.6 #N/A 6.9 10.29 3.21

13DV-5-B (duplicate) 2.6 0.1
13DV-1-B 0.8 0.1
13DV-6-O 7.3 0.1

13-DV-6-O (duplicate) 7.7 0.1
19 Verde Antique mine Grt "N" Max Min Mean Median Mode Range Variance STD 

13SW-1A-Y -3.1 0.1 21 4.88 -3.70 1.1 -1.6 #N/A 8.6 7.01 4.41
14SW2i -2.7 0.1

14SW2A 4.2 0.1
14SW2A-G 4.4 0.1

14SW2D -0.6 0.1
13SW-4A-O -1.6 0.1
13SW-4B-O -3.7 0.1

OT-2 2.4 0.1
Ord-Tac-2 (duplicate) 2.3 0.1

OT-2 (duplicate) 2.6 0.1
OT-1 2.9 0.1

Ord-tac-1 (duplicate) 1.3 0.1
VAQ-8 4.9 0.1

VAQ-8A R 4.1 0.1
VAQ-8A T 0.9 0.1

VERDE-12A -0.3 0.1
VERDE 12A T -1.1 0.1

VAQ-18 T -1.3 0.1
VAQ-18 O 1.2 0.1
VAQ-17 G 3.7 0.1
VAQ-17Y 2.7 0.1
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#    Skarn Name and sample # δ18O (vsmow) 2SE Statistics
20 Whitehorse skarn Grt "N" Max Min Mean Median Mode Range Variance STD 

14SW6B-G -8.9 0.1 28 3.80 0.00 -4.7 -6.3 -8.6 3.8 14.35 3.79
14SW6B-R -5.3 0.1
14SW6C-P -6.9 0.1
14SW6C-G -8.5 0.1
14SW6C-R -6.0 0.1
14SW6D-Y -8.3 0.1
14SW6D-R -1.6 0.1
14SW6E-Y -6.9 0.1
14SW3D-a -1.1 0.1
14SW3D-b -0.9 0.1
14SW3P-g 2.4 0.1
14SW3P-r -1.1 0.1

14SW3G-B-r -6.3 0.1
14SW3G-B-g -7.2 0.1
14SW3G-A-r -2.6 0.1
14SW3G-A-y -8.6 0.1

14SW3S-y 3.4 0.1
14SW3L-r -6.2 0.1
14SW3L-g -8.6 0.1
14SW3F-G -8.6 0.1

15SW3AB-grt -1.4 0.1
15SW3Fb-ygrt -6.0 0.1
15SW3Fa-ygrt -7.4 0.1
15SW3Fc-late -3.6 0.1
15SW3Fd-grt 3.8 0.1

15SW3AD-grt -7.0 0.1
15SW3Aa -6.5 0.1

14SW3F-R -6.3 0.1
21 Bessemer Grt "N" Max Min Mean Median Mode Range Variance STD 

14BES4A-B 5.6 0.1 6 5.70 4.90 5.2 5.0 4.9 0.8 0.14 0.37
14BES4-A (duplicate) 5.7 0.1

14BES5-G 4.9 0.1
14BES5-G (duplicate) 4.9 0.1
14Bes5-R (duplicate) 4.9 0.1

14BES5-R 5.1 0.1
22 Galway Lake Grt "N" Max Min Mean Median Mode Range Variance STD 

14GL2B-P 4.8 0.1 2 5.80 4.80 5.3 5.3 #N/A 1.0 0.50 0.71
14GL2a-pg 5.8 0.1

23 Copper Strand Grt "N" Max Min Mean Median Mode Range Variance STD 
(15)PL1A 5.6 0.1 13 6.10 -5.90 2.1 3.3 #N/A 12.0 19.45 4.41

(15)PL3A-hg 3.2 0.1
(15)PL2B-yg 3.3 0.1

CS-5 4.7 0.1
CS-6 4.9 0.1

earliest CS-7 5.7 0.1
CS-8 -5.9 0.1
CS-9 -4.8 0.1

CS-9 (duplicate) -5.6 0.1
late CS-10 6.1 0.1

CS-11 3.1 0.1
CS-13 3.0 0.1

CS-13 (duplicate) 3.6 0.1
24 White Knob Grt "N" Max Min Mean Median Mode Range Variance STD 

13WK-1 6.0 0.1 5 10.30 5.80 7.3 6.0 6.0 4.5 4.02 2.00
13WK-2 8.5 0.1
13WK-5 6.0 0.1
12WK-8 10.3 0.1

13WK-5 (duplicate) 5.8 0.1
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#    Skarn Name and sample # δ
18

O (vsmow) 2SE Statistics

25 Notch Peak Grt "N" Max Min Mean Median Mode Range Variance STD 

13NP-1 6.2 0.1 3 6.20 6.10 6.2 6.2 6.2 0.1 0.00 0.06

13NP-2 6.2 0.1

13NP-2 (duplicate) 6.1 0.1

26 Jumbo Grt "N" Max Min Mean Median Mode Range Variance STD 

Jumbo 4 4.7 0.1 5 5.7 4.5 5.0 4.9 #N/A 1.2 0.21 0.46

Jumbo2rim 5.2 0.1

Jumbo 3 5.7 0.1

Jumbo 1 4.9 0.1

Jumbo 2core 4.5 0.1

"n" value: 215
MAX 11.1

MIN -8.9

Range 20.0
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APPENDIX C:  EQUILIBRIUM FLUID CALCULATIONS FOR THE DARWIN SKARN 

 
  

Fractionation factors and temperatures used to calculate compositions of equilibrium fluids.  

1.0  Zircon-water fractionation: 
1.1. SIMS d18O data from zircon hosted within Darwin skarn andradite 

δ18O ‰ 
VSMOW

2SD (ext.)

UTZ-DWzrc-1 6.47 0.17
UTZ-DWzrc-2 6.84 0.17
UTZ-DWzrc-3 7.15 0.17
UTZ-DWzrc-4 6.98 0.17

Mean zircon δ18O 6.86

1.2. Zircon-water water fractionation ay 700 degrees 
A B C

   ∆(zrc-Qtz) -2.64 0 0 (Valley et al., 2003) 
+  ∆(Qtz-H2O) 2.51 0 -1.46 (Clayton et al., 1972)
 =  ∆(zrc-H2O) -0.13 0 -1.46

1.3. Zircon-water parameters 
Temp 

Celsius 600
Kelvin 873.15

1.4 Calculations
Δ (m-n) ≈ A(m-n)106/T2 + B(m-n) *103/T + C(m-n) 
becomes 
δ18O(zrc) - δ18O(magH2O) =   A(m-n)106/T2 + B(m-n)+ C(m-n)   , where X = δ18O(magH2O)     

δ18O(magH2O)   8.49
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2.0. Andradite-water fractionation 
2.1. Darwin garnet Laser fluorination data 

δ18O ‰ 
VSMOW

2SD (ext.)

13DW1A 7.5 0.1
13DW2B 7.5 0.1
13DW2H 7.3 0.1
13DW2F 7.6 0.1
13DW3E 7.5 0.1

Mean garnet δ18O 7.5

2.2 Andradite-water fractionation at 700 degrees
A B C

      ∆(Grs-Qtz): -3.03 0 0 (Matthews, 1994)
+ ∆(Qtz-H2O) 2.51 0 -1.46 (Clayton et al., 1972)
 =  ∆(Grs-H2O) -0.52 0 -1.46

2.3 Account for average andradite mol% of 40
A

D(grs-qtz) = A(gros-qtz) - 0.57(XAdr) -0.748 (Kohn and Valley, 1998)

2.4 Andradite-water parameters 
Temp 

Celsius 600
Kelvin 873.15

2.5 Calculations
∆(Adr90-H2O)= -2.4
δ18O(skarnH2O)   9.92
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APPENDIX D:  MAJOR-ELEMENT COMPOSITIONS OF SKARN LITHOLOGIES COLLECTED 
BY X-RAY FLUORESCENCE  
 

 
 

Verde Antique skarn White Horse Skarn 
Sample # 14SW2F 14SW2A 14SW2J 14SW2B 14SW2J 14SW3_1 14SW3_2 14Sw3_3

Major element 
wt. %

Garnet- bearing
 pyroxenite Garnetite

Altered
 pyroxenite 

Igneous 
intrusion Pyroxenite 

Igneous
 host 

Igneous
 host 

Carbonate 
host

SiO2 49.46 39.74 74.65 49.64 50.22 65.06 51.09 0.06
TiO2 0.46 0.33 0.03 0.01 0.02 0.70 0.95 0.02

Al2O3 8.13 3.35 0.69 0.57 0.00 17.14 12.83 0.00
Fe2O3 13.18 19.93 0.11 14.95 13.59 3.96 11.31 0.02

MgO 0.22 0.15 0.01 0.54 0.27 0.09 0.24 0.05
MnO 5.73 4.84 0.72 9.87 9.95 1.56 10.52 3.46
CaO 22.26 30.84 23.51 23.79 24.60 3.51 10.52 51.71
K2O 0.03 0.28 0.01 0.43 0.39 4.39 1.36 0.00

Na2O 0.13 0.04 0.59 0.01 0.00 3.04 0.73 0.00
P2O5 0.16 0.09 0.10 0.01 0.01 0.23 0.13 0.00
Total 99.76 99.59 100.42 99.82 99.05 99.68 99.68 55.32

Trace element
(ppm)

Zr 13 8 19 6 4 98 30 1
Zn 371 72 151 32 31 606 285 119
Y 14 bdl 141 bdl 2 1594 303 bdl
V 200 81 59 11 12 389 71 14
U 86 22 10 bdl 3 38 31 bdl

Th 33 17 bdl 10 10 13 10 22
Ta 16 bdl bdl 7 3 5 bdl 5
Sr 10 bdl bdl bdl bdl 9 56 bdl

Sm 89 91 16 16 21 56 290 bdl
Sc 16 98 18 25 13 12 320 bdl
Pr 14 45 17 12 10 5 55 bdl
Pb 11 26 7 3 bdl bdl 49 bdl
Ni 77 50 10 69 21 67 101 7
Nd 13 9 bdl 6 6 20 15 bdl
Nb 141 19 10 7 10 50 20 18

Mo 255 bdl bdl 28 27 87 25 25
La 28 3 3 bdl bdl 11 5 2
Hf 91 17 13 9 3 40 23 bdl
Ga 16 4 6 bdl bdl 7 3 6
Cu 9 3 bdl bdl 3 11 5 4
Cr 15 5 5 4 3 14 bdl 15
Ce 19 9 3 6 bdl 4 bdl bdl
Ba bdl 238 bdl bdl bdl bdl bdl bdl
As 5 bdl bdl bdl bdl 4 3 bdl
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APPENDIX E:  ZIRCON U-PB DATA FROM THE WHITE HORSE SKARN PLUTON 

 

 Raw isotopic data for 16SW3N zircon U-Pb age calculations
207/235 206/238 207/206 Best age

Grain # [U] ppm U/Th 207/235 2σ error 206/238 2σ error RHO  Age Ma 2σ error  Age (Ma) 2σ error Age (Ma) 2σ error (Ma) 2σ error % Disc*
13SW3N_Z_1 153.1 1.41 2.52 0.10 0.20 0.01 0.94 1274 30 1189 36 1434 29 DISC DISC 17.1
13SW3N_Z_2 68.8 0.44 0.19 0.01 0.03 0.00 0.07 171 11 165.6 3.6 250 140 165.6 3.6 3.2
13SW3N_Z_3 442 0.80 0.17 0.01 0.03 0.00 0.28 158.8 4.7 159.8 1.9 140 63 159.8 1.9 0.6
13SW3N_Z_4 66.5 0.58 0.18 0.01 0.03 0.00 0.04 166.3 9.6 159.4 3.8 280 130 159.4 3.8 4.1
13SW3N_Z_5 123.4 0.40 0.17 0.01 0.02 0.00 0.09 162.6 8.1 153.9 3.1 270 110 153.9 3.1 5.4
13SW3N_Z_6 65.2 0.76 0.18 0.01 0.03 0.00 0.08 162 12 163 3.5 150 140 163 3.5 0.6
13SW3N_Z_7 101.4 0.31 0.16 0.01 0.03 0.00 0.10 153.1 8.9 163.3 3.3 60 120 163.3 3.3 6.7
13SW3N_Z_8 97 0.68 0.18 0.01 0.02 0.00 0.06 163.6 8.8 158.3 3.3 230 110 158.3 3.3 3.2
13SW3N_Z_9 80.7 0.49 0.21 0.02 0.03 0.00 0.19 187 13 168.9 4 340 140 168.9 4 9.7

13SW3N_Z_10 101.6 0.53 0.18 0.01 0.03 0.00 0.02 163.7 7.8 164.3 3.5 170 100 164.3 3.5 0.4
13SW3N_Z_11 237.4 0.51 0.16 0.01 0.02 0.00 0.22 150.6 5.3 150.8 2 148 72 150.8 2 0.1
13SW3N_Z_12 166.7 0.36 0.18 0.01 0.03 0.00 0.03 165.7 6.7 161.2 2.7 237 90 161.2 2.7 2.7
13SW3N_Z_13 193 0.30 0.16 0.01 0.02 0.00 0.13 151.2 6.1 147 2.7 208 91 147 2.7 2.8
13SW3N_Z_14 77.5 0.53 0.32 0.03 0.03 0.00 0.35 273 20 168.8 4.1 1110 160 DISC DISC 38.2
13SW3N_Z_15 174.6 0.46 0.17 0.01 0.03 0.00 0.27 160.8 6.6 163.5 3.2 152 84 163.5 3.2 1.7
13SW3N_Z_16 89.5 0.53 0.16 0.01 0.03 0.00 0.18 153.8 9.3 161 3.6 90 120 161 3.6 4.7
13SW3N_Z_17 77.2 0.68 0.18 0.01 0.03 0.00 0.06 169 11 170 5.1 210 140 170 5.1 0.6
13SW3N_Z_18 87.9 0.65 0.16 0.01 0.03 0.00 0.04 154 8.9 161.8 3.4 80 110 161.8 3.4 5.1
13SW3N_Z_19 71.1 0.53 0.18 0.01 0.03 0.00 0.06 167 12 161.4 4 230 140 161.4 4 3.4
13SW3N_Z_20 171 0.35 0.18 0.01 0.03 0.00 0.23 163.6 7.8 163.8 3.7 181 99 163.8 3.7 0.1
13SW3N_Z_21 174.4 0.32 0.18 0.01 0.03 0.00 0.11 164.2 7.2 160.9 2.6 226 93 160.9 2.6 2
13SW3N_Z_22 187 0.53 0.16 0.01 0.02 0.00 0.16 151.4 6.8 148.4 2.5 193 94 148.4 2.5 2
13SW3N_Z_23 76.4 0.49 0.62 0.10 0.03 0.00 0.88 466 57 189.3 8 1780 220 DISC DISC 59.4
13SW3N_Z_24 256 0.37 0.17 0.01 0.03 0.00 0.07 159.8 6.2 161.7 2.2 144 82 161.7 2.2 1.2
13SW3N_Z_25 82.4 0.54 0.18 0.01 0.03 0.00 0.01 166 10 160.9 3.8 230 130 160.9 3.8 3.1
13SW3N_Z_26 199 0.69 0.18 0.01 0.03 0.00 0.07 165.2 7.4 162.5 2.8 201 98 162.5 2.8 1.6
13SW3N_Z_27 295 0.51 0.18 0.01 0.03 0.00 0.12 163.9 5.3 166.7 2.5 157 73 166.7 2.5 1.7
13SW3N_Z_28 96.9 0.57 0.18 0.01 0.03 0.00 0.12 168 10 164.1 3.4 210 120 164.1 3.4 2.3
13SW3N_Z_29 55.3 0.55 0.18 0.01 0.03 0.00 0.03 162 12 163 4.4 150 150 163 4.4 0.6
13SW3N_Z_30 244 0.32 0.18 0.01 0.03 0.00 0.22 169.6 6.5 162.1 2.5 279 83 162.1 2.5 4.4
13SW3N_Z_31 69.1 0.64 0.18 0.01 0.03 0.00 0.09 169 12 160.8 4 270 150 160.8 4 4.9
13SW3N_Z_32 65.2 0.62 0.17 0.01 0.02 0.00 0.02 153.3 9.8 158.2 4.1 140 130 158.2 4.1 3.2
13SW3N_Z_33 121.8 0.39 0.19 0.01 0.02 0.00 0.10 176.3 8.2 156.6 3.1 410 100 156.6 3.1 11.2
13SW3N_Z_34 84.9 0.50 0.17 0.01 0.02 0.00 0.07 158.3 9.2 157.9 4 200 120 157.9 4 0.3
13SW3N_Z_35 126.1 0.72 0.17 0.01 0.03 0.00 0.13 156.6 7.8 159.6 3.1 130 100 159.6 3.1 1.9
13SW3N_Z_36 200 0.35 0.17 0.01 0.02 0.00 0.02 156.1 6.4 154.5 2.5 195 92 154.5 2.5 1
13SW3N_Z_37 127 0.53 0.17 0.01 0.03 0.00 0.16 157.7 8.9 165 3.5 80 110 165 3.5 4.6
13SW3N_Z_38 80.5 0.43 0.16 0.01 0.03 0.00 0.26 151.4 8.8 159.6 3.6 80 110 159.6 3.6 5.4
13SW3N_Z_39 85.1 0.49 0.17 0.01 0.02 0.00 0.15 159.7 9.8 154.9 3.7 240 130 154.9 3.7 3
13SW3N_Z_40 152.1 0.39 0.17 0.01 0.02 0.00 0.01 158.9 6.7 157.5 3 187 93 157.5 3 0.9
13SW3N_Z_41 168.6 0.56 0.18 0.01 0.03 0.00 0.06 163.7 6.6 165 2.6 160 87 165 2.6 0.8
13SW3N_Z_42 261 1.50 0.17 0.01 0.02 0.00 0.13 155.3 5.9 158.9 2.4 113 79 158.9 2.4 2.3
13SW3N_Z_43 225 0.48 0.18 0.01 0.03 0.00 0.06 166.4 6.5 161.4 2.8 247 89 161.4 2.8 3
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APPENDIX F:  ZIRCON AND GARNET OXYGEN ISOTOPE FRACTIONATION CALCULATIONS  

1.0 Zircon-water fractionation 
  
Δ(m-n) ≈ A(m–n)106 / T2 + B(m–n)*103 / T + C(m–n)  (e.g., Clechenko and Valley, 2003; Sharp,    
2007) 
 
Where:  
       ∆(zrc – Qtz):   A= – 2.64,    B = 0,   C = 0        (Valley et al., 2003) 
  +  ∆(Qtz – H2O):  A =  2.51,   B = 0,   C = –1.46     (Clayton et al.,1972)    
  =  ∆(zrc -– H2O):  A = – 0.13,    B = 0,   C = –1.46     
 
To calculate composition of equilibrium magmatic fluid: 
δ18O(zrc) - δ18O(magH2O) =  A(m-n)106 / T2 + B(m-n) + C(m-n)  , where X = δ18O(magH2O)      

 
 
2.0 Garnet-water equilibrium 
∆(Grs-Adr) = 0.57‰. (Kohn and Valley, 1998) 
 
Where:  
       ∆(Grs – Qtz):   A = – 3.03,    B = 0,   C = 0        (Matthews,1994) 
  +  ∆(Qtz – H2O):  A =  2.51,   B = 0,   C = – 1.46    (Clayton et al.,1972)   
  =  ∆(Grs –H2O):  A = –0.52,    B = 0,   C = – 1.46       
 
Use matrix correction for andradite composition (Kohn and Valley, 1998) to replace A 
term in Δ(Grs – Qtz):  
 A(grandite – qtz)  =  A(gros – qtz) – 0.57(XAdr)  
 
 
3.0 Mass balance calculations for end member composition  
 
(δ18O(meteoric)  * X) + (δ18O(magmatic)  * (1 – X)) = δ18O(equil fluid)  where X is the portion of 
meteoric fluid participating in metasomatism. 
  
Solve for δ18O(meteoric) by assigning  values of 25%, 50%, 75% meteoric fluid as X.  
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4.0 Calculation of magmatic fluid composition based on zircon δ18O values  

 
 

Whitehorse skarn 
δ

18
O ‰ 

VSMOW
2SD (ext.)

UTZ-1 13SW3N pt1 5.44 0.14
UTZ-1 13SW3N pt2 6.07 0.14
UTZ-1 13SW3N pt3 5.76 0.14
UTZ-1 13SW3N pt4 6.09 0.14
UTZ-1 13SW3N pt5 5.85 0.14
UTZ-1 13SW3N pt6 5.79 0.14
UTZ-1 13SW3N pt7 5.84 0.14
UTZ-1 13SW3N pt8 4.52 0.14
UTZ-1 13SW3N pt9 5.73 0.14
UTZ-1 13SW3N pt10 4.88 0.14
UTZ-1 13SW3N pt11 4.69 0.17
UTZ-1 13SW3N pt12 6.12 0.17
UTZ-1 13SW3N pt13 5.79 0.17
UTZ-1 13SW3N pt14 6.01 0.17
UTZ-1 13SW3N pt15 6.05 0.17
UTZ-1 13SW3N pt16 5.71 0.17
UTZ-1 13SW3N pt17 5.88 0.17
UTZ-1 13SW3N pt18 5.90 0.17
UTZ-1 13SW3N pt19 6.41 0.17
UTZ-1 13SW3N pt20 5.77 0.17
UTZ-1 13SW3N pt21 5.99 0.17
UTZ-1 13SW3N pt22 6.09 0.17
UTZ-1 13SW3N pt23 6.81 0.17
Mean zircon δ18O 5.84
Low δ18O zircon only 4.70

Zircon-water parameters 
Temp 

Celsius 700

Kelvin 973.15

Δ (m-n) ≈ A (m-n) 10 6 /T 2 + B (m-n) *10 3 /T + C (m-n) 

becomes 

δ
18

O(zrc) - δ
18

O(magH2O) =   A(m-n)10
6
/T

2
 + B(m-n)+ C(m-n)   , where X = δ

18
O(magH2O)     

δ18O(magH2O) All zircon= 7.44
δ18O(magH2O) Low zircon= 6.29
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Verde Antique skarn 
δ18O ‰ 

VSMOW
2SD (ext.)

UTZ-1 Verde 5.81 0.15
UTZ-1 Verde 5.66 0.15
UTZ-1 Verde 6.02 0.15
UTZ-1 Verde 5.12 0.15
UTZ-1 Verde 5.90 0.15
UTZ-1 Verde 4.14 0.15
UTZ-1 Verde 5.69 0.15
UTZ-1 Verde 5.84 0.15
UTZ-1 Verde 5.79 0.15
UTZ-1 Verde 5.59 0.15
UTZ-1 Verde 5.87 0.15
UTZ-1 Verde 5.79 0.15
UTZ-1 Verde 5.76 0.15
UTZ-1 Verde 5.66 0.15
UTZ-1 Verde 5.82 0.15
UTZ-1 Verde 5.83 0.12
UTZ-1 Verde 5.80 0.12
UTZ-1 Verde 5.93 0.12
UTZ-1 Verde 5.99 0.12
UTZ-1 Verde 5.81 0.12
UTZ-1 Verde 4.32 0.12
UTZ-1 Verde 5.91 0.12
UTZ-1 Verde 5.86 0.12
UTZ-1 Verde 5.92 0.12
UTZ-1 Verde 5.95 0.12
UTZ-1 Verde 5.82 0.12
UTZ-1 Verde 5.90 0.12
UTZ-1 Verde 5.72 0.12
UTZ-1 Verde 5.97 0.12
UTZ-1 Verde 5.99 0.12
UTZ-1 Verde 5.92 0.12
UTZ-1 Verde 5.86 0.12
UTZ-1 Verde 5.96 0.12
Mean zircon δ18O 5.72
Low δ18O zircon only 4.23
Zircon-water water fractionation ay 700 degrees 

Temp 
Celsius 700
Kelvin 973.15

Δ (m-n) ≈ A (m-n) 10 6 /T 2 + B (m-n) *10 3 /T + C (m-n) becomes 
δ18O(zrc) - δ

18O(magH2O) =   A(m-n)106/T2 + B(m-n)+ C(m-n)   , where X = δ18O(magH2O)     

δ18O(magH2O) All zircon= 7.32
δ18O(magH2O) Low zircon= 5.83
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APPENDIX G:  CALCULATED  SKARN FLUID COMPOSITION AND BUDGETS FOR THE JURASSIC MOJAVE ARC SKARNS 
1.0 White Horse skarn fluid compositions and mass balance  

Representative White Horse skarn 
garnet values 

δ18O ‰ 
VSMOW 2SD (ext.) Garnet 

generation  Mol % Adr Xadr
correction 

Corrected A 
term 

∆(Adr-H2O) 
@ 600 C

skarn fluid
600 c

∆(Adr-H2O) 
@ 650 C

skarn fluid
650 c

∆(Adr-H2O) 
@ 700C

skarn fluid
700 c

M9 14SW3G-B_5 pt20 -11.99 0.23 Gen 1 Andradite 0.63 -3.39 -0.88 -2.61 -9.38 -2.49 -9.50 -2.39 -9.60
M9 14SW3G-B_5 pt4 -11.13 0.20 Gen 1 Andradite 0.83 -3.50 -0.99 -2.76 -8.37 -2.62 -8.51 -2.51 -8.62
M9 14SW3G-B_4 pt3 -11.04 0.20 Gen 1 Andradite 0.86 -3.52 -1.01 -2.78 -8.25 -2.64 -8.39 -2.53 -8.51
M9 14SW3G-B_4 pt2 -10.91 0.20 Gen 1 Andradite 0.90 -3.54 -1.03 -2.82 -8.10 -2.67 -8.24 -2.55 -8.36
M9 14SW3G-B_4 pt1 -10.88 0.20 Gen 1 Andradite 0.90 -3.54 -1.03 -2.81 -8.07 -2.67 -8.21 -2.55 -8.33
M9 14SW3G-B_# pt21 -10.77 0.23 Gen 1 Andradite 0.77 -3.47 -0.96 -2.72 -8.05 -2.59 -8.18 -2.48 -8.30
M9 14SW3G-B_# pt30 -10.71 0.24 Gen 1 Andradite 0.82 -3.50 -0.99 -2.76 -7.96 -2.62 -8.10 -2.50 -8.21
14SW3F-A_Gc chain -10.60 0.22 Gen 1 Andradite 0.93 -3.56 -1.05 -2.84 -7.76 -2.69 -7.90 -2.57 -8.03
14SW3F-A_Gc chain -10.71 0.22 Gen 1 Andradite 0.96 -3.58 -1.07 -2.86 -7.84 -2.72 -7.99 -2.59 -8.12
14SW3F-A_Gc chain -10.54 0.22 Gen 1 Andradite 0.95 -3.57 -1.06 -2.85 -7.69 -2.70 -7.84 -2.58 -7.96
14SW3F-A_Gc chain -10.98 0.22 Gen 1 Andradite 0.94 -3.57 -1.06 -2.85 -8.13 -2.70 -8.28 -2.58 -8.40
14SW3F-A_Gc chain -10.62 0.22 Gen 1 Andradite 0.95 -3.57 -1.06 -2.85 -7.77 -2.70 -7.92 -2.58 -8.04
14SW3F-A_Gc chain -10.83 0.22 Gen 1 Andradite 0.92 -3.55 -1.04 -2.83 -8.00 -2.69 -8.14 -2.56 -8.27
14SW3F-A_Gc chain -10.64 0.22 Gen 1 Andradite 0.94 -3.57 -1.06 -2.85 -7.80 -2.70 -7.94 -2.58 -8.07
14SW3F-A_Gc chain -10.86 0.22 Gen 1 Andradite 0.94 -3.57 -1.06 -2.84 -8.01 -2.70 -8.16 -2.57 -8.28
14SW3F-A_Gc chain -10.72 0.22 Gen 1 Andradite 0.94 -3.56 -1.05 -2.84 -7.88 -2.70 -8.02 -2.57 -8.15
14SW3F-A_Gc chain -10.72 0.22 Gen 1 Andradite 0.93 -3.56 -1.05 -2.83 -7.88 -2.69 -8.03 -2.57 -8.15
14SW3F-A_Gc chain -10.80 0.22 Gen 1 Andradite 0.93 -3.56 -1.05 -2.84 -7.96 -2.69 -8.11 -2.57 -8.23
14SW3F-A_Gc chain -10.75 0.22 Gen 1 Andradite 0.96 -3.58 -1.07 -2.86 -7.89 -2.71 -8.04 -2.58 -8.16
14SW3F-A_Gc chain -10.70 0.22 Gen 1 Andradite 0.94 -3.57 -1.06 -2.85 -7.85 -2.70 -7.99 -2.58 -8.12
14SW3F-A_Gc chain -10.62 0.22 Gen 1 Andradite 0.95 -3.57 -1.06 -2.85 -7.78 -2.70 -7.92 -2.58 -8.05
14SW3F-A_Gc chain -10.55 0.18 Gen 1 Andradite 0.92 -3.55 -1.04 -2.83 -7.72 -2.69 -7.86 -2.56 -7.99
14SW3F-A_Gc Vein chain -12.25 0.19 Gen 1 Andradite 0.90 -3.54 -1.03 -2.82 -9.43 -2.67 -9.57 -2.55 -9.70
14SW3F-A_Gc Vein chain -10.73 0.19 Gen 1 Andradite 0.94 -3.57 -1.06 -2.85 -7.89 -2.70 -8.03 -2.58 -8.16
14SW3F-A_Gc Vein chain -10.60 0.19 Gen 1 Andradite 0.94 -3.56 -1.05 -2.84 -7.76 -2.70 -7.90 -2.57 -8.03
14SW3F-A_Gc Vein chain -10.70 0.19 Gen 1 Andradite 0.95 -3.57 -1.06 -2.85 -7.85 -2.70 -8.00 -2.58 -8.12
M9 14SW3G-B_# pt24 -11.65 0.23 Gen 2 grandite 0.54 -3.34 -0.83 -2.54 -9.11 -2.43 -9.22 -2.33 -9.32
M9 14SW3G-B_5 pt7 -11.50 0.20 Gen 2 grandite 0.55 -3.35 -0.84 -2.56 -8.94 -2.44 -9.06 -2.34 -9.16
M9 14SW3G-B_5 pt6 -12.09 0.20 Gen 2 grandite 0.64 -3.39 -0.88 -2.62 -9.48 -2.50 -9.60 -2.39 -9.70
M9 14SW3G-B_# pt23 -11.12 0.23 Gen 2 grandite 0.64 -3.40 -0.89 -2.62 -8.50 -2.50 -8.62 -2.40 -8.73
M9 14SW3G-B_# pt26 -10.99 0.23 Gen 2 grandite 0.42 -3.27 -0.76 -2.45 -8.54 -2.35 -8.64 -2.26 -8.73
M9 14SW3G-B_5 pt8 -10.76 0.20 Gen 2 grandite 0.40 -3.26 -0.75 -2.44 -8.32 -2.34 -8.42 -2.25 -8.51
M9 14SW3G-B_# pt22 -10.71 0.23 Gen 2 grandite 0.46 -3.29 -0.78 -2.49 -8.22 -2.38 -8.33 -2.29 -8.42
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Representative White Horse skarn 
garnet values 

δ18O ‰ 
VSMOW

2SD (ext.) Garnet 
generation  Mol % Adr Xadr

correction 
Corrected A 

term 
∆(Adr-H2O) 

@ 600 C
skarn fluid

600 c
∆(Adr-H2O) 

@ 650 C
skarn fluid

650 c
∆(Adr-H2O) 

@ 700C
skarn fluid

700 c

M9 14SW3G-B_5 pt13 -3.60 0.23 Gen 3 grandidte 0.55 -3.35 -0.84 -2.56 -1.04 -2.44 -1.16 -2.34 -1.26
M9 14SW3G-B_5 pt11 -3.46 0.23 Gen 3 grandidte 0.61 -3.38 -0.87 -2.60 -0.86 -2.48 -0.98 -2.37 -1.08
M9 14SW3G-B_5 pt14 -3.44 0.23 Gen 3 grandidte 0.59 -3.36 -0.85 -2.58 -0.86 -2.46 -0.97 -2.36 -1.07
M9 14SW3G-B_5 pt12 -3.43 0.23 Gen 3 grandidte 0.53 -3.33 -0.82 -2.54 -0.88 -2.43 -1.00 -2.33 -1.10
M9 14SW3G-B_# pt39 -3.29 0.24 Gen 3 grandidte 0.64 -3.40 -0.89 -2.62 -0.67 -2.50 -0.79 -2.39 -0.89
M9 14SW3G-B_5 pt9 -3.17 0.20 Gen 3 grandidte 0.62 -3.39 -0.88 -2.61 -0.56 -2.49 -0.68 -2.38 -0.78
M9 14SW3G-B_# pt29 -3.14 0.24 Gen 3 grandidte 0.64 -3.39 -0.88 -2.62 -0.53 -2.49 -0.65 -2.39 -0.75
M9 14SW3G-B_# pt28 -3.07 0.24 Gen 3 grandidte 0.61 -3.38 -0.87 -2.60 -0.47 -2.48 -0.59 -2.38 -0.69
M9 14SW3G-B_5 pt10 -3.05 0.20 Gen 3 grandidte 0.58 -3.36 -0.85 -2.58 -0.48 -2.46 -0.59 -2.36 -0.69
M9 14SW3G-B_5 pt5 -3.00 0.20 Gen 3 grandidte 0.51 -3.32 -0.81 -2.52 -0.48 -2.41 -0.59 -2.32 -0.68
M9 14SW3G-B_# pt27 -2.96 0.24 Gen 3 grandidte 0.67 -3.41 -0.90 -2.64 -0.32 -2.52 -0.45 -2.41 -0.55
M9 14SW3G-B_# pt40 -2.76 0.24 Gen 3 grandidte 0.61 -3.38 -0.87 -2.60 -0.16 -2.48 -0.28 -2.38 -0.38
14SW3F-A_Gc Vein chain -3.66 0.19 Gen 3 grandidte 0.68 -3.42 -0.91 -2.65 -1.01 -2.52 -1.14 -2.42 -1.24
14SW3F-A_Gc Vein chain -3.55 0.19 Gen 3 grandidte 0.76 -3.46 -0.95 -2.71 -0.84 -2.58 -0.97 -2.47 -1.08
14SW3F-A_Gc Vein chain -3.41 0.19 Gen 3 grandidte 0.77 -3.47 -0.96 -2.71 -0.70 -2.58 -0.83 -2.47 -0.94
14SW3F-A_Gc Vein chain -3.54 0.19 Gen 3 grandidte 0.76 -3.46 -0.95 -2.71 -0.83 -2.58 -0.96 -2.47 -1.07
14SW3F-A_Gc Vein chain -3.30 0.19 Gen 3 grandidte 0.76 -3.46 -0.95 -2.71 -0.59 -2.58 -0.72 -2.47 -0.83
14SW3F-A_Gc Vein chain -3.31 0.19 Gen 3 grandidte 0.77 -3.47 -0.96 -2.71 -0.59 -2.58 -0.72 -2.47 -0.84
14SW3F-A_Gc Vein chain -3.56 0.19 Gen 3 grandidte 0.76 -3.46 -0.95 -2.71 -0.85 -2.58 -0.98 -2.47 -1.09
14SW3F-A_Gc Vein chain -3.49 0.19 Gen 3 grandidte 0.74 -3.45 -0.94 -2.70 -0.80 -2.57 -0.93 -2.46 -1.04
14SW3F-A_Gc Vein chain -3.40 0.19 Gen 3 grandidte 0.76 -3.46 -0.95 -2.71 -0.69 -2.58 -0.82 -2.46 -0.93
14SW3F-A_Gc Vein chain -3.32 0.19 Gen 3 grandidte 0.78 -3.48 -0.97 -2.73 -0.59 -2.59 -0.73 -2.48 -0.84
14SW3F-A_Gc Vein chain -3.47 0.19 Gen 3 grandidte 0.74 -3.45 -0.94 -2.70 -0.77 -2.57 -0.90 -2.45 -1.01
14SW3F-A_Gc Vein chain -3.37 0.19 Gen 3 grandidte 0.76 -3.46 -0.95 -2.71 -0.66 -2.58 -0.79 -2.46 -0.90

Mean garnet δ18O Gen 1 & 2 -10.94
Mean garnet δ18O Gen  3 -3.32
Lowest measured garnet δ18O -12.25
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White Horse skarn fluid budget calculation 
Magmatic δ18O ‰ 7.44 Magmatic δ18O ‰ 6.29

δ18O ‰ 
meteoric 600 

C 50% 
meteoric 

δ18O ‰ 
meteoric 650 

C 50% 
meteoric

δ18O ‰ 
meteoric 700 

C 50% 
meteoric

δ18O ‰ 
meteoric 600 

C 50%  
meteoric 

δ18O ‰ 
meteoric 650 

C 50% 
meteoric

δ18O ‰ 
meteoric 700 

C 50% 
meteoric

-11.3 -11.6 -11.8 -12.5 -12.7 -12.9
-9.3 -9.6 -9.8 -10.4 -10.7 -11.0
-9.1 -9.3 -9.6 -10.2 -10.5 -10.7
-8.8 -9.0 -9.3 -9.9 -10.2 -10.4
-8.7 -9.0 -9.2 -9.8 -10.1 -10.4
-8.7 -8.9 -9.2 -9.8 -10.1 -10.3
-8.5 -8.8 -9.0 -9.6 -9.9 -10.1
-8.1 -8.4 -8.6 -9.2 -9.5 -9.8
-8.2 -8.5 -8.8 -9.4 -9.7 -9.9
-7.9 -8.2 -8.5 -9.1 -9.4 -9.6
-8.8 -9.1 -9.4 -10.0 -10.3 -10.5
-8.1 -8.4 -8.6 -9.3 -9.5 -9.8
-8.6 -8.8 -9.1 -9.7 -10.0 -10.2
-8.2 -8.4 -8.7 -9.3 -9.6 -9.8
-8.6 -8.9 -9.1 -9.7 -10.0 -10.3
-8.3 -8.6 -8.9 -9.5 -9.8 -10.0
-8.3 -8.6 -8.9 -9.5 -9.8 -10.0
-8.5 -8.8 -9.0 -9.6 -9.9 -10.2
-8.3 -8.6 -8.9 -9.5 -9.8 -10.0
-8.3 -8.5 -8.8 -9.4 -9.7 -9.9
-8.1 -8.4 -8.7 -9.3 -9.6 -9.8
-8.0 -8.3 -8.5 -9.1 -9.4 -9.7

-11.4 -11.7 -12.0 -12.6 -12.9 -13.1
-8.3 -8.6 -8.9 -9.5 -9.8 -10.0
-8.1 -8.4 -8.6 -9.2 -9.5 -9.8
-8.3 -8.6 -8.8 -9.4 -9.7 -10.0

-10.8 -11.0 -11.2 -11.9 -12.2 -12.3
-10.4 -10.7 -10.9 -11.6 -11.8 -12.0
-11.5 -11.8 -12.0 -12.7 -12.9 -13.1
-9.6 -9.8 -10.0 -10.7 -11.0 -11.2
-9.6 -9.8 -10.0 -10.8 -11.0 -11.2
-9.2 -9.4 -9.6 -10.3 -10.6 -10.7
-9.0 -9.2 -9.4 -10.2 -10.4 -10.6
5.4 5.1 4.9 4.2 4.0 3.8
5.7 5.5 5.3 4.6 4.3 4.1
5.7 5.5 5.3 4.6 4.3 4.1
5.7 5.4 5.2 4.5 4.3 4.1
6.1 5.9 5.7 5.0 4.7 4.5
6.3 6.1 5.9 5.2 4.9 4.7
6.4 6.1 5.9 5.2 5.0 4.8
6.5 6.3 6.1 5.3 5.1 4.9
6.5 6.3 6.1 5.3 5.1 4.9
6.5 6.3 6.1 5.3 5.1 4.9
6.8 6.5 6.3 5.6 5.4 5.2
7.1 6.9 6.7 6.0 5.7 5.5
5.4 5.2 5.0 4.3 4.0 3.8
5.8 5.5 5.3 4.6 4.4 4.1
6.0 5.8 5.6 4.9 4.6 4.4
5.8 5.5 5.3 4.6 4.4 4.1
6.3 6.0 5.8 5.1 4.9 4.6
6.3 6.0 5.8 5.1 4.8 4.6
5.7 5.5 5.3 4.6 4.3 4.1
5.8 5.6 5.4 4.7 4.4 4.2
6.1 5.8 5.6 4.9 4.6 4.4
6.3 6.0 5.8 5.1 4.8 4.6
5.9 5.6 5.4 4.8 4.5 4.3
6.1 5.9 5.6 5.0 4.7 4.5
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White Horse skarn fluid budget calculation 
Magmatic δ18O ‰ 7.44 Magmatic δ18O ‰ 6.29
δ18O ‰ 
meteoric 

600 C,25% 
meteoric 

δ18O ‰ 
meteoric 

650 C 25% 
meteoric

δ18O ‰ 
meteoric 

700 C 25% 
meteoric

δ18O ‰ 
meteoric 

600 C 25% 
meteoric 

δ18O ‰ 
meteoric 

650 C 25% 
meteoric

δ18O ‰ 
meteoric 

700 C 25% 
meteoric

-15.2 -15.7 -16.1 -18.6 -19.1 -19.5
-11.2 -11.7 -12.2 -14.6 -15.2 -15.6
-10.7 -11.2 -11.7 -14.1 -14.7 -15.2
-10.1 -10.6 -11.1 -13.5 -14.1 -14.6
-10.0 -10.5 -11.0 -13.4 -14.0 -14.5
-9.9 -10.4 -10.9 -13.3 -13.9 -14.3
-9.5 -10.1 -10.5 -13.0 -13.5 -14.0
-8.7 -9.3 -9.8 -12.2 -12.7 -13.2
-9.1 -9.6 -10.1 -12.5 -13.1 -13.6
-8.5 -9.0 -9.5 -11.9 -12.5 -13.0

-10.2 -10.8 -11.3 -13.7 -14.2 -14.7
-8.8 -9.3 -9.8 -12.2 -12.8 -13.3
-9.7 -10.2 -10.7 -13.1 -13.7 -14.2
-8.9 -9.4 -9.9 -12.3 -12.9 -13.4
-9.7 -10.3 -10.8 -13.2 -13.8 -14.3
-9.2 -9.8 -10.3 -12.6 -13.2 -13.7
-9.2 -9.8 -10.3 -12.7 -13.2 -13.7
-9.5 -10.1 -10.6 -13.0 -13.6 -14.1
-9.2 -9.8 -10.3 -12.7 -13.3 -13.8
-9.1 -9.7 -10.2 -12.5 -13.1 -13.6
-8.8 -9.4 -9.9 -12.2 -12.8 -13.3
-8.6 -9.1 -9.6 -12.0 -12.6 -13.1

-15.4 -16.0 -16.5 -18.9 -19.4 -19.9
-9.2 -9.8 -10.3 -12.7 -13.3 -13.8
-8.7 -9.3 -9.8 -12.2 -12.7 -13.2
-9.1 -9.7 -10.2 -12.5 -13.1 -13.6

-14.1 -14.6 -14.9 -17.6 -18.0 -18.4
-13.4 -13.9 -14.3 -16.9 -17.4 -17.8
-15.6 -16.1 -16.5 -19.0 -19.5 -19.9
-11.7 -12.2 -12.6 -15.1 -15.6 -16.0
-11.8 -12.2 -12.6 -15.3 -15.7 -16.1
-11.0 -11.4 -11.7 -14.4 -14.8 -15.2
-10.6 -11.0 -11.4 -14.0 -14.5 -14.8
18.1 17.7 17.3 14.7 14.2 13.8
18.9 18.4 18.0 15.4 14.9 14.5
18.9 18.4 18.0 15.4 15.0 14.6
18.8 18.3 17.9 15.3 14.9 14.5
19.7 19.2 18.8 16.2 15.7 15.3
20.1 19.6 19.2 16.6 16.1 15.7
20.2 19.7 19.3 16.8 16.3 15.9
20.4 20.0 19.5 17.0 16.5 16.1
20.4 19.9 19.5 17.0 16.5 16.1
20.4 20.0 19.6 17.0 16.5 16.1
21.0 20.5 20.1 17.6 17.1 16.7
21.7 21.2 20.8 18.2 17.8 17.4
18.3 17.8 17.4 14.8 14.3 13.9
19.0 18.4 18.0 15.5 15.0 14.5
19.5 19.0 18.5 16.1 15.5 15.1
19.0 18.5 18.0 15.6 15.0 14.6
20.0 19.4 19.0 16.5 16.0 15.5
20.0 19.4 19.0 16.5 16.0 15.5
18.9 18.4 18.0 15.5 15.0 14.5
19.1 18.6 18.2 15.7 15.2 14.7
19.6 19.0 18.6 16.1 15.6 15.1
19.9 19.4 19.0 16.5 16.0 15.5
19.2 18.7 18.3 15.8 15.3 14.8
19.7 19.2 18.7 16.2 15.7 15.3
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White Horse skarn fluid budget calculation 
Magmatic δ18O ‰ 7.44 Magmatic δ18O ‰ 6.29
δ18O ‰ 
meteoric 

600 C 75% 
meteoric

δ18O ‰ 
meteoric 

650 C 75% 
meteoric 

δ18O ‰ 
meteoric 

700 C 75% 
meteoric 

δ18O ‰ 
meteoric 

600 C 75% 
meteoric

δ18O ‰ 
meteoric 

650 C 75% 
meteoric

δ18O ‰ 
meteoric 

700 C 75% 
meteoric

-10.0 -10.2 -10.3 -10.4 -10.6 -10.7
-8.7 -8.9 -9.0 -9.1 -9.2 -9.4
-8.5 -8.7 -8.9 -8.9 -9.1 -9.3
-8.3 -8.5 -8.7 -8.7 -8.9 -9.0
-8.3 -8.5 -8.6 -8.7 -8.9 -9.0
-8.3 -8.4 -8.6 -8.6 -8.8 -9.0
-8.1 -8.3 -8.5 -8.5 -8.7 -8.9
-7.9 -8.1 -8.2 -8.2 -8.4 -8.6
-8.0 -8.2 -8.3 -8.4 -8.6 -8.7
-7.8 -8.0 -8.1 -8.2 -8.4 -8.5
-8.4 -8.6 -8.7 -8.7 -8.9 -9.1
-7.9 -8.1 -8.2 -8.3 -8.5 -8.6
-8.2 -8.4 -8.5 -8.6 -8.8 -8.9
-7.9 -8.1 -8.3 -8.3 -8.5 -8.7
-8.2 -8.4 -8.6 -8.6 -8.8 -8.9
-8.0 -8.2 -8.4 -8.4 -8.6 -8.8
-8.0 -8.2 -8.4 -8.4 -8.6 -8.8
-8.1 -8.3 -8.5 -8.5 -8.7 -8.9
-8.0 -8.2 -8.4 -8.4 -8.6 -8.8
-8.0 -8.2 -8.3 -8.4 -8.6 -8.7
-7.9 -8.1 -8.2 -8.3 -8.5 -8.6
-7.8 -8.0 -8.2 -8.2 -8.4 -8.6

-10.1 -10.3 -10.4 -10.5 -10.7 -10.8
-8.0 -8.2 -8.4 -8.4 -8.6 -8.8
-7.9 -8.1 -8.2 -8.2 -8.4 -8.6
-8.0 -8.2 -8.3 -8.4 -8.6 -8.7
-9.7 -9.8 -9.9 -10.0 -10.2 -10.3
-9.4 -9.6 -9.7 -9.8 -10.0 -10.1

-10.2 -10.3 -10.5 -10.5 -10.7 -10.8
-8.9 -9.0 -9.2 -9.2 -9.4 -9.5
-8.9 -9.0 -9.2 -9.3 -9.4 -9.5
-8.6 -8.8 -8.9 -9.0 -9.1 -9.3
-8.5 -8.6 -8.8 -8.9 -9.0 -9.1
1.1 0.9 0.8 0.7 0.6 0.4
1.3 1.2 1.0 0.9 0.8 0.7
1.3 1.2 1.0 1.0 0.8 0.7
1.3 1.1 1.0 0.9 0.8 0.6
1.6 1.4 1.3 1.2 1.0 0.9
1.7 1.6 1.4 1.4 1.2 1.1
1.8 1.6 1.5 1.4 1.2 1.1
1.9 1.7 1.6 1.5 1.3 1.2
1.8 1.7 1.6 1.5 1.3 1.2
1.8 1.7 1.6 1.5 1.3 1.2
2.1 1.9 1.7 1.7 1.5 1.4
2.3 2.1 2.0 1.9 1.7 1.6
1.1 1.0 0.8 0.7 0.6 0.4
1.4 1.2 1.0 1.0 0.8 0.7
1.5 1.4 1.2 1.2 1.0 0.8
1.4 1.2 1.1 1.0 0.8 0.7
1.7 1.5 1.4 1.3 1.1 1.0
1.7 1.5 1.4 1.3 1.1 1.0
1.4 1.2 1.0 1.0 0.8 0.6
1.4 1.2 1.1 1.0 0.9 0.7
1.6 1.4 1.2 1.2 1.0 0.9
1.7 1.5 1.4 1.3 1.1 1.0
1.5 1.3 1.1 1.1 0.9 0.7
1.6 1.4 1.3 1.2 1.0 0.9
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2.0 Verde Antique skarn fluid compositions and mass balance 

 

Representative Verde Antique  
skarn garnet values 

δ18O ‰ 
VSMOW 2SD (ext.)

Garnet 
generation  Mol % Adr 

Xadr
correction 

Corrected A 
term 

∆(Adr-H2O) 
@ 600 C

skarn fluid
600 c

∆(Adr-H2O) 
@ 650 C

skarn fluid
650 c

∆(Adr-H2O) 
@ 700C

skarn fluid
700 c

M-3 14SW2I--A-A pt1 -4.44 0.18 Core andradite 0.989 2.47 4.98 7.99 -12.43 7.30 -11.74 6.71 -11.15
M-3 14SW2I--A-A pt2 -3.88 0.18 grandite zone 0.612 2.68 5.19 8.27 -12.15 7.55 -11.43 6.94 -10.82
M-3 14SW2I--A-A pt3 -4.56 0.18 core andradite 0.981 2.47 4.98 7.99 -12.55 7.30 -11.86 6.72 -11.28
M-3 14SW2I--A-A pt4 -4.38 0.18 core andradite 0.988 2.47 4.98 7.99 -12.37 7.30 -11.68 6.72 -11.09
M-3 14SW2I--A-A pt5 -4.33 0.18 core andradite 0.982 2.47 4.98 7.99 -12.32 7.30 -11.64 6.72 -11.05
M-3 14SW2I--A-A pt6 -4.27 0.18 dark zone 0.642 2.66 5.17 8.25 -12.51 7.53 -11.80 6.92 -11.19
M-3 14SW2I--A-A pt7 -4.20 0.18 dark zone 0.553 2.71 5.22 8.31 -12.52 7.59 -11.79 6.98 -11.18
M-3 14SW2I--A-A pt8 -4.27 0.18 lighter zone 0.667 2.65 5.16 8.23 -12.49 7.51 -11.78 6.91 -11.18
M-3 14SW2I--A-A pt9 -4.23 0.18 dark zone 0.704 2.63 5.14 8.20 -12.43 7.49 -11.72 6.89 -11.11
M-3 14SW2I--A-A pt10 -4.14 0.18 dark zone 0.617 2.68 5.19 8.27 -12.40 7.55 -11.69 6.94 -11.08
M-3 14SW2I--A-A pt11 -4.06 0.18 0.607 2.68 5.19 8.27 -12.33 7.55 -11.61 6.94 -11.00
M-3 14SW2I--A-A pt12 -4.35 0.18 0.723 2.62 5.13 8.19 -12.54 7.48 -11.83 6.87 -11.23
M-3 14SW2I--A-A pt13 -4.40 0.29 0.685 2.64 5.15 8.21 -12.61 7.50 -11.90 6.90 -11.30
M-3 14SW2I--A-A pt14 -3.78 0.29 0.948 2.49 5.00 8.02 -11.80 7.33 -11.11 6.74 -10.52
M-3 14SW2I--A-A pt16 -4.82 0.29 andradite core 0.983 2.47 4.98 7.99 -12.81 7.30 -12.13 6.72 -11.54
M-3 14SW2I--A-A pt17 -4.48 0.29 0.989 2.47 4.98 7.99 -12.47 7.30 -11.78 6.71 -11.20
M-3 14SW2I--A-A pt18 -4.82 0.29 0.613 2.68 5.19 8.27 -13.08 7.55 -12.37 6.94 -11.76
M-3 14SW2I--A-A pt19 -4.54 0.29 0.976 2.47 4.98 8.00 -12.54 7.31 -11.85 6.72 -11.27
M-3 14SW2I--A-A pt20 -4.43 0.29 0.589 2.69 5.20 8.29 -12.72 7.57 -12.00 6.96 -11.38
M-3 14SW2I--A-A pt21 -4.25 0.29 0.585 2.70 5.21 8.29 -12.54 7.57 -11.82 6.96 -11.20
M-3 14SW2I--A-A pt22 -3.20 0.29 0.652 2.66 5.17 8.24 -11.44 7.52 -10.73 6.92 -10.12
M-17 14SW2i-B_3 pt1 -4.53 0.22 0.982 2.47 4.98 7.99 -12.53 7.30 -11.84 6.72 -11.25
M-17 14SW2i-B_3 pt2 -4.81 0.22 1 2.46 4.97 7.98 -12.79 7.29 -12.10 6.71 -11.52
M-17 14SW2i-B_3 pt3 -4.31 0.22 1 2.46 4.97 7.98 -12.29 7.29 -11.60 6.71 -11.01
M-17 14SW2i-B_3 pt4 -4.54 0.22 1 2.46 4.97 7.98 -12.52 7.29 -11.84 6.71 -11.25
M-17 14SW2i-B_3 pt5 -4.29 0.22 0.675 2.65 5.16 8.22 -12.52 7.51 -11.80 6.90 -11.20
M-17 14SW2i-B_3 pt6 -4.40 0.22 0.662 2.65 5.16 8.23 -12.63 7.52 -11.92 6.91 -11.31
M-17 14SW2i-B_3 pt7 -4.54 0.22 0.636 2.67 5.18 8.25 -12.79 7.54 -12.07 6.93 -11.46
M-17 14SW2i-B_3 pt8 -4.49 0.22 0.763 2.60 5.11 8.16 -12.64 7.45 -11.94 6.85 -11.34
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Representative Verde Antique  
skarn garnet values 

δ18O ‰ 
VSMOW 2SD (ext.)

Garnet 
generation  Mol % Adr 

Xadr
correction 

Corrected A 
term 

∆(Adr-H2O) 
@ 600 C

skarn fluid
600 c

∆(Adr-H2O) 
@ 650 C

skarn fluid
650 c

∆(Adr-H2O) 
@ 700C

skarn fluid
700 c

M-17 14SW2i-B_3 pt9 -4.26 0.22 0.632 2.67 5.18 8.25 -12.52 7.54 -11.80 6.93 -11.19
M-17 14SW2i-B_3 pt10 -4.70 0.22 0.578 2.70 5.21 8.29 -12.99 7.57 -12.27 6.96 -11.66
M-17 14SW2i-B_3 pt11 -4.35 0.23 0.558 2.71 5.22 8.31 -12.66 7.59 -11.94 6.97 -11.33
M-17 14SW2i-B_3 pt12 -4.50 0.23 0.553 2.71 5.22 8.31 -12.81 7.59 -12.09 6.98 -11.47
M-17 14SW2i-B_3 pt13 -4.77 0.23 0.58 2.70 5.21 8.29 -13.06 7.57 -12.34 6.96 -11.73
M-17 14SW2i-B_3 pt14 -4.63 0.23 0.726 2.62 5.13 8.18 -12.81 7.48 -12.11 6.87 -11.50
M-17 14SW2i-B_3 pt15 -4.92 0.23 0.946 2.49 5.00 8.02 -12.94 7.33 -12.25 6.74 -11.67
M-17 14SW2i-B_3 pt17 -4.32 0.23 0.684 2.64 5.15 8.22 -12.54 7.50 -11.83 6.90 -11.22
M-17 14SW2i-B_3 pt18 -4.13 0.23 0.769 2.59 5.10 8.15 -12.28 7.45 -11.57 6.85 -10.97
M-17 14SW2i-B_3 pt19 -5.28 0.23 0.996 2.46 4.97 7.98 -13.26 7.29 -12.58 6.71 -11.99
M-3 14SW2I--A-A pt23 -3.73 0.29 0.64 2.67 5.18 8.25 -11.98 7.53 -11.26 6.92 -10.65
M-3 14SW2I--A-A pt24 -7.12 0.29 Rim 0.985 2.47 4.98 7.99 -15.11 7.30 -14.42 6.72 -13.84
M-3 14SW2I--A-A pt25 -5.10 0.29 Rim 0.972 2.48 4.99 8.00 -13.10 7.31 -12.41 6.72 -11.82
M-17 14SW2i-B_3 pt16 -5.08 0.23 Rim 0.707 2.63 5.14 8.20 -13.28 7.49 -12.57 6.88 -11.96
M-17 14SW2i-B_3 pt16 -4.40 0.23 Rim 0.703 2.63 5.14 8.20 -12.60 7.49 -11.89 6.89 -11.29
M-3 14SW2I--A-A pt26 -4.88 0.29 Vein set 1 0.744 2.61 5.12 8.17 -13.05 7.46 -12.34 6.86 -11.74
M-3 14SW2I--A-A pt27 -5.08 0.29 vein set 1 0.723 2.62 5.13 8.19 -13.26 7.48 -12.55 6.87 -11.95
M-3 14SW2I--A-A pt15 -8.97 0.29 vein set 2 0.902 2.52 5.03 8.05 -17.02 7.36 -16.33 6.77 -15.74

Mean garnet δ18O Gen 1 & 2 -4.59
Mean garnet δ18O Gen  3 -4.59
Lowest measured garnet δ18O -8.97
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Verde Antique skarn fluid budget calculation 
Magmatic δ18O ‰ 7.32 Magmatic δ18O ‰ 5.83

δ18O ‰ 
meteoric 600 

C 50% 
meteoric 

δ18O ‰ 
meteoric 650 

C 50% 
meteoric

δ18O ‰ 
meteoric 700 

C 50% 
meteoric

δ18O ‰ 
meteoric 600 

C 50%  
meteoric 

δ18O ‰ 
meteoric 650 

C 50% 
meteoric

δ18O ‰ 
meteoric 700 

C 50% 
meteoric

-17.5 -16.2 -15.0 -19.0 -17.6 -16.5
-17.0 -15.5 -14.3 -18.5 -17.0 -15.8
-17.8 -16.4 -15.2 -19.3 -17.9 -16.7
-17.4 -16.0 -14.9 -18.9 -17.5 -16.4
-17.3 -16.0 -14.8 -18.8 -17.4 -16.3
-17.7 -16.3 -15.1 -19.2 -17.8 -16.5
-17.7 -16.3 -15.0 -19.2 -17.8 -16.5
-17.7 -16.2 -15.0 -19.2 -17.7 -16.5
-17.5 -16.1 -14.9 -19.0 -17.6 -16.4
-17.5 -16.1 -14.8 -19.0 -17.5 -16.3
-17.3 -15.9 -14.7 -18.8 -17.4 -16.2
-17.8 -16.3 -15.1 -19.2 -17.8 -16.6
-17.9 -16.5 -15.3 -19.4 -18.0 -16.8
-16.3 -14.9 -13.7 -17.8 -16.4 -15.2
-18.3 -16.9 -15.8 -19.8 -18.4 -17.3
-17.6 -16.2 -15.1 -19.1 -17.7 -16.6
-18.8 -17.4 -16.2 -20.3 -18.9 -17.7
-17.8 -16.4 -15.2 -19.3 -17.9 -16.7
-18.1 -16.7 -15.4 -19.6 -18.2 -16.9
-17.8 -16.3 -15.1 -19.2 -17.8 -16.6
-15.6 -14.1 -12.9 -17.0 -15.6 -14.4
-17.7 -16.4 -15.2 -19.2 -17.8 -16.7
-18.3 -16.9 -15.7 -19.8 -18.4 -17.2
-17.3 -15.9 -14.7 -18.7 -17.4 -16.2
-17.7 -16.4 -15.2 -19.2 -17.8 -16.7
-17.7 -16.3 -15.1 -19.2 -17.8 -16.6
-17.9 -16.5 -15.3 -19.4 -18.0 -16.8
-18.3 -16.8 -15.6 -19.7 -18.3 -17.1
-18.0 -16.6 -15.4 -19.5 -18.0 -16.8
-17.7 -16.3 -15.1 -19.2 -17.8 -16.6
-18.7 -17.2 -16.0 -20.2 -18.7 -17.5
-18.0 -16.6 -15.3 -19.5 -18.1 -16.8
-18.3 -16.9 -15.6 -19.8 -18.3 -17.1
-18.8 -17.4 -16.1 -20.3 -18.9 -17.6
-18.3 -16.9 -15.7 -19.8 -18.4 -17.2
-18.6 -17.2 -16.0 -20.1 -18.7 -17.5
-17.8 -16.3 -15.1 -19.2 -17.8 -16.6
-17.2 -15.8 -14.6 -18.7 -17.3 -16.1
-19.2 -17.8 -16.7 -20.7 -19.3 -18.2
-16.6 -15.2 -14.0 -18.1 -16.7 -15.5
-22.9 -21.5 -20.4 -24.4 -23.0 -21.8
-18.9 -17.5 -16.3 -20.4 -19.0 -17.8
-19.2 -17.8 -16.6 -20.7 -19.3 -18.1
-17.9 -16.5 -15.3 -19.4 -17.9 -16.7
-18.8 -17.4 -16.2 -20.3 -18.9 -17.7
-19.2 -17.8 -16.6 -20.7 -19.3 -18.1
-26.7 -25.3 -24.2 -28.2 -26.8 -25.6
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Verde Antique skarn fluid budget calculation 
Magmatic δ18O ‰ 7.32 Magmatic δ18O ‰ 5.83

δ18O ‰ 
meteoric 600 

C,25% 
meteoric 

δ18O ‰ 
meteoric 650 

C 25% 
meteoric

δ18O ‰ 
meteoric 700 

C 25% 
meteoric

δ18O ‰ 
meteoric 600 

C 25% 
meteoric 

δ18O ‰ 
meteoric 650 

C 25% 
meteoric

δ18O ‰ 
meteoric 700 

C 25% 
meteoric

-27.7 -25.0 -22.7 -32.2 -29.5 -27.1
-26.6 -23.8 -21.3 -31.1 -28.2 -25.8
-28.2 -25.5 -23.1 -32.7 -30.0 -27.6
-27.5 -24.8 -22.4 -32.0 -29.2 -26.9
-27.3 -24.6 -22.2 -31.8 -29.1 -26.7
-28.1 -25.2 -22.8 -32.6 -29.7 -27.3
-28.1 -25.2 -22.8 -32.6 -29.7 -27.2
-28.0 -25.2 -22.7 -32.5 -29.6 -27.2
-27.7 -24.9 -22.5 -32.2 -29.4 -27.0
-27.7 -24.8 -22.3 -32.1 -29.3 -26.8
-27.4 -24.5 -22.0 -31.8 -29.0 -26.5
-28.2 -25.4 -22.9 -32.7 -29.8 -27.4
-28.5 -25.6 -23.2 -33.0 -30.1 -27.7
-25.3 -22.5 -20.1 -29.7 -27.0 -24.6
-29.3 -26.5 -24.2 -33.8 -31.0 -28.7
-27.9 -25.2 -22.8 -32.4 -29.6 -27.3
-30.4 -27.5 -25.1 -34.8 -32.0 -29.5
-28.2 -25.4 -23.1 -32.7 -29.9 -27.6
-28.9 -26.0 -23.6 -33.4 -30.5 -28.0
-28.2 -25.3 -22.9 -32.7 -29.8 -27.3
-23.8 -20.9 -18.5 -28.3 -25.4 -23.0
-28.1 -25.4 -23.1 -32.6 -29.9 -27.5
-29.2 -26.5 -24.1 -33.7 -30.9 -28.6
-27.2 -24.4 -22.1 -31.7 -28.9 -26.6
-28.1 -25.4 -23.1 -32.6 -29.9 -27.5
-28.1 -25.3 -22.8 -32.6 -29.7 -27.3
-28.6 -25.7 -23.3 -33.0 -30.2 -27.8
-29.2 -26.3 -23.9 -33.7 -30.8 -28.4
-28.6 -25.8 -23.4 -33.1 -30.3 -27.9
-28.1 -25.2 -22.8 -32.6 -29.7 -27.3
-30.0 -27.1 -24.7 -34.5 -31.6 -29.1
-28.7 -25.8 -23.4 -33.2 -30.3 -27.8
-29.3 -26.4 -23.9 -33.7 -30.9 -28.4
-30.3 -27.4 -25.0 -34.8 -31.9 -29.4
-29.3 -26.5 -24.1 -33.8 -30.9 -28.5
-29.8 -27.1 -24.7 -34.3 -31.5 -29.2
-28.2 -25.3 -22.9 -32.7 -29.8 -27.4
-27.2 -24.3 -21.9 -31.6 -28.8 -26.4
-31.1 -28.3 -26.0 -35.6 -32.8 -30.5
-25.9 -23.1 -20.7 -30.4 -27.6 -25.1
-38.5 -35.7 -33.4 -42.9 -40.2 -37.9
-30.4 -27.7 -25.3 -34.9 -32.1 -29.8
-31.2 -28.3 -25.9 -35.6 -32.8 -30.4
-28.4 -25.6 -23.2 -32.9 -30.1 -27.7
-30.2 -27.4 -25.0 -34.7 -31.9 -29.5
-31.1 -28.3 -25.8 -35.6 -32.7 -30.3
-46.1 -43.4 -41.0 -50.6 -47.8 -45.5
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Verde Antique skarn fluid budget calculation 
Magmatic δ18O ‰ 7.32 Magmatic δ18O ‰ 5.83

δ18O ‰ 
meteoric 600 

C 75% 
meteoric

δ18O ‰ 
meteoric 650 

C 75% 
meteoric 

δ18O ‰ 
meteoric 700 

C 75% 
meteoric 

δ18O ‰ 
meteoric 600 

C 75% 
meteoric

δ18O ‰ 
meteoric 650 

C 75% 
meteoric

δ18O ‰ 
meteoric 700 

C 75% 
meteoric

-14.1 -13.2 -12.4 -14.6 -13.7 -12.9
-13.8 -12.8 -12.0 -14.3 -13.3 -12.5
-14.3 -13.4 -12.6 -14.8 -13.9 -13.1
-14.0 -13.1 -12.4 -14.5 -13.6 -12.8
-14.0 -13.1 -12.3 -14.5 -13.6 -12.8
-14.2 -13.3 -12.5 -14.7 -13.8 -13.0
-14.2 -13.3 -12.5 -14.7 -13.8 -13.0
-14.2 -13.3 -12.5 -14.7 -13.8 -13.0
-14.1 -13.2 -12.4 -14.6 -13.7 -12.9
-14.1 -13.1 -12.3 -14.6 -13.6 -12.8
-14.0 -13.0 -12.2 -14.5 -13.5 -12.7
-14.3 -13.3 -12.5 -14.8 -13.8 -13.0
-14.4 -13.4 -12.6 -14.9 -13.9 -13.1
-13.3 -12.4 -11.6 -13.8 -12.9 -12.1
-14.6 -13.7 -12.9 -15.1 -14.2 -13.4
-14.2 -13.3 -12.5 -14.7 -13.8 -13.0
-15.0 -14.0 -13.2 -15.5 -14.5 -13.7
-14.3 -13.4 -12.6 -14.8 -13.9 -13.1
-14.5 -13.6 -12.7 -15.0 -14.1 -13.2
-14.3 -13.3 -12.5 -14.8 -13.8 -13.0
-12.8 -11.9 -11.1 -13.3 -12.4 -11.5
-14.3 -13.3 -12.6 -14.8 -13.8 -13.1
-14.6 -13.7 -12.9 -15.1 -14.2 -13.4
-13.9 -13.0 -12.2 -14.4 -13.5 -12.7
-14.3 -13.3 -12.6 -14.8 -13.8 -13.1
-14.2 -13.3 -12.5 -14.7 -13.8 -13.0
-14.4 -13.5 -12.6 -14.9 -13.9 -13.1
-14.6 -13.7 -12.8 -15.1 -14.2 -13.3
-14.4 -13.5 -12.7 -14.9 -14.0 -13.2
-14.2 -13.3 -12.5 -14.7 -13.8 -13.0
-14.9 -13.9 -13.1 -15.4 -14.4 -13.6
-14.4 -13.5 -12.7 -14.9 -14.0 -13.2
-14.6 -13.7 -12.9 -15.1 -14.2 -13.4
-15.0 -14.0 -13.2 -15.5 -14.5 -13.7
-14.6 -13.7 -12.9 -15.1 -14.2 -13.4
-14.8 -13.9 -13.1 -15.3 -14.4 -13.6
-14.3 -13.3 -12.5 -14.8 -13.8 -13.0
-13.9 -13.0 -12.2 -14.4 -13.5 -12.7
-15.2 -14.3 -13.6 -15.7 -14.8 -14.0
-13.5 -12.6 -11.8 -14.0 -13.1 -12.3
-17.7 -16.8 -16.0 -18.2 -17.3 -16.5
-15.0 -14.1 -13.3 -15.5 -14.6 -13.8
-15.3 -14.3 -13.5 -15.8 -14.8 -14.0
-14.4 -13.4 -12.6 -14.9 -13.9 -13.1
-15.0 -14.0 -13.2 -15.5 -14.5 -13.7
-15.2 -14.3 -13.5 -15.7 -14.8 -14.0
-20.3 -19.3 -18.5 -20.8 -19.8 -19.0
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