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ABSTRACT 

Assimilation and crystallization are difficult to constrain at magmatic boundaries, including the 

interactions of magma with the surrounding country rock. The assumption of the relationship 

between a magma and what it is intruding upon is relegated to homogenous bodies or epizonal 

plutons. Realistically, wall rock influences chemical heterogeneity and isotopic variance at the 

outcrop scale and changes depending on distance from the magma-wall rock interface. Here, we 

present a case study of the 35 Ma Mt. Princeton Batholith and the host Precambrian rocks of the 

Central Colorado Volcanic Field. We assess chemical heterogeneity by whole rock and mineral 

trace element and isotope geochemistry, U-Pb zircon geochronology, and mineral assemblages in 

thin section at varying distances from the interface of the batholith with the wall rock. Two 

transect locations were selected that provide the best-defined contacts between the wall rock and 

the Mt. Princeton Batholith containing one sample from the host rock and 7-10 samples from the 

granite. We present a quantitative model for disequilibrium melting versus crystallization during 

magma emplacement. We suggest the percentage of zircons with Precambrian age cores included 

in the granitic body versus magmatic age cores represents the volume of magma affected by the 

wall rock melting. Granites range in age from 34.1 ± 0.6 Ma to 34.7 ± 0.3 Ma. Precambrian 

rocks contain two zircon intercept ages, averaging 1600 Ma, and 35 Ma showing evidence of 

partial resetting, metamorphism, and discordance. Zircon ranges in U-Th ratios from 0.097 - 

40.3. Potassium feldspars in the host rock contain Sr contents from 3.9 ppm to 528 ppm and Rb 

from 4 ppm to 326 ppm. In granites, Sr ranges from 59.4 ppm to 723.9 ppm and Rb from 11.5 

ppm to 174.6 ppm. Granite samples nearest to the wall rock contain K-spar inherited from the 

host where, as distance from the interface increases, these crystals become less prevalent. 

Modeling trace elements contents and Sr isotopic ratios of potassium feldspar, along with U-Pb 

zircon geochronology quantifies disequilibrium melting of Precambrian wall rock during 

emplacement of granitoid composition magmas. These data provide insight into the thermal state 

of the crust, where a magma partially melted the wall rock, creating a mixing zone at the 

interface. 

 

KEYWORDS:  Mt. Princeton, geochronology, isotope geochemistry, granite, wall rock   
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INTRODUCTION 

 

Assimilation and crystallization are difficult to constrain at magmatic boundaries, 

including the interactions of magma with the surrounding country rock (Mills et al., 2009). Even 

though assimilation and fractional crystallization is a well-documented process, the interactions 

between granitic magmas and country rock and the consequences of disequilibrium melting on 

magma composition is poorly understood (Coleman et al., 2004). The assumption of the 

relationship between a magma and the intruded country rock is relegated to homogenous bodies 

or epizonal plutons (Coleman et al., 2004). However, melting of the wall rock produces a wide 

range of magmatic compositions, in turn, producing diverse lithologies within granitic bodies. 

Wall rock composition influences chemical heterogeneity and isotopic variance at the outcrop 

scale and changes depending on distance from the magma-wall rock interface. Inheritance 

occurring at the magma-wall interface is the focus of this project. This study investigates, 

through the physical and chemical relationships of the interior and exterior of the pluton, the 

presence of bulk incorporation of the wall rock and partial melting through melt inclusion. The 

heterogeneity of a pluton should demonstrate a mixing of material produced through assimilation 

and disequilibrium melting. These data derived from the chemical and physical relationship of 

the interior and exterior of the pluton offer insight to important processes to understand pluton 

intrusion and emplacement. Thus, this project explores the trace element, mineral, and isotopic 

exchange at the magma-wall rock interface through investigation and quantification of wall rock 

melting during emplacement and storage of a granitic body. Specifically, we determine the ages, 

compositions, and isotopic ratios of the whole rock granites and mineral phases at distance into 

the body of the pluton. This is utilized to test the hypothesis that the thermal state of the crust and 
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melt evolution of mineral phases can be determined during magma intrusion by quantitatively 

modeling trace element distribution and changes in radiogenic isotopic ratios with distance away 

from the magma-wall rock interface. To this extent, isotopic exchange was recorded by the 

percent by volume and isotopic composition of zircon and k-spar with ages and isotopic ratios in 

equilibrium with the wall rock. A combination of field methods, petrography, mineral trace 

element analysis, isotopic radiogeochemistry, geochronology, and computer modeling were used 

to study these granitic magmas. Textural analysis of whole rock granites and mineral phases 

were used to constrain the paths from the melting region of the bulk rock into the body of the 

batholith. These data obtained through these methods are presented as a case study of the Mt. 

Princeton Batholith and surrounding gneissic complexes in central Colorado, where the clear 

distinction between the inner and outer portions of the magma-wall rock interface was crucial in 

recording the significance of change with distance away from the boundary. The previous work 

in the area has covered large areas around Mt. Aetna and includes chemical analysis of the 

ignimbrites of the area and moderate geologic mapping (Mills and Coleman, 2013; Zimmer and 

McIntosh, 2012).  
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BACKGROUND 

 

Geologic (tectonic) Background of Central Colorado Volcanic Field 

The termination of Laramide orogeny in the Eocene left uplifts and paleo valleys in the 

vicinity of the central Colorado volcanic field (CCVF).  The CCVF was constructed across basin 

fill and paleo topography, it was then that the area saw a temporal disconnect between pluton 

building and ignimbrite eruption (McIntosh et al., 2004; Mills and Coleman, 2013). The 38-29 

Ma CCVF is defined as a series of eruptive centers and volcaniclastic products in the Sawatch 

Range of the Arkansas River Valley, the Front Ranges, the Wet Mountains, the Northern Sangre 

de Cristo Range, South Park, and the ignimbrite remnants in the Castle Rock area of the High 

Plains. Between 30 and 26 Ma, the upper Arkansas and San Luis Cristo basins of the Rio Grande 

Rift began to subside and the Sangre de Cristo and Sawatch ranges uplifted creating a drainage 

net that allowed pyroclastic flows to travel lengthy distances. As the Arkansas rift basin 

continued to subside, this drainage was split longitudinally. Presently, the volcanic field is a 

discontinuous remnant consisting of widely sprawling outcrops of similar age and lithology with 

common physical, temporal, and geochemical characteristics whose separation was caused by 

block faulting and erosion (Steven and Epis, 1968). The driving magmatism in this region is 

currently unknown, or rather undecided. The largest residuum of the CCVF is currently named 

the Thirty-nine Mile volcanic area located west of the study area in the central CCVF. Silicic 

volcanism occurred in the Sawatch Uplift 37 to 33 Ma in seven large region ignimbrite sheets 

and flows (Lipman, 2007). The bulk of these traveled eastward to the Thirty-nine-mile volcanic 

area but also rested in, and slightly west of, the Sawatch uplift around the Mt. Princeton 

Batholith (Fig. 1). These seven layers were mapped and analyzed by Epis and students at the 
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Colorado school of mines and C.E. Chapin and the students at the New Mexico institute of 

mining and technology. Four of the seven flows are identified at the border of the Sawatch 

Range but are often obscured by weathering and downfaulting in the volcanic calderas. 

 

The Mt. Princeton Batholith 

During a period of eruptive quiescence, noted by the lack of ignimbrites in the Thirty-

nine Mile Volcanic Field, the 36 Ma Mt. Princeton batholith intruded and crystallized into the 

surrounding volcanic units identified as ignimbrite sequences and wall tuffs of the Aetna caldera 

(Fig. 2) (Mills and Coleman, 2013). This pluton’s collection of granitoids is the oldest intrusive 

unit in the volcanic field post Laramide. This 36-35 Ma Mt. Princeton Batholith is located 

between Mt. Harvard to the north and Mt. Antero to the south in the central Colorado area. The 

batholith is part of the Sawatch uplift directly west of the Arkansas River Valley that runs 

roughly north–south along the main fault of the Rio Grande rift system (Fig. 1) (Lipman, 2007). 

It is divided into an interior quartz monzonite with multiple phases, identified by Shannon 

(1988), and two texturally and compositionally diverse border units (Mills and Coleman, 2013; 

Shannon, 1988). Interior and border units are collectively referred to as Mount Princeton Quartz 

Monzonite (Mills and Coleman, 2013). The Mount Princeton Quartz Monzonite abuts 

Precambrian age heterogenic gneisses. Mt. Princeton magmatism includes three large 

leucogranites that intruded at 30 Ma, the Antero, California, and North Fork that crosscut the 

older Mount Princeton Quartz Monzonite (Mills and Coleman, 2013). Mills and Coleman (2013) 

suggested the size of the batholith potentially supplied more heat to the crust, which altered the 

geothermal gradient and decreased the temperature gradient across the wall rock- magma 

interface due to a range in TIMS U-Pb zircon ages to analyze samples from the batholith interior. 
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These ages range from 35.8±0.09 Ma to 35.37±0.1 Ma. The 430 ka range in ages was accepted 

as the assembly time for this portion of the Mount Princeton Quartz Monzonite as it was 

observed to have passed through zircon saturation temperatures (~750 ℃) to biotite closure 

(~300 ℃) within uncertainty (Mills and Coleman, 2013). However, Zimmerer and McIntosh 

(2012) report dates of the outer interior quartz monzonite as 35.57-33.33 Ma focusing on LA-

ICP-MS analyzed U/Pb zircon data. There was a variation of dates for the Mount Princeton 

Quartz Monzonite reported in previous studies of Zimmerer and McIntosh (2012) reporting a 

weighted mean of 36.38 ± 0.40 Ma and Mill and Coleman (2013) reporting a weighted mean of 

35.80 ± 0.09 Ma; this project intended to further constrain these ages. The other case is Mount 

Aetna Quartz Monzonite for which Zimmerer and McIntosh (2012) report a weighted mean of 

36.40 ± 0.35 Ma and Mills and Coleman (2013) report a weighted mean of 34.95 ± 0.04 Ma; The 

latter attributes this to variation in the grain selection process and the former covering a greater 

geographic area.  

Mount Princeton Quartz Monzonite. Members associated with the Mount Princeton 

Quartz Monzonite include a range of granites similar in composition to be grouped as the like. 

Mount Princeton finer grained quartz monzonite subunit, Mount Princeton Porphyritic k-feldspar 

subunit, Mount Princeton quartz monzonite interior subunit, and the Mount Princeton Quartz 

Monzonite are included in this range of granites. Ages range from 36.38 ± 0.40 Ma to 35.80 ± 

0.09 Ma (Mills and Coleman, 2013; Zimmerer and McIntosh, 2012). Commonly rocks are grey, 

medium to coarse grained, equigranular, and homogenous. Hornblende and biotite with 

phenocrysts locally >4 mm create porphyritic textures. Some rapakivi texture is present in hand 

sample. Xenoliths and common cognate inclusions with aplite dikes 1 to 6 inches wide that are 

abundant and widespread. These units have metamorphosed the Paleo Sedimentary rocks within 



6 

50 to 300 ft of their contact to form hornfels containing the minerals forsterite, diopside, 

cordierite, andalusite, and other contact metamorphic minerals (Brock and Barker, 1972).  

Border Granites and Gneisses. The Kroenke Granodiorite is a light-grey, medium 

grained, foliated to massive neatly equigranular biotite granodiorite. Locally includes quartz 

monzonite and quartz diorite and is trachytoid in part. There were exceptionally clean faces with 

sparse Fe staining. The Browns Pass Quartz Monzonite is a pink or buff beige, medium to coarse 

grained, foliated to massive biotite quartz monzonite and granite. At these border units a contact 

between former and foliated gneiss / gneissic breccia underlaying glacial deposit is noted and 

textures vary across a 5 square meter area as material diverges in assimilation and appearance 

including highly weathered, brecciated, vesiculated, schist/phyllite-like, granitic, and gneissic. 

Gneisses. The Precambrian formations surrounding the granites consist of the Complex 

of brecciated Gneisses. They are a heterogeneous mixed of blocks of foliated and massive 

granitic rocks, augen gneisses, hornblende diorite, coarse grained muscovite schist, and 

amphibolite that was intruded and cemented by multiple intrusions of medium to coarse grained 

granitic rocks and pegmatites with large schist lenses. Gneissic Granites are chiefly fine-grained 

brown, pink, or gray. Foliation is faint but distinct and defined by lines or lenses of biotite and 

sub-equigranular biotite-bearing rocks. Fragmental blocks of this unit are very abundant in 

Complex of brecciated Gneisses (Brock and Barker, 1972). 
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METHODS 

 

Field Sampling Framework and Strategy 

 Whole rock and bulk zircon samples were focused along two transects within 800 

m of the contact between the Mt. Princeton Batholith and the Precambrian host rock to 

understand the scale of pluton-wall rock interaction. Transect locations were selected to provide 

the best-defined contacts between the wall rock and the Mt. Princeton Batholith to assess 

potential pluton contaminants. The first located in the Mt. Harvard quadrangle near Silver Creek, 

following the trail south from N. Cottonwood Creek into Avalanche Gulch (beginning at UTM 

13S 0387362E/4293628N and ending at UTM 13S 0387831E/4293877N). The second is located 

in the Bueno Vista quadrangle 1.5 km down a pack trail into Bald Mountain. Zircon samples 

were taken from the interior of the pluton, the Precambrian contact, inclusion-rich zones, and any 

located pegmatites (beginning at UTM 13S 0387503E/4303419N and ending at UTM 13S 

0387547E/4303395N). One transect was chosen for a hyper focused study, determined by which 

contact could be precisely located and tracked along outcrop exposures at the surface. Sampling 

from this transect includes one sample from the host wall rock and 17 samples from the Mount 

Princeton Granite at intervals of 1-3 meters. Five zircon samples were collected from the 17 

samples. The second transect is composed of 13 samples including six zircon samples. Hand 

samples were collected at 1 m intervals for thin section and a zircon sample was taken every 8-

10 m for bulk preparation. A total of 30 whole rock samples were collected and 12 viable bulk 

zircon samples were collected.  
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Zircon U-Pb Geochronology and Trace Element Analysis 

Zircon mineral grains were separated using standard manual mechanical crushing techniques 

and density separation methods including crushing, sieving, Wifley table separation and 

magnetic separation at Missouri State University. Following this, the <60 mesh sieved fraction 

was sent through the Frantz Isodynamic Separator with increasing dynamic angle and 

amplification to remove magnetic separates and impurities. Non-magnetic separates were further 

separated by heavy liquids separation using lithium sodium tungstate. Individual grains were 

picked under microscope to ensure purity and placed on tape mounts. Granite samples contain 

75-100 zircons per sample and the Precambrian host wall rock included 25-30 zircons. U-Pb 

isotope ratios within zircon were obtained at the University of Arkansas using an ESI NWR 193 

nm Excimer Laser Ablation System coupled with a Thermo Scientific iCapQ Quadrupole Mass 

Spectrometer. Laser ablation was accomplished with a 25 μm diameter spot size with laser 

fluence of 2.0-2.2 J/Cm2 at 10 Hz for 15 seconds of integration. On peak dwell times were 

adjusted to give the best precision on the U/Pb and Pb/Pb ratios for an average zircon 

composition. The value, uncertainty, and scatter of zircon standards during the analytical session 

was 1%–2% (2 standard deviations [2σ]). The primary zircon reference material analyzed was 

91500 (1062.4±0.8 Ma). Plesovice (337.1±.0.1 Ma) and Mud Tank (732 Ma; Woodhead and 

Hergt, 2007) were used as secondary zircon reference materials. A selection of analyses with 

acceptable precision, discordance, and in-run fractionation are presented in Table 1 with the full 

dataset presented in the online supplement. Analyses significantly above 204Pb (common lead) 

detection limits (~600 cps) were rejected. Systematic uncertainty was propagated using quadratic 

addition incorporating the internal and external reproducibility of the reference materials and 

data was reduced using the Iolite4 software (Patron et al., 2011). The reported U-Pb age for each 
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sample is a weighted mean of 34-1600 Ma individual zircon U-Pb analyses. Due to all samples 

possessing Mesozoic or younger crystallization ages, 206Pb/238U ratios were used to calculate 

weighted mean ages. Weighted mean ages were calculated using the IsoPlot 4.0 software 

(Ludwig, 2003).  

Trace element content of zircon was determined for all zircon grains at the University of 

Arkansas using the same conditions as for the U-Pb isotope analyses. The NIST610 and 

NIST612 glasses were used as external calibration standards. The 91500-zircon reference 

mineral was used as a secondary calibration standard. Quantitative results for 25 elements were 

obtained through calibration of relative element sensitivities of the calibration standards. Off-line 

selection and integration of background and analyte signals, and time-drift correction and 

quantitative calibration were performed using the Iolite4 reduction software (Paton et al., 2011). 

 

Whole Rock Major and Trace Element Analysis 

Twenty-seven standard thin sections and nine polished sections of whole rock samples were 

used to evaluate basic mineral textures, composition, and petrology of the study area, and 

classify the rocks, the conditions under which they formed, to determine phases for further 

analysis. Based on thin section analysis, 15 samples were analyzed for major and trace element 

contents.  Whole rock major element contents were determined at the University of Iowa using a 

Rigaku Primus IV Sequential Wavelength Dispersive X-Ray Fluorescence Spectrometer. 

Precision for major element analyses was better than 1%. Trace element contents including the 

rare earth elements (REE) were determined at Missouri State University using an Agilent 7900 

quadrupole ICP-MS. Samples were ground to a powder using a steel jaw crusher and tungsten 

carbide planetary ball mill. Digestion details and analytical procedures are like those described in 
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Liu et al. (2008). An aliquot of 50 mg of sample was dissolved in a sequence of acid digestions. 

Initial digestion was in 1.5:1.5 mg solution of HF and HNO3 at 210°C for 24 hours in a closed 

Teflon beaker on a hot plate. When the solids were completely dissolved, the acid was 

evaporated, and the process was repeated for two additional rounds of digestion. The second 

digestion contained 3 ml of HNO3 and the third with 3 ml of HCl. A final round of digestion 

contained 3 ml of HNO3 in an enclosed beaker for 12 hours. One milliliter of H3BO3 was added 

to the sample then diluted to 100 grams. An aliquot of the digested solution of 15 ml was 

analyzed by ICP-MS and corrected for spectral interferences. Three USGS reference materials 

were used to calibrate the analysis and correct for analytical drift: STM-2, BCR-2, and RGB-2. 

Further quality control was assured by co-analyzing the reference materials with the unknowns. 

All reference material analyses overlap with certified values at 2σ.  

The concentration of Ti-in-zircon and Al-in-hornblende is temperature dependent and 

can be defined as a thermometer based on the experimental work of Watson et al. (2006), 

Watson and Harrison (2005), Ferry and Watson (2007) and Ridolfi et al. (2010; 2012) and 

natural samples. The Ti-in-zircon thermometer determines the temperature of zircon 

crystallization based on the activity of TiO2 and SiO2 using the following equation: 

𝑇(𝐾) =  
−4800±86

log𝑇𝑖(𝑝𝑝𝑚)+𝑙𝑜𝑔𝛼𝑆𝑖𝑂2−log𝛼𝑇𝑖𝑂2−(5.711±0.072)
   

Proper application of the thermometer mentioned in requires knowledge of αTiO2 and αSiO2 at the 

time of zircon crystallization and zircons are often inherited and not in equilibrium with the 

magma (Claiborne et al., 2010). Additionally, zircon record the composition in equilibrium at the 

time of crystallization and not necessarily the evolution of the magma, which changes αTiO2 and 

αSiO2. Here we assume zircon crystallization occurs contemporaneously with hornblende and the 

effects of crystallization and magma evolution are ignored. We assume this because zircon and 
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hornblende are both include in alkali feldspar, but we cannot be certain how these compositions 

varied. Considering the ubiquity of quartz as a subhedral phase in the batholith, we hold αSiO2 at 

1.0, thus maximizing the temperature estimates. The presence of titanite as euhedral crystals 

suggests αTiO2 was high (Hayden and Watson, 2007; Sommer et al., 2022). Regardless Ti-in-

zircon temperatures are modeled with a range of αTiO2 from 0.1 to 1.0. Based on these 

calculations, αTiO2 is assumed to be between 0.8 and 1.0 providing temperatures between 609-

852°C (Fig. 6).  

 

Mineral Major and Trace Element Analysis 

Major element contents of alkali feldspar, plagioclase, hornblende, and biotite were 

determined by electron probe microanalyzer (EPMA) at the University of Iowa using JOEL 

JXA-8230 Superprobe microanalyzer (EMPA) using five wave-length-dispersive spectrometers 

and eight large-format diffracting crystals. All analyses were performed using an accelerating 

voltage of 15 keV with a current of 20 nA with a one-micron spot size. The run-time was 2.5 

minutes for feldspar and 4.5 minutes for hornblende and biotite with an on-peak dwell times of 

15-30 seconds and a background dwell time of 5 seconds. Fifteen to twenty crystals per phase 

were analyzed from three granitoid samples and one wall rock sample. Core-to-rim transects 

were determined for five feldspars per samples. All other crystals contain a minimum of 3 spots 

representing the core, rim, and an intermediate point. Major element contents for hornblende and 

biotite were calibrated using Kakanui Hornblende (NMNH# 143965; Jarosewich, 2002) and the 

Astimex Cr-Pyrope reference material. Biotite was calibrated using Astimex chlorite. Feldspar 

major element contents were calibrated using the Astimex Labradorite Plagioclase reference 

material and microcline (NMNH#143966; Jarosewich, 2002).   
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Potassium feldspar grains mounted in epoxy pucks and polished to expose the surface were 

analyzed via LA-ICPMS at the University of Arkansas to conduct trace element analysis for 27 

elements (14 REE's & Ba, Th, Nb, Y, Hf, Ta, U, Pb, Rb, Cs, Sr, Sc, Zr). Spot analysis of 25 µm 

on each grain was performed.  Concentrations were calculated relative to the NIST610 and 

NIST612, and Z-91500 standards and reduced using the Iolite 4 - Igor software program (Paton 

et al., 2011).  

 

Whole Rock and Mineral Radiogenic Isotope Analysis  

Whole rock isotopic analysis was conducted on six whole rock samples including five 

granitoid samples and one Precambrian wall rocks sample. Whole rock Sr isotopic analyses were 

acquired by Thermal Ionization Mass Spectrometry (TIMS) on a VG Sector 54 and analyzed by 

five Faraday collectors in dynamic mode at the Johnson Mass Spectrometry Laboratory New 

Mexico State University, Las Cruces. Calibration of 87Sr/86Sr ratios was calculated using the 

86Sr/88Sr ratio analyzed at 3.0 V aiming intensity and normalized to 0.1194 using NBS 987 

Standard (0.710298 ± 0.000010) to monitor the precision of the analyses. Sr was isolated using 

Sr-Spec resin column chromatography by the method described in Ramos and Reid (2005). 

Neodymium and lead were analyzed on a ThermoFinnigan Neptune multi-collector ICP-MS 

equipped with nine Faraday collectors and an ion counter. Neodymium was separated using REE 

resin column chromatography using the digested split of prepared sample for Sr chromatography. 

Nd isotopes were normalized to 146Nd/144Nd = 0.7219 and results for JNDi-1 were 146Nd/144Nd = 

0.512137 ± 0.000009 for five analyses. Pb isotopes were separated from the same digested 

samples used for Sr and Nd isotope ratios. Lead separations used ~2 mL of anion exchange resin 

in a high-aspect ratio glass column with an eluent of 1N HBr and 7N HNO3. Purified samples 
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were then dried and re-dissolved in 1 mL of 2% HNO3 containing 0.01 ppm Tl. The standard 

NBS 981 (208Pb/204Pb ≈ 36.662 ± 0.002, 207Pb/204Pb ≈ 15.462 ± 0.001, 206Pb/204Pb ≈ 16.928 ± 

0.001) was used for accuracy corrections and to monitor precision of the analyses. The values 

measured for NBS 981 were within the error of published ratios for NBS 981 (Todt et al., 1996), 

and therefore, corrections were not applied to unknown sample. 

Individual feldspars were also handpicked from sieve fractions crushed and separated for 

zircon U-Pb geochronology. Feldspars were etched in 10% HF acid for 20–30-minute intervals. 

Crystals were then rinsed in distilled water and sonicated to obtain crystals free of adhering 

materials. The mineral analysis consisted of 20 crystals of orthoclase (COT 2, 6, 7, 8, 14, 21, 27, 

and 33) ranging from 0.7 - 26.0 mg. Individual clean crystals were dissolved using hydrofluoric, 

nitric, and hydrochloric acids. Crystals with masses greater than 5 mg were separated using 

standard column chromatography. Crystals with masses less than 5 mg were separated using 

micro-columns. Strontium was purified using cation exchange chromatography and 2.5N 

hydrochloric acid. Lead was purified using 1N hydrobromic acid and anion exchange 

chromatography.  Lead was analyzed using multi-collector inductively coupled plasma mass 

spectrometry with Pb isotopes normalized to NBS997 205Tl/203Tl=0.41892 and Sr was analyzed 

using thermal ionization mass spectrometry with Sr normalized to 86Sr/88Sr=0.1194 at the 

Johnson Mass Spectrometry Laboratory at New Mexico State University. 
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RESULTS 

 

Petrography 

Standard thin sections for the following samples were analyzed by polarized microscopy 

at 10x and 40x magnification: COT 1-4, 6-11 for transect 1 and COT 14-15, 17-18, 20-22, 24, 

26-27, 29-30, 32-33 for transect 2. Additional Photomicrographs and Backscatter Electron 

Images (BSE) of the samples by transects are presented in Appendix 1 and 2.  

Transect 1 Precambrian Wall Rock. Samples COT 1-4 demonstrate idioblastic gneissic 

textures within the Precambrian gneisses of the wall rock with proximity to magma-wall rock 

interface increasing as sample number increases. Essential minerals are ~1-4mm subhedral 

plagioclase are present with polysynthetic and albitic twins and form close to ~0.2-3mm anhedral 

quartz with notable undulatory extinction, this is then followed by less abundant orthoclase, 

which are few in number and ~0.5mm with crosshatch twinning indicative of microcline. 04-

4mm subhedral Ti-rich biotite has a high second order birefringence of which was almost 

mistaken for abundant clinozoisite. Plagioclase altering in the center of several grains to sericite. 

Seritization is pervasive throughout the samples along grain boundaries of plagioclase and quartz 

as well. Clusters of small quartz grains form alongside this alteration. There is a distinctive 

foliation of minerals that biotite and secondary chlorite follows closely. Apatite and titanite are 

present in an accessory fashion. Sample COT 2 differs in the introduction of myrmetic and 

perthitic textures as exhibited in Appendix 1. By sample COT 3, as approaching the contact with 

the interior, texture becomes wholly altered and clearly foliated in both hand sample and thin 

section. However, size of grains decreases to no larger than 1mm in length. Zoisite is present 

here in very dark blue and surrounded by lighter micas (chlorite, muscovite, and saussurite). 
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COT 4 has more noticeable concentric zoning in plagioclase grains, with some anhedral grains 

within the euhedral plagioclase. Pervasive seritization and zoisite is present within some grains. 

Quartz is anhedral to subhedral with seriate hiatal crystal sizes up to ~5mm grains. Microcline of 

~0.5-2.2mm formed along the boundaries of plagioclase and is far less abundant than plagioclase 

and quartz. Subhedral to euhedral biotite is present as varietal variations altering to Ti-rich 

ilmenite and chlorite near hornblende. Accessory minerals include titanite as well as apatite and 

zircon which are mostly present in the plagioclase feldspar.  

Transect 1 Interior Monzogranite – Quartz Monzonite. Samples COT 6-11 

demonstrate textures for the interior monzogranite (nominally the Mount Princeton Quartz 

Monzonite) with distance into the interior increasing as sample number increases. Overall, the 

megascopic samples are holocrystalline, hypidiomorphic granular, and characteristically 

leucocratic throughout. Modal composition suggests a petrographic name as biotite-bearing 

monzogranites, supported by the habitually felsic, silica-rich, appearance with the presence of 

titanite, ilmenite, Ti-oxides, apatite, and zircon as accessory minerals. Over the boundary, COT 

6, quartz increases in size and abundance as plagioclase feldspar improves in shape to mostly 

euhedral. COT 7 has ~2mm grains of biotite, ~0.3-0.5mm titanites with zircon inclusions, 

amphibole, and apatite. This sample is close in proximity to a fault and thus heavily altered with 

cumulate fracture fill of mostly quartz (Appendix 1). COT 8 has notable plagioclase to sericite 

alteration. Titanite increases in size up to 1.6mm. Amphibole also increases in size and 

abundance to sub-euhedral grains of ~2.5mm with alteration along the grain boundaries to 

epidote and chlorite. Hand samples contain xenoliths and quenched magmatic inclusions as well 

as rapakivi textures as plagioclase rims potassium feldspar within inclusions. Farther towards the 
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interior, the abundance of quartz increases, and the abundance of secondary alteration products 

decrease.  

Transect 2 Precambrian Wall Rock. Samples COT 14-15 demonstrate textures within 

the Precambrian gneisses of the wall rock and the contact, with proximity to magma-wall rock 

interface increasing as sample number increases. In COT 14, subhedral plagioclase grains 

measure at ~0.4-2.5mm and demonstrate polysynthetic and simple twinning. Quartz is at greater 

abundance but only ranges up to 2mm. Potassium feldspar displays grid iron twinning indicating 

the presence of microcline in a few large grains ~15%. Biotite forms in clusters around the 

feldspars at ~0.2-0.6mm and show Ti-rich alteration as well as chloritization. Amphibole is 

present as hornblende altering to epidote on select areas around the grain boundaries. Some 

apatite grains are clean and some include zircon with a sizable glomerocryst of amphibolite. 

COT 15 is located on the contact between the interior and exterior of the pluton. There is a 

severe increase in alteration products including zoisite, chlorite, and sericite. K-feldspar 

outnumbers quartz which is, in turn, more abundant than plagioclase feldspar.  

Transect 2 Interior Monzogranite – Quartz Monzonite. Samples COT 17-33 

demonstrate textures for the interior monzogranite (nominally the Mount Princeton Quartz 

Monzonite) with distance into the interior increasing as sample number increases. At COT 17 the 

grain size and shape increase but the abundance of potassium feldspar significantly decreases. By 

COT 18 the section is primarily composed of quartz and plagioclase. Zoisite is present along 

grain boundaries of plagioclase and biotite and withing plagioclase grains. Biotite is altering to 

chlorite. Amphibolite glomerocrysts with oxides are present in this sample as well. COT 20 

displays a slight increase in the size and abundance of potassium feldspar as quartz decreases. 

Sericite, chlorite, and clinozoisite are present as alteration products. COT 21, to the end of the 
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transect, oxides are clustered tightly around amphibolite and biotite increases in size, becomes 

more euhedral, and has less visible alteration. Essential minerals are relatively equal in 

abundance. COT 30 demonstrates a Precambrian lens within the interior. Amphibolite and oxides 

increase in size, with hornblende more abundant. Plagioclase and quartz increase in abundance 

as microcline becomes less frequent but remains sub-euhedral. Biotite averages ~2.2-3mm and 

shows chloritization. Zircon and apatite are included in the biotite grains, likely from inheritance. 

COT 30 has little variation from COT 21 other than a drastic decrease in secondary alteration 

products. COT 33 displays zoned zircon grains and zircon trapped as melt inclusions within the 

apatite. 3-6mm subhedral essential minerals. Large, hardly altered, biotite forms around the 

boundaries of plagioclase.  

 

Zircon U-Pb Geochronology  

A total of 496 zircon grains were analyzed via spot analysis from 12 bulk samples 

including five samples from the Precambrian host rock and seven from the batholith interior. 

Results from zircon U-Pb geochronology are presented in Table 1 and illustrated in Figure 3. The 

zircons analyzed in this study are broadly consistent with previous studies (Mills and Coleman, 

2013; Zimmerer and McIntosh, 2012). Data from previous studies for U-Pb zircon ages are 

provided in Appendix 4. Weighted mean ages presented in Table 1 are interpreted as 

crystallization/emplacement ages and exclude blended ages determined in the Precambrian 

samples, and old ages obtained from premagmatic zircon cores and occasional young ages 

interpreted to be related to loss of radiogenic Pb (Appendix 4). 

Igneous Pluton Interior. The Mt. Princeton monzogranite contains subhedral to 

euhedral elongate zircons with no visible inclusions. Interior granitic samples range in age from 
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34.20±0.08 Ma to 35.72±0.09 Ma (Fig. 3). There is no correlation with distance from magma-

host rock interface. The weighted mean ages reflect the complex history of zircons. Almost every 

sample included 5 or fewer spot analyses that showed Pb loss or other related exceptional 

outliers. When excluded, the ages remained appropriate and lowered the MSWD. 

Metamorphic Pluton Exterior. Precambrian host rock samples contain zircons with 

magmatic cores and metamorphic rims. Two ages are suggested based on Concordia diagrams, 

cores are aged 1600±20 Ma reflecting zircon crystallization whereas rim ages from these zircons 

range in age from 34-36 Ma and reflect metamorphism during magma intrusion (Appendix 3). 

Of 447 total spot analyses, 197 represented metamorphic ages indicating a core reading. For all 

spot analyses on gneissic samples, every point resulted in an appropriate metamorphic core age. 

It is important to note that concordia diagrams we used to determine which selections were 

appropriate to exclude whereas the reported ages for all samples is from the weighted mean. 

 

Zircon Trace Element Analysis and Ti-in-Zircon Temperatures 

In total, 120 zircons were analyzed for trace element contents consisting of 10 zircon 

grains of each bulk sample including both interior granitoids and country rock. Elongated grains 

were selected for analysis to ensure spot did not overlap the spot analyses for zircon 

geochronology. Results from the trace element analysis are presented in Table 2 and illustrated 

across Figures 4 to 6. The complete dataset is available in Appendix 5. Zircons from the Mt. 

Princeton monzogranite contain 12650 to 28375 ppm Hf and Th/U ratios ranging from 0.32 to 

1.77. Zircon U contents range from 126-5970 ppm and Th contents range from 193-4284 ppm. 

There is a general decrease in Th/U ratio with increasing Hf content. Ratios of Yb/Gd, U/Yb, 

Ce/Yb, range from 8-63, 0.29-7.0, and 0.01-0.1, respectively (Fig. 4). Pronounced negative Eu 
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anomalies and positive Ce/Ce* anomalies range from 0.15-0.55 and 0.2-402.3, respectively. 

There is an overall increase in Yb/Gd and U/Yb ratio with increasing Hf content, no correlation 

with Ce/Yb and Eu anomaly and a negative correlation of Ce/Ce* with increasing Hf contents 

(Fig. 4).  

Precambrian wall rock zircons generally have a higher Hf content (Hf= 1197-27,506 

ppm) compared to monzogranite zircons. Metamorphic zircons contain U and Th contents 

ranging from 312-2412 ppm, and 88-1460 ppm, respectively and are generally higher than the 

contents observed in the granitoids. Th/U ratios are more variable ranging from 0.06-2.74 and 

show a decrease overall with increasing Hf content (Fig. 4). Wall rock zircon Yb/Gd (6.15-

61.50) and Ce/Yb (0-0.01) ratios are similar to the granitoids (Fig. 4).  U/Yb (0.41-6.67) ratios 

show more variation, but overlap the range observed in the granitoid zircons (Fig. 4). Eu 

anomalies are generally similar to the granitoid zircons but contain a population that has a more 

pronounced negative anomaly ranging from 0.06-0.4.  

Zircon rare earth element (REE) contents for both the Mt. Princeton monzogranite and 

Precambrian wall rock zircons are similar and reflect typical zircon REE trends (Fig. 5). Two 

populations of zircons are present in all samples except COT2 and COT3. The first population 

represents the typical light REE depleted to heavy REE enriched patterns (Fig. 5). The second 

population is less prevalent in in the granitoid samples but is common in the metamorphic rock 

samples with a lower Yb/La ratio and more enriched light REE contents (Fig. 5). The two 

metamorphic zircon samples, COT2 and COT3 from transect one only contain the depleted light 

REE content population. Both transects contain less of the population two zircons with distance 

from the interface (Table 2). 
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Zircon crystallization temperatures were calculated using Ti-in-zircon (TTiZ) using the 

equation of Ferry and Watson (2007). A range in αTiO2 and αTiO2 were considered and based on 

the mineral assemblage of both the Precambrian wall rock and the granitoids, we used αSiO₂ as a 

constant of 1 and 0.75, and carried out the calculations for αTiO₂ ranging from 0.1 to 1 to get a 

range of temperatures that closely resemble the average Al-in-hornblende temperature of 

755±22˚C. The best fit of temperatures use a αSiO₂ of 1 and a αTiO₂ of 0.9 (Fig. 6). 

Crystallization temperatures range from 609-1261°C. Granitoid zircons range from 609-1202 °C 

and Precambrian wall rock zircon range from 666-1261 °C. Zircon crystallization temperatures 

above 1000°C are not considered due the high Ti contents likely from the presence of inclusions 

in the zircon. All calculated Ti-in-zircon temperatures, excluding those not considered, are 

reasonable for felsic magmas and zircon growth in a shallow crustal environment. These 

temperatures show a weak correlation of increasing temperature with increasing Hf content.   

 

Mineral Trace Element Analysis 

A total of 96 spots were analyzed on 24 potassium feldspar grains. Three to four clean 

and inclusion free grains from eight samples were analyzed. Feldspars range from 3-5 mm in 

length. Spots were selected in a transect across the mineral grain ensuring contact to any possible 

core and an average reflecting the entire crystal. Data are presented in Table 3 and illustrated in 

Figures 7 to 8. A comprehensive data table is included in Appendix 6. K-feldspar from the 

interior granitoid contain an average range of 1360.8 – 3913.5 ppm of Ba and ratios of Th/U 

from 0.17 to 3.93. Ratios of Ba/Ce, Ba/La, Sr/Ba, range from 520.93-8689.7, 504.64-5614.7, and 

0.1-0.26, respectively (Fig. 7). Transect 1 interior sample ratios range 5275.7-8631.4, 4588-

5614.7, and 0.08-0.13 for Ba/Ce, Ba/La, Sr/Ba, respectively. Transect 2 interior sample ratios 
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range 520.93-8689.7, 504.64-4896, and 0.1-0.26 for Ba/Ce, Ba/La, Sr/Ba, respectively. Within 

the granitoids, two populations of Eu anomalies exist, a low and high value population. Eu 

anomaly of K-feldspar range from 0.71-133.04. The higher population consists of COT – 27 

(Eu/Eu* = 35.45), COT – 21 (Eu/Eu* = 25.40), COT – 6 (Eu/Eu* = 15.52), and COT – 8 

(Eu/Eu* = 24.39), whilst the samples COT – 2 (Eu/Eu* = 7.58), COT – 33 (Eu/Eu* = 8.24), and 

COT – 15 (Eu/Eu* = 5.05) populate in the lower range. In relationship between Sr/Ba vs Ce/Ba, 

La/Ba, and Rb/Sr two populations also exist. The higher, belonging to COT 15, the sample 

located on the contact between granitic body and wall-rock. The other population consists of 

COT 2, 6, 8, 14, 21, and 27 with COT – 33 lower in value but with a much higher Sr/Ba 

concentration (Fig. 17).   

Precambrian K-feldspar from Precambrian wall rocks display a positive trend of Ba to Sr 

and a present but less drastic trend of Ba to Ce and La. These contain 2094.6 ppm of Ba and ratio 

0.0843 of Th/U. Ratios of Ba/Ce, Ba/La, Sr/Ba, are 4414.7, 5359.3, and 0.0953, respectively 

(Fig. 8). The border unit of COT 15 located on the interface contains 183.51 ppm of Ba and ratio 

2.857 of Th/U. The ratio of Ba/Ce, Ba/La, and Sr/Ba are 94.871, 191.69, and 0.2708, 

respectively.  

 

Hornblende Major Elements Composition 

A total of 72 grains over three samples were analyzed via electron probe microanalyzer 

(EMPA) for Al-in-hornblende geothermobarometry. Complete results are presented in Appendix 

7. Analysis of Mg species hornblende resulted in oxygen fugacity (logfO2) ranging from -14 to -

12 and temperatures values ranging from 678 – 870℃. Continental depth pressures (CDP) range 

25 – 168MPa. Overall range of H2O content of 3.4 – 4.9 wt% can be seen in COT 33 with the 
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samples at lesser distance from the interface including middling values. (COT 27= 3.7-5: COT 

30= 3.7-4.8; COT 33= 3.4-4.9). The fluorine wt% range includes values 0.15 - 0.50 (COT 27= 

0.18 – 0.50; COT 30= 0.15 – 0.46; COT 33= 0.16 – 0.44). Chlorine wt% range includes values 

0.00 – 0.16 (COT 27= 0.02 – 0.16; COT 30= 0.00 – 0.14; COT 33= 0.01 – 0.13). Al# average of 

0.4 is also notable with an overall range of 0.00 - 0.16 (COT 27avg: 0.03; COT 30avg: 0.04; COT 

33avg: 0.06).  

 

Mineral Isotope Analysis 

A total of 23 inclusion-free, 3-5 mm K-feldspar grains were analyzed from 13 samples 

for mineral Sr and Pb isotope analysis via TIMS. Results are presented in Table 4 and illustrated 

in Figure 9. K-feldspar in the interior granitoid average 87Sr/86Sr=0.709471 and 

84Sr/86Sr=0.056435. Sr isotope ratios range from 87Sr/86Sr=0.708077 to 0.712148 and 

84Sr/86Sr=0.56364 to 0.56472. Transect 1 interior with a higher average of 87Sr/86Sr at 0.70991 

and 84Sr/86Sr at 0.05645. Transect 2 interior with a lower average of 87Sr/86Sr at 0.709031 and 

84Sr/86Sr at 0.056419. Interior batholith samples average 206Pb/204Pb= 17.678, 207Pb/204Pb= 

15.492, and 208Pb/204Pb= 38.231. Pb isotope ratios range from 206Pb/204Pb= 17.791 to 17.904, 

207Pb/204Pb= 15.506 to 15.516, and 208Pb/204Pb= 38.079 to 38.161. 

Precambrian wall rock averages 87Sr/86Sr=0.717163 and 84Sr/86Sr=0.056438 for mineral 

isotope analysis with a range 87Sr/86Sr from 0.708793 to 0.725520. Transect 1 wall rock with an 

average of 87Sr/86Sr at 0.708790 and 84Sr/86Sr at 0.056454. Transect 2 wall rock with an average 

of 87Sr/86Sr at 0.721349 and 84Sr/86Sr at 0.05643. Precambrian samples average 206Pb/204Pb= 

17.394, 207Pb/204Pb= 15.452, and 208Pb/204Pb= 38.478. Pb isotope ratios range from 206Pb/204Pb= 

17.342 to 17.840, 207Pb/204Pb= 15.448 to 15.516, and 208Pb/204Pb= 38.111 to 38.656. 
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Whole Rock Trace Element and Isotope Analysis 

Thirteen samples were analyzed for whole rock trace element isotopes via ICPMS. Data 

are presented in Table 5. A comprehensive data table is included in Appendix 8. The interior 

granitoid Sr ranges 374.291-538.008ppm. Rb, Ba, La, Pb, Th, and U range 110.307-117.525, 

741.996-165.123, 41.443-60.458,15.318-17.196, 19.367-21.474, and 2.606-4.502 respectively. 

Transect 1 ranges are shorter more concise than the second transect: 374.291-527.446 Sr, 

114.021-114.697 Rb, 770.555-865.123 Ba, 41.443-59.72 La, 16.075-17.196 Pb, 20.429-25.002 

Th, and 2.606-4.502 U. Transect 2 ranges have a greater range but no inflated error: 482.629-

538.008 Sr, 110.307-117.525 Rb, 723.479-865.12 Ba, 50.863-60.458 La, 15.318-16.921 Pb, 

19.367-23.235 Th, and 4.076-4.397 U. La/Yb and Sr/Y range 26.62278876- 32.98496659 and 

17.35721573- 29.12939747, respectively. 

Precambrian wall rock ranges in 106.277-503.68  Sr, 76.535-151.386  Rb, 522.991--

1193.29Ba, 28.539-78.035 La, 8.216-36.225 Pb, 6.287-51.598 Th, and  0.351-8.712 U. Transect 

1 ranges 403.42-503.68Sr, 76.535-151.386 Rb, 769.199-1193.29 Ba, 49.884-71.528 La, 8.216-

17.689 Pb,  6.518-26.723 Th, and  0.733-4.927 U. Transect 2 ranges 106.277-387.74Sr, 86.648-

141.517 Rb, 522.991-1044.554 Ba, 28.539-78.035 La, 12.703-36.225 Pb, 6.287-51.598 Th, and 

0.351-8.712 U. La/Yb and Sr/Y range 14.9568229-122.4849785 and 1.853744048-89.67151163, 

respectively. 

Whole rock Sr isotope ratios, presented in Table 6, are variable and dependent on if the 

sample represents the batholith or the Precambrian wall rock. Batholith Sr isotope ratios are 

restricted with measured 87Sr/86Sr ratios ranging from 0.708077 to 0.708297. Pb isotope ratios 

are more variable ranging from 206Pb/204Pb= 17.901 to 18.011, 207Pb/204Pb= 15.521 to 16.05, and 

208Pb/204Pb= 38.266 to 43.055. Sr isotope ratios of the wall rock range from measured 87Sr/86Sr 
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ratio of 0.717808 to 0.718533 and has Pb isotope ratios of 206Pb/204Pb= 17.766 to 18.650, 

207Pb/204Pb= 15.470 to 15.571, and 208Pb/204Pb= 38.582 to 38.793. 
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DISCUSSION 

 

Zircon and potassium feldspar compositions and ages from the Mt. Princeton Batholith 

and the surrounding Precambrian host rocks reflect the magmatic processes during the 

emplacement of the batholith at shallow crustal levels (Kay et. al., 2010). Hafnium contents of 

zircons have been shown to be a proxy for the extent of crystallization in silicic magmas. 

Additionally, zircon Eu/Eu* can be used to track feldspar fractionation. Therefore, systematic 

variation in both Hf and Eu/Eu* composition combined with Th/U, U/Yb and Yb/Gd ratios 

reflect both zircon and plagioclase crystallization within the cooling magma and can indicate 

zircon remobilization during wall rock assimilation (low Hf, low U/Yb, high Eu/Eu*) (Klemetti 

and Clyne, 2014).  

In this chapter, the interpretation of these data is separated intentionally by transect and 

used to compare the variations within and differences among populations of zircon, K-feldspar, 

and hornblende. These variations help to determine whether mineral chemistry can be used to 

ascertain certainty in changes away from magma-wall rock interface. The initial observations 

suggest a decrease in compositional heterogeneity with distance from the magma-wall rock 

interface. This is further supported by U-Pb geochronology and Ti-in-zircon temperatures.  

The subject of this project being tested is the relict of a batholith - what remains after the 

physical evidence of the caldera (intracaldera tuff, postcaldera lavas, etc.) has been eroded 

(Zimmerer and McIntosh, 2013). Whole rock La/Yb and Sr/Y ratios for the batholith interior 

shows enrichment in LREE and LIL, which is expected of a metaluminous I-type granite sourced 

from partial melting of mantle deprived mafic underplate and crustal contribution (Michelfelder 

et al., 2013). 87Sr/86Sr ratios <0.708 further support this idea and suggest magmatism is related to 
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calc alkaline suites. This alone suggests a lower crustal source and is further supported by a 

relationship between Sr whole rock trace element analysis and 87Sr/86Sr isotopic analysis suggest 

assimilation of about <3% of the wall rock. This indicator of the melt crystallizing faster than it 

assimilates the host material supports the idea that the magma intruded into a cold country rock 

creating a quenched margin between the magma and the wall rock. The variation of 87Sr/86Sr 

from the metamorphic wall rock to the interior is likely the result of variation in the parental 

source was lower in the crust - likely a stable garnet source’s signature (Kay et. al., 2010). 

Additionally, pressures from hornblende indicate a depth of 6 km supporting a caldera forming 

silicic magma as a feeder to the caldera prior to eruption that originated in the lower crust and 

emplaced shallowly.    

 

Magmatic Temperatures 

 Based on the whole rock geochemistry of Mills and Coleman (2013) zircon saturation 

temperatures were calculated for each of the samples presented in this study. These temperatures 

suggest that Ti-in-zircon temperatures above 800°C record inherited zircons and suggest zircon 

crystallization temperatures between 609-775°C reflect crystallization of zircon in equilibrium 

with the Mt. Princeton Batholith magmas. Together, Ti-in-zircon and Al-in-hornblende 

temperatures, suggest that zircon growth in the Mt. Princeton Batholith occurred between 750-

780°C (Fig. 6). Al-in-hornblende temperatures yield a more limited range than Ti-in-zircon 

temperatures, but this is to be expected, since zircon growth continues to the solidus and 

individual zircon ages suggest some inheritance from the Precambrian wall rock. Additionally, 

zircon growth can initially begin in zircon undersaturated magmas with inherited nucleated 

zircon which can lead to higher Ti-in-zircon temperatures than what is recorded in thermally 
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equilibrated hornblende (Harrison et al., 2007; McDowell et al., 2014). Zircon from the 

Precambrian wall rock samples and samples close to the magma-wall rock interface contain an 

average higher Ti content than zircons that are crystallized in the magma, and therefore, contain 

higher estimated Ti-in-zircon temperatures, which in some cases exceed 950°C, which is the 

calculated zircon saturation temperature (ZST) for the Mt. Princeton Batholith. Zircon 

temperatures that are lower than ZST represent zircons crystallized and grown in the magma 

continuing from saturation to the solidus.   

 

Conditions for Crystallization  

Interior batholith plagioclase grains are most abundant with large subhedral to euhedral 

textures and surrounded by less well-developed quartz and microcline indicating a cooling over a 

large interval of time and temperature. The only plagioclase grains with inclusions within the 

cores are closed within one layer indicating inheritance as it includes zircon and apatite and are 

primarily in grains of samples nearest to the magma-wall rock interface. Subhedral-euhedral 

biotite followed closely behind, forming along boundaries indicating a higher H2O content of the 

magma at earliest stages. Boundaries of the biotite grains show evidence of chloritization. 

Amphibole and oxides crystalized next into glomerocrysts – a porphyritic texture of clustered 

phenocrysts into aggregates, or clumps. A large cooling interval is supported further by the 

occurrence of epidote replacing amphibole (hornblende). Quartz and microcline finish out the 

sequence in sub to anhedral grains. Pervasive alteration of plagioclase to sericite occurs after the 

solidus. Glomerocrysts of amphibolite and oxides demonstrate boundaries indicative of 

xenocrystic inclusions which occur regularly during assimilation.   
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Core analyses represent the inherited mass of zircon with Precambrian ages from wall 

rock melting. Meanwhile, younger Eocene aged rims represent new crystallization in the magma. 

The statistical percentage of cored zircons within ages of the wall rock versus the magmatic age 

cores was expected to represent the volume of magma affected by wall rock melting due to the 

resistance of zircon crystals as being crucial in determining inheritance. However, inheritance is 

minimal in the granite and is not as informative as originally hypothesized. The notable result 

concludes that zircon in the granitoids is relatively uniform in age but are younger than 

suggested by Mills and Coleman (2013). Whereas host rock zircons show partial resetting with a 

massive discordance in age pick representing the volume of affected material at the boundary 

during storage. The age of the zircon is not suggested, but rather the intercepts of Concordia 

show more appropriate and consistent ages for heating and age of crystallization. Though 

different from Mill et al. (2013) they are still reasonable and demonstrate the evolution of zircon 

mineral grains in solution. There is a significant volume of wall rock melting and recrystallizing 

in the intruding pluton over time indicated by the range in Precambrian ages in inherited cores, 

despite the abundance of these being fewer than was expected. It is suggested that rim to core 

relationship must be further constrained by rerunning all the samples to determine if the core of 

the grains was truly reached by the laser, or if a mantle layer was being analyzed as indicated by 

the mixed ages. Interior samples show multiple provenance ages for zircon. One hundred forty 

zircons from the interior yield ages between 32-35 Ma and 113 zircon yield ages of ~35 Ma 

indicating primary crystallization. Two hundred twenty-four zircons of the interior zircons 

yielded an age between 35-50 Ma indicating inheritance from the magma with an antecrystic 

origin without dissolution. Only 19 zircons yielded ages greater than 50 Ma suggesting only a 

small number of zircons were inherited from either the magmatic source or the intruded country 
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rock. At 50 Ma, magmatism related to the end of the Laramide had ceased suggesting older 

zircon ages indicate partial melting of the magmatic source and subsequent inheritance or partial 

resetting during magma generation. Inheritance through the interface is unlikely in large amounts 

and is also not likely in abundance from the interior (i.e., MTP-1). 

 

Zircon Age Corresponding to Growth Versus Dissolution 

 The range in crystallization ages observed in Mt. Princeton zircon are within error for 

each transect and do not suggest that weighted mean ages are inaccurate. Interior samples 

recorded MSWD ~ 0.64 - 3.2 with an average of 1.87, indicating that one or more sources of 

uncertainty are underestimated causing a slight over dispersion. This is most likely due to 

underestimating the amount of Precambrian aged cores in the zircon. The MSWD nearing a 

value of just above one indicates only a slight overdispersion and could be closer if more grains 

were omitted. The spread of U-Pb zircon ages and the error associated with each sample, 

increases as distance increases from the magma-wall rock interface (Fig. 3). This is expected if 

there were to be crystallization occurring through inheritance from the source as crystals 

terminate growth. Olierook et al. (2020) suggests Th(Zirc-WR)/U(Zirc-WR) ratio can be used to 

differentiate autocrystic versus xenocrystic and restitic zircon grains. Autocrystic zircon plot 

between the calculated zircon-melt equilibrium curve and record Th/U fractionation trend with 

high correlation coefficient towards lower Th(Zirc-WR)/U(Zirc-WR). Inherited or antecrystic zircon 

plot above this curve indicating they crystallize in disequilibrium with the melt and potentially 

higher temperatures (Kirkland et al., 2015). Both xenocrystic and antecrystic zircons are 

expected to be in significant disequilibrium with the silicate melt which they reside, regardless of 

how they were incorporated and given the timescales of magma generation, emplacement and 
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crystallization, and the rates of diffusion for both U and Th in zircon, diffusional equilibration is 

expected to be negligible (Cherniak et al., 1997).  Furthermore, xenocrytstic grains inherited 

prior to magma emplacement are expected to record the composition of the zircon source and 

their primary melt. Whole rock and zircon fractional crystallization regressions through 

compared to xenocrystic grains show poor overlap and low correlation coefficients whereas, 

antecrystic zircon may show some overlap with zircon crystallized in the melt. Xenocrystic and 

restitic grains in the batholith are in low abundance, as most of the zircon grains are in 

equilibrium with the melt. The samples that contain zircon in disequilibrium of Th/U with the 

melt are located closer in proximity to the interface and are therefore inherited from the much 

older Precambrian wall-rock (Fig. 4).  

 

Crystal-melt Heterogeneity and Magma Differentiation Revealed by Zircon Trace 

Elements 

Trace element signatures recorded in igneous zircon have been suggested as a useful tool 

to track the magmatic evolution processes of the host rock (Yan et al., 2020). Trace element in 

zircon crystallized over a wide range of mafic to granitic compositions are in equilibrium with 

the melt during crystallization suggesting that changes in zircon trace element composition both 

within a single grain and between grains reflect the evolution of the melt (Claiborne et al., 2010; 

Deering et al., 2016; Wu et al., 2022). Hafnium contents and Gd/Yb ratios are commonly used as 

monitors of melt evolution where high Hf content and low Gd/Yb ratios in zircon correspond to 

growth in a relatively evolved melt (Klemetti and Clynne., 2014; Rentz et al., 2019). 

Grimes et al. (2007, 2015), Kirkland et al. (2015) and Carley et al. (2014) identified 

compositional fields for zircon formed in silicic rock, specifically granitoids and rhyolites, from 
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a range of tectonic-magmatic environments based on Hf, U, REE, and Th/U ratios. Klemetti and 

Clynne (2014) added magmatic storage conditions based on Ti-in-zircon temperature, Hf content 

and Eu anomaly. When plotted in these fields’ zircons from the Mt. Princeton Batholith 

generally records a continental adiabatic melting signature with MORB to arc source (Fig. 13; 

Carley et al., 2014). The Precambrian wall rock zircons show a more transitional continental 

signature between arc and MORB U/Yb and Gd/Yb zircon signatures (Fig. 13). Hafnium 

contents from both the batholith and the wall rock are enriched compared to typical continental 

environments and suggest melting of a continental source. The geochemical variability between 

zircons is likely the consequence of partial melting of and assimilation between a homogeneous 

monzogranite and a wall rock prior to zircon saturation which resulted in a heterogeneous 

magma crystallizing the zircons. While not separated into distinct populations of zircons, 

individual trends are present in each transect. 

Transect 1: There was <3% assimilation of the wall rock (Fig. 14 and Fig. 18) and 6.9% 

of zircons with Precambrian age cores were included in the granitic body indicating the volume 

of partial melting of the wall rock. It is worth note that assimilation is based on feldspar and 

whole rock modeling, whereas including the zircon included does not define, but rather models, 

the process. This is greater than the 3% assimilation and thus does not indicate chemical 

diffusion. Moreover, half of these zircon cores >50 Ma are from COT 2, the sample closest to the 

interface. This decreases to only an eighth of these cores for COT 6, 7 and 8 farther from the 

magma-wall rock contact.  

Fractional crystallization and assimilation models for the potential compositional 

variation of zircon from the Mt. Princeton Batholith. U/Yb versus Hf content models show 

fractional crystallization of the granitoid and assimilation of the Precambrian host rock 
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surrounding the batholith. Zircon from transect 1 supports a mix of fractional crystallization and 

assimilation. Samples COT 8 and those farthest from the interface require little to nothing in the 

way of assimilation to produce U/Yb vs Hf of the zircon.  

Transect 2: There was <3% assimilation of the wall rock and 4.7% of zircons with 

Precambrian age cores were included in the granitic body indicating the volume of partial 

melting of the wall rock (Fig. 15). This is greater than the 3% assimilation and thus does not 

indicate chemical diffusion. Three quarters of the >50 Ma cores are a part of COT 21 (the closest 

sample analyzed near the contact), a quarter of them are in COT 27, and none from COT 33. 

This also indicates influence from the contact decreasing as distance from the interface 

increases.  

Fractional crystallization and assimilation models for the potential compositional 

variation of zircon from the Mt. Princeton Batholith as in transect 1.  U/Yb versus Hf content in 

zircon models suggest fractional crystallization of the granitoid and assimilation of the 

Precambrian host rock surrounding the batholith. Zircon from transect 2 shows less fractional 

crystallization but a great number of samples support assimilation (those included in, on, or 

located in close proximity to the interface).  A mix of the methods accounts for the U/Yb vs Hf 

of the zircon. 

 

Crystal-scale K-Feldspar Trace Element and Sr Isotopic Heterogeneity 

 Trace element signatures in K-feldspar are used as a tool to determine and support 

behavior of a melt during the evolution of a magma system. Feldspar trace elements in 

equilibrium with the crystal melt suggests that the mineral grains reflect the stage of melt 
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evolution at which it resided. Sr values are used to do the same in this section (Davidson et. al., 

2008).  

Crystal-scale initial isotopic ratios ranges for the Mt. Princeton Batholith are variable 

with distance from the magma-wall rock interface and within a single sample location. Studies 

have investigated crystal-scale variation in Sr isotopes produced through mixing of magma 

batches where disequilibrium is measured through melting of metasedimentary sources (Farina 

et. al., 2014). In this study we investigated Sr variation at the crystal scale without the mixing 

equivalent and with a meta-granite source producing disequilibrium. Farina et. al. (2011) 

suggests Sr isotope variation is unavoidable during partial melting of the crust, including partial 

melting during dissolution and incorporation of the wall rock across the quenched boundary in 

this study (Fig. 12). Variability of 87Sr/86Sr at the crystal-scale retained original isotope 

variability, even at the oldest ages with Rb/Sr values over one (COT 14), because Sr-Spec resin 

chromatographic column technique removed Rb influence and returned data at the crystals’ 

closure composition (Farina et. al., 2014).  

Similar trends are present in both transects concerning Sr isotopic ratios and trace 

elements. Intra-rock 87Sr/86Sr is in disequilibrium with whole rock ratios for the melt. This 

demonstrates an open system dissolution during partial melting of the wall-rock rather than the 

source melt. COT 14 of the Precambrian wall-rock and COT 27 and 33 of the interior granitoid 

demonstrate this relationship. The mineral Sr isotopic ratio is larger than the whole rock Sr. 

Though Precambrian 87Sr/86Sr is lower in transect 1 than transect 2, the positive trend of Sr to Ba 

and the disequilibrium of intra-rock to whole rock 87Sr/86Sr is similar. This also supports an open 

system with the <3% assimilation of the wall-rock (Fig. 16).  
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Magma Fluxes in the Mt. Princeton Batholith 

These data provide indications of mineral-melt disequilibrium and were used to evaluate 

the pressure, temperature, and otherwise the range of intensive parameters surrounding 

emplacement and storage of the intrusive magma body. The foremost technique to understanding 

the ratio of inherited mineral phases to those that are magmatic in origin involves evaluating in 

situ crystal studies coupled with detailed petrography to resolve variations in the dynamics of 

intrusive magmatic systems (Davidson et al., 2008). 

The variation of Sr/Sr from the metamorphic wall-rock to the interior is due to the 

parental magmatic source in the lower crust - likely a stable garnet source’s signature. During the 

silicic material’s accension in the crust to the position in which it feeds the caldera prior to 

eruption of the CCVF, zircon antecrysts were introduced at 820˚C according to the zircon 

process vs. temperature (Fig. 11). The magmatic body emplaced shallowly, at 6km, indicated by 

hornblende temperatures forming a quenched margin, indicated by the moderately limited radius 

of diffusion across the interface of the interior and the wall-rock. This is supported by the spread 

in ages and their error as distance increases from the interface. The assimilation of the wall rock 

occurred at the quenched boundary and affected roughly 3% of the Precambrian crustal material 

as supported by partial resetting of ages in zircon from the exterior of the batholith and 87Sr/86Sr 

of K-feldspar. 
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IMPLICATIONS 

 

 The proposed model offers perspectives on the behavior of silicic granitic composition 

magmas intruding upon like composition metamorphic rocks of the crust. These data 

demonstrate the decrease in crustal influence as distance increases away from the interface of the 

magma-wallrock. During interactions of similar composition magma to the crust it intrudes upon, 

it seems the crustal melt affects the system the least with a great deal of the variation in 

composition coming from the source. A principal implication of this study is that isotopic 

variation and mineral composition behave more similarly to a closed system when like-

composition magma interacts with the crust. It would prove to be useful in areas of comparable 

environment such as the Sierra Nevada for studies that investigate magma emplacement and 

behavior. Based on the data presented here the following considerations need to be made will 

considering the compositional variability on epizonal and compositionally heterogeneous 

granitoids: 

1. Whole rock trace element and Sr and Pb isotope ratios, zircon U-Pb ages and trace 

element contents, and K-feldspar trace element and isotopic data suggest that localized 

contamination occurs only at the wall rock-magma interface and only occurs early in 

magma crystallization. No significant assimilation of the Precambrian wall rock occurred 

during the emplacement of the Mt. Princeton Batholith. 

2. Zircon trace element data suggests that at the magma wall rock interface, zoned zircon 

crystal reflect the magma crystallization and evolution history rather than the 

incorporation of xenocrystic cores. This suggests that even at the short time periods of 

magma storage observed at the wall rock-magma interface that zircons only record a 

portion of the magmatic history and a significant amount of time of magma storage was 

above zircon saturation temperatures.   

3. The proposed model of magma-wall rock interaction expands the numerical models of 

Farina et al. (2012; 2014) on the extent of 87Sr/86Sr mineral scale variability in granitoid 

magmas by requiring knowledge of the thermal state of the crust source and wall rock 

composition. Magmas stored “cold” intruding and interacting with cold or similar 

temperature wall rock does not provide energy needed for extraction of partial melt in the 

wall rock and do not create mineral-scale isotopic variability.   
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FIGURES AND TABLES 

Table 1. U/Pb zircon geochronology separated by interior and exterior of the pluton. Values are averages of grains for each sample.  
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Table 2. Average trace element content in zircon. 
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Table 3. Average trace element content in K-feldspar. 
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Table 4. Mineral radiogenic isotopic ratios of Sr and Pb from K-feldspar. 
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Table 5. Whole rock trace element contents.
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Table 6. Whole rock isotope ratios of Sr and Pb. 
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Figure 1. Overview map of central Colorado (modified from Mills and Coleman 2013 after 

McIntosh and Chapin, 2004) highlighting Tertiary plutonic and volcanic rocks notable and local 

rift valleys. Mt Princeton Batholith is shown in brown. Inset shows the location of the main 

figure within the state of Colorado. 
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Figure 2. Simplified geologic map of Mt. Princeton Batholith (modified from Mills and 

Coleman, 2013 after Shannon, 1988) highlighting interior, exterior, and border units as well as 

transect locations for this study. 
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Figure 3. Zircon U-Pb weighted mean plots for samples from transect 1. Mean age and MSWD 

reported for each with green indicating selected grains, light blue representing outliers, and white 

showing omitted values. The red line indicates average age. Zircon ages were omitted based on 

criteria discussed in text. Sample COT3 only contained three zircon analyses and a weighted 

mean plot was not statistically significant. (A. COT 2, B. COT 4, C. COT 6, D. COT 7, E. COT 

8). 
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Figure 3 cont. Zircon U-Pb weighted mean plots for samples from transect 2. Mean age and 

MSWD reported for each with green indicating selected grains, light blue representing outliers, 

and white showing omitted values. The red line indicates average age. Zircon ages were omitted 

based on criteria discussed in text. Samples COT 14 and 15 represent the spread discussed in text 

for ages in Precambrian wall rock. Sample 30 is a lens of the Precambrian material from the 

crust. (F. COT 14, G. COT 15, H. COT 21, I. COT 27, J. COT 30, K. COT 33). 

 

 



51 

 
Figure 4. Bivariate trace element content and ratio plots of individual zircons: Yb/Gd versus Hf, 

Th/U versus Hf, U/Yb versus Hf, Eu/Eu* versus Hf, Ce/Yb versus Hf, Ce/Ce* versus Hf, and Ti-

in-zircon℃ versus Hf.   
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Figure 5. Chondrite-normalized rare-earth element (REE) patterns for zircon in samples for 

transect 1. 
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Figure 5 cont. Chondrite-normalized rare-earth element (REE) patterns for zircon in samples for 

transect 2. 
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Figure 6. Average Titanium-in-zircon temperatures (°C) versus Ti activity (αTiO2) activity. Proper 

and accurate application of the thermometer requires knowledge of αTiO2 and αSiO2 at the time of 

zircon crystallization. A range of αTiO2 were evaluated to ensure correct activities were selected. 

The activity of SiO2 was set to 1. Black line represents Al-in-Hornblende crystallization 

temperatures of the batholith. Dashed lines are the calculated maximum and minimum Al-in-

zircon temperatures.  
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Figure 7. Bivariate trace element plots for in situ spots in K-feldspar: La versus Ba, Sr versus Ba, 

Ce versus Ba, and Nd versus Ba.   

 

 
Figure 8. Ratio bivariate trace element plots for average K-feldspar: Eu/Eu* versus Sr/Ba, Ce/Ba 

versus Sr/Ba, Pb/Sr versus Sr/Ba, and La/Ba versus Sr/Ba.   
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Figure 9a. Mineral radiogenic isotope plots of K-feldspar: 207Pb/204Pb versus 206Pb/204Pb, 
208Pb/204Pb versus 206Pb/204Pb, and 87Sr/86Sr versus 206Pb/204Pb.  

Figure 9b. Whole rock radiogenic isotope plots: 207Pb/204Pb versus 206Pb/204Pb, 208Pb/204Pb versus 
206Pb/204Pb, and 87Sr/86Sr versus 206Pb/204Pb. 

A. B. 
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Figure 10. Zircon trace element ratios recording process during magma cooling. These ratios 

demonstrate conditions during fractionation and cooling: U/Yb versus Gd/Yb, Ti versus Gd/Yb, 

Gd/Yb versus Ce/Yb, and Ti versus Yb.  
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Figure 11. Zircon process record vs temperature demonstration conditions during fractionation 

and equilibrium of the Mt. Princeton Batholith: Fractionation factor versus temperature and Ln 

Zircon/Rock versus 1/T (K). Fractionation factors are below the calculated equilibrium 

crystallization temperature of magma and Th and U contents suggest zircons are dominantly 

crystallized in the magma and not inherited from the source or wall rock. 
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Figure 12. Concentration at zircon storage conditions: Eu/Eu* versus Hf and Th/U versus 

Yb/Gd. Zircon Th/U and Yb/Gd ratios, Eu/Eu* and Hf contents suggest zircon crystallized and 

was stored in “cold storage” conditions during emplacement. Some Precambrian wall rock 

zircons show signatures of reheating likely the result of emplacement and small percent 

assimilation by the Mt. Princeton monzogranite magma. Storage and reheating fields suggested 

by Klemetti and Clynne (2014). 
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Figure 13. Formation of zircon across tectonic environments: U/Yb versus Hf and Gd/Yb versus 

Sm. 
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Figure 14. Assimilation and fractional crystallization patterns for transect 1 based on zircon trace 

element contents. Symbols along the AFC and fractionation trends are in 1% increments. Trends 

suggest assimilated magmas mixed with fractionated granitic magmas with decreasing impact of 

the wall rock away from the magma-wall rock interface.  

 

 

 
Figure 15. Assimilation and fractional crystallization patterns for transect 2. Symbols along the 

AFC and fractionation trends are in 1% increments. Trends suggest assimilated magmas mixed 

with fractionated granitic magmas with decreasing impact of the wall rock away from the 

magma-wall rock interface. Precambrian age zircons and inherited zircons fall off the AFC trend 

and do not fit the model. 
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Figure 16. Feldspar trace element ratios versus Sr and Ba contents. Open diamonds represent 

magma composition in equilibrium with the K-feldspars at the time of crystallization. Partition 

coeffiencts of Ba, Sr and Rb are 22, 2.5 and 2.85, respectively. Clusters of data points suggest 

equilibrium of K-feldspar with the magma. showing concentrations at equilibrium and during 

fractionation of K-feldspar: Rb/Sr versus Sr and Sr versus Ba.  
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Figure 17. Equilibrium determination in K-feldspar showing concentrations at disequilibrium, 

equilibrium, and during fractionation of K-feldspar: Sr/Ba versus Ba, Rb/Sr versus Sr, Mg/Fe 

versus Fe, and Mg versus Fe.  
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Figure 18. Cartoon illustration showing specifically, granitic composition magmatic bodies and 

their partial dissolution and incorporation of the wall rock interface at a chilled margin (similar 

to Michelfelder and LaRue, 2020). 
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APPENDICES 

 

Appendix 1: Petrographic Image Stills 

  
COT 1 – 10x magnification XPL: varietal (biotite) and accessory (Mg-Ti oxides) minerals follow 

notable foliation orientations. Alteration of plagioclase to sericite is significant in the center of 

mineral grains.  

 

   
COT 2 – 10x magnification XPL: these stills demonstrate concentric zoning of calcic plagioclase 

grains as well as evidence of inheritance. Myrmekite and Perthite shown in the third image. 

 

 
COT 3 – 10x magnification XPL: pervasive alteration products follow foliation, grain sizes 

average at or less than 1.2mm.  
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COT 4 – 10x magnification XPL: concentric zoning in some plagioclase grains surrounded by 

others that are more calcic in composition (indicated by polysynthetic and albitic twinning). 

Undulatory extinction in quartz grains. Alteration includes Ti-rich biotite to chlorite and feldspar 

to sericite. Titanite and apatite also present in these stills. 

 

   
COT 7 – 10x magnification XPL: Located very near a fault and thus heavily altered throughout. 

Cumulate fracture fill of primarily quartz is also present.   

 

  
COT 8 – 10x magnification XPL: Plagioclase altering to sericite with included apatite. 
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COT 14 – Sizable biotite forming in clusters in and around glomerocrysts of amphibolite. 

Alteration of biotite to chlorite and amphibole to epidote. 

 

    
COT 15 – 10x magnification XPL of pervasive alteration products in the Precambrian host rock 

at the magma-wall rock interface. Zoisite present as alteration products alongside sericite and 

chlorite. 

 

    
COT 18 – 10x magnification XPL: an even modal across essential minerals informing on a 

monzonite. Biotite, amphibole and oxides in glomerocrysts.  
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COT 20 – 10x magnification XPL: Clinozoisite percentages increase from previous samples as 

varietal minerals decrease in size.  

 

  
COT 21 – 10x magnification XPL: oxides cluster around amphibolites.  

 

   
COT 27 - 10x magnification XPL of Precambrian lens contact to the interior quartz monzonite. 

Amphibolitess and oxides increase in size and abundance. Plagioclase and quartz also increase in 

size and abundance.  
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COT 30 - 10x magnification XPL of a “clean” example of the interior monzogranite. 

 

   
COT 33 – 10x magnification XPL: zoned zircon grains and zircon trapped as melt inclusions 

within apatite are present. Less alteration is present in biotite and essential minerals increase in 

size.  
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Appendix 2: BSE Images 

  
COT 21 K-feldspar  

 

 

 
COT 27 K-feldspar  
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COT 33 K-feldspar  
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Appendix 3: U-Pb Age Pick and Concordia 

 
Zircon U-Pb weighted mean plots and Wetherill Concordia diagrams for samples from transect 

1. Zircon ages highlighted in light blue in the weighted mean plots were discarded from age 

calculations based on criteria discussed in text. Sample COT3 only contained three zircon 

analyses and a weighted mean plot was not statistically significant. 
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Zircon U-Pb weighted mean plots and Wetherill Concordia diagrams for samples from transect 

2. Zircon ages highlighted in light blue in the weighted mean plots were discarded from age 

calculations based on criteria discussed in text. 
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Appendix 4: Zircon U-Pb Geochronology Full Dataset 

Appendix 5: Zircon Trace Element Full Dataset 

Appendix 6: Mineral (K-feldspar) Trace Element and Radiogenic Isotope Full Dataset 

Appendix 7: Hornblende Major Element Full Dataset 

Appendix 8: Whole Rock Trace Element and Radiogenic Isotope Full Dataset 

 

*Appendices 4-8 see following doi link for complete datasets 

Michelfelder, Gary; Bohannon, Loren (2022), “Bohannon, Loren Thesis Supplementary Data 

Nov. 2022”, Mendeley Data, V1, doi: 10.17632/hcfnfmb9hy.1. 

https://data.mendeley.com/datasets/hcfnfmb9hy/1 

 

 

https://data.mendeley.com/datasets/hcfnfmb9hy/1
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