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ABSTRACT
RYAN DOUGLAS MILLS: Re-evaluating pluton/volcano connections and igneous
textures in light of incremental magma emplacment
(Under the direction of Drs. Drew Coleman and Allen Glazner)

Zircon U/Pb geochronologic data collected within the past ten years indicate that
plutons are emplaced incrementally over time periods of 10° to 10° annum at magma
accumulation rates on the order of 10™*-10~ km?/a. Although incremental emplacement of
magmas is now widely accepted, evaluation of the wide-ranging effects on pluton-
volcano connections and the generation of magma diversity has just begun.

Magma emplacement rates calculated for large ignimbrites (10 km®/a) are higher
than most estimates for plutons (10*-10~ km?/a). Thermal models for magma
emplacement in the crust predict this rate disparity and suggest that magma emplacement
rates of 107 km?/a or greater are needed to produce large ignimbrites. Thus, there is a
fundamental difference in the rates of accumulation of ignimbrite and pluton magmas but
little is known on how individual magmatic centers behave. Geochemistry and U/Pb
zircon data from the Mt. Princeton batholith and spatially associated ignimbrites in
central Colorado indicate that the vast majority of the batholith was emplaced between
periods of ignimbrite eruption at a rate of 1.6x10~ km®/a. The temporal disconnect
supports the hypothesis that ignimbrites are generated during periods of high magma
flux, without significant fractionation in the upper crust and that plutons represent similar

magmas that froze in the crust during periods of low magma flux.
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Thermal models and geochronology also indicate that pluton emplacement must
be episodic with only small fractions (<5%) of mobile magma existing at any one time.
The episodic emplacement of plutons also leads to temperature cycling of the magma,
which is hypothesized to affect crystal textures. Experiments on crystal growth of
ammonium thiocyanate in a magma analog at approximately 50°C and plagioclase and
olivine growth in an alkali basalt at approximately 1150°C indicate that temperature
cycling changes the texture of magmas dramatically; creating large crystals and
decreasing crystal number density. Also, crystal alignment is observed in the magma
analog experiments coincident with the thermal gradient. Together, these results indicate
that temperature cycling of magmas can affect the crystal size distribution and fabric of
the resultant rock and is a variable that needs to be assessed when interpreting igneous

textures.
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CHAPTER 1

INTRODUCTION

Since the recognition that plutonic rocks originated as crystallized magmas (rather
than metasomatic alteration of sedimentary rock), mapped plutons have been interpreted to
represent the frozen remains of large magma chambers. Thus, much of how we interpret the
igneous rock record — from the scale of the links between batholiths and volcanic rocks to the
scale of rock textures and mineral chemistries — has its foundation on the concept of rapidly
assembled high melt-fraction magma bodies in the crust. Data collected within the past ten
years, however, are challenging this fundamental concept in igneous petrology.

It is now evident from U/Pb geochronology that plutons are emplaced incrementally
over time periods of 10° to 10° annum (a) at magma accumulation rates on the order of 10
- 10 km?/a (Coleman et al. 2004; Matzel et al. 2006; Michel et al. 2008; Tappa et al. 2011;
Davis et al. 2012). Thus, large plutons take longer to construct than small plutons. Although
incremental emplacement of magmas is now widely accepted, evaluation of the wide-ranging
effects on pluton-volcano connections and the generation of magma diversity has just begun
(e.g. Glazner et al. 2008; Tappa et al. 2011).

Magma emplacement rates calculated for large ignimbrites (102 km?/a; Schmitz and
Bowring 2001; Crowley et al. 2007) are higher than most estimates for plutons (10 - 107
km?/a). Thermal models for magma emplacement in the crust (e.g. Annen 2009) predict this
rate disparity and suggest that magma emplacement rates of 10> km?/a or greater are needed
to produce large ignimbrites. Thus, there is apparently a fundamental difference in the rates
of accumulation of ignimbrite and pluton magmas. This raises many questions about how

pluton emplacement and ignimbrite generation compare at a single magmatic center. Do



pluton emplacement and ignimbrite generation overlap in time? Or are they distinct events?
Is the chemistry of the ignimbrite compared to the plutons suggestive of crystal-liquid sepa-
ration?

Thermal models also indicate that pluton emplacement must be episodic with only
small fractions (<5%) of mobile magma existing at any one time (e.g. Annen 2009). This
makes it nearly impossible to produce large-scale chemical and textural zoning in plutons by
crystal-liquid separation, which challenges many hypotheses. For example, forming large-
scale mineral fabrics in plutons by gravitational settling or syn-emplacement flow (e.g. Zak
et al. 2007) is impossible if only small fractions of the pluton are liquid at any one time. The
episodic emplacement of plutons also leads to temperature cycling of the magma. Interesting-
ly, textures of ice have been shown to coarsen during temperature cycling (e.g. Donhowe and
Hartel 1996; Colbeck 1982) and Johnson and Glazner (2010) hypothesized that temperature
cycling produced megacrysts of K-feldspar in the Cathedral Peak Granodiorite. However, no
experimental work on magmas has tested this hypothesis.

In the first paper of this dissertation I reconcile the slow emplacement of plutons with
the occurrence of large ignimbrites by documenting a temporal disconnect between the em-
placement of the Mount Princeton batholith in central Colorado and spatially associated ig-
nimbrites. The second and third papers test the hypothesis that textures in igneous rocks may
develop due to crystal aging under oscillating temperature conditions and thermal gradients.
Together the three papers present alternative hypotheses to long-standing petrologic hypoth-

eses that have failed in light of our new understanding of what a pluton represents.



CHAPTER 2

TEMPORAL AND CHEMICAL CONNECTIONS BETWEEN PLUTONS AND
IGNIMBRITES FROM THE MOUNT PRINCETON MAGMATIC CENTER

ABSTRACT

The Mount Princeton magmatic center, located in central Colorado, consists of the
epizonal Mount Princeton batholith, the nested Mount Aetna caldera, and volumetrically
minor leucogranites. New CA-TIMS U/Pb zircon ages indicate the majority of the Mount
Princeton batholith was emplaced during a period of regional ignimbrite quiescence. The
structurally highest unit of quartz monzonite yields a *°Pb/***U age of 35.80 + 0.10 Ma and
the youngest dated unit of the quartz monzonite is a porphyritic unit that yields a 2°°Pb/>%U
age of 35.37 = 0.10 Ma. Using the exposed, dated volume of the quartz monzonite and new
geochronology yields an estimated pluton filling rate of 0.0016 km?*/a. This rate is compa-
rable to accumulation rates published for other plutons, and orders of magnitude slower than
fluxes necessary to support accumulation of large eruptible magma volumes. Geochronologic
data for the two large ignimbrites spatially associated with the batholith indicate a complete
temporal disconnect between pluton building and explosive eruption of magma. The Wall
Mountain Tuff erupted from a source in the same geographic area as the Mount Princeton
batholith at 37.3 Ma (Ar/Ar sanidine), but no structural evidence of a caldera or temporally
associated plutonic rocks is known. The Badger Creek Tuff erupted at 34.3 Ma (Ar/Ar sanidi-
ne) during the formation of the Mount Aetna Caldera in the southern portion of the batholith.

Our 2Pb/?**U age for the Badger Creek Tuff is 34.47 + 0.05. The only analyzed plutonic



rocks of similar age to the Badger Creek Tuff are an extra-caldera dike with a 2*Pb/**U age
of 34.57 + 0.08 Ma, a ring dike with a **Pb/>*U age of 34.48 = 0.09 Ma and a pluton with a
206Pp/28U age of 34.60 + 0.13 Ma. Major- and trace-element data from the plutons and ignim-
brites are inconsistent with significant shallow level fractionation. The small-volume intrusi-
ons related to the eruption of the Badger Creek Tuff are chemically similar to the ignimbrite

and show no signs of crystal-liquid separation in the shallow crust.

Radiogenic isotope data (Hf, Nd, Pb and Sr) from the batholith and associated ignim-
brites indicate a change in source of the magmas from 37 to 30 Ma. Magmatism progressed

from partial melts of fertile crust to partial melts of depleted lower crust and/or upper mantle.

INTRODUCTION

Deciphering the chemical and temporal connection between silicic batholiths and
silicic ignimbrites is critical to evaluating the significance of crystal-liquid separation and
properly interpreting the chemistry of plutonic and volcanic rocks. Specifically, the origin
of silicic ignimbrite magmas is debated. The prominent (null) hypothesis involves fractional
crystallization of an intermediate magma in the upper crust, resulting in crystals (plutonic
rocks) and a complementary felsic liquid (i.e. silicic ignimbrites; Bowen 1928; Bachmann
and Bergantz 2004; Hildreth 2004). Compaction can segregate the liquid from the crystals
once crystals account for approximately 50% of the system, and the segregation and extrac-
tion of a fraction of the liquid from the system is hypothesized to yield silicic ignimbrites
(Bachmann and Bergantz 2004; Hildreth 2004). In this model the crystal residue and accom-
panying interstitial liquid fully solidifies as a batholith. An alternative hypothesis for the
origin of plutons and ignimbrites posits that magma flux controls whether an ignimbrite or a
pluton is generated (Glazner et al., 2004; Tappa et al. 2011), with high flux leading to ignim-
brite eruptions and low flux leading to pluton generation. This hypothesis involves genesis
of magmas by partial melting of lower crustal, mafic to intermediate composition rocks with

little upper crustal modification (Chen and Arculus 1995; Huppert and Sparks 1998; Sisson et



al. 2005; Annen et al. 2006; Yamamoto 2007; Tappa et al. 2011).

These end-member models predict testable, different temporal and chemical relati-
onships between ignimbrites and plutonic rocks. An upper crustal crystal-liquid separation
model predicts synchronous development of the ignimbrite (volcanic) and plutonic com-
ponents of the magma system. However, because the crystal residue portion (pluton) of the
system crystallizes prior to extraction and crystallization of the liquid portion (ignimbrite)

a small discrepancy in crystallization ages is predicted between the two. The alternative
hypothesis does not require a temporal connection between the ignimbrite and plutonic rocks
and predicts a disconnect between ignimbrite and pluton generation that is a function of the
change in magma flux through time.

If plutons represent crystal cumulates then the chemistries of volcanic and plutonic
rocks are inextricably linked: neither is representative of the source magma composition, and
there should be predictable relationships between them. However, if upper crustal crystal-
liquid separation is negligible, the plutonic and volcanic rocks should be chemically similar.
If so then the bulk chemistry of both rock types is representative of the source magma and
can be used to understand the chemical evolution of the system. These differences become
increasingly important further back in the geologic record where it is rare to preserve co-
genetic volcanic and plutonic rocks.

In order to investigate the temporal and chemical connections between pluto-
nic rocks and ignimbrites we performed high-precision U/Pb zircon geochronology
and whole-rock elemental and isotopic geochemistry on intrusive and extrusive
rocks associated with the Eocene to Oligocene Mount Princeton magmatic center
in central Colorado (Fig 1). Uplift associated with Rio Grande rift faulting, erosion,
and rugged topography provide excellent 3D exposure of plutons and intracaldera
volcanic rocks. In addition, large ignimbrite outflow sheets related to the magma

center are well exposed to the west in the Thirtynine Mile volcanic field (Fig 1).
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GEOLOGIC BACKGROUND

Shortly after cessation of Laramide compression (late Eocene-early Oligocene), a
magmatic center was active in central Colorado. Palinspastic reconstructions (Atwater and
Stock 1998; McQuarrie and Oskin 2010) place this magmatism approximately 1,200 km
from the paleotrench along the western boundary of the North American plate. The calc-
alkaline geochemistry and linear distribution of the magmatic belt along with overall space-
time patterns of magmatism in the western U.S. (Coney and Reynolds 1977) led researchers
to suggest that the magmatism was related to flat slab subduction. However, debate exists on
whether these magmas were generated in a subduction setting (Mutschler et al. 1987).

Extensive pyroclastic deposits, epizonal plutons and mapped calderas (Lipman 2007,
Lipman and McIntosh 2008) record the migration of late Paleogene magmatism in central
Colorado from the Sawatch Range in the north to the San Juan volcanic field in the south
(Fig. 1). The >1,000 km? (Lipman 2007) 37.3 Ma (McIntosh and Chapin 2004; Zimmerer and
Mclntosh in prep) Wall Mountain Tuff is the largest ignimbrite preserved in the Thirtynine
Mile volcanic field. Overall preserved areal distribution of the Wall Mountain Tuff is 10,400
km? (Fig. 1; Epis and Chapin 1975; Shannon 1988). Convergence of paleovalleys containing
the tuff toward geographic Mount Princeton led several researchers to hypothesize that
the source of the Wall Mountain Tuff was the Mount Princeton batholith (Shannon 1988,
MclIntosh and Chapin 2004; Lipman 2007), the largest Tertiary plutonic body exposed in
Colorado (Fig. 1; Tweto 1979; Shannon 1988; Toulmin and Hammarstrom 1990). However,
significant difference in initial whole-rock Sr isotopic ratios between the Wall Mountain Tuff
and the batholithic rocks led Campbell (1994) to question this correlation.

The Mount Princeton batholith is part of the Sawatch uplift which is directly west
of the Arkansas River valley that runs roughly north-south along the main fault of the Rio
Grande rift system (Fig. 1). The horst and graben deformation created maximum vertical
exposure through the batholith of ~1.5 km. As mapped by Shannon (1988), the majority of

the batholith can be divided into interior quartz monzonites and texturally and compositio-



nally diverse border units. Interior and border units are collectively referred to as Mount
Princeton Quartz Monzonite (Fig. 2). Imprecise Th-Pb geochronology, compositional zoning,
the large number of continuous textural horizons and the lack of cross-cutting relationships
led Shannon (1988) to conclude that the Mount Princeton batholith was emplaced, chemi-
cally differentiated, and crystallized as a single, large magma body.

The younger Mount Aetna caldera collapse structure complicates the interpretation
of the geologic history of the Mount Princeton batholith. The central portion of the batholith
subsided into the Mount Aetna cauldron during the eruption of the crystal-rich dacitic Badger
Creek and Antero tuffs (Shannon 1988) at 34.3 Ma (Mclntosh and Chapin 2004; Zimmerer
and Mclntosh in prep). The Badger Creek and Antero tuffs are indistinguishable in age and
chemistry (McIntosh and Chapin 2004), and for simplicity in this paper we will refer to the
tuffs collectively as the Badger Creek Tuff. Evidence for the caldera includes the preservation
of intracaldera tuff in the southern portion of the structure, and ring shears and associated
ring dikes that extend to the north (Fig. 2; Shannon 1987; Toulmin and Hammarstrom 1990).
One of the northern dikes is distinctive because it is preserved outside the mapped caldera
boundaries (Fig. 2) and is characterized by the preservation of structures typically attributed
to ignimbrites (e.g. flattened pumice). This unit is informally called the tuff dike (Shannon
1988), because of its appearance and distinct cross-cutting relationship with Precambrian
wall rocks. The Mount Aetna Quartz Monzonite stock, adjacent to the intracaldera tuff in the
southern portion of the batholith, locally grades into a porphyritic ring dike (Shannon 1987;
Toulmin and Hammarstrom 1990). The ring dikes and stock are interpreted to have intruded
shortly after caldera collapse (Shannon 1987; Campbell 1994).

The youngest plutonic rocks exposed that are associated with the Mount Princeton
magmatism include leucogranites that intruded at ~30 Ma (McIntosh and Chapin 2004). The
three largest leucogranite intrusions, the Antero, California and North Fork, all cross-cut the
older Mount Princeton units (Fig. 2). Whole-rock geochemistry (Campbell 1994) indicates

that these intrusions are chemically evolved and likely related to the beginning of bimodal
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magmatism in the area coincident with Rio Grande rifting (Shannon 1988).

METHODS

Elemental chemistry

Samples were ground to a powder using a steel jaw crusher and a ceramic shatterbox.
Rock fragments from the tuffs that were powdered were scrutinized using a handlens to limit
the amount of lithic material in the powders. Powders were analyzed for major- and traceele-
ment concentrations by Activation Laboratories (Ontario, Canada). Samples were dissolved
by lithium metaborate/tetraborate fusion. Major-elements and Sc, Be, V, Sr, Zr, and Ba were

analyzed by ICP-OES and all other trace-elements were analyzed by ICP-MS.

Lead, neodymium, and strontium isotope chemistry

Whole-rock powder was dissolved and cations were separated for isotopic analysis
following methods outlined by Miller et al. (1995). Isotopic ratios for Pb, Nd and Sr were
obtained on the VG Sector 54 thermal ionization mass spectrometer at the University of
North Carolina at Chapel Hill. Mass fractionation correction of 0.12%/amu as determined
by replicate analyses of NBS-981 was used for Pb isotopic ratios. Isotopic ratios for Nd
were normalized to '“Nd/'*Nd = 0.7219 and replicate analyses of standard JNdi yielded
"SNd/"Nd = 0.512109 (n = 27). Isotopic ratios for Sr were normalized to 3¢Sr/*¥Sr =
0.1194 and replicate analyses of standard NBS-987 yielded *'Sr/*Sr = 0.710269 (n = 37).
Isotope ratios were corrected to initial values using elemental data obtained from Activation
Laboratories (this study) and crystallization ages obtained by ID-TIMS U/Pb zircon analyses

(this study) or by LA-ICP-MS U/Pb zircon analyses (Zimmerer and MclIntosh in prep).

Hafnium in zircon chemistry

Zircons for Hf analysis were mounted in 2.5 cm diameter epoxy rounds and abraded

to a depth approximately half way through the average zircon (~ 50 microns). All mounted

10



zircons were imaged on the scanning electron microscope at the University of North Carolina
at Chapel Hill. Cathodoluminescence images were obtained and used to avoid obvious
inherited cores during laser analysis.

The Hf isotopic composition of zircon was analyzed by in-situ laser ablation-
multicollector-inductively coupled plasma-mass spectrometry (LA-MC-ICPMS) methods
using a New Wave Nd:YAG UV 213-nm laser coupled to a Thermo-Finnigan Neptune
MCICP-MS with 9 Faraday collectors housed at Washington State University. The laser was
operated at both 5 and 10 Hz pulse rate (depending on the thickness of the zircon) with a 40
wm spot. The carrier gas consisted of purified He with small quantities of N, to minimize
oxide formation and increase sensitivity. Analyses consisted of 60 1-second measurements
in static mode, with cups measuring masses 171, 173, 175, 176, 177, 178, 179, 180 and 182.
The largest obstacle in LA-MC-ICP-MS Hf isotopic analysis is the isobaric interference of
176Yb and 'Lu on '"*Hf. We corrected for these by monitoring interference free isotopes of
Lu and Yb and using the known isotopic composition of these elements to determine the
contributions of '7*Yb and "*Lu to the total mass 176 signal. Whereas the contribution of Lu
is minor, the contribution of Yb is large enough (approximately 2 - 15% of the total signal
on mass 176) that the mass bias relationship for Yb needs to be carefully considered. The
ideal way of determining Yb mass bias is to compare the measured ratio of interference-free
Yb isotopes to their known ratio, but this is often difficult in practice due to the low signal
intensities on '7'Yb and '*Yb. Thus, we assumed a linear relationship between Hf and Yb
mass bias, described as: fYb = x*BHf. The value for x was determined by analyzing the
zircon standards 91500 ("7°Yb/!77Hf ~ 0.03), FC1 (Y7Yb/!’Hf ~ 0.10), and R33 (1*Yb/"""Hf ~
0.15) and adjusting the x value to best fit the known "*Hf/"""Hf values determined on chemi-
cally purified solutions of these zircon standards. The x value and modified "°Yb/'*Yb were
then used to calculate the Hf isotopic composition of the unknowns.

For in-situ Hf isotopic measurements, the internal measurement error is, by itself,

often considerably less than the total uncertainty. Additional causes of uncertainty include
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the difficulty in correcting for the Yb interference, instrumental bias, and matrix effects.
Although it is difficult to assess the full uncertainty on a given measurement, we conserva-
tively estimate the total uncertainty to be approximately + 2 ¢Hf units (20), based on the
reproducibility of analyses of the zircon standards.

Hf isotope results are presented in ¢eHf units, using CHUR values of '"*Hf/!”"Hf
=(.282785 and ""*Lu/"""Hf = 0.0336 (Bouvier et al. 2008) and a decay constant value of
1.867¢!'/a (Scherer et al. 2001; Séderlund et al. 2004).

U/Pb Analyses

Samples were crushed using a jaw crusher and a disc mill. Zircon was isolated
using standard density (water table and heavy liquids) and magnetic separation techniques.
Individual grains were selected using a binocular microscope to represent the range of
size and morphology present in the populations. Selected zircon grains were thermally
annealed for 48 hours at 900°C, then chemically abraded for 14 hours at 220°C in order to
eliminate volumes affected by radiation damage and to remove inclusions (Mundil et al.
2004; Mattinson 2005). Depending on the size of the zircon grains and the Pb concentration,
fractions consisting of 1 to 3 individual grains were selected for analysis.

Zircon fractions were spiked using a **’Pb-?*U-?*¢U tracer (Parrish and Krogh 1987)
and dissolved following a procedure modified after Krogh (1973) and Parrish (1987).
Uranium and Pb were isolated using HCI anion exchange column chromatography procedu-
res modified after Krogh (1973).

Isotope ratios of both U and Pb were determined by thermal ionization mass spec-
trometry (TIMS) on a VG Sector 54 mass spectrometer at the University of North Carolina
at Chapel Hill. Uranium was run as a metal after loading in graphite and H,PO, on single
Re filaments. Lead was loaded in silica gel on single Re filaments. All data were collected
using the Daly detector in peak switching mode. Mass fractionation for Pb was determined
to be 0.15%/amu over a wide temperature range based on multiple analyses of the NBS-981

common Pb standard. Mass fractionation for U was calculated in real time using the **U/*U
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ratio (a known constant from the *>Pb-***U-***U tracer) and assuming linear fractionation.
Data processing and age calculations were completed using the PbMacDat spreadsheet that is
based on the reduction algorithms Schmitz and Schoene (2007). Decay constants used were
28U =0.155125x 107 £0.16598 x 10* a’!, and U = 0.98485 x 10° £ 0.13394 x 103 a'!
(Steiger and Jager 1977). All errors are reported at 20 uncertainty and consider analytical
and decay-constant uncertainties. Corrections for initial Th/U disequilibrium (Schmitz and
Bowring 2001) were made using [Th] and [U] data for the host rocks (Table 1) following the

procedure outlined by Mattinson (1973).

RESULTS

Major- and trace-element chemistry

Geochemical analyses of plutonic rocks from the Mount Princeton batholith (Table 1)
generally agree with previously published data (Toulmin and Hammarstrom 1988; Campbell
1994). The Mount Princeton Quartz Monzonite units and the Mount Aetna Quartz Monzonite
range from 63 to 67 wt% SiO, and major-oxide concentrations negatively correlate with SiO,
(Ca0, MgO, etc., Fig. 3) except Na O and K,O which are positively correlated or do not
correlate (Fig. 3). The leucogranites from the batholith range from 75 to 76 wt% SiO, (Fig.
3) and are depleted in all other major-elements, except Na,O and K O, relative to the other
rocks in the batholith.

Major-element data for both the Badger Creek Tuff sample and the Wall Mountain
Tuff sample generally agree with data from Campbell (1994) for the two units (Fig. 3),
although there is significant spread in the data for the tuffs (Campbell 1994) that likely is the
results of varied crystal content in the samples and winnowing of fine ash during eruption.
Our analysis of the Badger Creek Tuff has 64 wt% SiO, or 67 wt% SiO, when renorma-
lized without volatiles (LOI = 5.4 wt%). Campbell (1994) analyzed samples fall within a
range from 62 to 67 wt% SiO, (Campbell 1994). The chemistry of the Badger Creek Tuff

sample we analyzed is within the range of chemical values for the Mount Princeton Quartz
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Figure 3 Selected major-element variation diagrams of whole-rock chemistry from this
study. Pink fields define data from Campbell (1994) for the Badger Creek Tuff and the Wall
Mountain Tuff respectively. Our data for the Badger Creek Tuff and the Wall Mountain
Tuff are slightly different than the data from Campbell (1994), likely due to alteration
in our samples that was not removed prior to powderization and chemical analysis. Data
represented by circles are from Toulmin and Hammarstrom (1990).
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Monzonite and the Mount Aetna Quartz Monzonite for most major-elements (Fig. 3). Our
analysis of the Wall Mountain Tuff is within the range of Campbell (1994) for all major-
elements except SiO, (we obtained lower concentrations; 68 wt% vs. 69-75 wt%) and K O
(we obtained higher concentrations 6.71 vs. 5.38 to 6.43 wt%; Campbell, 1994; Fig. 3). The
high concentration of K O may reflect some minor alteration.

Rare-earth element (REE) patterns (Fig. 4) for the Mount Princeton and Mount Aetna
quartz monzonites and Badger Creek Tuff samples are similar and show LREE enrichment,
minor negative Eu anomalies, and slight MREE depletion (Fig. 4). The Wall Mountain Tuff
has a pattern similar to the quartz monzonites and the Badger Creek Tuff, but the overall
concentrations of the REE are elevated with La at 400 times chondrite (Fig. 4). The leuco-
granites have a different REE pattern that is characterized by lower overall concentrations of
REE (La around 100 times chondrite), a pronounced negative Eu anomaly, and a well-defined
scoop-shape.

Zirconium concentrations in the Wall Mountain Tuff (~ 500 ppm) are higher than the
quartz monzonites (Fig. 5) and the Badger Creek Tuff , which have Zr concentrations ranging
from ~150 to 300 ppm. The concentration of Zr in the leucogranitic portion of the batholith
is lower (approximately 100 ppm). The Zr/Hf ratios of the quartz monzonite rock samples
range from 36 to 39, similar to, or slightly higher than the chondritic value of 36.3 (Sun and
McDonough 1989). Both the Badger Creek and Wall Mountain tuffs have slightly elevated
Zr/Hf ratios of 43 and 40, respectfully. The leucogranites have extremely low Zr/Hf ratios (25
to 29) relative to other rocks analyzed and the chondritic value.

Alkali trace-element (Rb, Sr and Ba) concentrations in the quartz monzonite portion
of the batholith are rather homogeneous (Fig. 5) with no clear trend with crystallization age
or Si0,. The leucocratic portion of the batholith is depleted in Sr and Ba and enriched in Rb
in comparison to the quartz monzonite portion. Previous results (Campbell 1994) indicate
that the Badger Creek and Wall Mountain tuffs have large ranges for Rb, Sr and Ba. Our

analyses fall within the ranges established by Campbell (1994) for all 3 alkali trace-elements.
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(McDonough and Sun 1995).
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Additionally, our analyses of Badger Creek Tuff and Wall Mountain Tuff are shown for

comparison.
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Whole rock radiogenic isotope chemistry

Strontium

The sample of the Wall Mountain Tuff we analyzed has an initial *’Sr/**Sr value of
0.7094 (Table 2; Fig. 6), which is within the range of values obtained by Campbell (1994) for
the tuff. The three Mount Princeton Quartz Monzonite samples have initial *’Sr/*Sr values
ranging from 0.7074 to 0.7078 with no correlation with crystallization age (Fig. 6). Both
Mount Aetna Quartz Monzonite samples have initial ’Sr/%Sr values of 0.7073 (Fig. 6). The
Badger Creek Tuff also has an initial ¥’Sr/*¢Sr value of 0.7073 (Fig. 6), which is within the
range of values obtained by Campbell (1994) for the Badger Creek Tuff. The leucogranites
have a large range in initial *’Sr/*¢Sr values ranging from 0.7043 (Mount Antero) to 0.7080

(North Fork).

Neodymium

Neodymium isotopic ratios for quartz monzonites from the Mount Princeton batholith
are fairly homogenous (¢Nd from -9.91 to -9.08), and the leucogranites are only slightly more
negative (eNd from -10.11 to -10.44; Table 2; Fig. 7). The Badger Creek Tuff has an eNd of
-9.03, similar to, but slightly more radiogenic than the intermediate rocks in the batholith.
The Nd in the Wall Mountain Tuftf is less radiogenic than any of the intrusive rocks (eNd =

-10.66; Fig. 7).
Lead

Initial Pb isotopic ratios for the Badger Creek Tuff (**Pb/?*Pb = 18.42, *’Pb/**Pb =
15.58, and 2%®Pb/***Pb =38.28) and Wall Mountain Tuff (***Pb/**Pb = 18.02, 2’Pb/***Pb = 15.6
and 2%*Pb/?*Pb = 38.22; Table 2; Fig. 8) are the next most radiogenic of the samples analyzed.
The quartz monzonite units have rather homogenous Pb isotopic compositions and show little

correlation between the different isotopic ratios (Fig. 8). The range in values for the quartz

monzonites (**Pb/***Pb from 17.66 to 18.09, *’Pb/>*Pb from 15.52 to 15.55 and **Pb/***Pb

18



0.710

A ®

0.709 —

0.708 m
o - o
& 8y o
T 0.707-
%
©

0.706 —

0.705 -

=
0.704 , , ,
60 65 . 70 75 80
SiO, (wt %)
0.710
= L

0.709 —

0.708 — O u
S D .
o 4 B
S 0.707 -
n
&

0.706 @ Wall Mountain Tuff

<> Badger Creek Tuff
0.705 - [ Mount Princeton Quartz Monzonite
[ Mount Aetna Quartz Monzonite
[ A leucogranite
0.704 T T T T T

| |
30 31 32 33 34 35 36 37 38
age (Ma)

Figure 6 *'Sr/*Sr. plotted against SiO, (A). *'Sr/*Sr. plotted against age (B) of the sample
(this study; Zimmerer and Mclntosh in prep) or Ar/Ar geochronology (Wall Mountain Tuff;
Zimmerer and Mclntosh in prep).

19



A 0 Wall Mountain Tuff
* Badger Creek Tuff
. Mount Princeton Quartz Monzonite
-9.0-
* . |:| Mount Aetna Quartz Monzonite
[ teucogranite
(]
= -9.5-
L*]
Z .
-10.04 =
O
(|
-10.54 a
L 4
-11.0 , , ,
60 65 70 75 80
Si0, (wt %)
-8.5
-9.0+ * O
=]
-9.5+
] .
© .10.01 -
8
8
-10.5+ =
L 2
-11.0 | | | | | | |
30 31 32 33 34 35 36 37 38
age (Ma)

Figure 7 aNdm plotted against SiO, (A). sNd(t) plotted against age (B) of the sample (this
study; Zimmerer and Mclntosh in prep) or Ar/Ar geochronology (Wall Mountain Tuff;
Zimmerer and Mclntosh in prep).

20



15.60
A L 4
o 15554 ]
o O
3 O -
DN
o]
o
& o L
15.50
17.50 17.70 17.90 18.10 18.30 18.50
206pp/204Ph
1
38.50
38.30 *
L 4
o 38107 E -
g O
£ 37.90-
g @ Wall Mountain Tuff
oN
* Badger Creek Tuff
37.70 - m [ Mount Princeton Quartz Monzonite
[ Mount Aetna Quartz Monzonite
o= [ leucogranite
37.50 T T T T
17.50 17.70 17.90 18.10 18.30 18.50
206pp/204Pp
i

Figure 8 ***Pb/***Pb, plotted against **Pb/**Pb. (A) and *’Pb/**Pb, plotted against ***Pb/***Pb,
(B) for quartz monzonites, leucogranites, Badger Creek Tuff and the Wall Mountain Tuff.

21



from 38.02 to 38.11) is slightly less radiogenic than the two tuffs (Fig. 8). The leucogranites
have significantly less radiogenic Pb isotopic compositions than the intermediate composition
portion of the batholith (**Pb/?*Pb from 17.53 to 17.72, 2°’Pb/**Pb from 15.48 to 15.51 and
208Pb/2%Pb from 37.57 to 37.68). Calculated initial whole rock Pb isotopic ratios are in agree-

ment with feldspar Pb isotopes from similar units (Stein 1985).

Hf isotopic compositions of zircon

The range in st(t) obtained from zircon from the Wall Mountain Tuff is -11.14 to
-17.14 (Table 3; Fig. 9) and the weighted mean is -12.94 with a MSWD of 3.10. Excluding
the most negative stm value of -17.14 (obtained from an inherited core) yields a weighted
mean of 12.59 (MSWD = 1.67) that we accept as the magmatic value. The Mount Princeton
and Mount Aetna Quartz Monzonite zircons yielded a total range in st(t) from -9.43 to
-13.92 (Fig. 9). The range in weighted mean eHf | for individual Mount Princeton Quartz
Monzonite samples is -11.68 to 12.04 and for the Mount Aetna Quartz Monzonite samples it
is -12.46 to -12.49 (Fig. 9). Zircons from the tuff dike yield a similar weighted mean (-12.73)
as the Mount Aetna Quartz Monzonite (Fig. 9). The weighted mean for the Badger Creek
Tuff is -11.36. The 3 leucogranite samples all have less negative weighted means, which

range from -9.59 to -10.54 and the overall range from individual zircons in the leucogranite

samples is -7.23 to -13.10 (Fig. 9).

U/Pb zircon geochronology

Zircons from dated samples contain few inclusions and lack visible inherited cores.
All fractions reported are concordant within uncertainty (considering analytical and decay-
constant uncertainties; Table 4) after the application of a Th correction. We use the weighted
mean 2*Pb/>8U age as the best estimate for the crystallization age of the samples (Fig. 10).

Pooling zircons into multigrain fractions can compress the spread in data which can
produce precise, but inaccurate, ages (Renne et al. 2006) if there is inheritance or Pb-loss in

individual zircons. In addition, when dating an eruption event using U/Pb zircon data it is
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Figure 9 LA-ICP-MS Hf-in-zircon analyses for plutonic rocks from the Mount Princeton
batholith and the Wall Mountain Tuff, Badger Creek Tuff, and tuff dike. Samples are ordered
from oldest to youngest based on ages from this study and Zimmerer and McIntosh (in prep).
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important to pinpoint the youngest zircon growth, which mandates the use of single grains or
tips of grains (Crowley et al. 2007). However, we adopted a multi-grain analytical strategy
because we were generally concerned with zircon growth during the crystallization history

of the magmas; larger fractions helped circumvent the problem of low U concentrations in
sampled zircons. We are confident that our weighted mean 2*Pb/***U ages are not skewed by
Pb-loss due to the chemical abrasion pre-treatment procedure, which has been convincingly
demonstrated by prior studies to eliminate zircon domains affected by Pb-loss (Mundil et al.
2004; Mattinson 2005). Moreover, our interpretations do not hinge on deciphering the growth

systematics of individual zircon grains.

Wall Mountain Tuff

One sample from the densely welded Wall Mountain Tuff (MPRM-15; Fig 1) was
collected for zircon geochronology. All U/Pb data that was obtained for this sample was
normally discordant and produced a poorly-defined mixing array between approximately 37
Ma and approximately 1.4 Ga. Because the new zircon growth around 37 Ma incorporated
very little U, the older, radiogenic Pb-rich component dominated the Pb signal. No zircon age

is interpreted for this sample.

Mount Princeton Quart; Monzonite

Three samples from the Mount Princeton Quartz Monzonite units were analyzed
(MPRM-6, MPRM-17, and MPRM-33; Fig. 2). MPRM-33 was collected from close to the
structural top of the batholith in one of the border units. Zircons from MPRM-33 have low
[U] resulting in low radiogenic Pb:common Pb ratios. Six concordant fractions yield a weigh-
ted mean 2*°Pb/>**U age of 35.80 + 0.09 Ma (Fig. 10). MPRM-6 was collected outside of the
Mount Aetna collapse structure from the interior unit of the Mount Princeton batholith. The
weighted mean 2°Pb/*8U age for seven concordant fractions is 35.47 + 0.07 Ma (Fig. 10).
MPRM-17 was collected inside the Mount Aetna collapse structure in a porphyritic portion

of the Mount Princeton Quartz Monzonite which outcrops as a semi-continuous horizon
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Figure 10 The **Pb/***U ages for zircon from the Mount Princeton batholith and Badger
Creek Tuff. Data for all samples are concordant within uncertainty and are corrected for
initial Th disequilibrium. Samples are plotted in order of decreasing mean age and fractions
are plotted in order of decreasing age for each sample.
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between the interior unit and border (roof) units (Fig. 2). MPRM-17 yields a weighted mean
206Pp/28U age of 35.37 + 0.10 Ma (Fig. 10).

Mount Aetna Quart; Monzonite

Two samples from the Mount Aetna Quartz Monzonite were analyzed (MPRM-20
and MPRM-21; Fig. 2). MPRM-21 was collected from the porphyritic portion of the intru-
sion and yields a weighted mean 2*°Pb/*®U age of 34.95 + 0.04 Ma (Fig. 10). MPRM-20 was
collected from the fine-grained portion of the intrusion and yields a weighted mean 2*°Pb/?**U

age of 34.60 = 0.13 Ma (Fig. 10).

Tuff dike

One sample (MPRM-4; Fig 2) from the altered tuff dike located north of the batholith
was collected and analyzed. Data from four concordant fractions yield a weighted mean

206Pp/28U age of 34.57 + 0.08 Ma (Fig. 10).

Northern ring dike

One sample from the northern ring dike (MPRM-39; Fig. 2) was collected and analy-
zed. Five concordant fractions give a weighted mean °°Pb/>%U age of 34.48 + 0.09 Ma (Fig.
10).

Badger Creek Tuff

One sample from the outflow of the Badger Creek Tuftf (MPRM-30; Fig. 1) was
collected and analyzed. Five concordant fractions yield a weighted mean 2*Pb/>**U age of

34.47 + 0.05 Ma (Fig. 10).

Mount Antero Leucogranite

One sample from of the Mount Antero Leucogranite (MPRM-23; Fig. 2) was analy-

zed and 3 concordant fractions give a weighted mean **Pb/**U age of 30.25 £ 0.10 Ma.
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DISCUSSION

Origins of the Mount Princeton magma system

Farmer and DePaolo (1984) listed two possibilities for the source of metaluminous
Cenozoic magmas in central Colorado based on Nd and Sr isotopic ratios: 1) partial melting
of mafic lower crust and 2) interaction of mantle-derived melts with felsic lower crust. Based
on Nd isotopic ratios and REE concentrations Stein and Crock (1990) proposed that the
metaluminous quartz monzonites in the Colorado Mineral Belt were generated by partial
melting of the lower crust with limited, if any, mantle input. Our initial isotopic ratios (Figs
6,7, 8, 9) agree with previously obtained values (Stein 1985; Campbell 1994) for rocks from
the Mount Princeton magmatic center. Because young lower crust and lithospheric mantle are
difficult to distinguish isotopically we infer that the source of the magmas was likely lower
crust based on the lack of mafic magmas produced at the Mount Princeton magmatic center.
However, the nature of the lower crust was likely modified by input from the lithospheric

mantle throughout the history of Cenozoic magmatism.

Ages of the tuffs

Pervasive inheritance problems precluded the possibility of determining a precise U/
Pb zircon age for the Wall Mountain Tuff. Consequently, we accept the Ar/Ar age of 37.25
+ 0.08 Ma determined by Zimmerer and McIntosh (in prep) as the best estimate for the
eruption age. The age of the Wall Mountain Tuftf is sufficiently greater than any of the other
units we discuss here that the uncertainty associated with comparing U/Pb and Ar/Ar ages is
insignificant.

The Badger Creek Tuff yielded zircons with simple systematics resulting in a weigh-
ted mean 2Pb/**U age of 34.47 + 0.05 Ma (Fig. 10). This age agrees with the sanidine Ar/Ar
eruption age of 34.26 £.06 Ma (Zimmerer and Mclntosh in prep) when uncertainties in the
decay constants are considered.

The contrast between U/Pb zircon crystallization ages and Ar/Ar sanidine eruption
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ages is highly variable (see review by Costa (2008)) for different magmatic systems and
does not appear to scale with eruption volume (Reid 2008). Whereas some ignimbrites show
minimal discrepancies of less than 15% of the age (Reid and Coath 2000; Bindeman et al.
2001; Simon and Reid 2005; Crowley et al. 2007) other ignimbrites have discrepancies
greater than 15% and up to 50% of the age (Brown and Fletcher 1999; Schmitt et al. 2003).
The variable ages in eruptive units is usually attributed to magma residence, indicating a
long-lived crystal-liquid system capable of precipitating zircon over hundreds of thousands
of years; however, remobilization of previously solid material is also possible. The 0.6%
discrepancy between the U/Pb and the Ar/Ar for the Badger Creek Tuff is insignificant for
interpretations made here. In order to compare equivalent ages we accept the U/Pb age of the

tuff for discussion below.

Assembly of the Mount Princeton Quartz Monzonite

The Mount Princeton plutons are all classified as quartz monzonite but there is textu-
ral and chemical variability that led Shannon (1988) to distinguish multiple phases. Although
we only dated three samples of the quartz monzonite, our sampling strategy was designed to
maximize spatial and textural coverage of the plutons. In addition, Zimmerer and McIntosh
(in prep) dated samples from a broader geographic area of the Mount Princeton Quartz
Monzonite. They interpret eight samples ranging in Ar/Ar biotite age from 35.78 to 35.23 Ma
to represent the interval of crystallization of the Mount Princeton Quartz Monzonite. Biotite
ages and zircon ages agree within uncertainty for mapped units defined by Shannon (1988),
which is to be expected for fast cooling epizonal plutons. Therefore, we accept the range in
zircon ages to be indicative of the assembly time for the Mount Princeton Quartz Monzonite,
approximately 430 ka.

The oldest sample dated from the Mount Princeton Quartz Monzonite (MPRM-33,
35.80 Ma; Fig. 10) was collected at the top of the exposed pluton in the border unit (Fig. 2).
This is considered to be close to the top of the intrusive sequence on the basis of the textural

variability of the border units and restricted exposure in the dropped section inside the Mount
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Aetna caldera (Shannon 1988). The oldest biotite ages (35.78 and 35.72 Ma; Zimmerer and
Mclntosh in prep) were obtained from another border (roof) unit that is also interpreted to
be close to the top of the batholith (Shannon 1988). The geochronologic data support the
hypothesis that magma cooled and crystallized adjacent to the roof and subsequent intrusions
crystallized below the upper border units. The data may also be consistent with top-down
construction of the pluton (Menand 2008; 2011); however, the limited data are not necessa-
rily as convincing for this as documented elsewhere (Michel et al. 2008; Morgan et al. 2008;
Tappa et al. 2011).

The sample that yielded the intermediate age for the Mount Princeton Quartz
Monzonite (MPRM-6; 35.47 Ma; Fig. 10) is from the largest mapped unit (Fig. 2) of
Shannon (1988), referred to as the “interior unit.” Biotite ages for samples from this unit
range from 35.56 to 35.23 Ma (Zimmerer and MclIntosh in prep), indicating that zircon
crystallization in part of the unit preceded that recorded in the sample we dated (35.47
Ma), probably by 100 to 200 ka. We interpret the increased scatter in the data for MPRM-6
(relative to the other samples in this study) to be the result of incorporation of zircon from
slightly older portions of the intrusive system as inferred for many other plutons (e.g. Miller
et al. 2007). The oldest fraction from MPRM-6 yields a 2Pb/>**U age of 35.61 Ma (Fig. 10),
which we suggest is the best estimate for the beginning of crystallization of the interior unit
of the Mount Princeton Quartz Monzonite.

The youngest sample of the Mount Princeton Quartz Monzonite (MPRM-17; 35.37
Ma; Fig. 10) is from the porphyritic facies of the pluton. Its age is the same, within uncer-
tainty, of the sample dated from the interior unit (MPRM-6). However, unlike other dated
samples, Ar/Ar biotite ages for the porphyritic facies are significantly younger (31.49 to
30.80 Ma; Zimmerer and Mclntosh in prep) than the zircon age for this unit. Zimmerer and
Mclntosh (in prep) interpret the biotite ages to represent resetting of the Mount Princeton
Quartz Monzonite during emplacement of the younger leucogranites (31-30 Ma). The thin,

wispy outcrop pattern of the porphyritic facies (Fig. 2) and the young biotite ages leads us
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to suggest that these may represent conduits for fluids escaping during emplacement of the
leucogranites. Furthermore, the pulses of heat and/or volatiles (Glazner et al. 2011) that
reset the biotite ages may be responsible for textural coarsening (Higgins 1999; Johnson and
Glazner 2010) in the porphyritic facies.

Given the zircon age range of 430 ka, the area of exposure of 450 km? (Shannon
1988) and the exposed vertical thickness of 1.5 km, we calculate an integrated magma flux
0f 0.0016 km?*/a for the Mount Princeton Quartz Monzonite. Thermal models indicate that
magma flux of at least 0.01 km?/a is necessary to produce enough magma to feed a super
eruption of at least 450 km? (Annen 2009). Thus, the integrated flux is too low to produce
a super eruption, but magma flux may have been much higher over shorter timescales.
However, the lack of ignimbrites in the Thirtynine Mile volcanic field (McIntosh and Chapin
2004) within the age range for the Mount Princeton Quartz Monzonite (Fig. 11) indicates that
no known ignimbrite eruptions were associated with the construction of the Mount Princeton

Quartz Monzonite.

Assembly of the Mount Aetna Quartz Monzonite

The Mount Aetna Quartz Monzonite is the intrusion, or set of intrusions, closest
in age to the Badger Creek Tuff, and locally cuts the intracaldera tuff (Toulmin and
Hammarstrom 1990). The two dated samples from the Mount Aetna Quartz Monzonite have
varied textures and give distinctly different age results. Zircon fractions from the porphyritic
sample (MPRM-21) produced consistent results: a weighted mean °Pb/>*U age of 34.95 Ma
+0.04 Ma (Fig. 10), with little observed inheritance. In contrast, zircon from the fine-grained
sample (MPRM-20) show significant age spread yielding large uncertainty in the weighted
mean 2Pb/>¥U age (34.60 + 0.13 Ma). We assume that Pb-loss has been mitigated by
chemical abrasion (Mundil et al. 2004; Mattinson 2005) and propose that the older fractions
in the fine-grained sample represent antecrysts (Miller et al. 2007). Therefore, the age of the
youngest fraction (34.48 Ma) is likely closest to the true emplacement age.

We are reluctant to make conclusions about whether the fine-grained sample (MPRM-
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Figure 11 Plot of Ar/Ar sanidine ages (Mclntosh and Chapin 2004; recalculated using FC-2
= 28.201 Ma, Kuiper et al. 2008) for ignimbrites preserved in the Thirtynine Mile volcanic
field and zircon 2*°Pb/>**U ages from the Mount Princeton Quartz Monzonite (MPRM-33,
MPRM-6, MPRM-17).
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20) is older or younger than the Badger Creek Tuff due to the large spread in fraction ages
(inheritance) and the large uncertainty on the pooled age. However, U/Pb data from the
porphyritic sample (MPRM-21) indicate the zircon crystallized approximately 500-700 ka
before zircon crystallization in, and eruption of, the tuff, and field evidence indicates that the
Mount Aetna pluton elsewhere cross cuts the tuff. The two most likely explanations for the
disagreement between the zircon age from the porphyritic sample and the field relationships
are: 1) zircon in the porphyritic Mount Aetna Quartz Monzonite is dominantly remobilized
zircon from earlier intrusions (Klemetti and Cooper 2007), or 2) the Mount Aetna Quartz
Monzonite stock is a complex, diachronous set of intrusions that accumulated over at least
500 ka.

Remobilization of the 34.95 Ma Aetna pluton 500-700 ka after intrusion is consistent
with the observation that it locally cuts the Badger Creek Tuff. In this interpretation, the
Aetna pluton is the penecontemporaneous source of the Badger Creek tuff, and the fine-
grained facies of the pluton is the chilled margin of the porphyritic facies (Shannon 1988).
However, it is difficult to reconcile this interpretation with the 1) lack of evidence for young
zircon growth in the porphyritic facies, particularly since the presumed chilled margin is
dominated by young zircon growth, and 2) lack of 34.95 Ma zircon in either the chilled
margin or the Badger Creek Tuff. Although the spread in the U/Pb data for the fine-grained
sample may be related to mixing of 34.95 Ma zircons with young zircon (< 34.4 Ma) there is
no evidence for a 34.95 Ma component in the Badger Creek Tuff U/Pb data.

Thus, we prefer a model that involves incremental assembly of the Mount Aetna
Quartz Monzonite over a 500 ka period that spans the eruption of the Badger Creek Tuff. We
suggest that the intracaldera tuff was deposited on top of the Mount Aetna Quartz Monzonite
and later intrusions were emplaced at the rheologic boundary between the tuff and the quartz
monzonite, locally remobilizing and annealing the previous contact. Additional geochro-
nology of the Mount Aetna Quartz Monzonite from the contact is needed to fully test these

models.
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Relation of the Wall Mountain Tuff to the Mount Princeton batholith

The Wall Mountain Tuff (37.25 Ma; Zimmerer and Mclntosh in prep) is the largest
rhyolitic ignimbrite preserved in the Thirtynine Mile volcanic field. Its size (1,000 km?),
inscrutable geochronology (Shannon 1988; Friedrich et al. 1998) and paleovalley fill distribu-
tion led many to suggest that the source of the ignimbrite was the Mount Princeton batholith
(Tweto 1979; Shannon 1988; Lipman 2007). Our geochronology for the Mount Princeton
batholith (35.82 to 30.25 Ma) indicate that presently exposed units of the batholith are too
young to be directly related to the genesis of the Wall Mountain Tuff. In addition, our whole-
rock isotopic analyses confirm the assertion made by Campbell (1994) on the basis of Sr
isotopes, that the Wall Mountain Tuff had a different source than the Mount Princeton Quartz
Monzonite.

Shannon (1988) and Lipman (2007) predicted that the relationship between the
Mount Princeton Quartz Monzonite and the Wall Mountain Tuff was strong evidence for
significant crystal/liquid fractionation in the upper crust because the Wall Mountain Tuff
is more felsic than the Mount Princeton Quartz Monzonite. Lipman (2007) suggested that
differentiation in the upper crust produced felsic caps that erupted and are now preserved
as ignimbrite sheets in the Southern Rocky Mountain volcanic field and that some plutons
represent the more mafic crystal cumulates left behind in the crust. At least in the case of the
Wall Mountain Tuff and the Mount Princeton batholith there is no evidence to support this
hypothesis: geochronologic and geochemical data contradict any direct connection between

the tuff and the batholith.

Plutonic remnants of the Wall Mountain Tuff

Whole rock Sr and Pb isotopic ratios for the Wall Mountain Tuff are akin to magmas
sourced farther into the NE-SW trending Colorado Mineral Belt than the Mt. Princeton
batholith. However, the Twin Lakes batholith to the north, which displays a large range

in crystallization ages (63 — 39 Ma) that approaches the age of the Wall Mountain Tuff
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(Feldman 2010), appears to be too far north to reconcile with the paleovalley fill of the
tuff. Another potential source location is to the west, in the Elk and West Elk Mountains.
However, present data on multiple stocks in the Elk and West Elk Mountains indicate that
the magmatism in this area post-dates the Wall Mountain Tuff by several million years
(Obradovich et al. 1969; Garcia 2011). Thus, there are no known plutonic equivalents of the
tuff. Furthermore, if the source caldera for the Wall Mountain Tuff was located in the same
geographic area as the Mount Princeton batholith as suggested by geomorphic data, it must
have been at a structurally higher level that was completely eroded shortly after the caldera
forming eruption.

To evaluate the possibility that the Wall Mountain Tuff was derived through shal-
low fractional crystallization from plutonic rocks eroded from above the exposed Mount
Princeton batholith, we estimate the volume of plutonic rock that must have been removed.
The best estimate for the crystallization depth of the Mount Princeton Quartz Monzonite is
3 km (Hammarstrom and Zen 1986), which establishes a minimum thickness of the Wall
Mountain magma system. The maximum calculated exhumation rate for the Mount Princeton
Quartz Monzonite is 1.5 mm/a (Hammarstrom and Zen 1986), which is based on the
deposition of the Badger Creek Tuff on the Mount Princeton Quartz Monzonite at 34.3 Ma.
If this rate is applied to the amount of time between the eruption of the Wall Mountain Tuff
(37.3 Ma) and the oldest age of the Mount Princeton Quartz Monzonite (35.8 Ma) then an
additional 2.25 km of the magma system could have possibly been present at the time of the
eruption of the Wall Mountain Tuff. This places an upper limit on the thickness of the Wall
Mountain magma system of 5.25 km. Lipman (2007) estimated the area of the Wall Mountain
Tuff caldera at 350 km? which establishes a upper estimate of total magma volume of 1,800
km?. The eruptive volume of the tuff is estimated to be 1,000 km?, leaving a maximum
residual (but now eroded) pluton volume of 800 km?. Thus the greatest intrusive extrusive
ratio calculated from this model is 0.8:1, significantly lower than modern estimate for caldera

forming systems (Smith 1979; Spera and Crisp 1981; White et al., 2006). Furthermore, we
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estimated all variables above to maximize pluton volume. Thus, if the Wall Mountain Tuff
was derived from above the presently exposed Mount Princeton batholith, we suggest that it
was fairly efficiently evacuated from the upper crust leaving behind little magma to crystal-

lize as plutons.

Origin of the Badger Creek Tuff

The trap-door style Mount Aetna caldera formed during the eruption of the Badger
Creek Tuff and a network of ring dikes and tuff dikes (cutting Precambrian wall rocks) are
correlated with the eruption of the tuffs (Shannon 1988; Toulmin and Hammarstrom 1990).
Zircon U/Pb ages for the ring dike (34.48 £ 0.09 Ma), tuff dike (34.57 £ 0.08 Ma) and
fine-grained Mount Aetna Quartz Monzonite (34.60 = 0.13 Ma) overlap with the zircon age
of the Badger Creek Tuff (34.47 + 0.05 Ma; Fig. 10) and are all older than the sanidine Ar/
Ar eruption age of 34.26 + 0.06 Ma for the Badger Creek Tuff (Zimmerer and McIntosh in
prep).

If uncertainties in the U and K decay constants are propagated through the error cal-
culation, the zircon ages for the dikes and fine-grained Mount Aetna Quartz Monzonite and
the Badger Creek Tuff overlap at 20 with the sanidine Ar/Ar age for the Badger Creek Tuff.
The older U/Pb age for the Badger Creek Tuff compared to the Ar/Ar age may be related
to an inaccurate calibration of the U/Pb and K/Ar systems (Kuiper et al. 2008; Renne et al.
2010) or pre-eruption zircon residence. Another possibility is that the Badger Creek Tuff was
remobilized prior to eruption, similar to what has been proposed for the Fish Canyon Tuff
(Bachmann and Bergantz 2003). In this model the high crystallinity and old zircon grains of
the Badger Creek Tuff would be the result of partial melting of a near-solid crystal mush by
injection (+ gas sparging) of a mafic magma just prior to eruption (Bachmann and Bergantz
2003, 2006). However, there is no field evidence for the addition of mafic magmas to the
Badger Creek magma chamber and the high crystallinity could be the result of rapid decom-
pression crystallization upon ascent (Blundy and Cashman 2005). Thus, we propose that the

age discrepancy is likely a combination of inaccurate calibration between the U/Pb and K/Ar
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systems and prolonged zircon growth in the magma chamber.

Relationship between the Badger Creek Tuff and the Mount Princeton batholith

Despite the discrepancy with the U/Pb and Ar/Ar ages, the fine-grained Mount Aetna
Quartz Monzonite, ring dike and tuff dike all have **U/*Pb zircon ages equivalent to the
Badger Creek Tuff, consistent with the correlation of the dikes with the Badger Creek Tuff
by Shannon (1988). The fine-grained portion of the Mount Aetna Quartz Monzonite is che-
mically similar to the Badger Creek Tuff (Figs. 3, 4, 5); however, a large portion of the quartz
monzonite from the batholith is chemically similar to the Badger Creek Tuff (Figs. 3, 4, 5).
The ring dike is slightly more felsic than any analyzed sample of the Badger Creek Tuff (Fig.
3). Chemical modification of the ring dike by late stage magmatic fluids travelling through
the ring fracture could have altered the chemistry, or the ring dike may represent a more
felsic zone of the Badger Creek magma chamber that is not observed in the sampled portions
of the intracaldera tuff or the outflow sheet. The tuff dike is highly altered so it is not possible
to test whether it is chemically similar to the Badger Creek Tuff.

Comparison of the erupted portion of the Badger Creek magma chamber and the
portion that crystallized in the crust indicates shallow-crustal crystal-liquid fractionation
was not an important process in the genesis of the Badger Creek Tuff and related intrusions.
Crystal-liquid fractionation should produce predictable depletions in the liquid of elements
that are concentrated in early crystallizing phases (e.g., Sr, Ba, Zr and Eu). Conversely, the
liquid should be enriched in incompatible elements including Rb, and should have a lower
Zr/Hf ratio due to zircon fractionation. None of these predicted variations are observed in the
Badger Creek Tuff and related intrusions. Instead, the erupted material is chemically similar
to the intrusions and does not show any evidence of representing a liquid that was extracted
from a crystal mush. Incorporation of crystals from a crystal mush into the tuff could have

muted the fractionation signal but it is unlikely that the signal would be completely obscured.
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Implications for connections between plutons and ignimbrites

Zircon U/Pb ages from plutonic rocks from the Mount Princeton batholith and
associated ignimbrites indicate a temporal disconnect between pluton emplacement and
caldera-forming eruptions (Fig. 11). Because the caldera system is defined by eruption of two
significant-volume ignimbrites, it does not fit neatly into the waxing/ignimbrite/waning stage
model defined by Lipman (2007). What is clear, however, is that the majority of the batholith
was emplaced between eruption of the Wall Mountain Tuff and the Badger Creek tuffs, and
that there is no identified ignimbrite in the region that is the same age as the most volumetri-
cally significant plutonic rocks (Fig. 11).

Because the plutonic rocks in the Princeton batholith region are not temporally
associated with large-volume volcanism, the relatively low flux of magma that characterizes
intra-ignimbrite magmatism - including waxing and waning stages elsewhere (e.g. Tappa
et al. 2011), apparently favors pluton construction. According to this hypothesis, low-flux
magmas generally stall in the upper crust and build plutons incrementally. These plutons
most likely support small to moderate sized, steady state eruptions of magma (e.g. Claiborne
et al. 2010) with no caldera formation. In contrast, the high magma flux modeled (Annen
2009) for super eruptions and documented by zircon geochronology of ignimbrites (Schmitz
and Bowring 2001; Simon and Reid 2005; Crowley et al. 2007) results in nearly complete
eruption of the rising magma (Tappa et al. 2011). Importantly, if ignimbrite eruption domina-
tes the volume of rock preserved in the volcanic record, but is essentially absent from the plu-
tonic record, the existing estimates of the intrusive:extrusive rock ratio (Smith 1979; Spera
and Crisp 1981; White et al. 2006) likely reflect long-term averages, and have no relevance to
magma chamber dynamics. The temporal disconnect between accumulation of large plutons
and eruption of large ignimbrites means that the volume of intrusive rock preserved in one
environment cannot be used to estimate the volume of extrusive rock that should be preser-
ved in the other, and vice versa (e.g. Lipman 2007; de Silva and Gosnold 2007).

Another potentially significant corollary of this hypothesis is that it predicts that old
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magmatic centers (> 50Ma) will preserve an apparent disconnect between episodes of plu-
tonism and volcanism because ignimbrites will dominate the preserved volcanic record, and
there will be little, if any, temporally correlative plutonic rocks. For example, Glazner (1991)
noted a mismatch in the timing of volcanic and plutonic episodes in the Mesozoic Sierra
Nevada arc. There, the sparse volcanic rocks that are preserved are dominated by ignimbrites
(e.g. Saleeby et al. 1990; Barth et al. 2011) that erupted between episodes of significant
pluton assembly. He attributed this mismatch to the angle of plate convergence, with episodes
of oblique convergence favoring plutonism because plutons could intrude in releasing bends
along strike-slip faults. Here we propose a tectonic connection to the mismatch as well, but
suggest it may be tied to changes in magma flux. During periods of low flux, plutonism
dominates. During periods of high flux, ignimbrite eruption, which leaves almost nothing in
the plutonic record, dominates.

If large volcanic eruptions are not supported by large pluton volumes, then the bulk
geochemistry of ignimbrites, and the origin of zonation in plutonic rocks and ignimbrites
need not be the result of shallow crustal processes. Clemens et al. (2010) attributed chemical
variations seen at varied scales in silicic plutons and volcanic deposits to changes (physical
and chemical) in the lower crust source through time. This hypothesis is supported by the
work of Tappa et al. (2011) who showed that the silicic cap of the zoned Rio Hondo pluton
could not be liquid derived from deeper, more mafic portions of the pluton because the silicic
cap predated the more mafic parts of the pluton. These authors hypothesized that the zoning
was a result of temporal variation in the composition of the magmas feeding the shallow
plutons. Similar zoning could form in an ignimbrite if the flux of magma from the source was
high enough (Tappa et al. 2011).

Finally, the model presented distinguishes the plutonic rock record from the ignim-
brite record. However, it simultaneously reinforces the temporal and chemical connections
between the plutonic rock record and “typical” volcanic rocks. Although eruption of 5000

km? ignimbrites is geologically spectacular, low flux eruptions likely dominate at magmatic
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centers (Crisp 1984). Temporally, the waxing and waning stages of magmatism dominate
even in the ignimbrite-rich Southern Rocky Mountain volcanic field. Although the waxing
and waning magmas may be poorly represented (relative to the ignimbrites) in older magma-
tic centers, we suggest that their temporal evolution is well preserved in the pluton record.
The chemical evolution of the system is also likely recorded in the plutonic material because
whole rock chemistry of plutonic rocks and volcanic rocks are not unique (Mills et al. 2008).
Thus, for ancient magmatism, the plutonic rock record could provide the best insight into

source evolution and, consequently, the chemical evolution of Earth’s crust.

CONCLUSIONS

1) Emplacement of large plutons at the Mount Princeton magma center occurred during
periods marked by a lack of ignimbrite eruptions (Figs. 10, 11).

2) Small plutons that are coeval with ignimbrite eruption at the Mount Princeton magma
center are chemically similar to the ignimbrite (Fig. 5) and show no signs of crystal-
liquid separation.

3) Magma flux estimate for the Mount Princeton Quartz Monzonite is 0.0016 km?*/a
which is too low to produce super eruptions.

4) The source of the magmas at Mount Princeton migrated from felsic lower crust to

mafic lower crust through time.
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Table 1 Whole-rock major-element concentrations (wt. %)

Sample name  Si0,  ALO; Fe,04T) MnO MgO CaO Na,O K,0 TiO, PO, LOI  Total
Mount Princeton Quartz Monzonite

MPRM-6 63.29 15.27 5.30 0.063 1.78 3.77 3.33 4.35 0.665 0.27 1.70 99.79

MPRM-17 66.63  15.57 4.09 0.080 1.29 3.32 3.48 3.87 0.515 0.21 1.16 ~ 100.20

MPRM-33 63.34  15.06 5.70 0.106 2.11 3.63 3.19 4.66 0.773 0.23 1.04 99.83
Mount Aetna Quartz Monzonite

MPRM-20 66.43 15.97 4.28 0.084 1.22 3.26 3.88 4.04 0.580 0.27 0.71 100.70

MPRM-21 64.61 1545 4.44 0.086 1.46 3.59 3.71 4.19 0.620 0.34 0.92 99.39
ring dike

MPRM-39 68.54 14.40 3.39 0.126 0.93 2.00 3.76 4.47 0.436 0.20 1.13 99.38
leucogranite

MPRM-23 7535 13.62 1.08 0.066 0.16 0.63 3.81 5.28 0.136 0.05 033  100.50

MPRM-37 75.67  13.07 1.13 0.061 0.22 0.62 3.87 4.66 0.135 0.06 0.40 99.91

MPRM-38 75.38 13.10 1.17 0.071 0.18 0.68 3.72 4.80 0.158 0.06 0.22 99.55
Wall Mountain Tuff

MPRM-15 68.18  14.69 1.42 0.050 0.58 1.20 3.37 6.71 0.457 0.08 1.66 98.39
Badger Creek Tuff

MPRM-30 64.20 16.33 2.63 0.050 0.81 2.76 3.54 4.45 0.521 0.25 5.37 100.90
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Table 1 continued Whole-rock trace-element concentrations (ppm)

Samplename Sc Be V. Cr Co Ni Cu Zn Ga Ge As Rb Sr Y Zr Nb Mo Ag In Sn Sb Cs Ba
Mount Princeton Quartz Monzonite

MPRM-6 10 2 99 <20 10 <20 10 40 20 15 6 124 491 247 199 142 <2 <05 <01 2 13 46 951

MPRM-17 7 2 74 <20 11 <20 10 70 21 1.7 <S5 113 610 21.1 180 164 <2 12 <01 2 08 24 1037

MPRM-33 11 2 109 40 16 20 20 70 21 1.6 <5 164 463 264 287 19.7 <2 12 <01 3 07 27 957
Mount Aetna Quartz Monzonite

MPRM-20 7 3 58 30 6 <20 20 150 22 14 <S5 133 651 241 269 205 <2 <05 0.1 30 04 21 1151

MPRM-21 7 3 73 <20 10 <20 20 70 23 14 <S5 122 654 202 224 163 <2 <05 <01 2 <02 14 1074
ring dike

MPRM-39 5 3 34 <20 6 30 50 220 20 1.0 6 145 476 183 224 211 <2 23 01 3 12 33 1189
leucogranite

MPRM-23 4 6 8§ <20 2 <20 <10 <30 23 24 <5 293 111 150 109 510 <2 <05 <01 3 06 28 387

MPRM-37 6 7 9 <20 2 <20 <10 <30 23 26 <5 393 95 172 87 366 <2 <05 <01 8 07 46 274

MPRM-38 35 10 <20 2 <20 10 50 21 22 <5 237 124 149 121 351 <2 <05 <01 3 06 3.0 408
Wall Mountain Tuff

MPRM-15 7 3 20 20 2 <20 <10 80 20 1.5 <S5 207 221 319 487 244 <2 <05 <01 2 03 27 1319
Badger Creek Tuff

MPRM-30 3 3 39 20 8 <20 20 60 23 22 7 145 676 189 273 241 <2 16 <01 2 07 21 1544
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Table 1 continued Whole-rock trace-element concentrations (ppm)

Samplename La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Ta w Tl Pb Bi Th U
Mount Princeton Quartz Monzonite

MPRM-6 53.6 974 102 340 682 1490 504 072 40 079 23 0348 22 0318 54 136 07 072 11 1 220 5.68

MPRM-17 46.5 922 108 383 6.77 1490 465 068 3.7 07 198 0287 19 0311 46 1.19 12 056 108 09 223 5.71

MPRM-33 74.0 147.0 16.5 558 932 1.550 628 092 48 088 256 0381 25 0392 73 141 19 059 22 02 321 334
Mount Aetna Quartz Monzonite

MPRM-20 51.2 102.0 13.8 42.8 7.84 1.840 6.2 09 48 086 234 033 21 0315 75 159 16 083 21 21 185 5.61

MPRM-21 61.6 116.0 12.1 394 7.61 1.730 5.11 068 3.6 069 196 0287 18 0254 6.1 1.5 1.7 135 13 04 227 3.85
ring dike

MPRM-39 48.1 99.6 106 399 7.12 1520 564 08 38 08 227 0379 28 048 66 158 33 095 82 14 198 579
leucogranite

MPRM-23 337 629 64 194 319 0378 22 035 21 042 135 0236 18 0348 40 357 24 107 38 03 257 13

MPRM-37 258 503 54 172 3.17 0363 253 04 23 046 144 0249 20 0357 35 401 27 131 33 0.1 263 128

MPRM-38 33.6 63.5 6.7 20.6 347 0432 243 038 22 044 139 0242 18 0326 42 269 18 093 35 03 337 12
Wall Mountain Tuff

MPRM-15 945 178.0 18.8 60.3 11.00 2.060 733 1.05 57 111 327 0478 3.0 0441 121 195 12 187 30 05 36.1 821
Badger Creek Tuff

MPRM-30 67.2 129.0 15.0 52.8 930 2.130 6.5 088 45 077 205 0294 19 0302 64 154 35 096 35 02 17.0 426
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Table 2 Whole-rock Nd, Pb and Sr isotopic data

Sample
name TGZQ\TEZQ x mm NZQAﬂv mc«_wﬁu\wcbw—u . x wm Ncqw_.\u\wcawu_u . x mm Ncmmﬁv\wobmv_.\v . Axv mm NC@@—U\NC&TU ; Ncqmvc\mcuwﬁum mcwﬁ@\wc»ﬁ—u ; 87 mH.\xQMH. . x mm mqmﬂ\mmmﬂ_

Mount Princeton Quartz Monzonite
MPRM-6 0.512113  0.0008 -9.90 18.029 0.0052 15.559 0.0052 38.335 0.0052 17.850 15.550 38.106 0.707787 0.0009 0.7074
MPRM-17  0.512151 0.0006 -9.08 17.833 0.0056 15.517 0.0066 38.137 0.0068 17.815 15.516 38.113 0.708088 0.0009 0.7078
MPRM-33  0.512134 0.0006 -9.40 18.140 0.0053 15.533 0.0053 38.251 0.0052 18.087 15.531 38.082 0.708089  0.0010  0.7076
Mount Aetna Quartz Monzonite
MPRM-20 0.512113 0.0010 -9.86 17.747 0.0035 15.543 0.0033 38.113 0.0032 17.660 15.539 38.019 0.707638 0.0007 0.7073
MPRM-21  0.512125 0.0012 -9.65 17.921 0.0037 15.547 0.0079 38.261 0.0079 17.824 15.543 38.073 0.70754  0.0008 0.7073
leucogranite
MPRM-23  0.512101 0.0006 -10.11 17.658 0.0057 15.482 0.0058 37.646 0.0061 17.556 15.477 37.579 0.707571 0.0010  0.7043
MPRM-37  0.512085 0.0006 -10.44 17.832 0.0057 15.516 0.0045 37.755 0.0054 17.715 15.511 37.676 0.713257 0.0009 0.7080
MPRM-38  0.512093 0.0006 -10.25 17.628 0.0059 15.487 0.0064 37.668 0.0078 17.525 15.482 37.573 0.709961 0.0009 0.7075
Wall Mountain Tuff
MPRM-15  0.512072 0.0013 -10.63 18.123 0.0061 15.599 0.0064 38.360 0.0066 18.024 15.594 38.216 0.710813  0.0007  0.7094
Badger Creek Tuff
MPRM-30  0.512155 0.0005 -9.03 18.464 0.006 15.578 0.0065 38.338 0.0074 18.423 15.576 38.284 0.707571 0.0006  0.7073
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Table 3 Hf isotopic data from zircon

Sample spot "SHf/''Hf 20 "SLw/'"Hf 20 "°Yb/'Hf 20 eHf(t) 20
MPRM-4 la 0.282400  0.000026  0.000796  0.000037  0.026357 0.001354 -12.85 0.91
2a 0.282399  0.000039  0.000817  0.000009  0.028056  0.000256 -12.89 1.36
4b 0.282386  0.000048  0.001175  0.000018  0.052705  0.001300 -13.37 1.69
Sa 0.282445  0.000045  0.000940  0.000022  0.033747 0.001368 -11.29 1.58
Ta 0.282430  0.000033  0.001106  0.000017  0.047721  0.000662 -11.81 1.16
9a 0.282364  0.000043  0.000803  0.000009  0.034710  0.000647 -14.14 1.53
lla 0.282403  0.000034  0.000833  0.000007  0.037100  0.000518 -12.75 1.21
12a 0.282398  0.000048  0.001284  0.000040  0.060408  0.001920 -12.93 1.70
MPRM-6 la 0.282413  0.000039  0.000725  0.000001  0.034595 0.000174 -12.37 1.37
2a 0.282497  0.000037  0.000855  0.000003  0.042002  0.000302 -9.43 1.30
4a 0.282487  0.000049  0.001299  0.000072  0.061081  0.001081 -9.77 1.73
Ta 0.282451  0.000056  0.001083  0.000066  0.051652  0.002294 -11.06 1.96
8a 0.282430  0.000032  0.000872  0.000008  0.042049 0.000516 -11.80 1.13
10b 0.282370  0.000037  0.001314 0.000176  0.054154  0.004494 -13.92 1.30
lla 0.282411 0.000042  0.000845  0.000011  0.039641 0.000247 -12.45 1.49
13a 0.282421  0.000037  0.001021  0.000016  0.047384  0.000532 -12.10 1.30
MPRM-15 2a 0.282397  0.000052  0.000983  0.000045  0.043546  0.001730 -12.94 1.83
Sa 0.282278  0.000071  0.001449  0.000234  0.059228 0.006298 -17.14 2.50
Ta 0.282430  0.000070  0.000755  0.000028  0.035865 0.001225 -11.75 2.47
1la 0.282381  0.000069  0.000650  0.000016  0.030523  0.000729 -13.49 2.44
12a 0.282400  0.000051  0.000638  0.000005  0.029627  0.000372 -12.81 1.81
13a 0.282448  0.000055  0.001371  0.000076  0.067361  0.002686 -11.14 1.93
14a 0.282381  0.000048  0.000788  0.000005  0.035726  0.000073 -13.49 1.69
16a 0.282425  0.000043  0.000687  0.000039  0.032007 0.001716 -11.93 1.53
17a 0.282413  0.000052  0.000927  0.000027  0.044420 0.001290 -12.36 1.83
18a 0.282384  0.000054  0.001742  0.000125 0.078476  0.003613 -13.42 1.89
MPRM-17 la 0.282405  0.000066  0.000756  0.000007  0.032489  0.000407 -12.66 2.35
2a 0.282417  0.000066  0.000711  0.000020  0.029122  0.000737 -12.25 2.34
4a 0.282443  0.000058  0.000999  0.000010  0.036310  0.000395 -11.33 2.04
4b 0.282464  0.000077  0.000767  0.000076  0.030224  0.002952 -10.57 2.74
6a 0.282396  0.000056  0.000916  0.000034  0.038727 0.001233 -12.98 1.96
Ta 0.282388  0.000050  0.001205 0.000041  0.053602  0.002536 -13.27 1.76
8a 0.282473  0.000057  0.001057  0.000022  0.038034  0.000431 -10.27 2.01
10b 0.282424  0.000050  0.000825  0.000020  0.035025 0.001286 -11.99 1.77
12a 0.282377  0.000077  0.000809  0.000007  0.034571  0.000416 -13.66 2.73
13a 0.282417  0.000051  0.001243  0.000034  0.046025 0.001071 -12.24 1.81
14a 0.282443  0.000050  0.000669  0.000006  0.028100  0.000217 -11.31 1.78
MPRM-20 la 0.282458  0.000029  0.000882  0.000025  0.030513  0.001681 -10.80 1.02
4a 0.282397  0.000023  0.000571  0.000009  0.019749  0.000590 -12.97 0.82
Sa 0.282379  0.000034  0.000773  0.000005  0.032636  0.000236 -13.62 1.19
6a 0.282397  0.000025  0.000605  0.000006  0.021396  0.000248 -12.98 0.87
Ta 0.282429  0.000031  0.000614  0.000002  0.024888  0.000287 -11.83 1.10
8a 0.282409  0.000032  0.000815 0.000012  0.032317 0.000919 -12.54 1.14
MPRM-21 14a 0.282410  0.000030  0.001173  0.000044  0.046245 0.002609 -12.50 1.05
15b 0.282383  0.000034  0.001260  0.000144  0.049726  0.006069 -13.47 1.22
16a 0.282372  0.000050  0.000487  0.000002  0.019320 0.000149 -13.84 1.77
17a 0.282447  0.000033  0.000925 0.000023  0.036476  0.001047 -11.18 1.15
18a 0.282391  0.000024  0.000999  0.000030  0.044626  0.001184 -13.17 0.85
19a 0.282443  0.000029  0.000971  0.000027  0.046663  0.001378 -11.36 1.03
20a 0.282420  0.000030  0.001192  0.000057  0.053517  0.002463 -12.17 1.05
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Table 3 continued Hf isotopic data from zircon

Sample

spot "CHEHf 20 "Lw/'"Hf 20 "SYb/Hf 20 eHf(t) 20

MPRM-23

MPRM-30

MPRM-33

MPRM-37

MPRM-38

la 0.282467  0.000036  0.000878  0.000019  0.035702  0.000806 -10.61 1.27
2a 0.282428  0.000049  0.000680  0.000027  0.028102 0.001382 -11.96 1.75
3a 0.282429  0.000054  0.000356  0.000002  0.015541  0.000055 -11.94 1.90
4a 0.282477  0.000036  0.000864  0.000118  0.038374  0.004843 -10.23 1.27
4b 0.282439  0.000048  0.000838  0.000045  0.033289  0.001800 -11.59 1.71
5a 0.282444  0.000032  0.000652  0.000003  0.026920 0.000163 -11.40 1.14
5b 0.282513  0.000041  0.002256  0.000315  0.097730  0.013787 -9.01 1.43
6a 0.282510  0.000048  0.002031  0.000061  0.092539  0.003277 -9.12 1.69
Ta 0.282540  0.000049  0.001667  0.000126 ~ 0.071561  0.005735 -8.03 1.73
8a 0.282475  0.000041  0.000684  0.000044  0.035065 0.002350 -10.32 1.44
9a 0.282459  0.000050  0.000573  0.000011  0.028452  0.000581 -10.86 1.77
10a 0.282465  0.000022  0.000343  0.000018  0.017027  0.000905 -10.66 0.77
11a 0.282452  0.000041  0.000759  0.000013  0.034812  0.000730 -11.12 1.46

la 0.282477  0.000042  0.000535  0.000005  0.017506  0.000148 -10.15 2.18
2a 0.282405  0.000064  0.000681  0.000006  0.025717  0.000214 -12.69 2.27
3a 0.282419  0.000059  0.000757  0.000011  0.028195  0.000871 -12.19 2.17
4a 0.282427  0.000061  0.000515  0.000004  0.019432  0.000223 -11.89 2.19
4b 0.282408  0.000039  0.000773  0.000013  0.035523  0.000763 -12.60 2.17
6a 0.282472  0.000055  0.000657  0.000004  0.024976  0.000119 -10.31 2.18
Ta 0.282457  0.000038  0.000984  0.000038  0.050843 0.001890 -10.86 2.16
8a 0.282473  0.000045  0.000726  0.000008  0.034730  0.000656 -10.28 2.17
10a 0.282437  0.000045  0.000710  0.000020  0.029457  0.001362 -11.58 2.17
1la 0.282449  0.000024  0.000786  0.000012  0.036972  0.000332 -11.14 2.17

la 0.282408  0.000061  0.000367  0.000006  0.017150  0.000325 -12.54 2.17
3a 0.282458  0.000041  0.000372  0.000006  0.017021  0.000218 -10.76 1.46
4a 0.282400  0.000035  0.000398  0.000012  0.017736  0.000614 -12.84 1.25
4b 0.282434  0.000041  0.000590  0.000027  0.027264 0.001461 -11.62 1.45
6a 0.282451  0.000056  0.000504  0.000022  0.024394  0.000965 -11.03 1.97
Ta 0.282421  0.000062  0.000401  0.000008  0.019088  0.000403 -12.08 2.18
8a 0.282399  0.000047  0.000390  0.000006  0.017833  0.000248 -12.86 1.68
9a 0.282455  0.000035  0.000540  0.000012  0.024419  0.000467 -10.90 1.23
9b 0.282468  0.000030  0.000740  0.000021  0.033274  0.000834 -10.42 1.07
10a 0.282398  0.000038  0.000390  0.000011  0.017705  0.000382 -12.91 1.33
12a 0.282427  0.000036  0.000333  0.000007  0.015100  0.000348 -11.89 1.27
13a 0.282410  0.000032  0.000370  0.000009  0.016348  0.000345 -12.47 1.14
14a 0.282442  0.000024  0.000491  0.000023  0.021765 0.000594 -11.35 0.86

la 0.282464  0.000023  0.000515  0.000006  0.024320  0.000459 -10.68 0.80
2a 0.282456  0.000064  0.000500  0.000013  0.024423  0.000717 -10.97 2.27
3a 0.282540  0.000047  0.000953  0.000096  0.046501 0.004063 -8.02 1.67
4a 0.282478  0.000036  0.000811  0.000037  0.041139  0.001904 -10.22 1.29
5a 0.282517  0.000029  0.001514  0.000045  0.067605 0.001747 -8.84 1.02
6a 0.282526  0.000028  0.001332  0.000063  0.064814  0.003407 -8.51 0.98
7a 0.282510  0.000038  0.001238  0.000089  0.053724  0.004366 -9.07 1.36
8a 0.282502  0.000030  0.000878  0.000032  0.041291 0.001440 -9.35 1.07
9a 0.282505  0.000035  0.000775  0.000065  0.034048  0.002673 -9.27 1.23
10a 0.282453  0.000036 ~ 0.001107  0.000064  0.045757  0.002928 -11.11 1.28

la 0.282418  0.000056  0.000829  0.000072  0.035475  0.003114 -12.31 1.99
2a 0.282396  0.000072  0.001082  0.000053  0.042892  0.002083 -13.09 2.54
3a 0.282562  0.000060  0.000946  0.000037  0.038707 0.001939 -7.23 2.14
4a 0.282452  0.000051  0.000871  0.000032  0.036237 0.001560 -11.11 1.81
5a 0.282458  0.000048  0.001061  0.000023  0.044457  0.000767 -10.92 1.70
6a 0.282500  0.000054  0.000601  0.000011  0.026958  0.000586 -9.40 1.92
Ta 0.282482  0.000033  0.000725  0.000022  0.031940  0.000757 -10.03 1.16
7b 0.282510  0.000046  0.000793  0.000082  0.034408 0.003766 -9.05 1.62
8a 0.282448  0.000041  0.001055  0.000032  0.047546  0.001873 -11.26 1.46
10a 0.282442  0.000046  0.000703  0.000008  0.034920 0.000472 -11.44 1.61
11a 0.282486  0.000046  0.001063  0.000096  0.052811  0.004136 -9.90 1.62
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Table 4. U-Pb data for rocks of the Mount Princeton magma center

ages (Ma) © total
Pb* Th 206 pp* 206ppb error 207ppe error 207pp® error 206pph. error 207pp. 207pp. corr. common
HU A—‘uv HV—UO C Nc&_uc wac Agv UW”«G ﬁgv Ncﬁ_uc Ae :v wac AZNV Nmmc uc&ﬁ@ 00@»:%‘, Hw_u A—UWV
Mount Princeton Quartz; Monzonite (MPRM-33; 0387588, 4281885)
F-7(1) 11 1.08 622.78 0.00558 0.17 0.03604 0.60 0.04686 0.56 35.95 0.060 35.95 35.68 0.402 0.72
F-11 (2) 59 0.858 349.42 0.00555 0.13 0.03567 1.0 0.04663 0.95 35.77 0.048 35.59 23.50 0.451 29
F-13 (1) 7.7 1.28 407.10 0.00555 0.10 0.03588 0.58 0.04688 0.55 35.78 0.036 35.80 36.87 0.413 2.1
F-14 (2) 8.7 0.899 501.87 0.00555 0.10 0.03602 0.51 0.04706 0.48 35.79 0.036 3593 45.47 0.397 2.4
F-15(2) 18 0.783 1071.2 0.00555 0.11 0.03611 0.29 0.04716 0.26 35.80 0.038 36.02 50.51 0.430 22
Mount Princeton Quartz Monzonite (MPRM-6; 0377514, 4277352)
F-1(3) 28 0.911 1578.5 0.00552 0.21 0.03555 0.33 0.04673 0.25 35.55 0.075 35.47 29.82 0.672 23
F-2 (3) 32 0.720 1853.0 0.00553 0.24 0.03555 0.39 0.04666 0.30 35.61 0.086 35.47 25.97 0.647 39
F-6 (2) 9.9 0.842 572.15 0.00549 0.15 0.03566 0.77 0.04709 0.73 35.39 0.054 35.57 47.94 0.368 3.8
F-7(2) 20 0.788 1164.9 0.00549 0.15 0.03539 0.49 0.04672 0.45 35.40 0.053 3531 29.27 0.417 3.5
F-16 (1) 21 0.864 11743 0.00550 0.14 0.03540 0.37 0.04667 0.33 35.45 0.049 35.32 26.61 0.451 22
F-17 (1) 19 0.837 1068.0 0.00550 0.10 0.03557 0.26 0.04691 0.24 35.44 0.036 35.49 38.70 0.451 2.2
F-19 (1) 11 0.848 646.36 0.00550 0.12 0.03550 0.30 0.04681 0.27 35.45 0.044 3542 33.57 0.456 1.6
Mount Princeton Quartz Monzonite (MPRM-17; 0387042, 4289957)
F-2(1) 17 0.805 986.39 0.00550 0.14 0.03535 0.60 0.04663 0.56 35.43 0.048 35.28 24.60 0.390 1.4
F-4 (2) 23 0.630 1369.8 0.00548 0.13 0.03513 0.60 0.04649 0.56 35.32 0.047 35.06 17.09 0.366 1.5
F-7(1) 18 0.509 1141.0 0.00548 0.11 0.03522 0.43 0.04662 0.40 35.32 0.037 35.15 23.13 0.411 2.1
F-10 (1) 18 0.823 1020.2 0.00550 0.15 0.03547 0.35 0.04682 0.31 35.41 0.052 35.39 34.03 0.474 23
Mount Aetna Quartz Monzonite (MPRM-21; 383745; 4271437)
F-11 (2) 46 0.615 27442 0.00542 0.14 0.03483 0.40 0.04661 0.36 34.93 0.050 34.76 22.86 0.455 1.8
F-12 (2) 34 0.700 1992.2 0.00542 0.13 0.03485 0.54 0.04659 0.50 34.97 0.045 34.79 21.85 0.430 1.9
F-15 (1) 67 0.674 3968.1 0.00541 0.10 0.03484 0.20 0.04669 0.17 34.89 0.036 34.77 26.52 0.546 1.0
F-18 (1) 32 0.717 1859.8 0.00542 0.15 0.03499 0.38 0.04678 0.34 34.97 0.053 34.92 31.46 0.456 1.1
F-19 (1) 16 0.727 926.82 0.00543 0.16 0.03496 1.1 0.04672 1.0 34.99 0.057 34.89 28.35 0.398 1.5
F-20 (2) 42 0.623 2490.4 0.00542 0.19 0.03487 0.43 0.04668 0.37 34.93 0.066 34.81 26.06 0.494 1.6
Mount Aetna Quartz Monzonite (MPRM-20; 383578, 4271646)
F-2(2) 21 0.619 1284.5 0.00538 0.12 0.03461 0.33 0.04667 0.30 34.66 0.041 34.54 26.43 0.442 25
F-3(2) 84 0.447 5271.6 0.00537 0.30 0.03462 0.32 0.04672 0.12 34.64 0.10 34.55 28.44 0.924 1.7
F-7(1) 25 0.487 1566.3 0.00535 0.12 0.03443 0.37 0.04668 0.34 34.48 0.042 34.37 26.61 0.398 1.0
F-8 (1) 8.6 0.443 556.92 0.00537 0.11 0.03466 0.41 0.04682 0.39 34.61 0.039 34.60 33.39 0.340 24
tuff dike (MPRM-4; 0380061, 4292398)
F-10 (2) 20 0.807 1146.2 0.00536 0.16 0.03474 0.65 0.04701 0.60 34.55 0.056 34.68 43.64 0.409 1.4
F-11 (2) 39 0.597 2373.1 0.00537 0.12 0.03464 0.24 0.04675 0.20 34.64 0.041 34.57 30.27 0.540 2.6
F-12 (2) 54 0.644 3175.0 0.00536 0.11 0.03450 0.25 0.04671 0.22 34.53 0.038 34.44 28.26 0.484 1.2
F-15(2) 24 0.674 1427 .4 0.00536 0.10 0.03471 0.27 0.04696 0.24 34.56 0.036 34.65 40.80 0.445 1.5
ring dike (MPRM-39; 0382900 4285240)
F-3(3) 17 0.707 1012.2 0.00535 0.14 0.03457 0.32 0.04686 0.28 34.49 0.047 34.51 36.13 0.480 1.5
F-7(2) 16 0.710 921.09 0.00536 0.26 0.03451 0.60 0.04669 0.53 34.56 0.089 34.45 27.25 0.374 1.3
F-8 (2) 29 0.625 1757.8 0.00535 0.12 0.03452 0.40 0.04682 0.37 34.46 0.043 34.46 34.12 0.390 0.70
F-9(3) 23 0.721 1350.3 0.00536 0.11 0.03469 0.30 0.04694 0.27 34.54 0.037 34.63 40.44 0.439 0.88
F-10 (2) 12 0.960 679.63 0.00533 0.12 0.03455 0.87 0.04697 0.82 34.37 0.042 34.48 42.27 0.443 1.1
Badger Creek Tuff (MPRM-30; 0416691, 4274214)
F-7(2) 42 0.572 2514.1 0.00535 0.16 0.03446 0.29 0.04672 0.24 34.48 0.056 34.40 28.63 0.590 1.4
F-11 (2) 55 0.562 33344 0.00534 0.10 0.03456 0.24 0.04692 0.21 34.44 0.035 34.50 38.79 0.466 0.48
F-14 (1) 16 0.799 939.30 0.00535 0.12 0.03455 0.56 0.04681 0.52 34.50 0.040 34.49 33.66 0.386 0.59
F-15(2) 29 0.922 1630.0 0.00534 0.10 0.03450 0.30 0.04686 0.27 34.42 0.036 34.44 36.32 0.421 1.2
F-18 (1) 19 0.588 1156.5 0.00535 0.13 0.03442 0.85 0.04662 0.80 34.51 0.046 34.36 23.59 0.436 1.0
Mount Antero Leucogranite (MPRM-23; 391036; 4277871)
F-1(2) 18 0.709 1061 .4 0.00470 0.10 0.03040 0.35 0.04695 0.32 30.28 0.031 30.41 40.99 0.379 1.1
F-2 (1) 16 0.581 996.28 0.00468 0.11 0.03028 0.32 0.04688 0.30 30.20 0.032 30.29 37.05 0.393 1.2
F-3 (2) 17 0.713 1031.6 0.00470 0.10 0.03033 0.44 0.04684 0.41 30.27 0.031 30.34 35.58 0.390 1.0

* Measured ratio corrected for fractionation only. All Pb isotope ratios were measured using the Daly detector, and are corrected for mass fractionation using 0.15 %/amu.

® Corrected for fractionation, spike, and blank.

¢ Th/U assumed for the magma using whole-rock data. All ages are corrected for Th disequilibrium.

4 All errors except error in the °°Pb/?**U age are reported in percent at the 20 confidence interval. Error in the ***Pb/?**U age is reported in absolute (Ma) at the 20 confidence interval.
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CHAPTER 3

EXPERIMENTAL EVIDENCE FOR CRYSTAL COARSENING AND FABRIC
DEVELOPMENT DURING TEMPERATURE CYCLING!

ABSTRACT

Oscillating temperature dramatically speeds up recrystallization of a magma analog
consisting of ammonium thiocyanate and ammonium chloride crystals in liquid. Linear
growth rates increase by a factor of 10 if temperature is oscillated up and down a few degrees
(e.g., 47 + 3 °C) relative to nominally static conditions. Crystals pulse in size during thermal
cycling; over the course of hundreds of cycles larger crystals grow and smaller crystals
shrink, dramatically skewing the crystal size distribution. Crystal dissolution and growth
in a pulsing thermal gradient produces a pronounced fabric, with crystals of ammonium
thiocyanate aligned subparallel to the direction of heat flow. Alignment occurs via selective
dissolution and growth of crystals of diverse orientations inherited from the starting material.
These results have important implications for understanding how crystals grow and for
interpreting texture in igneous rocks. Temperature cycling is likely common in magmatic
systems and needs to be considered when analyzing chemical zoning of igneous crystals and

rock textures.

INTRODUCTION

Igneous textures provide important information about the histories of magmatic

Ipaper published in Geology, December 2011; v. 39; no. 12; p. 1139-1142



bodies (e.g. Iddings 1909; Cashman 1990; Jerram and Higgins 2007; Hersum and Marsh
2007). In volcanic rocks, crystallization sequence and crystal development can be studied
by collection of magma and its cooled counterparts (e.g. Peck et al. 1966) and by quenching
experiments (e.g. Hall 1805; Lofgren 1980). How plutonic rocks attain their textures is

a more difficult problem because such textures integrate processes that occur during full
crystallization from near-liquidus to subsolidus temperatures (e.g. Shelley 1993). However,
the processes that create the textures of volcanic rocks can be complicated as well (Blundy
and Cashman 2008; Higgins 2011).

Recent experimental and chemical studies demonstrate that there is reason to question
some common interpretations of igneous textures. For example, observations of crystal
growth in a low-temperature magma analog demonstrate that the usual rules for interpreting
sequence of crystallization are commonly violated (Means and Park 1994); some layering in
plutonic complexes likely results from chemical rather than physical processes (Boudreau
and McBirney 1997); and late crystallization of K-feldspar in dacitic magmas contradicts
the common assumption (e.g. Vernon 1986) that K-feldspar megacrysts must represent early
crystallization in granodiorites (Johnson and Glazner, 2010).

Simakin and Bindeman (2008) suggested that temperature cycling can produce
observed concave-downward crystal size distributions (CSDs) by repeated dissolution
and crystallization events. Experiments on ice growth in ice cream (Donhowe and Hartel
1996) show that temperature cycling has a profound effect on CSDs. In particular, these
experiments show that large crystals may grow late in the solidification history of a material
via dissolution-crystallization. These studies encourage exploration of new chemical and
mechanical processes that could be responsible for producing igneous textures.

In this contribution we present the effects of temperature cycling and thermal gra-
dients on crystals in a magma analog system that consists of three solid phases and a liquid
phase (Fig. 1) at room temperature. In situ observation provides a view of cryptic processes

that are not directly observable in igneous systems.
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Figure 1 Six still photos from an experiment observed through plane polarized light at 10x
(each pane is ~1 mm wide). Temperature of experiment is 47 + 0.3°C when static and 47 +
3°C when oscillating (period of 12 min.). Pane 1 shows the system shortly after remelting.
The white phase (slightly bluish here because the crystals do not span the full vertical
thickness) is dendritic, the cubic phase forms tiny, euhedral, white crystals, and the blue
phase is acicular. Pane 2, from 1 h into the experiment, shows that shortly after placement on
the stage at 47°C the blue phase dissolves and the white phase condenses into more equant
crystals, as noted by Means and Park (1994). Pane 3 is ~2 days into the static temperature run
and the system is stable at this point, with minimal crystal growth or dissolution. The bottom
three pictures were taken after the temperature was cycled. Pane 4 is ~6 h after temperature
cycling was started and shows significant crystal growth relative to the previous photo. Pane
5 shows continued coarsening of the white phase and obvious N-S preferred orientation.

The final frame shows continued coarsening and strong preferred orientation. The sixth and
final frame is shown to illustrate the joining of large crystals into one clump of crystals; this
phenomenon is seen in the largest crystal on Figure 3 at ~120 h.
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METHODS

Our experiments were based on a procedure modified from Means and Park (1994).
A drop (~10 mL) of the starting solution (a 5:1 by weight mixture of saturated ammonium
thiocyanate and cobalt chloride hexahydrate) was placed on a 2.5x7.5 cm glass slide, parti-
ally dehydrated in an oven at 90 °C for 10 min and then melted on a hot plate at ~150 °C for
5 seconds. A 2x2 cm glass slide was then placed on top of the liquid and pressed so that the
liquid was ~30 wm thick. At this point, the charge rapidly crystallizes to a highly dendritic
mass of three solid phases in blue liquid (Fig. 1). The solid phases are ammonium thiocya-
nate (white phase, NH,SCN, bladed to blocky texture), ammonium chloride (cubic phase,
NH,Cl, cubic habit and isotropic), and diammonia tetrathiocyanato cobaltate (blue phase,
[NH,],Co[SCN],-nH,0, blue color, acicular). We then sealed the edges with low-viscosity
UV-curing epoxy. Charges were melted again at ~120 °C immediately before being placed on
the microscope stage.

The slide was held at the desired temperatures by a heating stage (Warner Instruments
CSH-1) controlled via LabView (Fig. 2). A slot in the heating stage cradled the slide between
two conductor plates and a 3 mm thick aluminum plate was placed on top of the slide to
promote even heat distribution. The aluminum plate had a 1 cm diameter observation hole
in its center and a thin groove drilled down its length. A needle thermocouple placed in the
groove measured the temperature on top of the slide at the edge of the field of observation.

A consequence of the side-heating aspect of this design is that temperature oscillations in the
heaters produce two thermal gradients perpendicular to the long axis of the slide. As T goes
up in the heaters isotherms advance into the slide and as T declines the isotherms retreat.

We have compared the textural evolution of ammonium thiocyanate crystals during
both thermal oscillation and constant temperature (static annealing) states by experimenting
with temperatures ranging from 40 to 60 °C, with or without a sinusoidal temperature
oscillation. Set amplitudes of oscillations ranged from +3 to £5 °C with periods of 10 to 12

minutes. The measured temperature near the center of the slide was ~3 °C cooler than the set
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Figure 2 Picture of experimental setup and schematic diagram of experimental setup. A
microscope heating stage is placed on a Teflon insulating block clamped to the stage of a
petrographic microscope with a digital camera. The digital camera is attached to a desktop
computer which allows real-time viewing and image capture. Twisted red-black wires feed
heaters on either side of the slide. Two controllers are used, one monitors and controls
temperature within the heating stage and the other monitors the temperature on top of the
glass slide, under the aluminum cover and near the optical path, with a hypodermic probe
(yellow connectors). All temperature measurements are sent to a desktop computer and
plotted and stored using a LabView program.
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temperature and the measured amplitude of oscillation was ~2 °C smaller than the set ampli-
tude because of heat loss. Measured temperatures during static annealing typically varied

<=+ 0.3 °C. We acquired images every 10 min in both plane polarized and circularly cross-
polarized light (Higgins 2010). Circular cross-polarization isolated ammonium thiocyanate
crystals because ammonium chloride crystals are isotropic and the temperature was above the
liquidus of diammonia tetrathiocyanato cobaltate in most experiments.

To measure crystal sizes, we wrote and utilized a Matlab program in which crystals
were randomly selected, measured and automatically tracked through a series of images.
Crystal dimensions typically observed were 40x40 um early in an experiment and 250x50
um late in an experiment. Given the restricted thickness of 30 wm, this indicates that crystals

were generally platy or bladed, although this habit is created by the experimental setup.

RESULTS

We present data from 2 experiments that best exemplify the common results we
obtained from ~30 experiments. During static annealing the initial dendritic crystals rapidly
condense down to much more equant crystals (Figs. 3, 4), as noted by Means and Park
(1994). At ~50 °C this happens within 10-30 min and condensation to blob-like equant
crystals is complete within 4 h. Further textural maturation after the initial condensation from
dendritic morphology is slow (Fig. 3). No new nucleation occurs during the experiments and
the total crystal area in the field of view is roughly constant, with a slight increase over time
related to the lack of insulation at the observation hole.

If the temperature at the slide is cycled + 2-3 °C, the texture rapidly matures as
crystals coarsen (Fig. 4). All crystals cycle up and down in size, small crystals disappear
and large crystals grow (Fig. 3, Fig. 5). Total crystal area at a temperature corresponding to
the midpoint of the cycle remains nearly constant throughout the experiments, but the linear
rate of crystal growth increases by a factor of approximately 10 when temperature is cycled

in this manner (Fig. 3). Given a constant thickness, this implies that the volumetric growth
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Figure 3 Plot of evolution of specific crystal sizes (characteristic length, defined as arca'?)
through time for the experiment shown in Figure 1. Different colored lines represent different
crystals. Time zero relates to pane 2 in Figure 1. By 20 h some crystals have dissolved, some
have stayed relatively constant in size, and some have grown, but from ~20 h to just before
temperature cycling began very little change occurred—initially ornate high-energy crystals
had annealed to less intricate, lower-energy shapes. After oscillation began there was great
mobility in crystal boundaries, many crystals grew to large size, and many disappeared. Inset
in top left highlights the changes seen 10 h before and after temperature oscillation began.
Colors in the inset relate directly to the main figure. Average linear growth rates for crystals
with positive growth were calculated for the time sequence from 64 to 74 h for constant T
and from 74 to 84 h for oscillating T. The increase in growth rates from static to oscillating
conditions is approximately tenfold. Farther into cycling conditions interpretation is more
difficult because crystals begin to coalesce, as seen by the largest crystal in this calculation
at ~120 h. However, crystals continued to dissolve until the end of the experiment as seen by
the several lines that show gradual to sharp declines to 0. Large crystals can disappear in less
than an hour during the oscillating temperature phase if they are oriented at a high angle to
the thermal gradient.
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Figure 4 Median circularity versus time for an experiment run at 52°C static then changed to
an oscillating temperature cycle with amplitude of 2 °C and a period of 10 min. Circularity
C is defined as 4nA/P?, where A is crystal area and P is crystal perimeter; for reference,

a circle has a C = 1, a square C = 0.785, and a rectangle with an aspect ratio of 4:1 C =
0.503. C rapidly increased and then plateaued early in the experiment as initially dendritic
crystals became more equant, but dropped dramatically when cycling began owing to crystal
elongation. Circularity was measured from images using ImageJ (http://rsbweb.nih.gov/ij/)
after cutting apart touching crystal images; tiniest crystals (<100 square pixels) were omitted
in median calculation owing to problems with measuring circularity of small objects with
ImagelJ. Inset figure shows CSDs for 2 of the frames analyzed for circularity (see Figure 5 for
additional CSDs and description of CSDs).
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Figure 5 CSD plot for four different still frames from the experiment discussed in Figure

3. Touching crystals in the images were dissected using a thin black line in order to analyze
each individual crystal. After cutting apart touching crystal images the entire images were
then analyzed using the CSD Corrections software (Higgins, 2000). We calculated CSDs
using a shape of 5:1:1. The number of crystals analyzed in each frame is: 580 (3 hrs), 444
(24 hrs), 302 (33 hrs) and 163 (83 hrs). Later images show significant dissolution of small
crystals and continual growth of larger crystals. All four distributions have a hump toward
the low crystal size, which probably relates to the lack of new nucleation in our experiments
after the condensation into blobs from the dendritic mass.
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rate increases by a factor of approximately 100. Crystals become significantly more elongate
(Fig. 4) and locally accrete to one another and resolve minor crystallographic misalignments,
resulting in formation of a single, much larger crystal. Schiavi et al. (2009) noted this pheno-
menon in plagioclase observed during their crystallization experiments.

The ammonium thiocyanate crystals take on a subhedral, square to elongate shape
and a strongly preferred orientation with long axes parallel to the direction of heat flow
(north-south in images). The majority of this preferred orientation results from preferential
growth of crystals oriented parallel to heat flow, and slower growth or dissolution of crystals
in an oblique orientation. Crystal rotation is minor and uncommon. Crystals that start with
their long axes approximately east-west commonly dissolve completely, but sometimes such

crystals shrink in the east-west direction and grow in the north-south direction (Fig. 1).

DISCUSSION

Temperature Oscillation in Natural Systems

The compounds in this experimental system differ greatly in composition from natu-
ral magmas, but initial results from temperature cycling of basalt (Mills and Glazner 2011)
indicate that the effects observed here also occur in silicate magmas. Thus, many observable
features in igneous rocks, such as the presence of phenocrysts and overall texture and fabric,
may result from crystal coarsening in a varying temperature field rather than from primary
down-temperature crystallization processes.

Although experimental petrologists generally try to maintain constant temperatures in
order to investigate equilibrium conditions, thermochronologic data indicate that temperature
cycling occurs in nature (Davis et al. 2012). Simakin and Bindeman (2008) have argued
that temperature oscillation is a ubiquitous process in igneous systems. Oscillatory chemical
zoning in many minerals (e.g. Boone 1959) can be explained by a number of processes, but
a simple way to produce complex oscillatory zoning in numerous minerals simultaneously

(e.g., plagioclase, K-feldspar, zircon, apatite, and titanite) is to vary an intensive parameter
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such as temperature.

Crystal Growth

We observed no new nucleation after initial dendritic growth during quenching (Fig.
1), indicating that textural modification occurs without additional nucleation. These results
support data from Johnson and Glazner (2010) which show that the CSD of K-feldspar
shifted dramatically across the transition from non-megacrystic granodiorite to megacrystic
granodiorite in the Tuolumne Intrusive Suite of eastern California. The modal proportion of
K-feldspar is roughly constant across this transition, but as one traverses into the megacrystic
rock, small crystals of K-feldspar disappear and nearly all of the K-feldspar is concentrated
into the megacrysts. As noted by Higgins (1999), this observation suggests a crystal coarse-
ning process in which mass was transferred from small crystals to large ones.

Crystal coarsening in an oscillating temperature field has been studied extensively
in food science. Investigations into the mechanisms of ice coarsening in ice cream clearly
demonstrate that temperature fluctuations promote recrystallization. Donhowe and Hartel
(1996) recognized several mechanisms by which ice texture changes. In particular, accretion
of crystals and melt-refreeze recrystallization (i.e., dissolution-crystallization) were found to
be the dominant processes that cause ice to coarsen. Dissolution-crystallization differs from
Ostwald ripening in that the former involves differences in surface energy between crystals
but occurs when an intensive variable (particularly temperature) fluctuates, whereas the
latter occurs at constant temperature and pressure due solely to differences in surface energy
between crystals.

We cannot isolate the contribution of Ostwald ripening to coarsening because we
cannot completely eliminate high-frequency temperature fluctuations in our experiments,.
However, the dramatic increase in coarsening rates that accompanies deliberate thermal
cycling indicates that dissolution-crystallization is the dominant coarsening process.
Additionally, CSDs of crystals from our experiments are skewed to the left (Fig. 4, Fig. 5)

and thus inconsistent with CSD models of Ostwald ripening (Simakin and Bindeman 2008).
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During static conditions, small high-frequency temperature oscillations (RMS variation 0.12
°C, maximum ~0.5°C) occurring over periods of several seconds may lead to small disso-
lution and crystallization events that combine with Ostwald ripening to produce a specific
texture, characterized by crystals with aspect ratios close to 1:1 (Fig. 1, Fig. 4). During larger,
longer-period oscillations (>2°C), larger dissolution and crystallization events overwhelm
Ostwald ripening and produce a texture with much larger crystals and greater aspect ratios

(Fig. 1, Fig. 4).
Magmatic Fabric

Magmatic fabric in plutonic rocks (i.e. fabric formed by igneous minerals that do not
show solid-state deformation) is nearly always ascribed to magmatic flow and foliations and
lineations defining a magmatic fabric are commonly used to infer magma flow paths (e.g.
Pitcher and Berger 1972). However, several experimental investigations in addition to ours
(Walker et al. 1988; DeFrates et al. 2006; Huang et al. 2009) have shown preferred crystallo-
graphic orientation of crystals grown in a thermal gradient. If some plutonic fabric elements
form via crystal growth in a varying temperature field, then interpretations of magmatic
fabric must be reexamined. For example, Bateman et al. (1983) found a confusing pattern
of crossing weak magmatic foliations in the Cathedral Peak Granodiorite in California.

The main fabric is a steeply oriented lineation defined by hornblende and some of the
foliations strike directly into wall rock contacts, making a simple magma flow interpretation
problematic. In this situation, magma flow cannot account for all of the magmatic fabric
and hornblende alignment via crystallization in a vertical thermal gradient seems plausible.
Other mineral alignments and magnetic fabrics that cut across external contacts (e.g. Pitcher
and Berger 1972, p. 103, 188; Morgan 1998) could also form, or be enhanced, via thermal

gradients.

CONCLUSIONS

Temperature experiments in the ammonium compound magma analog system show
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that: 1) the rate of textural coarsening dramatically increases with thermal cycling, 2) the
primary process of coarsening is dissolution-crystallization, 3) elongate crystals form a fabric
parallel to the thermal gradient, 4) crystals oriented parallel to the thermal gradient coarsen at
a faster rate than crystals oriented oblique to the gradient and 5) thermal cycling accentuates

the magmatic fabric.
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CHAPTER 4

EXPERIMENTAL STUDY OF TEMPERATURE CYCLING ON COARSENING OF
PLAGIOCLASE AND OLIVINE IN AN ALKALI BASALT

ABSTRACT

Melting and crystallization experiments were performed on an alkali basalt at
I-atmosphere in order to investigate the effect of temperature cycling on crystal growth.
Experiments at 1150°C near Ni-NiO buffer indicate that coarsening of plagioclase and
olivine crystals is accentuated by temperature cycling. We investigated the role of amplitude
and period on coarsening and found that crystal number density negatively correlates with
amplitude and average crystal size increases with increasing amplitude. We observed no
correlation between cycle period and crystal number density or average crystal size. We
suggest that dissolution and size-proportional crystal growth during repeated heating and
cooling decreases crystal number density and increases average crystal size. Results indicate

that phenocrysts can develop quickly in mafic magmas if the magma temperature is cycled.

INTRODUCTION

The texture of an igneous rock is a record of the crystallization history of its source
magma. The various crystallizing minerals have different nucleation and growth rates that
record changes in temperature and other intensive variables through time. The interplay of
these rates, integrated over time, is a primary control on the resultant texture. Thus, in order

to use texture to extract information about the history of a magma certain variables must be



independently known or estimated.

The interplay of nucleation and growth rates has been studied extensively in materials
science by analyzing the crystal size distribution (CSD) of a population of crystals of a given
phase (e.g., Randolph and Larson 1971). Cashman and Marsh (1988) applied this method
to silicate melts by analyzing CSDs of basalt samples from Makaopuhi lava lake in Hawaii,
where cooling rates and temperatures were directly measured. Their nucleation and growth
rates were consistent with experimentally derived values (Kirkpatrick 1977), which led to the
now-commonplace usage of CSDs in studies of magma dynamics (e.g. Higgins 1999; Schiavi
et al. 2009).

Recent studies have used CSDs as a geochronometer (e.g. Mangan 1990; Higgins and
Chandrasekharam 2007; Salisbury et al. 2008), which requires assuming a constant crystal
growth rate. However, Brugger and Hammer (2010) showed that decompression rate affects
growth rate of plagioclase crystals in dacite magmas, and Pupier et al. (2008) showed that
cooling rate and plagioclase growth rate are correlated in basaltic melts, demonstrating that a
constant growth rate is unlikely during magma genesis and residence.

In addition to the effect of variable decompression and cooling rates on CSDs,
the process of textural coarsening skews CSDs of crystals in igneous rocks (Waters and
Boudreau 1996; Higgins 1998; 1999; 2011a, b; Bindeman 2003). Phenocrystic texture is typi-
cally attributed to slow cooling followed by rapid cooling (e.g. Best 1982). However, several
experiments demonstrate that phenocrystic textures can result from cooling at a constant
rate (Lofgren et al. 1974; Walker et al. 1976). Coarsening can also occur during aging under
isothermal conditions due to the inverse relationship between crystal size and surface energy
(i.e. Ostwald ripening; Voorhees 1985).

Although coarsening can occur during constant-rate cooling and under isothermal
conditions, temperature cycling greatly enhances coarsening. For decades, temperature oscil-
lations have been used to grow large crystals in order to study physical parameters of single

crystals (e.g. Hintzmann and Miiller-Vogt 1969), and coarsening of ice during temperature
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cycling is well documented (Colbeck 1982; Donhowe and Hartel 1996). This phenomenon
likely also affects growth of silicate minerals in the Earth because temperature cycling in
magmas is probably common. For example, repeated injection of hot magma (Huppert and
Sparks 1988) and convection (Martin et al. 1987) can cause the temperature of a magma
parcel to oscillate. Repeated injection of hydrous, felsic magmas may produce similar fluc-
tuations in the activity of water owing to release of water during successive crystallization
events (Glazner et al. 2011).

Simakin and Bindeman (2008) mathematically showed that repeated dissolution and
crystallization events should cause a magma’s CSD to evolve toward downward concavity.
Their results were consistent with CSDs of zircon and quartz from geologic samples. Mills
et al. (2011) demonstrated that coarsening during temperature cycling of a magma analog
greatly increases average crystal size, changes crystal morphology, and generates crystal
alignment under temperature gradients.

In this paper we present results from melting and crystallization experiments on an
alkali basalt at 1-atm under both static and oscillating temperatures. The specific aim of
these experiments is to understand the individual effects of cycle amplitude, cycle period and

experiment duration on crystal coarsening (Fig. 1).
Notation

a cycle amplitude

T cycle period

t experiment duration
T temperature

EXPERIMENTAL METHODS

Starting materials

Starting material was finely ground powder of an alkali basalt from Pisgah Crater,

California. The alkali basalt (sample P-36 of Hughes 1986) contains 8% olivine and 13%
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Figure 1 Plot of a subset of the experimental temperature profiles investigated in this
study. In order to test the effects of a, T was set to 20 min and o was varied from +3°C

to £10°C. In order to test the effects of 1, a was set at + 5°C and t was varied from 10 to
60 min. Experiments with t =70 h and 120 h were conducted for all o/t combinations. In
addition, one static temperature (high-frequency, irregular oscillation of +1°C) experiment
was conducted at 70 h and 120 h. The plagioclase liquidus was determined by the lack of
plagioclase at 1165°C and the presence of plagioclase at 1160°C.
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plagioclase phenocrysts in an interstitial groundmass of opaque minerals, brown glass,
Ti-rich augite, and olivine with minor iddingsite alteration (Hughes 1986). The powder

was produced by 10 min of crushing of cm-sized rock chips in a tungsten carbide ball mill.
Particle size distribution of powdered starting material (Fig. 2; Glazner and Mills in review)
indicates that the largest particles have radius approximately equal to 5 um and the median

and mean radii of the analyzed particle distribution are approximately 1 wm.

Experimental procedure

Platinum loops were fabricated from 0.13 mm diameter wire. The loops were appro-
ximately 4 mm in diameter with a crossing wire for additional support. A slurry composed
of powdered starting material, a trace amount of white glue binder, and distilled water was
pressed into a Teflon block mold with a hemispherical depression 5 mm in diameter. The wire
loop was then pressed into the slurry and the entire block was placed on a hotplate until the
water evaporated, approximately 5 min.

Melting and crystallization experiments were performed in the hotspot of a Deltech
vertical tube, 1-atm, gas-mixing furnace. An atmosphere of approximately 90% CO, and 10%
H,, corresponding to an oxygen fugacity close to the Ni-NiO buffer, was maintained throug-
hout all experiments. Temperature of the charge was monitored with a Pt/PtRh  (S-type)
thermocouple calibrated against the melting temperature of Au (T= 1064°C). Thermocouple
temperature correction factors ranged from 4 to 10 °C. The thermocouple was stationed
within 1 cm of the hanging charge. At the termination of each experiment, the charges were
quenched by running current through the 0.13 mm suspension wire, causing the sample to
fall into a beaker of water.

We utilized a LabView program to control furnace temperature cycling and to record
the measured temperature every 3 sec. The observed a from the monitor thermocouple was
the same as the set a for T >10 min. Observed o was 1°C less than the set a for experiments
run with T = 5 min owing to thermal inertia in the system. Cycled experiments were set to the

mean temperature for 20 min prior to quench.
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Figure 2 Histogram of fragment size (radius) in the powdered starting material. Mean of
analyzed particles is 1.1um and the median is 0.9um.
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Analyses of experiment products

Experiment products (i.e. charges) consisted of glass and crystals in a semi-spherical
shape 4-5 mm in diameter. Charges were mounted in epoxy with the vertical axis parallel to
the plane of section and abraded until the maximum diameter cross section of the charge was
exposed. The mounts were then polished and carbon coated for imaging on a Leica or Tescan
scanning electron microscope (SEM) at the University of North Carolina.

Crystals identified in back-scattered electron (BSE) images of experiment products
were digitized (Fig. 3). All plagioclase crystals were digitized because crystals were mostly
solitary with well-defined crystal faces and shapes. However, touching crystals were common
(~ 10-20% of total crystals), and in those cases boundaries between adjacent plagioclase
crystals were assigned by inspection of the crystal shapes and a thin boundary was drawn
between different crystals. In the majority of cases involving touching crystals the boundary
was easy to identify because of the individual crystal morphologies. Ambiguous situations
were rare, accounting for fewer than 10 crystals per image. The uncertainty associated with
boundary assignment of plagioclase is small compared to the number of crystals analyzed per
image (210 to 1183). However, olivine crystals were difficult to interpret owing to pervasive
clumping of crystals, often in long chains. Thus, for olivine we only digitized the largest
crystals in the image in order to calculate an integrated growth rate using A_ (e.g. Walker et
al. 1976; Marsh 1998; Lesher et al. 1999; Brugger and Hammer 2010). Previous studies have
used the mean of the 4-10 largest crystals in a sample or experimental charge to calculate the
maximum growth rate. We chose to use the median of the 10 largest crystal areas in an image
because it is less sensitive to one or two anomalously large crystals.

Binary phase maps (Fig. 3) were produced for the crystals and void space (bubbles
and cracks) and then analyzed using the computer program Imagel. The void area was
subtracted from the overall image area in order to obtain the area of glass+crystals for spatial
analysis calculations.

Characterization of plagioclase chemical variability was performed at Duke
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Figure 3 Backscattered electron (BSE) images (A and C) and digitized objects (B and D) of
selected experiments. Plagioclase crystals are shown in black, the largest olivine crystals are
shown in light gray and bubbles and cracks are shown in dark grey. Pane A is BSE image of
experiment 58 (T = 1150°C, t = 70 h). Pane B is digitized objects from experiment 58. Pane
C is BSE image of experiment 56 (T = 1150°C, t = 70 h, T = 40 min, a =+ 5°C) Pane D is
digitized objects from experiment 56. Scale is the same for all 4 panes.
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University on a Cameca Camebax electron microprobe utilizing Cameca PAP correction
software for data reduction. An accelerating voltage of 15 kV and beam current of 15 nA was

used for analyses.

Crystal size analyses

The plagioclase area fraction (¢) and crystal number density (N,, mm™) were
obtained from analysis of the binary phase maps. From these two values, estimates of
characteristic crystal size (S, mm) were calculated using equation 1. Based on intersection
probabilities (Underwood 1970) and the lack of crystal foliation, N, was extrapolated to three
dimensions (N, mm™) using equation 2 (Blundy and Cashman 2008). Batch growth rate

(G, .., mm/s) was calculated using equation 3 (e.g. Blundy and Cashman 2008; Hammer and

batch”
Rutherford 2002). The median area of the 10 largest crystals (A_ ) of plagioclase and olivine
were calculated for each image. The median value was then used to calculate G__ using

equation 4.

Sy = (¢/N,)* (1)
N,=N,/S, (2)
G, =SJ/t(3)

batch

G ax - Amaxo.s/t (4)

mq

CSDs were calculated using CSDCorrections software (Higgins 2000, 2002). CSDs
for plagioclase were calculated using the intersection area of each crystal from Imagel. A
shape of 1:2:5 and a roundness parameter of 0.2 were used based on the mode of the intersec-
tion width/length and model fit of width/length in CSDcorrections (Higgins 2000). Growth

rates were calculated from the CSDs using equation 5 (Marsh 1988).

G, = slope' *£'(5)
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RESULTS

Qualitative texture variability

Experiments run at short 7 (0.2 and 1 h) consist of crystals from the starting material
(augite, plagioclase, olivine, and oxides) and glass produced from melting of starting crystals
(Fig. 4). At = 0.2 h all crystals are rounded, and at =1 h all crystals are rounded except
plagioclase, which has locally angular crystal faces (Fig. 4). Iddingsite alteration is locally
present on olivine at both = 0.2 and 1 h. Experiment with # =20 h consists of plagioclase,
olivine and Mg,Fe,Cr-spinel in glass; augite was eliminated (Fig. 4). Chemical zoning is
ubiquitous in plagioclase at = 20 h with starting material plagioclase (An, ) normally in the
cores of grains and new growth plagioclase (An,,) rimming the cores.

Chemical variability from rim to core in plagioclase is minor (< 1 mol%) for experi-
ments greater than 20 h and the vast majority is approximately An.,. When a discernible core
is present it is in one of the largest crystals in the charge and the core is approximately An,.
No chemical variation from rim to core was measured or observed in the olivine grains.

Plagioclase and olivine textures are coarser in all experiments for which the tempe-
rature was cycled relative to static experiments of the same duration and mean temperature
(e.g. Fig. 3), and experiments with the longest ¢ have the coarsest texture. Clumping of

crystals is more common as the textures coarsen.

Nucleation sites through time

Plagioclase crystal density (N, ") for static experiments decreases rapidly in the first
few minutes in the furnace as the starting material partially melts (Fig. 4, 5; Table 1). The
number of crystals decreases with increasing duration for all static experiments from 0.2 h to
120 h (Fig. 5).

N, of the oscillating-temperature experiments decreases with increasing o (Fig.
6D; Table 1) at T = 20 min but does not correlate with t at a = 5°C (Fig. 7D; Table 1). The

decrease in the number of crystals caused by temperature oscillation is significant; for
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Figure 4 BSE images from static experiment experiments with t = 0.2 h, 1 h and 20 h. Phases
indicated in yellow text (cpx=clinopyroxene, ol=olivine, pl=plagioclase). Bright white spots
are oxide minerals. Scale is the same for all three images.
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example, N P of the static experiment at 70 h is 3 times the average value of N **¢ for
cycled experiments (¢ = 70 h, a = 5°C), and N, "¢ for the static experiment at 120 his 6.7

times the average value of N, »*¢ for cycled experiments (¢ = 120 h, a. = 5°C).

Plagioclase growth rate

Batch plagioclase growth rate (G, ") increases with increasing a (Fig. 6A; Table
1). The slope decreases with time, from 5.1x10® mm/sec/°C at 70 h to 2.3x10 mm/sec/°C at
120 h. However, G, P does not correlate with t (Fig. 7A; Table 1).

Growth rates calculated from the largest plagioclase crystals (G__ ") increase with
increasing o (Fig. 6B; Table 1) but do not correlate with t (Fig. 7B; Table 1). Slopes from
linear fits to G__ "¢ variation with o are similar to those for G " and a. For 70 h experi-
ments the slope is 6.4x10” mm/sec/°C and for 120 h experiments the slope is 2.4x10" mm/
sec/°C.

CSDs for static T experiments are log-linear except for a turn down at the lowest
crystal size bin (Fig. 8) which is not due to resolution of the images (250x) because inspec-
tion of charges at higher magnification (1000x) did not indentify additional crystals. CSDs

for cycled T experiments have a concave down pattern (Fig. 8). Growth rates calculated from

CSDs for select experiments (Fig. 8) are greater than G, "¢ and less than G__ P,

Olivine growth rate

G, """ increases with increasing G__ **¢ and G, P for experiments with =70 h
(Fig. 9; Table 1). There is not a strong correlation between G__°""**and G_ "¢ or G P at
120 h (Fig. 9; Table 1). G__ """ increases with increasing a (Fig. 10A) and a linear fit to the
70 h data has a slope of 7.7x10° mm/sec/°C and a linear fit to the 120 h data has a slope of

3.6x10” mm/sec/°C. G__ """ does not correlate with T (Fig. 10B).
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Figure 8 CSD diagram of static temperature experiments with t = 70 and 120 h and cycled
temperature experiments (t =70 and 120 h with t of 10 min and a of +5°C). Calculated G,
values are listed.

75



2.0E-7

1.5E-7

olivine (mm/s)

max

1.0E-7

G

5.0E-8

2E-8

G

batch

| | |
4E-8 5E-8 6E-8

Plag (mm/s)

|
7E-8

olivine (mm/s)

max

G

9E-8

2.0E-7

y=094x + 1E-9| ©

R2=0.75
1.5E-7

°
o)
°
1.0E-7 m
/‘/I y = 0.40x + 4E-8
5 R2=0.15
5.0E-8 , ,
5.0E-8 1.0E-7 1.5E-7 2.0E-7
G, .’ (mm/s)

Figure 9 G_ " plotted against G, "¢ (A) and G__ "¢ (B). Green circles represent
experiments with t = 70 h and blue squares represent experiments with t = 120 h, all mean
T of 1150°C. Linear fits to the data on B are shown with black lines and the function and R?
values are shown for both linear fits; box color corresponds to symbol color.

76



2.0E-7
A @ B
y = 7.7E-9x + 9.5E-8 1.3E-7 1
—_ R2=0.97 -
» ()
E E ] ]
g 1.5E-7 4 £ 11E7
~ (]
g = (@)
3 S
3 £ 9.0E-8 -
o o
1.0E-7 - 1]
7.0E-8 - L [}
y = 3.6E-9x + 6.1E-8
R2=0.99 T
5.0E-8 T T T T T T 5.0E-8 T T T T T T T
0 2 4 6 8 10 12 0 10 20 30 40 50 60
amplitude (°C) period (min)

Figure 10 G__°"" plotted against o, (A) and t (B). Blue circles represent experiments with
t =70 h and red squares represent experiments with t = 120 h. Static experiments are shown
on B at T = 0 min for reference.

77



DISCUSSION

Destruction of nuclei at constant temperature

The decrease in N, P*¢ with time (Fig. 5) suggests that no nucleation occurs during
the experiments. In the magma analog experiments of Mills et al. (2011), direct observation
showed that no nucleation occurred during crystal aging under either static or oscillating
T, and it is likely that the same crystal destruction processes occurred in our experiments.
Destruction of nuclei during static temperature experiments is initially due to partial melting
of the starting material and reaction of crystals from the starting material with melt, similar
to results from Zieg and Lofgren (2006). The rapid decrease in N, *¢ over the first hour
of melting (Fig. 5; Table 1) is likely accelerated by the large concentration of dislocations
inferred to be in crystals in the starting material, which was crushed to a size near its commi-
nution limit (Glazner and Mills in press). The 20 h experiment consists of euhedral crystals
(Fig. 4), and the phase assemblage is the same as phase equilibria experiments using a similar
starting material (Ussler and Glazner 1989). This is in contrast to the 1 h experiment that has
a diverse phase assemblage inherited from the starting material (Fig. 4). Thus, between 1 and
20 h the starting material has almost completely reacted with the liquid.

After 20 h the decrease in the number of nuclei may be due to the inverse relationship
between crystal size and surface energy (Ostwald ripening) which leads to slow destruction
of nuclei. Cabane et al. (2005) assessed the role of Ostwald ripening in coarsening of
plagioclase in andesite at 1 atmosphere. Although their bulk composition was different, their
starting material (glass) was seeded with crystals of plagioclase that were ground to ~1 um in
diameter. Their observed decrease of N, ¢ through time was dramatic in the first few hours,
similar to our results and to those of Zieg and Lofgren (2006). Thus, in order to compare their
Ostwald ripening results with our data we focus on the interval after 20 hours. N ¢ from
Cabane et al. (2005) decreased from hour 20 to hour 336 at a rate of -2.3x10° mm~=hr! and

our N, P*¢ decreased from hour 20 to hour 120 at a rate of -7.6x10* mm~hr"' (Fig. 11).
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The difference in these values could be due to the bulk composition, with ripening
slowing with increased viscosity (Cabane et al. 2001) owing to decreased diffusion rates
(Oishi et al. 1975; Shimizu and Kushiro 1984). The difference may also reflect the greater
high-frequency temperature oscillation in our experiments (x1°C) compared to Cabane et al.
(2005) (£0.5°C). Cabane et al. (2005) discussed the effect of +£0.5°C temperature oscillation
on crystal growth in their experiments and concluded that the coarsening effect was not
significant. In our experiments the high frequency temperature oscillations will likely affect
only the outer part of the charge, because the skin depth (Turcotte and Schubert 2002, p. 152)
for periodic T oscillation with a period of several seconds, using a thermal diffusivity of 0.5

mm?/sec (Hanley et al. 1978), is on the order of 1 mm.

Effect of temperature cycling on nuclei destruction

Temperature cycling increases the rate at which nuclei are destroyed in the experi-
ments (Figs. 5, 6D, 7D). Dissolution during the up-T portion of the oscillation is one reason
for the decrease in nuclei during cycling. Sufficiently small crystals dissolve completely at
the high-T point whereas larger crystals survive. Nucleation is suppressed because of the
low degree of undercooling during the temperature cycle and the presence of existing nuclei.
Work on crystal growth in materials science utilizes this phenomenon to decrease the number
of nuclei in the system in order to grow larger crystals (temperature oscillation method; e.g.
Hintzmann and Miiller-Vogt 1969; Scheel and Elwell 1972).

However, Mills et al. (2011) demonstrated that the dissolution (up-T) part of the cycle
does not solely account for the decrease in number of nuclei. Crystals that survive several
high-T stands may still progressively decrease in size and eventually disappear. This indica-
tes that another process aids the high-T dissolution and leads to the continued destruction of
nuclei. We suggest that during cooling low-energy (large) crystals grow at a faster linear rate
than the high-energy (small) crystals. This size-proportional crystal growth (e.g. Canning and
Randolph 1967; Eberl et al. 2002) upon cooling leads to a decrease in nuclei after multiple

cycles. Cabane et al. (2005) conclude that Ostwald ripening will only affect plagioclase
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crystals up to 400 um?. However, size-proportional crystal growth appears to affect all crystal
sizes (Eberl et al. 2002) and may occur because larger crystals have (1) a greater number of
active growth centers on crystal surfaces (Garside et al. 1974) or (2) a greater slip velocity
(i.e. relative velocity between crystal and liquid; Canning and Randolph 1967). In addition,
growth rate dispersion likely dampens the size-proportional crystal growth signal (Girolami

and Rousseau 1985).

Estimating and comparing growth rates

Because of the decrease in crystal number density with time in all our experiments
the growth rates we estimated are net growth rates. Our estimates range from G, to G__
with G, intermediate between the two; this order is in agreement with results from Brugger
and Hammer (2010). The calculation of G based on CSDs for our experiments is subjective
because CSDs for our experiments are not log-linear (Fig. 8), and so a decision must be made
whether to use only log-linear portions of the distribution or the entire distribution. That
decision changes the slope (slope=G-'t!), producing uncertainty in the estimate of G.

G_, likely gives the best estimate of gross growth rate because destruction of large
crystals is unlikely unless there are external factors favoring growth of nearby crystals, such
as temperature gradients. For example, Mills et al. (2011) documented preferential crystal
growth, independent of size, for crystals oriented parallel to the direction of heat flow.
However, there is no evidence for preferred orientation of crystals in any of our experiments
and so we take G__ as the best estimate for growth rate.

Comparison between G__ **¢ and G__ " (Fig. 9B) indicates that experiment ¢
decouples growth of the two phases. At 70 h G P“¢and G,__ °"""* are positively correlated
and fit by a line with a slope of 0.94 (Fig. 9B). At 120 h the data do not define an obvious
trend, but there are limited data (Fig. 9B). In addition, the average change in A__ **¢ from 70
h to 120 h for experiments with the same conditions (i.e. a and 1) is 500 pm* and for A__ °v
it is only 87 um? (Table 1). Thus, coarsening under our experimental conditions is greater for

plagioclase than olivine. This is likely due to the absolute temperature difference between the
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experimental conditions and the liquidus of plagioclase (~1165°C) compared to the liquidus
of olivine (~1225°C; Ussler and Glazner 1989). However, feldspars are commonly found as
large phenocrysts in porphyritic rocks (e.g. Pirsson 1913) so it is plausible that physiochemi-

cal properties of feldspar may accelerate coarsening.

The role of temperature cycling in coarsening igneous textures

Effect of amplitude on coarsening

In cycled experiments N, P“¢ negatively correlates with a and growth rate positively
correlates with a (Fig. 6). The temperature at the high-T point of the cycle (T+a) controls
the amount of melting, and thus higher a leads to more dissolution per cycle. Increase in o
also leads to greater growth of the largest crystals via size-proportional crystal growth during
cooling from T+a to T-a. This process promotes continued destruction of the smallest nuclei.
Higher a progressively dissolves larger crystals compared to lower a for a given £. However,
as the ratio o/t increases the mean cooling rate on the down-T part of the cycle (4o/T)
increases. Experiments on a synthetic plagioclase system (An, ) by Lofgren (1973, 1980)
demonstrated that plagioclase morphology is related to cooling rate; at a cooling rate of 2°C/h
tabular crystals dominate, at 32°C/h arcuate acicular crystals are common, and at 120°C/h
spherulitic crystals formed. Mean cooling rates in our experiments ranged from 20 to 120°C/h
but there was no change in morphology associated with mean cooling rate; plagioclase forms
were all tabular to acicular with no spherulitic forms. This suggests that the repeated cycles

may have annealed high-energy, ornate spherulites over time.

Effect of period on coarsening

There is little correlation between t and crystal number density or growth rates at the
values of T we investigated (Fig. 7). This indicates that the proportion of time that the charge
spends near the highest-T portion of a cycle does not appear to affect the coarsening process.

Diffusion of plagioclase components in the basaltic melt is likely limited by the diffusion

82



of SiO, (Watson 1982). The diffusion coefficient for SiO, in basalt is on the order of 107
cm?/s (Watson 1982) which equals a linear diffusion rate of 2.5 um per min. This diffusion
rate should be fast enough to transfer solute from small to large crystals (at all investigated
periods) when the crystal number density is high or for clustered crystals (Fig. 3). However,
the lack of a negative correlation between N, ¢ and 1 (Fig. 7) suggests that the distance the
solute diffuses away from crystal faces has little, or no, effect on coarsening. Ideally, at some
threshold the t will be so short that the diffusion distance will be too small to redistribute the
solute except for crystals that are touching. Based on our results in the basaltic system this
appears to be a t less than 10 min. Unfortunately, we were unable to experiment on t shorter
than 10 min because the effective a at the charge would decrease.

At a given T the ratio of crystal growth rate to diffusion rate of relevant components
in the liquid will control the T at which cycling will have a lessened effect on coarsening.
For the plagioclase-basaltic melt system we studied that t is less than 10 min. Diffusion rate
inversely scales with melt viscosity (Oishi et al. 1975; Shimizu and Kushiro 1984), so it is
likely that plagioclase components in an andesite melt at a similar T below the liquidus will
have lower diffusion rates. Thus, the threshold t of temperature cycling will increase. We can
only predict that the threshold t will increase; it is impossible to determine the magnitude
of the increase based on our experiments. Temperature cycling experiments on plagioclase
coarsening in andesitic and rhyolitic melts are needed.

The lack of observed variation in nuclei destruction with t suggests that as long as t
is greater than a threshold value the effect on nuclei destruction and coarsening will be the
same. Interestingly, the short threshold 1 (<10 min) we found for plagioclase-basalt melt at 1
atmosphere is shorter than periods observed for temperature oscillations in convecting lava
lakes (e.g. Wright and Okamura 1977), which are on the order of hours, and much shorter
than periodicity of magma input at active volcanoes (e.g. Francis et al. 1993) which are

commonly on the order of years.
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Model for coarsening by temperature cycling

Our results indicate that crystal coarsening is maximized by large-amplitude tem-
perature oscillations and is insensitive to the magnitude of the cycle period over the range
of periods we tested. We speculate that coarsening is accelerated owing to dissolution of
small crystals at temperatures above the mean and to size-proportional crystal growth during
cooling, in which larger crystals grow faster than smaller crystals. When this process is
repeated the integrated result is an increase in mean crystal size and near-complete destruc-
tion of small crystals (concave downward CSDs). This process should also refine the crystal
population by preferentially dissolving defect-rich crystals or crystals with higher-energy
orientations relative to a thermal gradient. This can lead to preferred orientation of crystals
(i.e. mineral fabric) if a thermal gradient is present during crystallization (Lundstrom et al
2011; Mills et al. 2011). Also, crystal morphology can change depending on whether the
coarsening occurs at static or oscillating T (Brown and Myerson 1989; Mills et al. 2011).

The model of Simakin and Bindeman (2008) for coarsening of crystals in high-silica
melts during temperature cycling is based on size-independent growth and size-dependent
dissolution. With this model they effectively modeled CSDs of quartz and zircon from
rhyolitic magmas. However, our results suggest that the distance crystal components diffuse
away from the retreating crystal face during heating has little, or no, effect on coarsening
(i.e. no correlation between coarsening and 1) in basaltic magmas. If dissolution is inversely
proportional to crystal size then we would expect that as t increased in our experiments the
crystal number density would decrease, and we do not observe this correlation (Fig. 7). In
addition, Kile and Eberl (2003) suggested that natural CSDs are typically consistent with
size-proportional crystal growth and rarely consistent with size-independent crystal growth.
Thus, we prefer a model for coarsening during temperature cycling that is dominantly con-

trolled by size-dependent crystal growth with a minor effect from size-dependent dissolution.
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Geologic implications

Silicic igneous rocks with coarsened feldspar textures are common (Pirsson 1913),
and Higgins (1998) reevaluated CSDs of Cashman and Marsh (1988) and suggested that
plagioclase in a sample from the Makaopuhi lava lake had undergone coarsening. Higgins
(1999) and Johnson and Glazner (2010) hypothesized that temperature cycling led to
coarsened K-feldspar textures in plutons, and Dunbar et al. (1994) hypothesized that shallow
convection in the Mount Erebus lava lake promoted growth of large anorthoclase crystals.
Temperature cycling is the likely mechanism for coarsening feldspar in both silicic and mafic
rocks because Ostwald ripening is a sluggish mechanism for coarsening plagioclase (Cabane
et al. 2005) and cannot produce coarsening patterns in natural CSDs.

Coarsening may be clear from analysis of natural CSDs in some cases (Bindeman
2003) but cryptic in others (Higgins 1998). Caution should be used when estimating time
from CSDs based on assumed growth rates because temperature cycling is likely ubiquitous

in magma systems and accelerates crystal coarsening which alters growth rates.

CONCLUSIONS

Temperature cycling of a basalt at subliquidus temperatures increases the rate at
which plagioclase and olivine coarsen, especially plagioclase. The coarsening of the crystals
coincides with a decrease in crystal number density. Coarsening is greater for larger cycle
amplitudes but does not appear to correlate with cycle period. We hypothesize that the
combined effects of up-T dissolution and size-proportional crystal growth during cooling

accelerates coarsening.
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Table 1

experiment
51
60
52
63
62
49
58
61
72
56
79
71
70
75
76
7

* analyzed area is the total area of the image minus the area of the bubbles and cracks

mean
temperature duration period amplitude

(°C) (th)  (v;min) (o;£°C)
1150 120 0 0
1150 120 10 5
1150 120 20 5
1150 120 40 5
1150 120 60 5
1150 120 20 10
1150 70 0 0
1150 70 10 5
1150 70 20 5
1150 70 40 5
1150 70 60 5
1150 70 20 3
1150 70 20 10
1150 20 0 0
1150 1 0 0
1150 0.2 0 0

analyzed

area*

(mm?)
0.81
0.88
0.96
0.84
1.02
1.13
1.00
1.13
1.04
1.08
0.71
1.02
1.12
0.02
0.02
0.02

number of

plagioclase plagioclase plagioclase N,

area (mm?)
9.11E-02
8.68E-02
1.15E-01
9.08E-02
1.36E-01
1.11E-01
1.05E-01
1.30E-01
1.36E-01
1.11E-01
7.77E-02
1.26E-01
1.07E-01
2.31E-03
2.36E-03
2.36E-03

mode

0.12
0.10
0.12
0.1
0.14
0.10
0.11
0.12
0.13
0.11
0.11
0.12
0.10
0.10
0.10
0.10

crystals

792
224
347
210
373
262
1183
675
578
603
435
1057
227
98
209
287

984
255
361
251
372
231
1184
598
558
557
611
1037
203
4153
9248
12699

Sy

(mm?) (mm)

0.0109
0.0200
0.0184
0.0211
0.0193
0.0209
0.0095
0.0141
0.0154
0.0137
0.0134
0.0109
0.0217
0.0049
0.0033
0.0028

ow.m.n-_u_wn
(mml/s)
2.52E-08
4.63E-08
4.27E-08
4.88E-08
4.46E-08
4.83E-08
3.78E-08
5.58E-08
6.09E-08
5.46E-08
5.30E-08
4.33E-08
8.62E-08
6.75E-08
9.13E-07
3.90E-06

z<v_mu
(mm*)
90521
12762
19585
11922
19286
11075
124167
42549
36377
40530
45709
95121
9340
854787
2812268
4525433

oamxe_mn

(mml/s)
7.34E-08
9.08E-08
8.93E-08
9.25E-08
1.10E-07
9.71E-08
1.04E-07
1.27E-07
1.49E-07
1.43E-07
1.22E-07
1.06E-07
1.62E-07

plagioclase plagioclase A" A,.°"" Gmax

mean median
size (um?)  size (um?)
115 53
388 250
330 210
409 273
363 209
424 298
91 51
199 135
236 156
184 100
179 113
119 76
472 345

(um?)
1005
1538
1488
1598
2247
1758
691

1023
1419
1306
942

707

1664

(um?)
661
1086
1218
991
904
1708
621
913
1165
867
857
765
1894

olivine
(mml/s)
5.95E-08
7.63E-08
8.08E-08
7.29E-08
6.96E-08
9.57E-08
9.89E-08
1.20E-07
1.35E-07
1.17E-07
1.16E-07
1.10E-07
1.73E-07
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