Estimating the temperature of equilibration of quartz in
the Tuolumne Intrusive Suite

Harif Balogun
GEOL39%4
Fall 2015
Advisor: Dr. Philip Piccoli



Abstract

Felsic magmas emplaced within the crust undergo a long history of crystallization and
possibly subsequent alteration. The Skaergaard intrusion, for example, contains rocks that
appeared pristine (i.e. magmatic) but stable isotope studies revealed that extensive hydrothermal
alteration has taken place. In the research presented here, 1 will use the titanium content of quartz
to estimate the temperatures of equilibration (using the TitaniQ geothermometer) to determine if
the quartz retains magmatic temperatures in the relatively pristine granites of the Tuolumne
Intrusive Suite.

Quartz crystals from each pluton (Johnson Granite Porphyry, Kuna Crest, Cathedral
Peak, and the Half Dome Equigranular) of the Tuolumne Intrusive Suite (TIS) was analyzed
using electron probe microanalysis to determine the concentrations of titanium. It has been found
previously (Wark and Watson, 2006) that the concentration of titanium in quartz can record the
temperature conditions during formation in rutile-saturated systems. The temperature of the
solidus for granodioritic rocks, like those of the TIS, emplaced at a pressure of 2 kilobars, is
approximately 680 degrees Celsius: temperatures above the solidus are most likely magmatic,
and those below are or sub-solidus and could be effected by hydrothermal alteration.

The following equation calibrated by Wark and Watson (2006) describes the relationship

between titanium and temperature as: T °(C) = ——ae>— — 273, where X% is the titanium
log(X;fi )—5.69 Tt
concentration in quartz (in ppm by weight). They estimate accuracy to be within 5 degrees
Celsius (two sigma). Further research by Thomas et al. (2010) suggested a more complex
relationship, and accounted for the pressure at which the rocks formed and the activity of TiO2 in

the system: RTInX;. “ = — 60952 + 1.520 * T(K) — 1741 = P(kbar) + RTInar;o, where

R is the universal gas constant, T is temperature in kelvin, X is the mole fraction of TiO2 in
quartz, P is the pressure in kilobars, and a is the activity of TiO2 in the system. As part of this

work, I rearranged the equation and solved for T: T(K) = 60952+1741+P(kbar) g part of this
—RInX+1.52+RInar;g,

research, | hypothesized that the titanium concentrations in each sample would record magmatic
temperatures for each pluton. The geothermometers described above rely on the presences of
rutile, or a correction needed to be made. There is no record in the literature of rutile being
present in the TIS rocks, therefore the activity of TiO2 needed to be estimated. The activity of
rutile of these rocks was calculated by use of the rhyolite-MELTS program; the program
calculated the affinity of rutile Antile Of the system, which was then used to calculate the activity

a of TiO; using the equation ay 5" ™" = exp(A,yeue/RT) (Gualda and Ghiorso, 2014). The

calculated affinities were 7245, 6227, 7051, and 4879 for the Kuna Crest, Half Dome
Equigranular, Johnson Granite Porphyry, and Cathedral Peak rocks, respectively. Assuming a
pressure of emplacement of 2 kilobars, the average calculated temperatures of three crystals from
the Kuna Crest sample calculated using the thermobarometer calibrated by Thomas et al. (2010)
were found to be 772 °C, 761 °C, and 660 °C. The Half Dome equigranular crystals output
temperatures of 687 °C, 658 °C, and 668 °C. The Cathedral Peak crystals yielded temperatures
of 639 °C, 638 °C, and 598 °C. For the Johnson Granite Porphyry rock, the measured
temperatures were 725 °C, 610 °C, and 718 °C. Excluding two grains from the Kuna Crest and
two grains from the Johnson Granite, all temperatures were approximate to or below 680 °C, the
solidus for this system.




Introduction

Quartz is stable over an extensive range of pressures and temperatures, evident by its
prominence in crustal rocks (Thomas et al. 2010). It is becomingly increasingly recognized that
trace element concentrations in quartz yield petrologic evidence of the conditions during
crystallization (Wark and Watson, 2006). Titanium substitutes for silicon in quartz and as a result
is found in concentrations extending from 1 to 100 ppm (Wark and Watson, 2006). In magmatic
and metamorphic systems where quartz and rutile are present and in equilibrium, the measured
concentration of titanium in quartz has been found to correlate with the temperature at which the
quartz crystallized. Wark and Watson (2006) calibrated this correlation between titanium
concentration in quartz and its temperature of crystallization, and a geothermometer commonly
called “TitaniQ” was developed and is described by the following equation: T °(C) =

bg();;% — 273, where X‘Tlfzis the mole fraction of TiO2 in quartz. Wark and Watson (2006)
calibrated TitaniQ using experiments conducted between 600 and 1,000 degrees Celsius within
the presence of rutile, but determined rutile does not have to be present as an equilibrium phase if
titanium activity can be constrained, by using Fe-Ti oxide pairs or the program rhyolite MELTS.
For this research, the latter was used. Initially, TitaniQ was believed to be minimally affected by
pressure, but subsequent experiments using the geothermometer conducted at 2 and 10 kbar
suggested that pressure has a more substantial effect on titanium in quartz solubility than
originally believed.

Thomas et al. (2010) recalibrated TitaniQ to include the pressure factor, modeled as

RTInX3 = —60952 + 1.520 * T(K) — 1741 * P(kbar) + RTlnar;y,, Where T is
TiO, 2

temperature in Kelvin, R is the universal gas constant, P is the pressure in kilobars, and a is the
activity of TiO». This recalibration of TitaniQ was originally thought to only be applicable to
quartz in rocks formed at pressures between 5 and 20 kbar, but Huang and Audetat (2012)
expanded the application of the recalibrated TitaniQ to lower pressures. This research was reliant
upon the expansion to lower pressures.

Titanium concentrations of four quartz crystals from the Tuolumne Intrusive Suite,
crystallized at 2 kbar, (Piccoli and Candela, 1994), were measured via electron probe
microanalysis (EPMA). Using the calculated values, along with activity values obtained from the
rhyolite MELTS program, this research aimed to determine if the calculated temperatures would
be magmatic or subsolidus, and what those temperatures suggest for the formation of the
crystals.

Geologic Setting and Hypothesis

The Tuolumne Intrusive Suite formed during the Late Cretaceous Epoch and is located in
the Sierra Nevada mountain range. It is composed of four different plutons: the Kuna Crest
Granodiorite, the equigranular and porphyritic Half Dome Granodiorite, the Cathedral Peak
Granodiorite, and the Johnson Granite Porphyry. Figure 1 below illustrates the zoning of the
Tuolumne Batholith; Kuna Crest is the outermost pluton, followed by the equigranular Half
Dome Granodiorite, the porphyritic Half Dome Granodiorite, Cathedral Peak, and the Johnson
Granite Porphyry at the interior.
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This research analyzed one quartz
crystal from one rock from each pluton.

The significance of this research
stemmed from previous work done by Taylor
and Forester (1979). Their work focused on
analyzing rocks from the Skaergaard intrusion
in eastern Greenland. The rocks appeared
pristine in hand sample but isotopically it was
evident that the rocks had come into contact
with hydrothermal fluids. This research aimed
to address a similar problem, determining
whether the titanium levels in the quartz crystals
suggest that the rocks equilibrated at magmatic
temperatures (above the solidus) or below were
subsequently altered (below the solidus,
possibly by hydrothermal fluids.

Before beginning this research, |
hypothesized that the titanium levels in quartz
from each pluton would be consistent with
magmatic temperatures of crystallization when

Figure 1: Map of Tuolumne Batholith with labeled plutons(Paterson, 2003)

estimated using the TitaniQ geothermometer.

the equation: T °(C) =

Limitations due to absence of rutile

TitaniQ was calibrated using quartz equilibrated with rutile, but application of the
geothermometer is not solely restricted to rutile-bearing rocks. The thermometer can be applied
in the absence of rutile if the activity of TiO> in the system is known or can be calculated, using

—3765

lo X%Z -5.69
&\ atio, | >

— 273, where aTiO is the activity of TiO,. Activity of

TiO2is 1 for rutile-present conditions, and 0 < a < 1 if rutile is absent. If rutile is absent then
simply scale temperature calculations by the activity of TiO2: in a melt, for example, if the
concentration of TiO2 is 75% of the amount required for rutile saturation, it is assumed that the
titanium concentration in the quartz will be reduced by the same factor (0.75) for a given

temperature.

Using the wrong value for the activity will yield erroneous temperature estimates. This is
shown below (Figure 2), where Wark and Watson quantified the amount that temperature may be
under- or over-estimated in | rutile-absent crustal rocks. If an accurate estimate of TiO2 activity
can be made, the error in calculated temperature is low: for rocks equilibrated at T below 700°C,
a £ 0.2 error in aTiO2 estimation yields temperatures off by no more than —30° if the activity is
overestimated or + 50°C if the activity is underestimated (Wark and Watson, 2006). If the
activity is known to within £0.1, the calculated T will be off by no more than +20°C.
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Rhyolite-MELTS

Excluding the titanium concentration, the only variable in the Thomas equation that had
to be determined was the activity. This was done by using rhyolite-MELTS, a program designed
to simulate and compute phase relations in igneous systems ranging in temperatures of 500 to
2000 degrees Celsius. MELTS is a program that allows for the modeling of crystalline phases
from magmatic systems, yielding the affinity for the ending phases. Over a temperature range
from 500 to 2,000 degrees Celsius and pressures from 0 to 20 kilobars, crystalline phases are
modeled incrementally with changes in temperature and pressure, temperature and volume,
enthalpy and pressure, and entropy and pressure. Additionally, the program can be constrained to
model these systems with respect to constant enthalpy, constant entropy, or constant volume.
Another software program, rhyolite-MELTS, is largely similar to MELTS but differs because the
enthalpies of formation of quartz and KAISi3Og are adjusted to model the invariant behavior in
naturally occurring melts.

To run rhyolite-MELTS, the starting composition of the each pluton in the Tuolumne
Intrusive Suite was first entered. The compositions were found in the work of Bateman and
Chappell (1979). Then, three values of H20 weight percent were entered: 4, 3, and 2 weight
percent H20. 4 weight percent was entered due to the presence of amphiboles seen in the
samples (Naney, 1983), and the weight percentages of 2 and 3 were entered to observe the effect
of water content on the activity of TiO2. These rhyolite-MELTS runs were conducted with
respect to temperature and pressure as intensive variables.
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Pressure was kept constant at 2 kilobars, and three different temperatures were entered:
1300 degrees Celsius, the starting melt temperature (well above the liquidus), 750 degrees
Celsius which is where quartz is expected to begin to crystallize, and 700 degrees Celsius which
is 20 degrees higher than the solidus of 680 degrees. Rhyolite-MELTS cannot do calculations at
the solidus of 680 degrees Celsius or lower temperatures due to an inability to iterate at low
temperatures. These runs were also conducted with respect to fugacity of oxygen, fixed at nickel-
nickel oxide. The program simulated the cooling at one degree increments of a melt with these
variables, starting at 1300 degrees Celsius, past the liquidus temperature for each melt
simulation, down to 750 degrees where quartz was expected to begin equilibrating out of the
melt. After reaching 750 degrees, the simulation was then set to proceed further down to 700
degrees Celsius. At the liquidus, 750 degrees, and 700 degrees, rhyolite-MELTS reported out the
dominant mineral phase, as well the chemical affinities of saturation for liquid rutile and liquid
quartz. Using the affinity of rutile Arutile given at each temperature, different values of activity of
TiO a were calculated using the following equation found in Ghiorso and Gualda (2013):

a?%‘;d_mt”e = exp(A,yrire/RT). The data from rhyolite-MELTS are shown in Table 1 below.



Table 1: Rhyolite-MELTS results

Kuna Crest

H20 Percent | Temperature (°C) | Liquidus phase | Affinityrutie | Affinityquart: | Calculated activity (affinityrutiie)

4 1049 Opx 17186 4772 0.14
750 6501 42 0.35
725 7245 0.30

3 1067 Opx 19173 4531 0.12
750 4113 0.52
700 7483 0.28

2 1088 Opx 21334 4232 0.09
750 6505 42 0.35
700 8294 0.24

Experiment Design

Rocks from each of the four plutons in the intrusive suite were collected by Dr. Philip
Piccoli, and parts were made into sections. Petrography was performed using standard
petrographic techniques, in order to identify appropriate quartz grains for analysis (see Figure
##-thin section scans). The titanium content of the quartz was analyzed via electron probe
microanalysis (EPMA) in the Advanced Imaging and Microscopy Lab in the Maryland
Nanocenter. EPMA determines concentrations of elements in a sample by bombarding a stream
of electrons at the targeted sample. The beam interacts with elements in the sample and causes
atoms of each element to emit x-rays at diagnostic frequencies, which are then detected by the
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microprobe. They can either be detected by their energy (EDS) or their wavelength (WDS).
When using WDS, detection limits of concentrations of 10s of ppm can be attained in some
cases. The operating conditions for the analyses employed here were: 20 kV accelerating
voltage, 240 nA cup current, and a 30 micron beam diameter. Titanium was the only element
analyzed: silicon was calculated by difference. Analysis of pure, synthetic rutile was used as the
standard for Ti, the results of which are shown in Table 2. Titanium was counted for 300 seconds
on peak, and 150 seconds on each background. The detection limit for Ti using this setup was 8

ppm.

Table 2: Results of standard analysis

610 RNO 458
Line 1 NIST 610 439
Line 2 NIST 610 442
Line 3 NIST 610 449
Line 4 NIST 610 448
Line 5 NIST 610 450
Results
Table 3
Kuna Crest
Average weight % TiO2 |Average [Ti] (ppm) |Average temperature (°C)
Region 1 0.0088 52 772
Region 2 0.0081 49] 761
Region 3 0.0036 22 660|




Figure 3
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Table 4
Johnson Granite Porphyry
Average weight % TiO2 |Average [Ti] (ppm) |Average temperature (°C)

Region 1 0.0064 38 725
Region 2 0.0044 26 610}
Region 3 0.0059 35 718




Ti concnetration in ppm

Figure 4
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Table 5
Half Dome Equigranular
Average weight % TiO2 |Average [Ti] (ppm) |Average temperature (°C)
Region 1 0.0060| 36 687
Region 2 0.0045 27 658
Region 3 0.0059 35 668
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Ti concnetration in ppm

Figure 5
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Table 6
Cathedral Peak
Average weight % TiO2 |Average [Ti] (ppm) |Average temperature (°C)
Region 1 0.0062 37 639
Region 2 0.0066 39 638
Region 3 0.0041 24 598
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Figure 6

Cathedral Peak
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Discussion and Summary

As expected, quartz with higher concentrations resulted in higher temperatures output by
the Thomas thermobarometer. However, excluding exceptions in the Johnson Granite and Kuna
Crest samples, the temperatures were near or below the solidus of 680 degrees Celsius,
inconsistent with my hypothesis. The titanium concentrations appear to be fluctuating along the
traverses in many of the crystals. In addition, there are obvious outliers in the data. In the
analysis of region 2 in the Johnson Granite, one measurement yielded a result of 0 ppm; |
attributed this to a crack in the thin section that was likely analyzed instead of the sample itself.
The spike in the region 3 analysis of the Half Dome likely could have been an error resulting
from electron saturation during analysis. The errors in the plots were calculated by multiplying
the measure concentrations by the relative uncertainty, and dividing the product by 100.

There is no obvious zoning in these crystals, and the concentration levels could have been
affected by diffusion of titanium into or out the crystals, depending on the surrounding phases.

12



References

Anderson, A. T. 'Evolution Of Bishop Tuff Rhyolitic Magma Based On Melt And Magnetite
Inclusions And Zoned Phenocrysts'. Journal of Petrology 41.3 (2000): 449-473.

Audétat, Andreas. 'Origin Of Ti-Rich Rims In Quartz Phenocrysts From The Upper Bandelier
Tuff And The Tunnel Spring Tuff, Southwestern USA'. Chemical Geology 360-361 (2013): 99-
104.

Bateman, Paul C., and Bruce W. Chappell. "Crystallization, Fractionation, and Solidification of
the Tuolumne Intrusive Series, Yosemite National Park, California."Geological Society of
America Bulletin 90.5 (1979): 465.

Coleman, Drew S., Walt Gray, and Allen F. Glazner. "Rethinking the Emplacement and
Evolution of Zoned Plutons: Geochronologic Evidence for Incremental Assembly of the
Tuolumne Intrusive Suite, California." Geology 32.5 (2004): 433.

Davis, Jesse W., Drew S. Coleman, John T. Gracely, Richard Gaschnig, and Michael Stearns.
"Magma Accumulation Rates and Thermal Histories of Plutons of the Sierra Nevada Batholith,
CA." Contributions to Mineralogy and Petrology 163.3 (2012): 449-65.

Goetze J, Ploetze M, Graupner T, Hallbauer DK, Bray CJ. Trace element incorporation into
quartz; a combined study by ICP-MS, electron spin resonance, cathodoluminescence, capillary
ion analysis, and gas chromatography. Geochim Cosmochim Acta (2004) 68:3741-3759

Ghiorso, M. S., and G. A. R. Gualda. ‘A method for estimating the activity of titania in
magmatic liquids from the compositions of coexisting rhombohedral and cubic iron-titanium
oxides.” Contributions To Mineralogy and Petrology 165.1 (2013): 73-81.

Gualda, G. A. R., and Mark S. Ghiorso. 'MELTS_Excel: A Microsoft Excel-Based MELTS
Interface For Research And Teaching Of Magma Properties And Evolution'. Geochemistry,
Geophysics, Geosystems 16.1 (2014): 315-324.

Huang, Ruifang, and Andreas Audétat. 'The Titanium-In-Quartz (Titaniq) Thermobarometer: A
Critical Examination And Re-Calibration'. Geochimica et Cosmochimica Acta 84 (2012): 75-89.

Kistler, R. W., B. W. Chappell, D. L. Peck, and P. C. Bateman. "Isotopic Variation in the
Tuolumne Intrusive Suite, Central Sierra Nevada, California." Contributions to Mineralogy and
Petrology 94.2 (1986): 205-20.

Naney, M. T. 'Phase Equilibria Of Rock-Forming Ferromagnesian Silicates In Granitic
Systems'.American Journal of Science 283.10 (1983): 993-1033.

Nelson, Wendy R., Michael J. Dorais, Eric H. Christiansen, and Garret L. Hart. "Petrogenesis of
Sierra Nevada Plutons Inferred from the Sr, Nd, and O Isotopic Signatures of Mafic Igneous

13



Complexes in Yosemite Valley, California.” Contributions to Mineralogy and Petrology 165.2
(2013): 397-417.

Pamukcu, A. S. et al. 'The Evolution Of The Peach Spring Giant Magma Body: Evidence From
Accessory Mineral Textures And Compositions, Bulk Pumice And Glass Geochemistry, And
Rhyolite-MELTS Modeling'. Journal of Petrology 54.6 (2013): 1109-1148.

Piccoli, P., and P. Candela. 'Apatite In Felsic Rocks; A Model For The Estimation Of Initial
Halogen Concentrations In The Bishop Tuff (Long Valley) And Tuolumne Intrusive Suite
(Sierra Nevada Batholith) Magmas'. American Journal of Science 294.1 (1994): 92-135.

Riley, P., and B. Tikoff. "Tabular Fracture Clusters: Dynamic Fracturing Produced by Volatile
Expulsion, Sierra Nevada Batholith, California.” Journal of Structural Geology32.10 (2010):
1488-499.

Thomas, Jay B., and E. Bruce Watson. "Application of the Ti-in-quartz Thermobarometer to
Rutile-free Systems. Reply To: A Comment On: ‘TitaniQ under Pressure: The Effect of Pressure
and Temperature on the Solubility of Ti in Quartz’ by Thomas Et AL." Contributions to
Mineralogy and Petrology 164.2 (2012): 369-74.

Thomas, Jay B. et al. 'Titaniq Recrystallized: Experimental Confirmation Of The Original Ti-In-
Quartz Calibrations'. Contributions to Mineralogy and Petrology 169.3 (2015): 1-16

Thomas, Jay B., E. Bruce Watson, Frank S. Spear, Philip T. Shemella, Saroj K. Nayak, and
Antonio Lanzirotti. "TitaniQ under Pressure: The Effect of Pressure and Temperature on the
Solubility of Ti in Quartz." Contributions to Mineralogy and Petrology 160.5 (2010): 743-59.

Wark, David A., and E. Bruce Watson. "TitaniQ: A Titanium-in-quartz
Geothermometer.” Contributions to Mineralogy and Petrology 152.6 (2006): 743-54.

Wilson, Colin J. N., Terry M. Seward, Aidan S. R. Allan, Bruce L. A. Charlier, and Léa Bello.
"A Comment On: ‘TitaniQ under Pressure: The Effect of Pressure and Temperature on the
Solubility of Ti in Quartz’, by Jay B. Thomas, E. Bruce Watson, Frank S. Spear, Philip T.
Shemella, Saroj K. Nayak and Antonio Lanzirotti."Contributions to Mineralogy and
Petrology 164.2 (2012): 359-68.

Zak, J., S. R. Paterson, and V. Memeti. "Four Magmatic Fabrics in the Tuolumne Batholith,
Central Sierra Nevada, California (USA): Implications for Interpreting Fabric Patterns in Plutons
and Evolution of Magma Chambers in the Upper Crust."Geological Society of America

Bulletin 119.1-2 (2007): 184-201.

14



Appendix A: Half Dome

Appendix Al: Thin section of Half Dome rock sample

A2: Photomicrograph of region 1 grain in PPL at 1.5x mag
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A3: Photomicrograph of region 2 grain in PPL at 1.5x mag

A4: Photomicrograph of region 3 grain in PPL at 1.5x mag
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Appendix B: Johnson Granite

B2: Photomicrograph of region 1 grain in PPL at 5x mag
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B3: Photomicrograph of region 2 grain in PPL at 5x mag

B4: Photomicrograph of region 3 grain in PPL at 5x mag
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Appendix C: Kuna Crest

C2: Photomicrograph of region 1 grain in PPL at 10x mag
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C3: Photomicrograph of region 2 grain in PPL at 5x mag

C4: Photomicrograph of region 3 grain in PPL at 5x mag
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Appendix D: Cathedral Peak

Appendix D1: Thin section of Cathedral Peak rock sample

D2: Photomicrograph of region 1 grain in PPL at 1.5x mag

21



D3: Photomicrograph of region 2 grain in PPL at 1.5x mag

D4: Photomicrograph of region 3 grain in PPL at 1.5x mag
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