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Abstract
Experiments were conducted to quantify the temperature and pressure effects on the solubility of titanium in coesite. Pow-
dered amorphous silica, titania (anatase), zirconia, and water were added to silver capsules and run in the coesite stability 
field (at 32, 35, and 40 kbar) from 700 to 1050 °C using a piston–cylinder apparatus. Crystallization of coesite, rutile, and 
zircon from silica-, titania-, and zircon-saturated aqueous fluids was confirmed by Raman spectroscopy. Cathodoluminescence 
images and electron microprobe measurements showed that coesite crystals are relatively homogenous. The Ti concentra-
tions of coesite crystals are significantly higher than concentrations predicted using the Ti-in-quartz calibration (Wark and 
Watson in Contrib Mineral Petrol 152:743–754, 2006. https​://doi.org/10.1007/s0041​0-006-0132-1; Thomas et al. in Contrib 
Mineral Petrol 160:743–759, 2010. https​://doi.org/10.1007/s0041​0-010-0505-3). Titanium K-edge X-ray absorption near 
edge structure (XANES) measurements demonstrate that Ti4+ substitutes for Si4+ on fourfold tetrahedral sites in coesite at all 
conditions studied. A model was calibrated to describe the effects of pressure and temperature on the solubility of titanium 
in coesite by using a least-squares method to fit Ti concentrations in coesite to the simple expression: 

 where R is the gas constant 8.3145 × 10−3 kJ/K, P is pressure in kbar, T is temperature in kelvin, Xcoesite

TiO2

 is the mole fraction 
of TiO2 in coesite, and arutile

TiO2

 is the activity of TiO2 in the system referenced to rutile. Ti-in-coesite solubility can be used as 
a thermobarometer for natural samples when used in combination with another indicator of temperature or pressure, such 
as another thermobarometer in a cogenetic mineral (e.g. rutile) or other phase equilibria (e.g. graphite = diamond). Applica-
tions of the Ti-in-coesite thermobarometer to samples from the western Alps and Papua New Guinea are presented.
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Introduction

Loring Coes Jr. first reported on his synthesis of a previ-
ously unknown crystalline silica in the early 1950s, addition-
ally noting that it was possible the natural existence of this 
higher-pressure polymorph of quartz had been overlooked 
(Coes 1953). Subsequent discovery of this dense silica in 
nature (Chao et al. 1960) at Barringer Crater was the nec-
essary catalyst for the acceptance of coesite as a verified 
mineral (Hazen 1999). The potential usage of coesite as 
an index mineral for metamorphic petrology and tecton-
ics was not realized for several more decades. Discovery of 
coesite in the western Alps of Italy (Chopin 1984) and in the 

RT lnXcoesite

TiO2

= −55.068 + 0.00195 × T (K) − 1.234 × P (kbar) + RT ln arutile
TiO2

,
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Western Gneiss Region of Norway (Smith 1984) presented 
direct evidence that continental crust could be transported to 
depths greater than 100 km and then exhumed as the result 
of tectonic processes; these processes are included under the 
umbrella of ultrahigh-pressure (UHP) metamorphism (i.e. 
pressures greater than ~ 25 kbar). Until our study, coesite 
could be used only to indicate metamorphism at ultrahigh 
pressures; it has not been possible to quantify an exact pres-
sure and temperature of natural coesite formation.

Previous studies have experimentally quantified the pres-
sure–temperature dependencies of Ti solubility in quartz 
(Wark and Watson 2006; Ostapenko et al. 2007; Thomas 
et al. 2010, 2015). Several studies involved mineral synthesis 
experiments where Ti was incorporated into quartz during 
co-crystallization of quartz and rutile (TiO2). The synthesis 
experiments of Thomas et al. (2010) established and later 
confirmed (Thomas et al. 2015) that Ti-in-quartz solubility 
is strongly dependent upon temperature and pressure. The 
Ti-in-quartz solubility data were fit to a simple thermody-
namic expression or ‘calibration’ for subsequent applica-
tion as a thermobarometer to natural samples. However, the 
Thomas et al. (2010) Ti-in-quartz thermobarometer cannot 
be accurately applied to silica minerals formed at pressures 
outside the quartz stability field. We conducted experiments 
in the coesite stability field over temperatures from 700 to 
1050 °C and pressures of 32, 35, and 40 kbar. The concen-
tration of Ti incorporated into coesite was controlled by co-
crystallizing coesite, rutile, and zircon from hydrothermal 
fluids in the SiO2–TiO2–ZrO2 system. Raman spectroscopy 
was used to identify synthesized minerals. Titanium K-edge 
X-ray absorption near-edge structure measurements confirm 
that Ti4+ substituted for Si4+ on fourfold tetrahedral sites in 
the coesite lattice at all pressures. We present a titanium-
in-coesite solubility model that can be used as a thermoba-
rometer for natural samples when used in combination with 
another indicator of temperature or pressure, such as another 
thermobarometer in a cogenetic mineral (e.g. rutile) or other 
phase equilibria (e.g. graphite = diamond).

Methods

Experiments

Experiments were conducted using an end-loaded pis-
ton–cylinder apparatus designed after Boyd and England 
(1960a). A half-inch diameter piston–cylinder assembly 
with crushable materials (MgO–Pyrex–NaCl: Watson et al. 
2002; Thomas et al. 2010, 2015) was used in all experiments 
(Fig. 1). Silver capsules with ~ 1 mm thick walls (~ 20 mm3 
in volume) contained the powdered Alfa Aesar starting mate-
rials of SiO2 (~ 10 mg, amorphous), TiO2 (~ 3 mg, anatase), 
and ZrO2 (~ 5 mg), and H2O (deionized). The amounts of 

powdered starting materials were relatively consistent for 
each experiment; the amount of water added to the capsule 
varied depending on the intended P–T conditions, with less 
added at higher pressures and temperatures. Experimental 
capsules were sealed in piston-cylinder vessels during pres-
surization at room temperature. Hydraulic oil pressures were 
measured with Enerpac Bourdon-tube gauges with 18 cm-
diameter dials. Experiments were run at pressures of 30, 
32, 35 and 40 kbar, and temperatures from 700 to 1050 °C 
(Fig. 2) spanning all potential coesite-quartz phase bounda-
ries. Temperature was controlled to ± 1 °C using type-D 
thermocouples (W97Re3–W75Re25) and Eurotherm Nanodac 
PID controllers; thermocouple accuracy reported from the 
vendor (Concept Alloys) is ± 0.5 °C. Small pressure adjust-
ments were typically needed during heating to the final run 
temperature, after which pressure usually remained rela-
tively consistent for experimental duration. Small increases 
were made to maintain pressure if necessary; oil pressure 
was usually adjusted if it dropped ~ 200 psi beneath the tar-
get pressure, which is the smallest graduation on our pres-
sure gauges (200 psi oil pressure equals 0.5 kbar experi-
mental pressure). No ‘friction corrections’ were applied 
to the calculated experimental pressures because reported 
pressures are interpreted as accurate to within approximately 
± 120 bars (Spear et al. 2014; Thomas and Spear 2018). 
Six tungsten carbide cores in our piston–cylinder pressure 
vessels were destroyed to conduct the experiments, repre-
senting the most expensive and time-consuming aspect of 
this project. Experiments were terminated after ~ 2–5 days 
by shutting off the power to the graphite furnace (Fig. 1), 
which quenched the experiment to below 100 °C in less than 
30 s. The capsules were opened with two pairs of pliers by 
wrenching off the capsule lid. Experimental run products 
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Fig. 1   Piston–cylinder assembly used in all experiments
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were washed out of capsules with alcohol or water. Coesite 
crystals were hand-picked (selected for size and lack of vis-
ible inclusions), mounted in epoxy, and polished in prepara-
tion for subsequent analyses. 

Electron probe microanalysis (EPMA) 
and cathodoluminescence (CL) imaging

The Cameca SXFive electron microprobe at Syracuse 
University and the Cameca SX100 electron microprobe at 
Rensselaer Polytechnic Institute were used for trace element 
measurements of titanium in coesite. Both instruments have 
cathodoluminescence imaging capabilities that were used to 
document Ti distribution in silica minerals; CL imaging was 
performed using 10–20 nA beam currents. All other imaging 
and quantitative measurements were performed with 15 kV 
accelerating voltage. Qualitative identification of rutile and 
zircon inclusions was performed using the Bruker Quan-
tax EDS attached to the SXFive electron microprobe. For 
quantitative measurements, the five wavelength dispersive 
spectrometers were tuned, and elements were standard-
ized using silicate and oxide mineral standards (Astimex 
MINM25-53 quartz and rutile, http://astim​ex.com/com/
catal​og/min.html) by adjusting the beam current to attain 
~ 12,000 counts per second for analyte X-rays on gas-flow 
proportional counters. Trace element measurements of Ti in 
coesite were performed using a 200-nA beam current and a 
‘focused’ beam (< 1 μm diameter). Titanium Kα X-rays were 
diffracted with large PET diffraction crystals (22 × 60 mm) 

and simultaneously counted on four spectrometers (200 s on 
peak, 100 s on low and high backgrounds), which yielded an 
average theoretical detection limit of 5 ppm (by weight) for 
individual measurements. Silicon Kβ X-rays were counted to 
confirm analyzed materials were silica. To avoid secondary 
fluorescence effects, care was taken to avoid Ti measure-
ments within ~ 50 μm of rutile crystals. The accuracy of 
EPMA measurements was evaluated by analyzing quartz 
reference materials including synthetic quartz reference 
materials from Thomas et al. (2010) containing several dif-
ferent titanium concentrations measured independently and/
or by analyzing Herkimer quartz as a Ti-in-quartz blank. 
One experiment (TiiC-38) was additionally analyzed by 
Secondary Ionization Mass Spectrometry (SIMS) at Woods 
Hole Oceanographic Institution. Data from both methods are 
given in Table 1. Our EPMA routine produced an average 
Ti concentration of 10 ppm, less than 1 ppm difference from 
SIMS analyses average Ti concentration of 9.8 ppm. This 
agreement in measured Ti concentration between analysis 
methods lends confidence to the validity of our trace element 
EPMA measurements.

Raman spectroscopy

Raman spectra of coesite, quartz, rutile, and zircon were 
measured with a Renishaw inVia Raman microprobe in the 
Department of Chemistry at Syracuse University. Incident 
532 nm laser light was focused onto crystals using a 100× 
objective (NA = 0.9). Spectra were acquired for 20–30 s. 
Raman shifted light was backscattered (180° geometry) and 
statically dispersed with 1800 groove/mm gratings onto 
a charged-couple device. The Renishaw spectrometer has 
~ 0.5 cm−1 spectral resolution (dependent on wavelength of 
shifted light) and precision of standard measurements is typ-
ically < 0.1 cm−1. The spectrometer was calibrated against 
numerous Ne lines, and spectral accuracy and linearity were 
checked throughout each analytical session by measuring the 
Rayleigh scattered laser light and the 520.5 cm−1 band of a 
silicon standard.

X‑ray absorption spectroscopy

Titanium K-edge X-ray absorption near-edge structure 
(XANES) spectra were measured on beamline 13-ID-E at 
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Fig. 2   Experimental P–T conditions and phase relations from this 
study compared to several previously reported coesite-quartz phase 
equilibria (Boyd and England 1960b; Kitahara and Kennedy 1964; 
Mirwald and Massonne 1980; Bose and Ganguly 1995). The open 
black squares designate experimental P–T conditions that produced 
coesite; the solid black squares designate experimental P–T condi-
tions that produced quartz

Table 1   Comparison of SIMS and EPMA analyses

TiiC-38
SIMS

TiiC-38
EPMA

Average (ppm Ti) 9.8 10
Standard error (1σ) 0.9 0.6
Number of measurements 5 90

http://astimex.com/com/catalog/min.html
http://astimex.com/com/catalog/min.html
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the Advanced Photon Source (APS) at the U.S. Department 
of Energy’s Argonne National Laboratory to characterize the 
coordination environment of titanium ions in experimental 
coesite crystals. With the goal of maximizing count rate, 
we measured coesite crystals from several of the higher 
temperature experiments from each isobar (i.e. higher Ti 
concentration). The edge position for Ti Kα was measured 
on Ti foil at ~ 4964.5 eV; this is about 1.5 eV lower than 
the previously accepted and widely used value of 4966 eV. 
The Athena software program (Ravel and Newville 2005) 
was used to process and normalize all XANES data. Nor-
malization of XANES spectra permits direct comparison of 
spectral features of different specimens, independent of Ti 
concentration and instrumentation settings. The energy of 
the absorption edge (E0) was designated by choosing the 
maximum peak of the first derivative of the spectrum in the 
edge region (~ 4980 ± 10 eV). The pre-edge and post-edge 
energy regions were selected to attain a linear fit to each 
energy region.

Results and discussion

All experiments were conducted in the SiO2–TiO2–ZrSiO4 
field of the TiO2–ZrO2–SiO2 system (see Fig. 1 of Thomas 
et al. 2010) with a stable equilibrium mineral assemblage 
composed of a silica polymorph, rutile, and zircon, which 
buffered SiO2, TiO2, and ZrSiO4 activities at their maximum 
possible values. Experimental conditions listed in Table 2 
are shown on Fig. 2 relative to the coesite-quartz phase 
boundary. Abundant milky-white aqueous fluid was present 
upon opening experimental capsules; experiments run at 
higher P–T conditions with less initial water remained vis-
ibly wet and exhibited typical crystal growth. Hundreds of 
coesite, rutile, and zircon crystals grew in each experiment. 
Coesite crystals ranged in size from ~ 10 μm to ~ 1 mm; 
larger crystals generally formed in the higher temperature 
experiments. Crystals have anhedral to euhedral shapes; 
many crystals clearly display the monoclinic symmetry of 
coesite (Fig. 3a). Rutile and zircon crystals are typically less 

Table 2   List of experimental 
run conditions and Ti 
concentrations

a Values in parentheses are one standard error from the mean. Each Ti concentration and lnXcoesite

TiO2

 value is 
the data set average. Decimal places included are for fitting purposes

Run # T (°C) P (kbar) Ti (ppm)a
lnXcoesite

TiO2

a Time (h) Number of 
measure-
ments

TiiC-38 700 32 10 (1) − 11.41 (0.05) 72 90
TiiC-55 750 32 28 (1) − 10.35 (0.05) 72 89
TiiC-66 800 32 30 (1) − 10.25 (0.02) 72 208
TiiC-62 850 32 39 (1) − 9.93 (0.02) 72 211
TiiC-48 900 32 61 (2) − 9.48 (0.02) 70 121
TiiC-21 925 32 90 (3) − 9.09 (0.03) 120 30
TiiC-25 950 32 103 (2) − 8.99 (0.03) 120 116
TiiC-26 975 32 121 (4) − 8.79 (0.03) 120 37
TiiC-61 1000 32 137 (2) − 8.67 (0.01) 72 87
TiiC-64 1025 32 182 (1) − 8.39 (0.01) 72 138
TiiC-11 700 35 6 (< 1) − 11.76 (0.07) 120 43
TiiC-58 750 35 10 (< 1) − 11.37 (0.05) 72 86
TiiC-18 800 35 16 (1) − 10.82 (0.05) 120 13
TiiC-10 825 35 15 (1) − 10.90 (0.03) 120 86
TiiC-6 860 35 21 (< 1) − 10.54 (0.02) 120 13
TiiC-4 900 35 35 (1) − 10.03 (0.03) 120 17
TiiC-3 940 35 48 (1) − 9.72 (0.02) 120 34
TiiC-7 975 35 82 (2) − 9.18 (0.02) 142 11
TiiC-53 1000 35 68 (1) − 9.37 (0.01) 72 138
TiiC-68 1050 35 132 (1) − 8.71 (0.01) 72 121
TiiC-17 875 40 19 (1) − 10.62 (0.03) 120 31
TiiC-14 900 40 25 (1) -10.38 (0.03) 47 14
TiiC-15 900 40 21 (1) − 10.52 (0.04) 120 16
TiiC-16 950 40 41 (1) − 9.88 (0.02) 96 34
TiiC-70 1000 40 55 (1) − 9.58 (0.01) 72 124
TiiC-69 1050 40 93 (1) − 9.06 (0.01) 72 118
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than 30 µm, are anhedral to euhedral, and commonly occur 
as inclusions in coesite (Fig. 3b) demonstrating co-crystal-
lization of the three minerals; the rutile had a characteristic 
honey-brown color and zircons were colorless.

Cathodoluminescence was used to image coesite crys-
tals prior to quantitative Ti-in-coesite EPMA measure-
ments. Average Ti concentrations in coesite range from ~ 6 
to ~ 182 ppm (Table 2; Fig. 5). Coesite crystals from each 
experiment had uniform CL brightness as well as consist-
ent Ti concentrations (Fig. 3c) within single crystals and 
amongst individual coesite crystals regardless of size and 
shape.

Raman spectroscopy and the coesite‑quartz phase 
boundary

There is notable variation among previously reported loca-
tions of the coesite-quartz phase boundary in P–T space 
(Mao et al. 2001). At 1000 °C, for example, selected previ-
ous studies locate the phase transition at pressures rang-
ing from ~ 29 to ~ 31 kbar (Fig. 2). The silica mineral 
crystallized in our experiments was unambiguously identi-
fied as either coesite or quartz using Raman spectroscopy 

Fig. 3   Mixed reflected and transmitted light photomicrographs of 
experimental run products. a Loose run products; external forms of 
some coesite crystals clearly show monoclinic symmetry. b Single 
coesite crystal mounted in epoxy with inclusions of (bright) rutile 
and negative crystal forms (dark). c Single coesite crystal mounted 
in epoxy overlain with titanium concentrations measured by electron 
microprobe
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Fig. 4   Raman spectra of synthesized coesite and quartz crystals 
compared to spectra from the RRUFF database of Raman spectra 
(Lafuente et  al. 2015). The strong peaks of each spectrum are the 
products of symmetric Si–O–Si stretching-bending vibrations within 
the silicate ring structures of the mineral (Kingma and Hemley 1994). 
Coesite Raman band frequencies are significantly different than 
quartz Raman bands. Additionally, Raman spectra from our study do 
not show any evidence of quartz crystallites (in the form of Raman 
Shift peak at ~ 465  cm−1) sometimes observed in natural coesite 
(Sharma et al. 1981; Boyer et al. 1985)
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(Fig. 4), defining P–T points on either side of the coesite-
quartz phase boundary. We did not explicitly explore a 
sufficient temperature range to determine the exact posi-
tion of the coesite-quartz phase boundary in P–T space; 
however, we offer an approximate phase boundary and 
have compared our results to previous studies (Fig. 2). A 
linear fit to the midpoint between the 775 °C (coesite) 
and 800 °C (quartz) experiments at 30 kbar and the mid-
point between the 1025 °C (coesite) and 1050 °C (quartz) 
experiments at 32 kbar gives an approximate phase bound-
ary [ P (kbar) = 0.0080 × T (K) + 23.7 ] with a slope and 
position in close agreement with several other reported 
coesite-quartz phase boundaries (Boyd and England 
1960b; Kitahara and Kennedy 1964; Mirwald and Mas-
sonne 1980; Bose and Ganguly 1995).

Thermodynamic analysis

When coesite co-crystallizes with rutile, Ti solubility in 
coesite is governed by the following equilibrium:

where the Ti concentration in coesite varies with P and T.
At equilibrium,

(1)TiOcoesite
2

P,T
⟷ TiOrutile

2
,

(2)
ΔḠ◦ = ΔH̄◦ − TΔS̄◦ + PΔV̄◦ + RT lnXcoesite

TiO2
− RT ln aTiO2

= 0,

in which aTiO2
 is the activity of TiO2 in the system. The TiO2 

endmember in Eq. (1) is fictive TiO2 in the coesite structure 
having regular solution properties at low concentrations into 
the Henry’s Law limit. Because rutile was present in each 
experiment, the last term is zero. Equation (2) can be rear-
ranged to

and can be fit to the P–T dependent concentrations of Ti in 
coesite shown in Fig. 5. The temperature dependence of 
lnXcoesite

TiO2
 is a function of ΔH̄◦ , and ΔS̄◦ controls isopleth 

slopes in P–T space. The experimental data can be simulta-
neously fit to Eq. (3) using a least-squares approach to char-
acterize the enthalpy, entropy, and volumetric terms related 
to substituting the significantly different sized Ti4+ ion for 
Si4+.

In the equilibrium defined by Eq. (1), substitution of Ti4+ 
for Si4+ is implicit but the crystallographic site in which Ti 
resides in the coesite structure and the valence state of Ti 
ions are not specified. It is conceivable that Ti4+ ions reside 
exclusively on tetrahedral sites, but other more complicated 
incorporation mechanisms are possible. Titanium incor-
poration could involve a vacancy mechanism with Ti ions 
dissolved into interstitial sites, Ti ions may occur as Ti3+ 
requiring coupled substitution of a monovalent ion (e.g. H+), 
or other more complicated incorporation mechanisms may 
occur. Each solubility mechanism would require a unique set 
of thermodynamic variables to describe the P–T dependency 
of Ti-in-coesite solubility, so there is clear need to obtain 
information on Ti siting and valence; Ti K-edge XANES 
measurements can provide this information.

X‑ray absorption near‑edge structure 
measurements to probe the Ti coordination 
environment

Ti K-edge XANES measurements of experimentally grown 
coesite crystals were used to directly probe the local geom-
etry of the Ti–O polyhedra and provide information on 
the valence state of Ti ions in coesite. Variations in Ti–O 
polyhedral geometries can produce up to nine resolvable 
absorption features in the 4960–5020 eV region. The Ti 
pre-K-edge absorption in the ~ 4965 to ~ 4970 eV region 
is the most diagnostic because it undergoes the largest 
changes in position and normalized height as a function 
of Ti coordination environment and valence state (Fig. 6a) 
(Waychunas 1987; Farges et al. 1996a, b, 1997; Farges 
1997; Berry et al. 2007; Thomas et al. 2010; Tailby et al. 
2011). The pre-edge peak intensity significantly decreases 
and its position shifts to higher energies with increasing 

(3)lnXcoesite
TiO2

=
−ΔH̄◦ + TΔS̄◦ − PΔV̄◦ + RT ln aTiO2

RT
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Ti coordination from four to five to six nearest oxygen 
neighbors (Fig. 6b). XANES spectra of experimentally 
grown coesite crystals were compared to high-Ti quartz 
from Thomas et al. (2010), a rutile reference material, 
and previously characterized materials that contain Ti 
in four-, five- and sixfold coordination (Fig. 6b). Coesite 
XANES spectra were also compared to corundum struc-
ture α-Ti3+

2
O3 to evaluate the possibility that Ti3+ was 

incorporated into the coesite structure (Fig. 6a).

Titanium K-edge XANES spectral features of our experi-
mental coesite crystals are similar to those of a quartz refer-
ence material with 100 ppm Ti (Fig. 6a) that contains Ti4+ 
in fourfold coordination (Thomas et al. 2010). XANES 
spectral features of the coesite are distinct from the rutile, 
which has Ti4+ in sixfold coordination and are also distinct 
from Ti3+-containing α-Ti2O3 reference materials. Numer-
ous studies provide details on orbital transitions responsi-
ble for each of the XANES spectral features observed in 
the Ti-K-edge region (Bair and Goddard 1980; Waychunas 
1987; Farges et al. 1996a, b, 1997; Farges 1997; Berry et al. 
2007; Thomas et al. 2010; Tailby et al. 2011; Ackerson 
et al. 2017; Sutton et al. 2017; Leitzke et al. 2018) so only a 
brief description is provided here. The octahedral bonding 
arrangement of Ti4+ in the rutile structure is responsible for 
the seven spectral features in Ti K-edge XANES spectra of 
rutile (Fig. 6a). In general, the pre-edge features with ener-
gies less than ~ 4975 eV are attributed to transitions from Ti 
1 s energy levels to bound Ti 3d orbitals. There are several 
explanations for the three pre-edge spectral features of rutile, 
but all involve p orbitals of the Ti absorber site mixing with 
d orbitals of neighboring Ti ions.

Like previous studies of materials with Ti4+ in fourfold 
coordination, Ti K-edge XANES spectra of the synthesized 
coesite crystals have several spectral features that are sub-
stantially different from those observed in spectra of rutile 
(Farges et al. 1996a, b, 1997; Farges 1997; Thomas et al. 
2010; Tailby et al. 2011). Compared to rutile, there are sub-
tle differences in the position of the first shoulder and unas-
signed features that occur on the coesite edge. The most 
obvious difference between XANES spectra of coesite and 
rutile occur in the pre-edge region near ~ 4970 eV (Fig. 6a). 
Coesite crystals have a pre-edge feature composed of a single 
peak that has a higher intensity and is shifted to lower ener-
gies compared to the multiple pre-edge features observed in 
rutile spectra. The higher intensity of the pre-edge features 
observed in spectra of compounds with fourfold Ti4+ is cor-
related to the degree of d–p orbital mixing and associated Ti 
absorber site distortion (Waychunas 1987).

The position of the pre-edge feature of our synthesized 
coesite crystals is located at a lower energy than the pre-edge 
feature of rutile (Fig. 6a, b). Coesite crystals have pre-edge 
peak positions at ~ 4968.25 eV and the pre-edge feature of 
our rutile is at 4969.75 eV, energies that agree with previ-
ous studies of materials with Ti4+ in four-, five-, and six-
fold coordination, respectively (Fig. 6b). The normalized 
pre-edge peak intensities of Ti-bearing coesite crystals are 
considerably higher than the pre-edge feature intensities of 
rutile, which has Ti4+ coordinated by six oxygens (Fig. 6a, 
b). The normalized pre-edge intensities of our coesite crys-
tals (Fig. 6b, multiple blue diamonds in [IV] Ti4+ box) range 
from 0.77 to 0.91 (an average of 0.83), which is comparable 
to the pre-edge intensities previously measured in materials 
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Fig. 6   a Titanium K-edge X-ray absorption near-edge structure 
(XANES) spectra of synthesized coesite and quartz crystals, a rutile 
crystal, and α-Ti2O3 with corundum structure. The pre-edge peak fea-
ture of the coesite and quartz crystals is larger and shifted to lower 
energies than that of rutile. Raw spectral data were normalized to 
account for differences in samples and detector settings, and the nor-
malized spectra have been vertically offset for better comparison. b 
Normalized intensities of pre-edge peak features that occur between 
the 4968 and 4971 eV photon energy positions. The different boxes 
group Ti4+ into fourfold [IV], fivefold [V] and sixfold coordination 
[VI] and include materials from Farges et  al. (1997), Thomas et  al. 
(2010), and this study
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that contain Ti in fourfold coordination (Farges et al. 1996a, 
b, 1997; Farges 1997; Thomas et al. 2010; Tailby et al. 
2011). The pre-edge intensity feature of rutile measured here 
is ~ 0.39 (Fig. 6b, single blue diamond in [VI] Ti4+ box), 
which is similar to intensities measured for rutile and other 
materials in which Ti is in sixfold coordination.

The electronic properties and ionic radii of Ti must 
strongly influence the solubility of titanium in minerals 
(Thomas 2016). Titanium generally occurs as Ti4+ in miner-
als and melts, but Ti3+ is possible in highly reduced systems 
such as lunar rocks and some meteorites; it is exception-
ally rare in terrestrial systems (Anderson et al. 1970; Papike 
2005; Borisov 2012; Sutton et al. 2017). It is unlikely that 
Ti3+ was stabilized in our experimental system because 
the intrinsic oxygen fugacity in our piston–cylinder pres-
sure cells is close to the FeO–Fe3O4 oxygen buffer, but it is 
conceivable that crystal-chemical controls could stabilize 
Ti3+ independent of oxygen fugacity (Doyle et al. 2014). 
XANES was used to probe for potential Ti3+ incorporated 
into synthesized coesite. Titanium K-edge XANES spectra 
of Ti3+-containing α-Ti2O3 are clearly different from those 
of materials containing Ti4+ (Waychunas 1987). The nonde-
script pre-edge and main edge regions in spectra of α-Ti3+

2
O3 

are characterized by smooth, broad, and poorly resolved fea-
tures that are shifted by ~ 1–2 eV to lower energies than the 
spectral features of the coesite and rutile crystals (Fig. 6a). 
XANES spectra of coesite crystals show no evidence for the 
presence of any Ti3+. In all cases XANES spectra indicate 
that Ti ions are incorporated as Ti4+ onto the tetrahedral 
sites substituting directly for Si4+ in the coesite structure 
(Fig. 6b).

The effect of pressure and temperature on titanium 
solubility in coesite: calibration of a Ti‑in‑coesite 
solubility model for thermobarometry

XANES measurements confirm that Ti4+substitutes for Si4+ 
on the tetrahedral site in coesite. For this reason, the Ti-in-
coesite P and T dependencies can be fit to a solubility model 
that describes Ti-in-coesite solubility at any P and T within 
the coesite stability field. A model with the form of Eq. (3) 
was fit to the data from all experiments using a least-squares 
method (Fig. 5) to the following polybaric expression:

where the fit parameters a, b, and c are
(4)

RT lnXcoesite
TiO2

= −a + b × T (K) − c × P (kbar) + RT ln arutile
TiO2

,

(5)
a = 55.068 ± 4.686

b = 0.00195 ± 0.0032

c = 1.234 ± 0.113

and arutile
TiO2

 is the activity of TiO2 in the system referenced to 
rutile. The a, b, and c terms in Eqs. (4) and (5) are empirical 
fit parameters that are related to ΔH̄◦ , ΔS̄◦ , and ΔV̄◦ in 
Eqs. (2) and (3). Additional fit parameters (e.g. adjustable 
heat capacity or compressibility terms) were not justified 
based on uncertainties of our data. We emphasize that the 
values of fit parameters a, b, and c are substantially different 
than those obtained for a Ti-in-quartz solubility model 
(Thomas et al. 2010; Table 3); the estimated 32, 35, and 
40 kbar isobars calculated using the Ti-in-quartz solubility 
model are plotted in Fig. 5. The Ti-in-coesite fit parameters 
are essential for successful thermobarometric application as 
it is obvious that the Ti-in-quartz fit parameters do not fit the 
Ti-in-coesite data. Thus, using the Ti-in-quartz solubility 
model would underestimate the equilibrium solubility of 
titanium in coesite.

Using the Ti‑in‑coesite solubility model 
as a thermobarometer

The Ti-in-coesite solubility model can be applied as a ther-
mobarometer to coesite-bearing UHP rocks. There are sev-
eral different ways in which the model can be used to obtain 
P–T estimates of crystallization. The P–T dependencies of 
Ti-in-coesite solubility described by Eqs. (4) and (5) can be 
combined with an independent constraint on either P or T to 
obtain the pressure and temperature of coesite crystalliza-
tion. Fortunately, many UHP rocks contain coesite, rutile, 
and zircon (e.g. Baldwin et al. 2008) which will greatly 
simplify application of the Ti-in-coesite thermobarometer. 
Assuming that equilibrium crystallization of coesite, rutile, 
and zircon will fix SiO2, TiO2, and ZrSiO4 activities at unity, 
the Ti-in-coesite and Zr-in-rutile solubility models may be 
simultaneously applied to obtain a crystallization pres-
sure and temperature (Figs. 7, 8; see Tomkins et al. 2007 
for details of the Zr-in-rutile thermobarometer). Coesite 
typically occurs as inclusions contained in other minerals 
(Figs. 7, 8) and this occurrence as inclusions, such as with 

Table 3   Least-squares fit parameters obtained by fitting Eq. (4) to Ti-
in-coesite solubilities shown on Fig. 5 and listed in Table 2

a Tomkins et  al. (2007) used an interaction parameter (W) in their 
equation to fit Zr-in-rutile solubility due to high Zr concentrations in 
rutile. Values for Zr-in-rutile are from Tomkins et al. (2007); values 
for Ti-in-quartz are from Thomas et al. (2010)
n.d. not determined

Parameter Ti-in-coesite Zr-in-rutile Ti-in-quartz

a 55.068 ± 4.686 85.500 ± 0.005 60.952 ± 3.177
b 0.00195 ± 0.0032 0.0291 ± 3 0.00152 ± 0.0039
c 1.234 ± 0.113 0.476 ± 0.039 1.741 ± 0.063
Wa n.d. 0.010 n.d.
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coesite-in-garnet, affords an opportunity to use the crossing 
point of isopleths calculated from the Ti-in-coesite solubility 
model and isomekes of elastic thermobarometers (e.g. Angel 
et al. 2015; Thomas and Spear 2018) to estimate crystalliza-
tion P–T conditions, and perhaps timescales of exhumation 
(e.g. Zhong et al. 2018).

The small size of many natural coesite inclusions and low 
Ti concentrations will impose some practical limitations and 
challenges on applying the Ti-in-coesite solubility model 
as a thermobarometer. Most modern electron microprobes 
have excellent spatial resolution (~ 1 µm) and detection lim-
its for Ti of ~ 5 ppm can be achieved by dedicating multiple 
spectrometers to the element and employing long acquisi-
tion times. Secondary Ion and Laser Ablation Inductively 
Coupled Plasma Mass Spectrometry instruments can achieve 
detection limits at the tens of ppb level but spatial resolution 
is typically > 10 µm, which may limit the coesite inclusions 
that can be measured. One must also consider that Ti dif-
fusion may have modified measured Ti concentrations. If 
analytical challenges can be overcome, it is likely that Ti-in-
coesite solubility will be widely used for thermobarometric 
applications to UHP rocks.

As noted previously, Ti-in-coesite solubility can also be 
combined with an independent constraint on either P or T 
to obtain the crystallization temperature or pressure. Given 
a Ti-in-coesite concentration, a known P, and fit parameters 
listed in Table 3, the temperature can be determined by rear-
ranging Eq. (4) to give

Given a Ti-in-coesite concentration, a known T, and fit 
parameters listed in Table 3, the pressure can be determined 
using

If pressure can be constrained to within ± 1 kbar, the tem-
perature can be estimated to within approximately ± 15 °C. 
If temperature can be constrained to within ± 25 °C, the 
pressure can be estimated to within approximately ± 2 kbar.

Applications to coesite‑bearing UHP rocks: 
Dora‑Maira, western Alps, Italy

The ultrahigh-pressure section of the Dora-Maira massif, 
located in the western Alps of Italy, is famously known 
as one of two localities where coesite inclusions were 
first discovered in continental rocks (Chopin 1984; Smith 
1984). The Dora-Maira UHP rocks are composed of gra-
nitic gneisses with intercalated marbles, metabasites, and 

(6)T (◦C) =
a + cP (kbar)

b − R × lnXcoesite
TiO2

+ R × ln acoesite
TiO2

− 273.15.

(7)
P (kbar) =

−a + bT (K) + RT × ln arutile
TiO2

− RT × lnXcoesite
TiO2

c
.

whiteschists. Previous research has demonstrated that these 
rocks have been subducted to depths > 100 km (Chopin et al. 
1991; Chopin and Schertl 1999; Rubatto and Hermann 2001; 
Hermann 2003).

Petrography, CL imaging, and Raman spectroscopic 
measurements were used to identify coesite contained in 
a garnet from a Dora-Maira specimen (sample ALP-13E 
from Jack Cheney, Amherst College). Cathodolumines-
cence imaging revealed that one SiO2 inclusion in garnet 
contained irregular ‘relics’ of silica with dark CL, which 
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Fig. 7   a CL image of the ALP-13E SiO2 inclusion showing the dark 
blue relics of coesite surrounded by lighter palisade quartz. Concen-
trations of Ti shown at approximate probe location. b Application 
of the crossing isopleth method to Ti-in-coesite (TiiC) and Zr-in-
rutile (ZrRt) data from the western Alps (Dora-Maira) sample ALP-
13E (Jack Cheney, Amherst College). The (yellow) star denotes the 
intersection of the average concentration isopleths at 721  °C and 
34.0  kbar. The pink area denotes the approximate quartz–coesite 
phase boundary region outlined in Fig. 2
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were positively identified as coesite using Raman spectros-
copy; these coesite relics were surrounded by bright CL rims 
of polycrystalline quartz with palisade texture and radial 
fractures (Fig. 7a). Several coesite relics appeared to have 
been plucked during polishing. The intact coesite relics that 
were able to be analyzed contain 8 ± 1 ppm Ti (Table 4). 
Rutile crystals occur as inclusions in garnets and as crystals 
dispersed throughout the matrix. The rutile crystals contain 
172 ± 2 ppm Zr (Table 4) and there is no apparent difference 
in Zr concentrations between matrix and inclusion rutile 
crystals. The Ti-in-coesite and Zr-in-rutile isopleths cross 
at 721 ± ~ 58 °C and 34.0 ± ~ 8 kbar (Fig. 7b, yellow star), 
which is in good agreement with previous peak estimates 
of 730 ± 30 °C and 43 ± 3 kbar that were based on observed 
mineral assemblages, whiteschist compositions, experimen-
tally derived petrogenetic grids, and calibrated fluid-absent 
equilibria (Hermann 2003).

Applications to coesite‑bearing UHP rocks: Papua 
New Guinea

Coesite was discovered in a mafic composition eclogite facies 
boudin within quartzofeldspathic host gneiss on Tomagabuna 
Island, part of the D’Entrecasteaux Islands metamorphic core 
complex in the active Woodlark Rift of eastern Papua New 
Guinea (Baldwin et al. 2008). The eclogite contains garnet, 
omphacite, rutile, phengite, quartz (± coesite), and zircon with 
late stage titanite rimming rutile. Temperature estimates from 
garnet-pyroxene, Ti-in-zircon thermometry, and Zr-in-rutile 
thermometry range from ~ 600 to 760 °C, and pressure esti-
mates based on the jadeite content of omphacite and garnet-
pyroxene-phengite barometry have given minimum pressures 
of ~ 18 to 27 kbar (Davies and Warren 1992; Hill and Baldwin 
1993; Baldwin et al. 2004, 2008; Monteleone et al. 2007). The 
presence of a coesite inclusion in omphacite (Fig. 8) indicated 
that peak metamorphic pressures must have been at least ~ 28 
kbar (Fig. 2) (Baldwin et al. 2008). Like many other occur-
rences, radial fractures surround the SiO2 inclusion and relict 
coesite with dark CL are surrounded by bright CL quartz with 
palisade textures (Fig. 8a). The relict coesite in the inclusion 
contains an average of 15 ± 1 ppm Ti (Table 4). Rutile crystals 
occur as inclusions in other minerals and dispersed throughout 
the matrix. Rutile crystals have 299 ± 3 ppm Zr with a range of 

205 to 422 ppm Zr, which is comparable to Zr-in-rutile values 
reported by Baldwin et al. (2008). These Zr-in-rutile concen-
trations are also similar to some concentrations measured on 

Table 4   EPMA data of natural 
coesite samples

Western Alps
Ti-in-coesite

Western Alps
Zr-in-rutile

Papua New 
Guinea
Ti-in-coesite

Papua 
New 
Guinea
Zr-in-
rutile

Average (ppm Ti) 8 172 15 299
Standard error 1 2 1 3
Number of measurements 11 118 9 232
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Fig. 8   a CL image of the SiO2 inclusion (sample 89321C, Baldwin 
et  al. 2008) showing the dark blue relics of coesite surrounded by 
lighter quartz. Concentrations of Ti shown at approximate probe loca-
tion. b Application of the crossing isopleth method to Ti-in-coesite 
(TiiC) and Zr-in-rutile (ZrRt) data from PNG sample 89321C. The 
(yellow) star denotes the intersection of the average concentration 
isopleths at 763 °C and 33.0 kbar. The pink area denotes the approxi-
mate quartz–coesite phase boundary region outlined in Fig. 2
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neighboring, non-coesite bearing Papua New Guinea rocks 
(DesOrmeau et al. 2017, 2018). There are not systematic dif-
ferences in Zr concentrations between rutile inclusions and 
matrix crystals. The Ti-in-coesite and Zr-in-rutile isopleths 
cross at 763 ± ~ 65 °C and 33.0 ± ~ 7 kbar (Fig. 8b, yellow star).

Prior to development of our Ti-in-coesite solubility 
model, a minimum crystallization pressure was based on 
the coesite-quartz phase boundary, which is temperature 
dependent (Fig. 2). Similarly, Zr-in-rutile temperature esti-
mates were based on an assumed crystallization pressure. 
Recalculation of Baldwin et al.’s (2008) Zr-in-rutile concen-
trations at 33.0 kbar would give essentially the same temper-
ature as shown in Fig. 8. In summary, previous Zr-in-rutile 
measurements are in excellent agreement with temperature 
estimates from combined Ti-in-coesite and Zr-in-rutile ther-
mobarometry (Fig. 8b). As previously noted (Baldwin et al. 
2008) and confirmed here, the Ti-in-zircon temperatures are 
considerably lower than calculated Zr-in-rutile temperatures 
(Baldwin et al. 2008; DesOrmeau et al. 2017, 2018). The 
accuracy of Ti-in-zircon temperatures at UHP conditions 
is uncertain because the pressure effect on Ti solubility in 
zircon has not been determined, and also because zircon 
crystallizes over a vast P–T range and Ti diffusion in zircon 
is exceptionally slow (Cherniak and Watson 2007).

Titanium diffusion coefficients in coesite are not known. 
It is notable that the quartz with palisade texture that envel-
ops the coesite inclusions of the Dora-Maira and Papua New 
Guinea samples has similar Ti concentrations as the coesite 
inclusions. This occurrence may suggest that Ti concen-
trations of quartz were not modified by the reconstructive 
transformation from coesite to quartz. Therefore, it may be 
possible to apply the Ti-in-coesite solubility model to rocks 
that contain quartz with palisade texture that was convinc-
ingly formed after coesite.

Conclusion

Our experimental results were used to calibrate a Ti-in-
coesite solubility model that can be used to estimate P–T 
crystallization conditions of coesite-bearing UHP rocks. 
Titanium K-edge XANES measurements demonstrate that, 
over the range of pressures investigated here, Ti4+ substitutes 
on the fourfold Si4+ site in coesite. Because a single solubil-
ity mechanism operated at all pressures studied, a single set 
of thermodynamic fit parameters can be used to describe the 
effect of pressure and temperature on the solubility of Ti in 
coesite. Combining the Ti-in-coesite and Zr-in-rutile solu-
bility models for thermobarometry to UHP rocks from the 
Dora-Maira massif gives P–T estimates that are in excellent 
agreement with previous investigations. Additionally, ther-
mobarometric applications to the UHP eclogites from Papua 
New Guinea provide new constraints on peak metamorphic 

conditions. Despite the difference in bulk compositions of 
the coesite-bearing rock units from Dora-Maira (e.g. Cho-
pin et al. 1991) and Papua New Guinea (e.g. Baldwin et al. 
2008), it is notable that coesite and rutile from the Dora-
Maira and Papua New Guinea specimens have significantly 
different Ti and Zr concentrations and TitaniC returns P–T 
estimates in the UHP field for both.

There are numerous avenues for additional research that 
would prove useful for applications of Ti-in-coesite solubil-
ity as a thermobarometer. As previously noted, six tungsten 
carbide cores in our piston–cylinder pressure vessels were 
destroyed conducting these experiments, representing the 
most expensive and time-consuming aspect of this project. 
Additional experiments conducted in other devices that 
can routinely attain higher P–T conditions (e.g. multi-anvil 
devices) would improve the Ti-in-coesite solubility model. 
Also, similarities between Ti concentrations in coesite and 
surrounding quartz with palisade texture that presumably 
formed from coesite by reconstructive phase transformation 
during depressurization suggests that enveloping quartz may 
preserve Ti concentrations that were originally dissolved in 
the coesite. Unfortunately, Ti diffusion data for coesite do 
not currently exist. We have abundant quantities of high-Ti 
coesite crystals with dimensions up to ~ 1 mm that are avail-
able for Ti diffusion in coesite studies. Finally, in our appli-
cations to natural samples, we combined the Ti-in-coesite 
and Zr-in-rutile solubility models. A potential elegant usage 
would be to combine the Ti-in-coesite solubility model with 
a coesite-in-garnet elastic model in which P–T estimates 
may be determined from the crossing point of Ti-in-coesite 
isopleths and coesite-in-garnet isomekes (see Wolfe and 
Spear 2018 for an example combining Zr-in-rutile isopleths 
and quartz-in-garnet isomekes).

Like other thermobarometric methods, the Ti-in-coesite 
solubility model is not a simple remedy that can be indis-
criminately applied. Combining mineral equilibria requires 
some assurance that the two minerals co-crystallized in a 
chemical equilibrium (and the TiO2 activity is well-con-
strained) and that subsequent alteration has not affected their 
compositions. Given these precautions, the Ti-in-coesite 
solubility model should prove valuable for thermobarom-
etry of UHP rocks. Thermobarometric applications of the 
Ti-in-coesite solubility model may have implications on lith-
ospheric dynamics studies and could possibly provide addi-
tional constraints on subduction and exhumation processes.
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Appendix

The equation to convert Ti (ppm) to mole fraction TiO2 in 
coesite (Xcoesite

TiO2
) is:

The equation to convert Zr (ppm) to mole fraction ZrO2 
in rutile (Xrutile

ZrO2
) is:
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