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Abstract

Chemical diffusion of Ti has been measured in natural K-feldspar and plagioclase. The
sources of diffusant used were TiO> powders or pre-annealed mixtures of TiO; and Al>Os.
Experiments were run in crimped Pt capsules in air, or in sealed silica glass capsules with solid
buffers (to buffer at NNO). Rutherford Backscattering Spectrometry (RBS) was used to measure
Ti diffusion profiles. From these measurements, the following Arrhenius relations are obtained
for diffusion normal to (001):
For oligoclase, over the temperature range 750-1050°C:

Doiig = 6.67x107'2 exp(-207 = 31 kJ mol"! /RT) m?sec’!

For labradorite, over the temperature range 900-1150°C:
Drab = 0of 4.37x10* exp(-181 + 57 kJ mol!/RT) m2sec!

For K-feldspar, over the temperature range 800-1000°C:
Dksp=3.01x107 exp(-342 + 47 kJ mol"! /RT) m?sec"!

Diffusivities for experiments buffered at NNO are similar to those run in air, and the presence
of hydrous species appears to have little effect on Ti diffusion. Ti diffusion also shows little
evidence of anisotropy. In plagioclase, there appears to be a dependence of Ti diffusion on An
content of the feldspar, with Ti diffusing more slowly in more calcic plagioclase. This trend is
similar to that observed for other cations in plagioclase, including Sr, Pb, Ba, REE, Si and Mg. In
the case of Ti, an increase of 30% in An content would result in an approximate decrease in
diffusivity of an order of magnitude.

These data indicate that feldspar should be moderately retentive of Ti chemical signatures,
depending on feldspar composition. Ti will be more resistant to diffusional alteration than Sr.
For example Ti zoning on a 50um scale in oligoclase would be preserved at 600°C for durations

of ~ 1 million years, with Sr zoning preserved only for ~70,000 years at this temperature. These

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



71

72

73

74

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2020-7272

new data for a trace impurity that is relatively slow-diffusing and ubiquitous in feldspars (Hoff
and Watson 2018) have the potential to extend the scope and applicability of t-T models for

crustal rocks based on measurements of trace elements in feldspars.
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Introduction

Feldspars are among the most abundant minerals in the earth's crust. Ti is an important trace
element in feldspar, likely substituting on tetrahedral sites (e.g., Parsons et al., 2008; Peters et al.,
1995). Tetrahedrally coordinated Ti in albitic alkali feldspars is an activator for
cathodolominescence (Parsons et al, 2008); fine-scale zoning in feldspars observable through CL
can provide information on crystal growth and geochemical histories. Ti gradients and other
small-scale compositional variations within plagioclase grains may provide insight into magma
chamber dynamics and processes influencing magma transport (e.g., Singer et al, 1995; Adams
et al, 2011; Salmonsen et al., 2011; Ginibre et al., 2004). Ti concentrations in feldspar may also
be affected by fluid mediated processes, for example the loss of Ti during albitization of potassic
feldspar (Norberg et al., 2014). Feldspars may also contain Ti-rich phases formed by exsolution
(e.g. Wenk et al., 2011; Ageeva et al, 2016). Further, recent work (Hoff and Watson, 2018) has
indicated that T1 concentrations in feldspar may have potential as a geothermobarometer.
Characterizing diffusion of Ti in feldspar provides critical constraints on these processes, and
may permit derivation of information about thermal and chemical histories from Ti distributions.

In this study, we measure Ti diffusion in K-feldspar and plagioclase, evaluating potential
effects of feldspar composition, orientation, and fO on Ti diffusion and consider these data with

respect to diffusivities of other cations in feldspar and Ti mobilities in other mineral phases.

Experimental Procedure and Materials

Diffusion experiments were conducted on specimens of natural K-feldspar and plagioclase.
The K-feldspar (Oro3) is from Madagascar, the albite (Or) is from Brazil (#135031 from the
collection at the National Museum of Natural History), the oligoclase (Anz3) is from North

Carolina (kindly provided by D.S. Miller), the labradorite (Ans7) is from Lake County, Oregon (#
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135512-1 from the collection at the National Museum of Natural History), and the anorthitic
feldspar (Angs) 1s from Pacaya Volcano (kindly provided by D.R. Baker). Compositional
information on the feldspars is presented in Table 1. These feldspars have been used is some of
our previous studies of diffusion of other elements, including Sr (Cherniak and Watson, 1992;
1994; Cherniak, 1996), Pb (Cherniak, 1995), Ba (Cherniak, 2002), REE (Cherniak, 2003a), Si
(Cherniak, 2003b) and Mg (Van Orman et al., 2014). The feldspars were oriented, cut into slabs
about 0.5mm thick and a few mm on a side, and polished with SiC papers, then with 0.3 um
alumina, with a final chemical polish using colloidal silica.

Ti diffusion experiments were conducted using powder sources containing TiO». The powder
sources consisted of either dried TiO2 powder, or mixtures of TiO2 and Al,O3; powders in 3:1 or
10:1 (by wt.) ratios, ground under ethanol, dried, and heated in a Pt crucible for one day at
1250°C. Sources of diffusant were selected for use in experiments because they did not react
with and degrade sample surfaces during diffusion anneals. Use of sources with differing Ti
concentrations also permitted some exploration of whether there might be concentration
dependence of diffusivities, albeit over a limited compositional range. Experiments were
prepared by surrounding feldspar crystals with the source powders in Pt capsules and crimping
capsules shut. For experiments run under buffered conditions, the Pt capsules were placed inside
a silica glass ampoule with another crimped Pt capsule containing the buffer material (mixtures
of Ni metal and nickel oxide powders to buffer at NNO); silica glass chips were used to
physically separate the sample and buffer capsules inside the silica glass ampoule. The sample-
buffer assemblies were then sealed in the silica ampoule under vacuum. An experiment was also
conducted to assess the effects of the presence of hydrous species on Ti diffusion. For this

experiment, the capsule was prepared as above for the buffered experiments, but with the
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addition of a few mg of glycine (C2HsNO», which decomposes at 233°C) placed in the bottom of
the silica glass ampoule before loading the buffer and sample capsules.

All experiments under 1100°C were run in one-atmosphere tube furnaces with Kanthal wire
windings; experiments above 1100°C were run in a one-atmosphere horizontal tube furnace with
MoSi; heating elements. Sample temperatures monitored by type K or type S (Pt-Pt10%Rh)
thermocouples, for temperatures below and above 1100°C, respectively. Temperature
uncertainties were ~+2°C for both thermocouple types. Experiments were quenched by removing
them from the furnaces and permitting them to cool in air. The feldspar crystals were removed
from capsules and cleaned ultrasonically in distilled H2O and ethyl alcohol. SEM imaging of
sample surfaces following diffusion anneals showed little evidence of residual source material
remaining following cleaning. Experimental conditions are presented in Tables 2 and 3.

We performed time-series studies for both oligoclase and K feldspar in order to verify that the
measured concentration profiles represent volume diffusion and are not a consequence of other
phenomena such as surface reaction that might otherwise result in enhanced concentrations of
the diffusing species in the near-surface region. For the time series, a set of diffusion

experiments were conducted at 900°C for both feldspars.

RBS analysis

Samples from Ti diffusion experiments were analyzed with RBS, which has been used as a
primary analytical method in many of our diffusion studies, including those measuring Pb, Sr, Ba
and the REE diffusion in feldspars (Cherniak 2003; 2002; 1995; 1996; Cherniak and Watson,
1992; 1994), and is a well-established method for materials characterization (e.g., Jeynes and
Colaux, 2016). The analytical approach used here is similar to that used in earlier studies, with

“He" incident beams at energies between 2 and 3 MeV used for analysis. In cases where different
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incident beam energies were used, diffusivities obtained from depth profiles agreed within
uncertainties. While we did not employ other analytical methods in this study, in other
investigations of diffusion, good agreement has been found between measurements obtained by
RBS and those by NRA (Cherniak, 2008) and SIMS (e.g., Cherniak et al., 2004; Cherniak, 2010;
Dohmen et al., 2019; Beyer et al., 2019). In addition, we have found diffusivities measured using
RBS consistent with diffusivities measured by EMPA, although not at overlapping temperatures
given the differences in measureable lengthscales of diffusion profiles (e.g., Cherniak et al.,
1997; Cherniak and Watson, 2001).

Spectra were converted to Ti concentration profiles by employing procedures similar to those
outlined in Cherniak and Watson (1994). Depth profiles obtained from RBS analyses were fit
with a model to determine the diffusion coefficient (D). Diffusion is modeled as simple one-
dimensional, concentration independent diffusion in a semi-infinite medium with a source
reservoir maintained at constant concentration (i.e., a complementary error function solution).
The rationale for the use of this model has been discussed in previous publications (e.g.,
Cherniak and Watson, 1992). Diffusivities are evaluated by plotting the inverse of the error
function (i.e., erf/((C, - C(x,1))/C,)) vs. depth (x) in the sample. A straight line of slope (4Dt)"'
results if the data conform to a complementary error function solution. C,, the surface
concentration of diffusant, is independently determined by iteratively varying its value until the
intercept of the line converges on zero. Ti surface concentrations in samples range from several
hundred to a few thousand ppm. This range of concentrations is generally consistent with the
solubility studies of Ti in feldspar of Hoff and Watson (2018) and Hoff (2019), and considering
the comparatively low silica activities in the source materials used in the present diffusion

experiments.
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In Figure 1, typical diffusion profiles (1a,c) and their inversions through the error function
(1b,d) are shown. The uncertainties in concentration and depth from each data point (mainly
derived from counting statistics and backgrounds in the former and detector resolution in the
latter) were used to evaluate the uncertainties in the diffusivities determined from the fits to the

model.

Results

The results for Ti diffusion in oligoclase are plotted in figure 2 and presented in Table 2
There is little evidence of diffusional anisotropy, and Ti diffusion appears to be relatively
insensitive to oxygen fugacity, as diffusivities in samples annealed in air and with a NNO buffer
are similar. For diffusion normal to (001), we obtain an activation energy of 207 + 31 kJ/mol.
and pre-exponential factor of 6.67x107'2 m?/s (log Do=-11.18 = 1.41).

Ti diffusion data for labradorite, anorthite, and albite are also shown in figure 2 and table 2.
For diffusion normal to (001) in labradorite, we obtain an activation energy of 181 + 57 kJ/mol.
and pre-exponential factor of 4.37x107'% m?/s (log Do = -13.36 + 2.32). The activation energies
for Ti diffusion in plagioclase are relatively low compared with those for diffusion of many other
elements measured to date, but there is overlap within uncertainties with some measured in
plagioclase, including Sr and Ca (e.g., Cherniak, 2010).

We have one data point each for anorthite and albite, but there is a clear trend of increased
diffusivities for more sodic plagioclase, which has also been observed for other cations,
including Sr (Cherniak and Watson, 1992; 1994; Giletti and Casserly, 1994), Pb (Cherniak,
1995), the REE (Cherniak, 2003a), Si (Cherniak, 2003b), Ba (Cherniak, 2002), and Mg (Van

Orman et al., 2014).
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Diffusion data for Ti in K-feldspar are plotted in Figure 3 and presented in Table 3. There is
little evidence of diffusional anisotropy when comparing diffusivities normal to (010) and (001).
Diffusivities are also similar for diffusion in air and under NNO-buffered conditions, as well as
for the experiment conducted with glycine in the capsule, indicating little effect on Ti diffusion
of fO, or the presence of hydrous species. For diffusion normal to (001), considering all data for
this orientation, an activation energy of 342 + 47 kJ mol'! and a pre-exponential factor 3.01x107
m?s”! (log D, = -5.52 + 2.06) are obtained.

Time series at 900oC were conducted for Ti diffusion normal to (001) in both oligoclase and
K feldspar, with experiments run for times ranging from 17 hours to 141 hours for oligoclase,
and one day to one week for K-feldspar (figure 4). In both cases, diffusivities agree within
experimental uncertainty, suggesting that volume diffusion is the dominant contributor to the
observed diffusion profiles.

There are clear differences in Ti diffusion for different feldspar compositions (Figure 7).
Diffusion of Ti in K feldspar has a significantly higher activation energy for diffusion than in
plagioclase. Over the temperature range of our experiments, Ti diffusion in K-feldspar is
bracketed by diffusivities for oligoclase and labradorite. The greater activation energy for Ti
diffusion in K feldspar results in significant differences in diffusivities at lower temperatures; for
example, at 500°C, Ti diffusivities in K-feldspar and oligoclase would differ by two orders of
magnitude.

In plagioclase, diffusivities differ with An content, with more calcic plagioclase having lower
Ti diffusivities. Our data can be used to formulate an expression relating Ti diffusivity and An
content of plagioclase. To obtain this estimate, we plot the diffusion coefficients at 900°C for

oligoclase, labradorite, and albite, and extrapolate down-temperature to obtain a value for D at
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that temperature for anorthite using an activation energy of 200 kJ/mol. The data approach a
linear dependence of log D on An content (in mol%), and can be described by the expression -
19.48 - (0.031*An) (Figure 5). This can be extended to a generalized expression with log D, = (-

10.49 - (0.031*An)) for an activation energy of 200 kJ/mol.

Comparison with diffusivities of other elements in Feldspar

Diffusion data for other cations in feldspar are plotted along with Ti in Figure 6. In
oligoclase, Ti diffuses about two orders of magnitude faster than Si. Ti diffusion is also faster
than Si diffusion in other plagioclase compositions, and has a lower activation energy for
diffusion. Given the differences between Si and Ti diffusion, it may be that Ti preferentially
migrates on tetrahedral sites occupied by Al, as the ionic radius of Ti** more closely matches Al
(0.42 vs. 0.39 A, for Ti and Al, respectively, Shannon, 1976).

Comparing to cations sited on M-sites, Ti diffuses faster than the trivalent REE. Because of
the relatively low activation energy for diffusion in for Ti in oligoclase, Ti will diffuse faster
than the large divalent cation Ba at low temperatures. Ti diffusion is more than 2 orders of
magnitude slower than Sr and Pb diffusion (normal to (001)), and about 4 orders of magnitude
slower than Mg diffusion. Univalent K also diffuses considerably faster (by about three orders of
magnitude) than Ti. In labradorite, similar trends exist, but rates of Ti diffusion are closer to Si.
Ti diffusion is considerably faster than CaAl-NaSi interdiffusion under dry conditions (Grove et
al., 1984; Yund, 1986). While CaAl-NaSi interdiffusion may be enhanced by the presence of
hydrous species (Yund, 1986; Yund and Snow, 1989; Liu and Yund, 1992) it is slower than Ti

diffusion except at relatively high temperatures.
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In K-feldspar, Ti diffuses about 2 orders of magnitude slower than Sr and Pb, 4 orders of
magnitude slower than Rb, and 6 orders of magnitude slower than K. No data exist for Si or
trivalent cations.

Our data indicate that Ti will be relatively resistant to diffusional alteration in all of the
feldspar compositions. The implications of this will be discussed in later sections. It is important
to note, however, that Ti concentrations in these experiments are relatively high in comparison to
those often observed in natural plagioclase and K-feldspar, but diffusivities measured for specific
feldspar compositions are in agreement for experiments using sources with differing Ti
concentrations. Considering the detection limits for Ti in the analyses, and concentration ranges
of T1 in diffusion experiments in the present study, the occurrence of differing diffusion
mechanisms at lower concentrations of Ti cannot be precluded. Although the potential effects of
concentration on Ti diffusion cannot be fully resolved by this study, we apply our diffusion data
(with these caveats) in simple calculations examining retentivity of Ti chemical signatures, along
with modeling of trace element redistribution accompanying feldspar exsolution, in the sections

that follow.

Ti diffusion other mineral phases and retentivity of Ti chemical signatures

Figure 7 presents a summary of extant data for diffusion of Ti in minerals employed in
crystallization geothermometers, along with Ti diffusion in feldspar. The mineral-element pairs
involving T1 increasingly used in geothermometery are Ti in zircon (Watson and Harrison, 2005;
Watson et al., 2006; Ferry and Watson, 2007) and Ti in quartz (Wark and Watson, 2006; Thomas
et al., 2010). The measurement of Ti diffusivities for these minerals (Cherniak and Watson,

2007; Cherniak et al., 2007) can be used to evaluate the relative robustness of these
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geothermometers when the relevant phases experience subsolidus thermal events following
crystallization.

Diffusion of Ti in the feldspar is much faster than Ti diffusion in zircon, but slower than Ti
diffusion in quartz. For example, at 900°C, Ti diffusion in oligoclase will be more than 10
orders of magnitude faster than Ti diffusion in zircon, and an order of magnitude slower than Ti
diffusion in quartz. At this temperature, Ti diffusion in labradorite and orthoclase will be about 2
and 1.5 orders of magnitude slower, respectively, than Ti diffusion in quartz.

Also plotted are diffusion data for Ti in olivine and pyroxene from the studies of Cherniak
and Liang (2012; 2014). Ti diffusion in feldspar is faster than Ti diffusion in olivine and
pyroxene, with diffusivities higher by ~1-3 orders of magnitude, depending on feldspar
composition.

The relative abilities of these mineral phases to preserve Ti concentrations that reflect
conditions of crystallization can be illustrated with a few simple calculations of circumstances
under which resetting of Ti signatures may occur. We consider a simple model in which the
zircon, feldspar and quartz grains are spheres with radii a and initial uniform concentration of Cj,
and are exposed to a medium with concentration C,. The solution to the diffusion equation at the
center of the spheres can then be derived (e.g., Crank, 1975) given these conditions. When the
dimensionless parameter Dt/a’ (where D is the diffusion coefficient and ¢ is the time) is less than
or equal to 0.03, the concentration at the center of the grain remains unchanged from its initial
value. Above 0.03, the concentration at the center of the grain is affected by the externally
imposed concentration C,.

In Figure 8 we plot sets of curves for Dt/a’ equal to the values of these dimensionless

parameters, using effective diffusion radii differing with mineral type to reflect typical grain
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sizes, using 0.5 mm for quartz and feldspar, and 50 um for zircon. These curves define the time-
temperature limits under which initial Ti compositional information will be retained in the grain
centers of each of these phases. For times and temperatures below the curves, concentrations at
crystal cores will remain unaffected, but will be influenced by the surrounding medium when
conditions above the curves apply. These curves suggest that Ti chemical signatures may be
preserved in feldspars under some geologic conditions. For example, this information will be
preserved at 700°C in 0.5mm radius grains for ~5 Ma for oligoclase, ~70 Ma for labradorite, and
~170 Ma for K feldspar. In comparison, conditions for preservation of initial Ti concentrations in
quartz grain centers at this temperature would be 1.5 Ma.

It should be emphasized that in these simple calculations and those that follow in this section
assume that the feldspar grains are uniform in major-element composition, and that there are no
processes such as exsolution occurring during heating or cooling trajectories that would result in
compositional variations, and thus variations in Ti diffusivities.

The simple analysis above considers only isothermal conditions, so we can also explore the
case of linear cooling from a given peak temperature. Watson and Cherniak (1997) noted that for
linear cooling, a critical cooling rate that will preserve isotopic or chemical signatures in the
center of a grain (the “center retention” criterion outlined above) will have a log-linear
relationship with the inverse of the peak temperature. Their conclusion was based on numerical
simulations of cooling paths, and an analytical expression has been developed that approximates
this relationship (Watson and Cherniak, 2013; Cherniak and Watson, 2007):

T RD,T:. —E
ary _ "zk exp d (1
dt ). E,Ka RT

peak
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where K 1s a constant (in these calculations, the same value as for the “center retention” criteria
above will be used), R is the gas constant, a is the grain radius, £, and D, are the diffusion
parameters (activation energy and pre-exponential factor), (d77/dt). is the cooling rate, and Tpear 18
the peak temperature. In Figure 9, we plot critical cooling rates vs. peak temperature for K-
feldspar, labradorite, and oligoclase of 500um radii. For a peak temperature of 700°C, oligoclase
of 500 pum radius would require cooling rates above ~ 8°C/Ma to maintain Ti signatures in their
cores; labradorite and K feldspar would require cooling rates of above 1.5°C/Ma and 0.13°C/Ma,
respectively, for a peak T of 700°C. For an 500°C peak temperature, Ti signatures in cores of

feldspars would be retained even for very slow cooling, e.g., 7x103°C/Ma for oligoclase.

Preservation of Ti zoning

We can also consider conditions under which fine-scale chemical zoning in feldspar may be
retained or lost. For these estimates, we use a simple model, with zones modeled as plane sheets
of thickness I; adjacent planes have different concentrations of diffusant. Only diffusion normal
to the planar interface is considered. A (somewhat arbitrary) criterion for alteration of zones is
employed. Zones are considered to be “lost” if a compositional change of 10% is attained in the
zone's center. When this condition applies, the dimensionless parameter Dt/1?> will be equal to
3.3x1072. Figure 10 shows curves constraining the time-temperature conditions under which Ti
zoning of 10 and 100pum width will be retained in labradorite, oligoclase and K-feldspar given
the above criteria. In oligoclase, for example, 100pum scale zones would resist being obliterated
at 700°C for about 200,000 years, with 10um zones being preserved for up to 2,000 years. In
labradorite, these times would be 1 million years and 10,000 years for 100um and 10um zones,

respectively. More sodic plagioclase would lose Ti zoning more rapidly, and more calcic
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plagioclase more slowly; for example, at 700°C, 100um zones would be lost in albite in ~20,000
years, and ~10 million years in anorthite. For the case of K-feldspar, 10 and 100um zones would
be preserved at 700°C for up to ~80,000 and 8 million years, respectively.

We can also use this approach to consider the relative retentivity of Ti zoning compared
with that of other trace and minor elements in feldspar. In oligoclase, for example (Figure 11)
50um zones would be preserved at 600°C for durations of ~ 1 million years. Both Sr and Mg
zoning would be lost at this temperature over much shorter timescales -- about 70,000 years and
3,000 years for Sr and Mg, respectively. In contrast, Ba zoning would be better preserved, with
50um zones preserved for times up to 20 million years at 600°C. Given the relative differences
in cation diffusivities in labradorite, there would be a similar pattern in relative retentivity of
zoning. It is clear from these simple calculations that Ti (as well as Ba) compositional zoning in

feldspars may be among the more robust geochemical indicators of magma evolution.

Trace element redistribution accompanying exsolution in alkali feldspars

Armed with a new diffusion law for a trace species (Ti*") that diffuses more slowly than most
other impurities in alkali feldspar, it may be instructive to examine the redistribution of trace
elements that accompanies exsolution of sodic feldspar from a K-rich feldspar host. A similar
phenomenon has been explored in models of element redistribution during formation of the
Widmanstitten pattern in iron meteorites, which develops when lamellae of Ni-poor kamacite
exsolve from originally homogeneous taenite. Goldstein and co-workers pioneered the modeling
of Fe-Ni redistribution during cooling of iron meteorites (e.g., Moren and Goldstein 1979), and
Watson and Watson (2003) extended the strategy to a variety of siderophile trace elements in the
same system. Just as the Fe-Ni system has constrained cooling rates of meteorite parent bodies,

the combined kinetics of feldspar lamellar growth and trace-element diffusion have the potential
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to shed light on thermal histories of host rocks. Here we demonstrate this potential by
characterizing elemental profiles across an albite lamella in K-feldspar and attempting to
reproduce selected profiles in numerical models based on assumed t-T histories and lamellar
growth rates.

The first step was to measure profiles of major elements and selected trace elements (Ti, Sr,
Ba, Rb) across the boundary between an exsolved albite lamella and host K-feldspar from a
pegmatite vein in Colorado (EchoHawk and Kackstaetter 2016) using laser-ablation ICP/MS
with a 193-nm excimer laser. This is not an ideal instrument for the purpose because of
inevitable analytical spreading caused by the laser footprint and wash-out time, but it was the
only analytical method available to us that enabled characterization of the full profiles of all the
elements of interest (the concentrations of most trace elements in the albite lamella are <5 ppm).
To obtain the necessary sensitivity, the sample was translated at 1 um/s under a ~180x10-micron
laser spot (rep rate = 10 Hz) with the long dimension parallel to the albite/K-feldspar interface.
Assuming the interface to be infinitely sharp with respect to Na and K (Figure 12a), the
analytical spreading at these conditions along a traverse across this boundary is 20-30 um, as can
be seen in the Na profile in Figure 12b. The shapes of all analytical profiles must therefore be
assumed to be rounded and damped to some extent, but we believe they are adequate for a
preliminary proof-of-concept study. Elemental profiles for Na, Sr, Rb, Ba and Ti are shown in
Figures 12b-12f, respectively.

Attempts were made to reproduce some of the measured profiles using a moving boundary
finite-difference computer program similar to those described by Watson and Watson (2003) and
Watson and Miiller (2009); details of the methods can be found in those papers. In a broad

sense, these programs capture the redistribution of trace elements, governed by diffusion and
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local partitioning equilibrium at the two-feldspar interface, as one phase grows at the expense of
another. In the natural system, coarsening of the lamella is controlled by the rate of Na-K
interdiffusion, which is faster than all trace elements considered here (Yund and Davidson 1978).
In general, coarsening is expected to depend on the cube root of time (Owen and McConnell,
1974; Yund and Davidson 1978), but because the appropriate rate law for geological coarsening
1s not known, we resorted for simplicity to exploring constant coarsening rates that seemed
geologically plausible given the ~60-micron width of the analyzed lamella (Figure 12a). Growth
rates were calculated by assuming geological "annealing" durations of 60, 6 and 0.6 MYT to
produce the observed lamellar half-width of ~30 microns at assumed temperatures of 550°, 600°
and 650°C. The ranking (fastest to slowest) of the diffusivities of the measured elements is Rb >
Sr > Ba > Ti at assumed temperatures of 600£50°C, as can be deduced from Figure 5. To our
knowledge, Ba diffusion has not been characterized in K-feldspar specifically, but this element
diffuses more slowly than Sr in other feldspars where it has been measured (e.g., Cherniak,
2010). Most of the trace elements investigated here are partitioned strongly into K-feldspar
relative to albite, so migration of the albite/K-feldspar interface (i.e., growth of albite at the
expense of K-feldspar) produces a "snowplow" or pileup effect on elemental concentration in the
K-feldspar near the moving interface. This effect is particularly evident in the cases of Sr and Ba
(Figures 12c and 12¢), where pronounced concentration spikes are present in the K-feldspar on
either side of the albite lamella [the right-hand side is less well developed due to the irregular
interface (see Figure 12a), so we focus here on the left side]. We attempted to reproduce the
spikes by running numerical simulations specifically for Sr because diffusion laws for both K-
feldspar and albite are available for this element (see Cherniak 2010), and because the Sr pileup

feature is clearly evident. The albite/K-feldspar partition coefficient was estimated from the
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laser traverse to be roughly 0.17 based on the ratio of the relatively flat concentration profile in
the albite to the maximum of the Sr spike in the adjacent K-feldspar. The rationale for this
choice is that equilibrium is maintained at the albite/K-feldspar interface. This approximate
partition coefficient was an input parameter for the numerical models.. The model results are
overlain as bold lines on the left side of the Sr profile in Figure 12c, revealing a similarity in
height and width of the model profiles and the actual one. Despite wide variation in the assumed
growth rates and durations (see inset on the figure), the three computed profiles are nearly the
same, which illustrates the non-uniqueness of forward models of this sort for a single element, as
well as the compensating effects of growth rate and duration (the product of the growth rate and
duration is the same for the three model outcomes shown, indicating that for Sr the magnitude of
the snowplow effect depends mainly on the extent of lamellar growth). It is important to note
that the concentrations of Sr, Rb and Ba across the albite lamella appear to be relatively flat.
This is because diffusion in albite (relative to K-feldspar) is fast, and also because these elements
are strongly partitioned into the K-feldspar at the interface during growth—so the concentrations
in the albite are very low. A slight climb in concentration approaching the K-feldspar would be
expected, but this tends to be leveled by diffusion and cannot be resolved anyway because of the
limited spatial resolution of the laser analyses.

Quantitative models for Rb, Ba and Ti are more difficult to produce due to the lack of
appropriate diffusion laws and/or indistinct features in the profiles. Some generalizations are
nevertheless possible. In the case of Rb, for example, relatively fast diffusion in K-feldspar
appears to have suppressed development of concentration spikes (pileup) near the interface
despite rejection of Rb from the growing albite—i.e., Rb concentration anomalies seem to have

been flattened by diffusion. Barium, whose diffusivity in K-feldspar is probably lower than that
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of Sr, shows a somewhat narrower and higher concentration spike than Sr, as expected. The key
element targeted for diffusion measurements in this study (T1) was also the most challenging to
analyze in the feldspar because of its low concentration. However, the general character of the
profile seems clear: no flat bottom in the albite and no concentration spikes in the K-feldspar.
At first glance, the absence of spikes seems to mimic the profile for fast-diffusing Rb, but in fact
the spikes might be missing for a different reason. Given the slow diffusion of Ti relative to the
other elements examined (especially Rb), the "snowplow" effect would be expected to produce
an extremely sharp concentration spike due to the near-absence of diffusive spreading into the K-
feldspar. Such a feature might well be too narrow to detect because of the limited spatial
resolution of the laser. Alternatively, lamellar growth might be fast enough to "overrun" the
expected redistribution of T1 by diffusion, as observed by Koga et al. (1999) in the case of rare-
earth element behavior during the conversion of clinopyroxene to orthopyroxene in
decompressing peridotite transitioning from the garnet to the spinel facies. Indeed, attempted
numerical simulations suggest that the growth rates needed for the models to capture the general
character of the Sr spikes (Figure 12c) are sufficiently fast compared with Ti diffusion that the
interface sweeps through the feldspar structure with no opportunity for Ti to diffuse away or to
establish local partitioning equilibrium at the interface between the two feldspars. This implies
that under some circumstances—a fast-moving interface combined with slow impurity
diffusion—a phase boundary might advance through a material with minimal redistribution of
impurities. The dip in Ti content in the albite is probably a consequence of partial Ti
redistribution during albite growth. In a limited sense, our failure to produce a convincing result
for the element targeted in this diffusion study is disappointing, but the apparent success with Sr

suggests that the general approach might be successful for Ti and other elements in other

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2020-7272

samples. If coarsening rates of feldspar lamellae (controlled by Na<>K interdiffusion) can be
better constrained for geological timescales, it may be possible to pursue strategies like those
developed by Goldstein and co-workers for estimating cooling rates of iron meteorite parent
bodies (see Moren and Goldstein 1979).

Due to limitations in the measured profiles and available diffusion laws, the model results in
this section have provided no quantitative insight into thermal histories, nor have they
definitively characterized Ti behavior during alkali feldspar exsolution. We hope, however, that
the potential of the general approach has come through, and that the advantages of having
available a variety of diffusion laws are evident. Improved spatial resolution of Ti analyses
(without loss of analytical sensitivity) may reveal features in Ti profiles across exsolution
boundaries that were not detectable in this study by LA-ICP/MS. The addition of new data for a
trace impurity (Ti) that is slow-diffusing and ubiquitous in feldspars (Hoff and Watson 2018)
should expand the scope and applicability of -7 models for crustal rocks based on trace elements

in feldspars.

Implications

These data indicate that feldspar should be moderately retentive of Ti chemical signatures,
depending on feldspar composition. Ti diffuses more slowly than most other impurities in
feldspar, including Sr. In the case of plagioclase, a dependence of Ti on feldspar An content is
evident, with an increase of 30% in An content resulting in a decrease in diffusivity of about an
order of magnitude.

This characterization of diffusivities for a trace impurity that is relatively slow-diffusing and
ubiquitous in feldspars (Hoff and Watson, 2018) has the potential to expand the scope and

applicability of modeling of time-temperature conditions for crustal rocks based on trace
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elements in feldspars. These data could be applied, for example, in examining the redistribution
of trace elements that accompany exsolution of sodic feldspar from a K-rich feldspar host, by

modeling profiles obtained from major and trace element traverses across lamellar boundaries.
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used in this study. (W% oxides)

K Feldspar Albite Oligoclase Labradorite Anorthite
SiO; 65.44 68.28 62.73 51.45 45.13
AlLO3 17.66 19.23 22.89 29.59 35.46
FeO 0.75 0.01 0.05 0.40 0.54
CaO 0.01 0.03 4.48 13.62 18.85
K:O 15.41 0.22 0.64 0.15 0.03
Na,O 0.75 11.63 8.81 3.80 0.71
total 100.02 99.40 99.60 99.01 100.72
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Table 2. Ti Diffusion in Plagioclase

7(°C) time(sec) D(m’sec’) logD +/-  source} buffer
Oligoclase (Anz3)
diffusion normal to (001):
TiOlig-9 752 8.50x10°  1.74x1072? -21.76 036  TiO; air
TiOlig-7 800 2.48x10°  8.51x10% -21.07 037 TiAl-3 air
TiOlig-11 800 8.08x10°  6.17x10% -21.21 043  TiAl-3 air
TiOlig-6 850  5.04x10°  2.24x107?! -20.65 030 TiAl-3 air
TiOlig-20 850 5.18x10°  1.36x107?! -20.87 0.46 TiAl-10 NNO
TiOlig-8 900 6.12x10*  4.72x107?! -20.33 038 TiO; air
TiOlig-16 900 1.92x10°  2.16x107?! -20.66 030 TiAl-10 air
TiOlig-17 900 5.08x10°  2.98x107?! -20.53 032 TiAl-10 air
TiOlig-14 950 1.44x10*  2.56x102° -19.59 045 TiO; air
TiOlig-18¢c 950  2.48x10°  8.20x102! -20.09 0.23 TiAl-10 air
TiOlig-19 950 2.43x10°  8.34x107?! -20.08 0.28 TiAl-10 NNO
TiOlig-12 1000  3.60x10°  3.35x102° -19.48 045 TiOs air
TiOlig-22 1003 2.88x10*  1.39x102%° -19.86 038 TiAl-10 NNO
TiOlig-13 1050  1.80x10°  1.05x10°" -18.98 0.44 TiO; air
diffusion normal to (010):
TiOlig-21 851 6.05x10°  1.50x107?! -20.82 045 TiAl-10 air
TiOlig-18b 950  2.48x10°  5.60x102! -20.25 0.29 TiAl-10 air
TiOlig-23 1003 2.16x10*  2.40x102° -19.62 048 TiAl-10 air
Labradorite (Ans7)
diffusion normal to (001):
TiLab-4 900 1.21x10°  3.64x1072? -21.44 035 TiAl-10 air
TiLab-2 950 6.95x10°  9.15x1072? -21.04 042 TiAl-10 air
TiLab-5 999  4.32x10°  9.25x102? -21.03 0.44 TiAl-10 air
TiLab-1 1050 2.48x10°  3.93x10?! -20.41 030 TiAl-10 air
TiLab-3 1150 1.01x10°  8.92x10?%! -20.05 0.33 TiAl-10 air
Anorthite (Ano3)
diffusion normal to (010):
TiAnorth-1 1050 5.90x10°  5.23x1072? -21.28 041 TiAl-10 air
Albite (Any)
diffusion normal to (001):
TiAlb-1 900  8.64x10*  4.33x10%° -19.36  0.27 TiAl-10 air

 Tidl-10: TiO2-AL:0s (10:1), Tidl-3: TiO>-A1:03 (3:1)
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647 Table 3. Ti Diffusion in K-Feldspar

T(°C) time(sec) D(m’sec’) logD +/- sourcet  buffer

648  diffusion normal to (001):

TiMO-9 799  1.92x10° 1.13x102*  -21.95 043  TiAl-10 air
TiMO-4 852  5.90x10° 3.98x102* -21.40 037 TiOz air
TiMO-14 851 6.01x10° 9.23x102* -21.03 0.37 TiAl-10 NNO
TiMO-3 900 1.62x10° 2.54x10'  -20.60 0.33  TiO» air
TiMO-6 900 8.64x10* 8.83x102* -21.05 0.48 TiAl-10 air
TiMO-7 900 6.05x10° 7.72x102*  -21.11  0.29  TiAl-10 air
TiMO-1 950 2.45x10° 1.12x102°  -19.95 0.24  TiO air

TiMO-10c 950 2.48x10° 3.84x102' -2042 0.45 TiAl-10 air

TiMO-12 950 1.69x10° 3.71x102'" -2043 0.24 TiAl-10 NNO
TiMO-13 950 2.72x10° 3.18x102' -20.50 0.44 TiAl-10 NNO- glycine
TiMO-5 1000 5.76x10* 7.15x102°  -19.15 027  TiO; air

TiMO-16 1003  2.88x10* 3.50x102° -19.45 042 TiAl-10 NNO

649  diffusion normal to (010):

TiMO-15 851 6.05x10° 1.13x102! -20.95 0.41 TiAl-10 air
TiMO-10b 950 2.48x10° 4.13x102'" -20.38 0.28  TiAl-10 air
TiMO-17 1003 2.16x10* 4.73x102° -19.33 0.36  TiAl-10 air

650+ Tidl-10: TiO»ALOs (10:1)
651
652

653
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Captions for figures

Figure 1. Typical Ti diffusion profiles for oligoclase (a, b) and K-feldspar (c, d) for experiments
run at 950°C for 69 hours and 68 hours, respectively. In (a) and (c), the measured diffusion
profiles are plotted with complementary error function curves. In (b) and (d), the data are

linearized by inversion through the error function. Slopes of the lines are equal to (4Dt)".

Figure 2. Arrhenius plot of Ti diffusion in plagioclase. For diffusion normal to (001) in
oligoclase, we obtain an activation energy of 207 + 31 kJ/mol. and pre-exponential factor of
6.67x10"12 m?/s (log Do = -11.18 & 1.41). There appears to be little dependence of Ti diffusion on
orientation, when comparing data for diffusion normal to (010) and (001) (black and white
circles, respectively), or fO2, comparing experiments run in air and those under NNO-buffered
conditions (grey diamonds). In labradorite (dark grey squares), we obtain an activation energy of
181 + 57 kJ/mol. and pre-exponential factor of 4.37x10'* m?/s (log D, = -13.36 + 2.32) for
diffusion normal to (001). Data for anorthite (white triangle) and albite (black triangle) indicate

a clear trend of decreasing diffusivities in more calcic plagioclase.

Figure 3. Arrhenius plot for Ti diffusion in K-feldspar. For diffusion normal to (001), an
activation energy of 342 + 47 kJ mol! and a pre-exponential factor 3.01x10° m?s™! (log D, = -
5.52 +2.06) are obtained. There is little evidence of diffusional anisotropy when comparing
diffusivities normal to (010) and (001) (black and white circles, respectively). Diffusivities are
also similar for diffusion in air and under NNO-buffered conditions (grey triangles), as well as
for the experiment conducted with glycine in the capsule (dark grey square), indicating little

effect on Ti diffusion of fO; or the presence of hydrous species.
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Figure 4. Time series at 900°C for oligoclase (a) and K feldspar (b). In both cases, diffusivities
agree within experimental uncertainty over a range of experiment durations, suggesting that

volume diffusion is the dominant contributor to the observed diffusion profiles.

Figure 5. Relationship between Ti diffusivity and An content of plagioclase. Diffusion
coefficients at 900°C for oligoclase, labradorite, and albite are plotted as a function of An
content, along with a down-temperature extrapolation for anorthite to obtain a value for D at that
temperature, using an activation energy of 200 kJ/mol. The data approach a linear dependence of

log D on An content (in mol%), and can be described by the expression -19.48 - (0.031*An).

Figure 6. Diffusion data for Ti and other cations in albite (a), oligoclase (b), labradorite (c),
anorthite (d) and K-feldspar (e). Sources for data: Ti - this study; Sr - Cherniak and Watson,
1992; 1994; Cherniak, 1996; Giletti and Casserly, 1994; Pb - Cherniak, 1995; Ba - Cherniak,
2002; REE- Cherniak, 2003a; Si - Cherniak, 2003b; Li - Giletti and Shanahan, 1997; Fe -
Behrens et al., 1990; Mg - plagioclase - Van Orman et al., 2014; Ca, Mg - anorthite - La Tourette
and Wasserburg, 1998; Ca - labradorite - Behrens et al., 1990; Rb - albite - Giletti and Shanahan,
1997; Rb - K feldspar - Giletti, 1991; K - K feldspar - Foland, 1974; Hergemdller et al., 2017; K
- plagioclase - Giletti and Shanahan, 1997; Na - K feldspar - Wilangowski et al., 2015; Foland,

1974; Na- albite - Kasper, 1975; Na - labradorite - Behrens et al., 1990.

Figure 7. Ti diffusion in feldspar and other minerals. Sources for data: feldspar - this study;
zircon- Cherniak and Watson, 2007; quartz - Cherniak et al., 2007; olivine- Cherniak and Liang,

2014; pyroxene - Cherniak and Liang, 2012.
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Figure 8. Curves representing time-temperature conditions under which Ti signatures at the
center of grains will be lost. For times and temperatures below the curves, concentrations at
crystal cores will remain unaffected, but will be influenced by the surrounding medium when
conditions above the curves apply. In calculations, diffusivities from the Arrhenius relations
plotted in Figure 7 are used, and effective diffusion radii differing with mineral type are selected,
using 0.5 mm for quartz and feldspar, and 50 um for zircon. These curves suggest that feldspars
may be relatively retentive of Ti chemical signatures under some geologic conditions. For
example, this information would be preserved at 700°C in 0.5mm radius grains over timescales
of ~5 Ma for oligoclase, ~70 Ma for labradorite, and ~170 Ma for K feldspar. In comparison,
conditions for preservation of initial Ti concentrations in quartz grain centers at this temperature

would be 1.5 Ma.

Figure 9. Ti center-retention criteria for feldspars of 500 pm radii cooling at a linear rate from a
range of maximum temperatures Tpeak. The critical cooling rate (dT/dt)., will depend on the
maximum temperature, grain radius and diffusion parameters. When cooling rates are slower
than this critical value, the peak-temperature Ti signature in the center of a feldspar grain will not

be preserved over the cooling path. The lines are calculated using eq. 1.

Figure 10. Conditions for preservation of fine-scale chemical zoning of Ti in feldspar may be

retained or lost. Zones are considered to be “lost” if a compositional change of 10% is attained in

the zone's center. The curves constrain the time-temperature conditions under Ti zoning of 10
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and 100pum width will be retained in labradorite, oligoclase and K-feldspar; for conditions below

the curves, zoning will be retained.

Figure 11. Conditions for preservation of Ti zoning in oligoclase compared with that for other
trace and minor elements in feldspar. Ti zoning would be better preserved than zoning of Mg and

Sr.

Figure 12. (a) Backscattered-electron image of a portion of a large K-feldspar crystal from a
pegmatitic vein transecting Paleoproterozoic metamorphic rocks in Colorado (N40°06.50910',
W105°22.34442"); exsolved albite in darker gray. The partially transparent white rectangle shows
the location of an LA-ICP/MS traverse across a single albite lamella ~60 microns across. (b-f)
Concentration profiles of Na, Sr, Rb, Ba and Ti along the indicated traverse. Included in (c) are
the input parameters (inset legend) and outcome (heavy lines) of moving-boundary numerical
models simulating albite growth and redistribution of Sr. Common to all these models are the
following: albite/K-feldspar partition coefficient = 0.17; initial Sr concentration in the pre-
exsolved feldspar = 30 ppm; total growth = 30 pum (half-width of final lamella). The uncertainty
in any given analysis is difficult to estimate because the data were obtained in dynamic mode as
the sample was translated under the laser beam in a direction perpendicular to the two-feldspar
interface, at a speed of 1 um/s. We estimate the analytical uncertainty on each plotted data point
to be £50% for Ti and +20-30% for the other trace elements. The diffusivities used in the Sr
models are from Cherniak and Watson (1992) and Cherniak (1996), respectively. See text for

additional details and discussion.
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