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Abstract

The duration of magmatic processes can occur over a wide range of time from as long as millennia to as short as hours. It is
therefore important to have a variety of geospeedometers that are sensitive to different timescales. The diffusivity of Mg in
K-bearing feldspar such as sanidine has previously been a critical gap in the application of geospeedometry, as sanidine is
a ubiquitous phase in dacites and rhyolites and also hosts a variety of major and trace elements with variable diffusivities.
Here we present the results of a series of 1-atm diffusion experiments in order to constrain the diffusivity of Mg in sanidine.
Two compositions of sanidine (Or;; and Org,) and crystallographic orientations (c-parallel and c-perpendicular) are investi-
gated, showing Mg diffusion is isotropic with little to no resolvable major element compositional dependence. Additionally,
Mg diffusion in sanidine simultaneously operates by a fast- and slow-path diffusion mechanism as suggested by irregular depth
profile shapes that do not conform to an analytical solution to the diffusion equation. Therefore, we employed a model that
considers multi-site diffusion reactions in order to determine diffusion coefficients. The following Arrhenius relationships are
obtained for Mg diffusion in sanidine:

Dorr1-Fast = 4.2 B-12 exp (=275 + 14 kJ mol"!/RT) m? s},

Dorr1-siow = 1.4 E-05 exp (=369 & 15 kJ mol~!/RT) m* s/,

Dorso-Fast = 1.6 E-05 exp (—283 + 14 kJ mol!/RT) m? s,

Dorga-siow = 3.9 E-04 exp (=405 + 15 kJ mol~!/RT) m? s~ ..

Fast-path diffusivities for Mg in sanidine are similar to those of Mg in plagioclase determined by Van Orman et al. (2014).
Slow-path diffusion in sanidine is at least a few orders of magnitude slower than fast-path diffusion. Slow-path diffusion may
be rate-limited by exchange reactions between divalent cations such as Ba and Sr with K, and Mg with Al. Fast-path diffusion
likely operates by interstitial and/or vacancy diffusion. Equipped with these new diffusivities, this study calculates timescales
for magmatic rejuvenation that likely initiated the Lava Creek Tuff supereruption at Yellowstone Caldera to be as short as
weeks but no more than a few decades. This work also demonstrates the complexity that may exist in experimentally-derived
geospeedometers and the importance of careful application to natural systems.
© 2021 Elsevier Ltd. All rights reserved.
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beneath volcanoes (e.g., Costa and Chakraborty, 2004,
Morgan et al., 2006, Martin et al., 2008, Druitt et al.,
2012, Saunders et al., 2012, Cooper and Kent, 2014,
Chamberlain et al., 2014, Van Orman et al., 2014, Till
et al., 2015, Gualda and Sutton, 2016, Rubin et al., 2017).
This is due to the major advancements that have been made
in the spatial resolution of analytical tools as well as the
increasing availability of experimental data in the past
few decades. This has allowed for the unprecedented deter-
mination of timescales through geospeedometry, also
known as diffusion chronometry, that relates the chemical
variations in a zoned mineral to time (e.g., Lasaga, 1983,
Turner and Costa, 2007, Druitt et al., 2012, Matthews
et al.,, 2012, Chamberlain et al., 2014, Till et al., 2015,
Rubin et al., 2017, Shamloo and Till, 2019). For example,
numerous studies have relied on a magma’s crystal cargo
to track its storage conditions prior to eruption, including
its temperature, pressure, and chemistry through time
(e.g., Morgan et al.,, 2006, Bindeman and Valley, 2001,
Allan et al., 2013, Audétat, 2013, Cashman and Sparks,
2013, Bachmann et al., 2014, Cooper and Kent, 2014, Till
et al., 2015, Gualda and Sutton, 2016, Stelten et al., 2017,
Shamloo and Till, 2019). Recent work emphasizes the
importance of using multiple chronometers in a single min-
eral phase to make interpretations of a magma’s thermal
history to avoid errors in excess of thousands of years that
can arise from interpreting only a single element-mineral
chronometer (e.g., Till et al.,, 2015, Ruth et al., 2018,
Shamloo and Till, 2019). For this reason, it is imperative
to develop and use diffusion chronometers within a single
crystal phase with diffusivities that vary over orders of mag-
nitude to capture diverse events occurring over short to
long timescales.

Feldspar has become an increasingly popular phase for
diffusion chronometry due to its abundance in Earth’s crust
and ubiquity in magmatic environments (e.g., Costa et al.,
2003, Morgan et al., 2006, Cooper and Kent 2014, Till
et al., 2015). A number of cation diffusion studies have been
performed on feldspar (e.g., Grove et al., 1984, Giletti and
Shanahan, 1997, Cherniak and Watson, 1992, 1994,
Cherniak, 1996, 2002, 2003, 2010, Faak et al., 2013). Mg
diffusion in plagioclase, in particular, is relatively fast com-
pared to larger cations such as Ba and Sr in feldspar (e.g.,
LaTourrette and Wasserburg, 1998, Faak et al., 2013,
Van Orman et al., 2014). This is useful for capturing mag-
matic processes that occur over timescales as short as years
to days at magmatic temperatures (e.g., Martin et al., 2008,
Saunders et al., 2012, Druitt et al., 2012). More recently,
Mg diffusion in plagioclase has been shown to be dependent
on major element composition, and increases with increas-
ing albite content (i.e., relative Na content; Van Orman
et al., 2014). Increasing diffusivity with albite content is also
observed for other cations in plagioclase such as Pb, Sr, Ba,
and Nd (Cherniak and Watson, 1992, 1994; Giletti and
Casserly, 1994; Cherniak, 1995, 2002).

Sanidine, a variety of alkali feldspar, is a common phase
in volcanic systems that produce dacite and rhyolite and
contains measurable amounts of Mg (ppm to tens ppm;
Till et al., 2015). However, the absolute diffusivity of Mg
in sanidine and its dependence on major element chemistry

is currently unknown. Elemental partitioning of Ba and Sr
(Ren, 2004), as well as Sr diffusion data (Cherniak and
Watson, 1992), have been shown to change as a function
of the major element composition of sanidine and have pro-
ven to be useful chronometers for magmatic studies
(Chamberlain et al., 2014, Morgan and Blake, 2006, Till
et al., 2015, Shamloo and Till, 2019). To that aim, this
study presents the results of 1-atm diffusion experiments
to determine Mg diffusivity in sanidine and explore its
potential as a diffusion chronometer.

2. METHODS
2.1. Samples and experimental design

Diffusion experiments were performed using natural
crystals of sanidine from Eifel, Germany, including one
from Rockeskyll Volcanic Complex (Ory;) and another
from Rieden Volcanic complex (Org,). These crystals were
chosen for diffusion experiments because of their homo-
geneity and lack of exsolution textures as shown by our
own analysis and by multiple investigators (Parsons and
Lee, 2005 and references therein). Samples were generously
provided by both the Mineralogical and Geological
Museum at Harvard (MGMH # 112914) and by Jiirgen
Schreuer at Ruhr Universitit Bochum. Each crystal was
oriented with respect to c-parallel and c-perpendicular crys-
tallographic orientations, and cut with a precision diamond
wire saw into small ~ 2 x 3 mm rectangular slabs. Crystal
slabs were then “mirror” polished on one side with the final
polishing step being colloidal silica (0.06 pm). Crystals were
then pre-annealed at 1000 °C for 48 hr in air in order to
equilibrate point defects of all grains to conditions similar
to those experienced during experiments (after Cherniak,
2002). Infrared spectra reveal that Eifel sanidine can con-
tain up to 0.013-0.036 wt% H,O as a structural constituent
in the feldspar M site (Beran, 1986, Lehmann, 1984,
Hofmeister and Rossman, 1985). However, we assume the
pre-anneal step destabilizes the hydrous species potentially
present in Eifel sanidine causing it to diffuse out of the crys-
tal. What remains uncertain is if the hydrous species diffuses
via a coupled substitution with another chemical species
present in Eifel sanidine. While Yund (1984) suggests that
major element (i.e., Na* and K) diffusion in nominally

Table 1
Average EPMA analyses of Eifel sanidine used as starting material
for diffusion experiments.

Wt.% Eifel Orqy Eifel Org,
SiO, 64.52 63.96
TiO, 0.01 0.02
Al,O3 18.82 18.63
FeO 0.16 0.16
MnO 0.01 0.00
MgO 0.00 0.00
CaO 0.00 0.00
Na,O 3.05 1.80
K,O 12.14 13.90
BaO 1.19 0.97
Total 99.88 99.44




H.I. Shamloo et al./Geochimica et Cosmochimica Acta 298 (2021) 55-69 57

Ca-free feldspars (such as Eifel sanidine, Table 1) seems to
be independent of the presence of a hydrous species, our
experiments are not buffered for hydrogen fugacity (see
experimental details below), and therefore acknowledge
the lack of understanding regarding the role H may play
in the diffusion of other trace species during these
experiments.

The source of Mg used for the diffusion experiments
were mixtures of high purity MgO, Al,O3, and SiO, in
1:1:2 molar proportions that was then mechanically mixed
in a 1:6 weight ratio with crushed sanidine from the same
crystal the slabs were cut from (similar to Van Orman
et al., 2014; Cherniak, 2010). This mixture was first heated
in a Pt crucible at 970 °C for 48 hr and reground before use
in the diffusion experiment. A single polished crystal slab
was then placed in an open Pt capsule and surrounded by
Mg source powder (Fig. 1). The Pt capsule dimensions wer-
e ~ 6 mm in length with an outer diameter of 4.5 mm with a
triple-crimped and welded bottom. After loading the crystal
and source powder, the Pt capsule was crimped shut.

For the duration of the experiment, the experimental
assembly was placed in the hotspot of a Deltech 1-atm
gas mixing vertical furnace at Arizona State University’s
Experimental Petrology and Igneous Processes Center
(EPIC) lab at constant temperature. Experiments were con-
ducted in air with no oxygen or hydrogen fugacity buffering
at temperatures between 800-1150 °C (spaced every 50 °C)
for 1 hr to 8 wk with the lower temperature experiments
requiring the longer durations. In order to test if the analyt-
ical technique used added significant bias to the measured
diffusivity, a “zero-time” experiment was run at 950 °C
(after Cherniak, 1996). The zero-time experiment was pre-
pared as all the other diffusion experiments, brought to
temperature, and then immediately quenched. In all exper-
iments, temperature was monitored using a B-type thermo-
couple (Pt6Rh vs Pt30Rh) with temperature uncertainties

Pt capsule

Mg source

sanidine

Fig. 1. Schematic of the experimental assembly for diffusion
experiments. Natural polished sanidine was surrounded by Mg
source powder in a Pt capsule. Experimental assembly was heated
to magmatic temperatures to promote Mg to diffuse into the
crystal.

of +1-2°C. Experimentally annealed crystals were
removed from the furnace, quenched in air, and then
removed from the crucible and rinsed in an ultrasonic bath
of ethanol and water. Crystals were then mounted in
indium and gold-coated with polished face up for depth
profiling by secondary ion mass spectrometry (SIMS).

2.2. Electron microprobe analysis of sanidine compositions

The composition of the sanidine prior to the experi-
ments were determined via wavelength-dispersive spectrom-
etry using the JXA-8530F Electron Probe Micro-Analyzer
(EPMA) at the Eyring Materials Center at Arizona State
University. The EPMA was operated at 15kV and 15 nA
using a 10 pum beam diameter to measure major elements
(including Ba) in the two sanidine compositions used for
experiments (Table 1). Transects were performed across
representative samples of crystal slabs to check for chemical
homogeneity prior to experiments. The reproducibility of
standards was typically better than 1% relative for concen-
trations > 10 wt% and 10% relative for concentrations of
0.1-1 wt%, thus error is conservatively reported as + 0.1
wt% for BaO concentration, and 1 mol% for orthoclase
content.

2.3. SIMS depth profiling analysis to obtain diffusion profiles

Depth profiles of major elements such as Na, K, and Si
in addition to Mg were performed using the Cameca IMS 6f
Secondary lon Mass Spectrometer (SIMS) in the NSF
National SIMS-NanoSIMS Facility at Arizona State
University. An O, primary ion beam was generated in a
duoplasmatron and accelerated to —12.5 keV. The sample
was held at +5000 V thus giving a total impact energy of
8750 eV per nucleon on the sample surface. The primary
beam was set at a current near 20 nA, focused to a spot,
and rastered over an area 125 x 125 pm?, leaving a sput-
tered crater with a flat surface and steep walls. A 400 pm
field aperture was used to limit ions allowed into the sec-
ondary magnet to a circular area in the middle of the crater
15 pm in diameter to ensure that ions from the crater walls
(reflecting all depths) were not sampled. Mass resolution
power was set to 800. Positive secondary ions of **Mg,
Z*Na, *°Si, and *K with 0+ 20 eV excess kinetic energy
were detected (no energy filtering applied). When other ele-
ments listed below were added to the analysis recipe, we
selected ions with 75 £ 20 eV initial kinetic energy (conven-
tional energy filtering, used to remove molecular ions from
the mass spectrum). A second measurement of *°Si* was
included in analyses examining ions with 75+ 20 eV for
the purpose of normalizing trace species to a matrix ion.
Peaks for the different isotopes were detected by either
the electron multiplier (EM) or Faraday Cup (FC) sec-
ondary ion detectors in the following order: **Na (1s,
FC/EM), *Mg (25, EM), *°Si (1's, EM), ¥*K (1's, FC),
and in some cases, “°Ca (1, EM), 8Sr (s, EM), 138Ba
(1's, EM). NIST glasses (610, 612, 614) were used to cali-
brate the Mg, Sr, and Ba concentrations in sanidine. In
order to compensate for sample charging throughout the
analyses, the magnetic field was moved to detect *°Si and
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the sample voltage was ramped from 5080 to 4980 V every
5th cycle. The sample voltage was placed at the centroid of
the voltage vs secondary ion intensity curve. To check the
effects of ion mixing, depth profiles were obtained from
both a zero-time experiment and a raw crystal (unannealed
and not exposed to the furnace or any source powder).
Additionally, a sanidine that was annealed but not exposed
to source powder was analyzed to determine the inherent
Mg concentration in Eifel sanidine. In a couple of cases,
depth profiles were measured in the same diffusion experi-
ment to check for reproducibility of diffusion coefficients.
A single cycle took ~ 20 s, including waiting time to settle
the magnetic field at each mass. Each cycle of measurement
counted Mg for 2's. The integrated counts for Mg in each
cycle varied from 10,000 (1% precision) to 200 (7%
precision).

Following SIMS depth profiling, the depths of the sput-
tered pits were measured using both a stylus profilometer,
as well as the ZeScope optical profilometer in the Eyring
Materials Center at Arizona State University. Both pro-
filometers produced precision of 0.7 % and the variation
in depth within the central area of the sputtered crater
was within 8-40 nm for each pit.

3. RESULTS
3.1. Observations from experimental diffusion profiles

Following our experimental design, the expected solu-
tion to the diffusion equation would correspond to the solu-
tion to Fick’s Second Law involving one-dimensional
diffusion in a semi-infinite medium with constant surface
concentration (Crank, 1975):
C(x,1) — Couy —rf x

Cinit - Cxurf ’ 2\/D—[
where C represents the concentration of Mg at depth x after
time t, Cg,,¢ is the constant concentration at the crystal sur-
face, Cjy; is the initial or background concentration inher-
ent to the crystal, and D is the diffusion coefficient. An
example fit using this solution to the diffusion equation to
our experimental data is shown by the red curve in
Fig. 2a. However, Mg concentration gradients in the sani-
dine experiments display a complex shape rather than a sin-
gle error function curve (Fig. 2a), where a single fit fails to
describe the near-surface portion of the depth profile. Addi-
tionally, plotting concentration gradients as inverse error
functions (i.e., erf ™! [(C(x,t)-Caurt)/(Cinit-Csurr)]) With depth
(Fig. 2b) should result in a single linear array if diffusion is
constant (Crank, 1975). However, our inverted concentra-
tion profiles consistently demonstrate areas where they
deviate from linearity (see Supplementary Data S1), which
suggests one of two things: 1) artifacts of the analysis tech-
nique and/or contamination, or 2) multiple modes of diffu-
sion. For example, the non-linear, near-surface portion of
the concentration profile might be unrelated to diffusion
and instead an artifact of SIMS reflecting where the compo-
sition of the crater floor is reaching a steady-state concen-
tration (with respect to major elements) after the addition
of the oxygen primary species and removal/mixing of the
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Fig. 2. (a) Mg concentration gradient obtained by SIMS depth
profiling on an experimentally-annealed sanidine (Exp. SWAF
237*) displaying a shape that is more complex than an error
function curve. The red line represents an example fit using the
analytical solution to the diffusion equation, which fails to describe
the entirety of the depth profile. The inset is the same plot
emphasizing the near-surface portion of the profile. Note the
first ~ 100 nm of the profile is not used in the fit because these data
are within the SIMS transient zone (see Section 3.1 for more
explanation). (b) The same Mg concentration gradient plotted as
an inverse error function showing a kink in slope interpreted as the
transition between diffusion mechanisms. The red line represents a
linear regression that does not fit the near-surface portion of the
profile, similar to observed in Fig. 2a. (c) The first 3000 nm of the
inverse error function profile showing greater detail of the change
in slope and curvature of inverted data. The vertical dashed black
line marks the end of the SIMS transient zone and data before this
line are excluded from calculating diffusivity.

gold-coat on the surface into the bulk sample (i.e., SIMS
transient zone). Additionally, in many cases a small amount
of Mg-rich source material remained adhered to the crystal
surface following experimental anneal, regardless of the
care taken to analyze clean surfaces, a phenomenon
observed in SIMS measurements of other diffusion experi-
ments (e.g., Van Orman et al., 2001, 2014). Measurements
related to surface contamination and measurements within
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the SIMS transient zone are located by comparing the
stable (i.e., constant) portion of the Si signal with each
depth profile measured on SIMS. These factors prohibit
the use of measurement cycles near the crystal surface (on
average the first ~ 40 nm of the depth profile and in a cou-
ple cases up to the first 200 nm) when calculating
diffusivities.

Alternatively, in the cases where the near-surface por-
tion of the depth profile is not within the SIMS transient
zone or a result from surface contamination, the second
possibility is that non-linear portions of a profile may indi-
cate an inconstant diffusion coefficient potentially as result
of multiple modes of diffusion operating simultaneously
(e.g., Fig. 2¢). Note that the very tail end of a given profile
(e.g., at > 15,000 nm in Fig. 2¢) likely results from reaching
the end of the Mg chemical gradient, as well as low Mg
count rates. Plotting all of the collected depth profiles as
inverse error functions (Supplementary Data S1) consis-
tently display curvature and/or at least an order of magni-
tude change in slope at depths between 50-500 nm (average
100 nm) while excluding data from the SIMS transient zone
(e.g., Fig. 2b, 2c). These depths generally correspond to an
abundance > 10 ppm Mg (average 140 Mg ppm) regardless
of the experimental temperature and duration. Therefore,
data are treated as representing two modes of diffusion
(slow and fast) operating simultaneously with the slow dif-
fusion regime dominantly represented in the near-surface of
the crystal (Fig. 2c).

Fig. 2 demonstrates how fitting a single analytical solu-
tion to the measured depth profiles fails to describe the pro-
file as a whole, specifically the near-surface portion. One
approach could be to fit the longer portion of the profile
(i.e., the inferred fast-path portion) as a single analytical
solution, subtract this contribution from the composite pro-
file, then fit the remaining shorter portion (i.e., near-surface
or inferred slow-path portion) to a separate analytical solu-
tion. The changes in slope observed in the inverted profiles
that indicate a change in diffusion mechanism could then
act as a guide to identify the boundary between one analyt-
ical fit to another. However, while the near-surface portion
of the profile may be dominantly reflecting slow-path diffu-
sion, fast-path diffusion should theoretically be operating
simultaneously throughout the entire profile. Therefore, it
would be an oversimplification to assume that the near-
surface portion of the profile is only controlled by slow-
path diffusion, and a more thorough modeling approach
is indicated.

3.2. Multi-species diffusion modeling

Diffusion in a crystalline solid occurs from an exchange
of position between an atom (or ion) and a crystal defect
(e.g., vacant or interstitial site). Therefore, two mechanisms
for diffusion of an atom can arise either because it
exchanges with two different kinds of defects, or because
the atom itself occupies two different types of sites
(Dohmen et al., 2010). Such diffusion behavior has been
observed in other silicate minerals such as olivine
(Dohmen et al., 2010) and garnet (Bloch et al., 2015;
Bloch et al., 2020). Dohmen et al. (2010) first developed a

model considering two diffusion mechanisms by means of
exchange reactions for Li in olivine. In the following section
we present a model that corresponds to multi-site diffusion
reactions (after Dohmen et al., 2010, Jollands et al., 2019,
Bloch et al., 2020), and is tailored to Mg exchange reactions
likely to occur in the sanidine crystal structure. This model
is intended to replace a single analytical solution to the dif-
fusion equation (i.e., Eq. (1)), which fails to describe the full
extent of the measured depth profiles with complex shapes.

There is more than one possible exchange reaction by
which Mg can be incorporated into the KAISi;Og sanidine
structure. This includes

BaMg,,Al,.Si,O5 = BaMgSi; 0y (2)

where Mg is present on both an interstitial site (Mgy,) cou-
pled with an Al site vacancy (Al,,.) as shown in the left side
of the equation, and Mg is present on the Al site within
sanidine shown on the right side of the equation. Similar
reactions to Eq. (2) could be written using other divalent
cations sitting on the metal site including Sr or Ca
(although Eifel sanidine in these experiments are relatively
Ca-poor). In Kréger-Vink notation, Eq. (2) can then be
written as

Mg, + V= Mg, (3)

where V is an abbreviation for vacancy, the subscripts for
each species indicates the site it occupies, and the e and ’
superscripts indicate an associated positive or negative
charge relative to the species normally occupying the site.
Writing Eq. (2) as Eq. (3) allows for the isolation of the spe-
cies that are the most mobile in the reaction, therefore
cations sitting on the metal site such as K, Na, Ba, etc.
are negated. Assuming that the relevant point defects in this
exchange reaction obey Henry’s Law, the corresponding
mass action law can be written as

log (K) = log (%) (4)

where K is the equilibrium constant that relates the atomic
concentrations (i.e., atoms per formula unit or apfu) of the
exchanging species indicated by square brackets. Following
the approach outlined by Dohmen et al. (2010), a general
equation for the diffusion-reaction process described above
can be written as

oc, 9 (_aC
B (P G)

where C;j is the concentration of species j, Dj is the diffusion
coefficient of species j, t is time, x is distance, and R; = r, for
j = {Mg,}; Rj=-r, for j = {Mg;,.V}; and r is the time
dependent net rate of production of Mg on the metal sites
by jumps from interstitial sites (Dohmen et al., 2010). This
relationship is used to model the profiles such that, when
the equilibrium concentrations described by Eq. (4) are
approached, the rates R; tend to zero and this variable
becomes negligible.

Diffusion was modeled numerically following a two-step
explicit finite difference algorithm for one-dimension diffu-
sion in plane sheet geometry (Crank, 1975). Each diffusant
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was assumed to have homogenous initial concentrations
prior to the diffusion run, and a fixed surface concentration
throughout the experiment. At each time step, diffusion was
allowed to occur solely in response to the individual con-
centration gradient of each diffusant, and then concentra-
tions at each grid point were re-arranged in order to
satisfy Eq. (4) assuming instantaneous local equilibrium.
Therefore, local mass and site balance are described by
TotalV = [MgAl]nld + [VAI]old = [MgAl]new + [VAI]new (6)
TotalMg = [Mg ],y + (Mg, 14

= [MgA/}new + [Mg;';tt]next’ (7)

where the subscript old denotes concentrations obtained
after immediately preceding each time step of diffusion,
and subscript new is the updated concentrations that are
determined by simultaneously solving Egs. (4), (6) and
(7). At a given grid point in the numerical model, Total V
is the number of vacant positions on the Al crystal site plus
those occupied with Mg, and Total Mg is the total number
of Mg atoms per formula unit of sanidine. Solutions were
obtained by running the numerical model described above
within the context of a non-linear, least-squares optimiza-
tion routine implemented in Matlab (after Bloch et al.,
2020). This model produces 10 free parameters (see Supple-
mentary Data S1), including the diffusivities of each species
and their surface and background concentrations in addi-
tion to the equilibrium constant that satisfies Eq. (4).
Although we have interpreted the observed profiles as con-
forming well to Eq. (3), there are other exchange reactions
that could be derived and modeled and potentially produce
satisfactory fits to the observed profiles.

It is not entirely clear how to best produce error esti-
mates for this type of model. The numerical code used to
determine diffusivity is computationally time-intensive
(i.e., takes a few hours per model and up to 10+ hours in
the case of the longer depth profiles). Therefore, determin-
ing an error estimate from a Monte Carlo simulation (for
example) would take months to run. In lieu of this, we
apply an approximate universal error of + 0.2 log units to
the calculated diffusion coefficients, as this is the average
error estimate from Monte Carlo simulations when using
an analytical solution to the diffusion equation relying on
the uncertainty in the depth measurement of the sputtered
pit as well as the uncertainty on Mg measurements from
SIMS.

3.3. Diffusivity of Mg in sanidine

The diffusion coefficients determined from each experi-
ment are presented in Table 2 and shown by the Arrhenius
plots in Fig. 3. Diffusivities for each orthoclase composition
and each diffusion mechanism (i.e., slow and fast) are fit
separately to the Arrhenius equation:

E,
log,,D = log,,Dy — — 8
10 g100 RT (®)
where D is the determined diffusion coefficient, Dy is the
pre-exponential factor, E, is the activation energy, R is
the gas constant, and T is temperature in K. Arrhenius

parameters determined from 25 experiments and 32 depth
profiles are summarized in Table 3 and categorized by dif-
fusion mechanism (i.e., fast/slow) and composition.

The Arrhenius parameters determined from fitting the
diffusion coefficients for Or;; include an activation energy
of 275+ 14kImol™! (26) and pre-exponential factor of
42x107° m? s7! for fast-path diffusion and 369
+15kImol™" (26) and pre-exponential factor of
1.4 x107° m? s7' for slow-path diffusion. When fitting
the diffusion coefficients for Org,, an activation energy of
283+ 14kImol~! (20) and pre-exponential factor of
1.6 x 107> m? s~' are obtained for fast-path diffusion and
an activation energy of 405+ 15kJmol™!' (20) and pre-
exponential factor of 3.9 x 107* m? s™! are obtained for
slow-path diffusion. Of the two crystallographic orienta-
tions investigated for both Or;; and Org, (c-parallel and
c-perpendicular), the diffusion coefficients are within
approximate error of each other suggesting isotropic diffu-
sion of Mg in the compositions of sanidine investigated.

Fast-path diffusion of Mg in sanidine is at least three
orders of magnitude faster than slow-path diffusion as
determined for both Or;; and Org,. In addition, diffusion
coefficients determined for fast-path diffusion in Or;, are
within approximate error of the fast-path diffusion coeffi-
cients determined for Org,. The same is true when compar-
ing slow-path diffusion coefficients between Or;; and Org,.
Additionally, the activation energies for fast-path diffusion
of Or;; and Org, are indistinguishable of each other when
considering approximate error estimates. Activation ener-
gies for slow-path diffusion in both sanidine samples are
similarly larger than the activation energies for slow-path
diffusion, however the Or;; and Org, compositions yield
distinct values given approximate error estimates. Although
the compositional range of sanidine is relatively narrow
(i.e., 11 mol%) the results suggest there is little to no resolv-
able compositional dependence of Mg diffusion on major
element chemistry (i.e., relative K-Na content) in sanidine.
However, a more comprehensive study encompassing a
broader alkali feldspar range is required to confirm this.

3.4. Time dependence of diffusion

In order to determine whether lattice diffusion is the dom-
inant process being measured, we performed a time-series and
a zero-time experiment on both compositions of feldspars
(after Cherniak, 1996, Cherniak, 2002, Van Orman et al.,
2014, Bloch et al., 2015). Fig. 4 shows the results of the time-
series study displaying both fast- and slow-path c-parallel dif-
fusion. The calculated diffusion coefficients from the time-
series (i.e., SWAF 263 and 255) are reported in Table 2 and
agree within 2 approximate error for experimental run dura-
tions varying from a few to over 50 days. Fig. 5 compares the
depth profiles between a diffusion experiment, zero-time
experiment, and a raw crystal (of which did not have contact
with a Mg source and was not annealed in a furnace). The
zero-time experiments show little to no uptake of Mg in short
anneals relative to profiles measured in diffusion experiments
and raw crystals. This behavior is observed in both Or;; and
Org,, confirming that measured concentration profiles are
the result of diffusion only.
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Table 2
Experimental conditions and results.
Exp. ID T (°C) Time (s) Orientation® Composition LogioD; (m?s7h) LogioD> (m? s 20
SWAF 260c¢ 1149 1.09 x 10* < Ory, —15.05 —18.18 0.2
SWAF 268 1099 1.44 x 10* q Ory —15.45 —19.10 0.2
SWAF 261c¢ 1049 3.60 x 10* C| Ory —16.67 —19.32 0.2
SWAF 257¢ 1002 8.64 x 10* C| Ory, —16.98 —19.54 0.2
SWAF 258¢ 953 8.64 x 10* C| Oryy —17.40 —20.91 0.2
SWAF 263 1 853 2.42 x 10° | Ory, —17.86 —21.70 0.2
SWAF 263 2 853 1.21 x 10° < Ory; —18.10 —21.65 0.2
SWAF 263 3 853 6.05 x 10° | Ory —18.06 —21.89 0.2
SWAF 271 71 805 4.56 x 10° C| Ory —18.38 -22.98 0.2
SWAF 271 71 * 805 4.56 x 10° q| Ory —18.87 -22.62 0.2
SWAF 259 1100 1.44 x 10* ¢y Ory; —15.72 —19.18 0.2
SWAF 261b 1049 1.44 x 10* cy Ory, —16.44 —19.23 0.2
SWAF 257b * 1002 3.60 x 10* cy Ory; —16.80 —19.99 0.2
SWAF 264 71 902 8.64 x 10* c1 Oryy —17.82 —21.69 0.2
SWAF 264 71 * 902 597 x 10° ¢y Oryy —17.53 —21.31 0.2
SWAF 233 1150 1.19 x 10* | Org, —15.02 —18.21 0.2
SWAF 186 1105 1.66 x 10* q Org; —15.15 —18.25 0.2
SWAF 203 1052 3.55 x 10* q| Org) —16.36 —19.36 0.2
SWAF 159 1001 8.68 x 10* < Org; —16.15 —20.00 0.2
SWAF 159 1 1001 8.68 x 10* | Org, —16.45 —20.45 0.2
SWAF 136 946 8.57 x 10* C| Org, —17.39 —20.76 0.2
SWAF 136 1 946 8.57 x 10* | Org, —17.51 —21.00 0.2
SWAF 264 82 902 5.97 x 10° | Org; —17.30 —21.82 0.2
SWAF 264 82 1* 902 5.97 x 10° q| Org) —17.51 —21.82 0.2
SWAF 255 1 850 2.41 x 10° C| Org; —17.77 -22.34 0.2
SWAF 255 2 850 1.21 x 10° | Org, —17.41 —21.89 0.2
SWAF 255 3 850 4.27 x 10° | Org, —17.69 -22.00 0.2
SWAF 271 82 805 4.56 x 10° | Org, —18.79 -22.58 0.2
SWAF 240 1051 8.66 x 10* cy Org, —16.19 —19.57 0.2
SWAF 237 1002 8.68 x 10* c1 Org, —16.52 —19.69 0.2
SWAF 237 * 1002 8.68 x 10* cy Org, —15.74 —19.45 0.2
SWAF 239 950 8.68 x 10* c1 Org) —17.12 —21.20 0.2

° Indicates orientation in which diffusion was measured.

+ Duplicate analysis for reproducibility.
* Deeper depth profiles measured for longer duration.

4. DISCUSSION

4.1. Comparison to Mg diffusion in plagioclase and other
cation diffusion in feldspar

An important outcome of this study is the ability to
compare Mg diffusion in sanidine with plagioclase. A sum-
mary of experimentally-determined diffusivities for Mg in
feldspar is shown in Fig. 6. Previous work finds that Mg
diffusion in plagioclase (An,3—Angs) is dependent on major
element chemistry, where diffusivity increases with increas-
ing albite content (i.e., relative Na; Van Orman et al., 2014).
Similarly, for the case of Sr diffusion in sanidine, significant
differences in Arrhenius parameters have been found when
comparing sanidine with large differences in K-Na contents
suggesting some compositional dependence on diffusion
(Fig. 7; Cherniak and Watson, 1992). Mg diffusion in sani-
dine determined in this study reveal diffusion coefficients
within approximate error of each other for two different
sanidine compositions (Or;; and Org,), suggesting there is
little to no resolvable major element dependence in
sanidine, unlike Sr diffusion in sanidine and Mg diffusion

in plagioclase. However, because the compositional range
examined in this study is relatively small (11 mol% Or) fur-
ther investigations over a broader range of sanidine compo-
sitions would be required to confirm this observed
behavior. Mg diffusion in plagioclase displays weak aniso-
tropy between the b and ¢ directions observed in labradorite
and anorthite, however it is generally advised to treat Mg
diffusion in plagioclase as isotropic (LaTourrette and
Wasserburg, 1998; Van Orman et al., 2014). Of the two
crystallographic orientations investigated for Mg diffusion
in sanidine in this study (c-parallel and c-perpendicular),
there is no resolvable difference in diffusivities or diffusion
parameters suggesting Mg diffuses isotropically in sanidine
for the orientations and compositions investigated. These
data thus far suggest feldspar crystallographic orientations
do not play a significant role in controlling Mg diffusion in
feldspar.

Another similarity between Mg diffusion in sanidine and
plagioclase are the Arrhenius parameters shared between
fast-path sanidine diffusion and plagioclase diffusion. Not
only are the absolute fast-path diffusivities similar to those
in plagioclase (Fig. 6), but the activation energies for fast-
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Fig. 3. Arrhenius plot for Mg diffusion in Eifel sanidine Or;, (top
panel) and Org, (bottom panel) showing the two crystallographic
orientations investigated (diffusion measured both parallel and
perpendicular to ¢ axis). Linear regressions for each dataset are
shown by solid black line and the associated Arrhenius parameters
are reported in Table 3.

path diffusion in sanidine of 275+ 14 (Ors) and 283
+ 14 kJ mol™! (Org,) are indistinguishable from Mg diffu-
sion in plagioclase (Anjs.o3) of 287 + 10 kJ mol ™! at rele-
vant temperatures (Fig. 6 Van Orman et al., 2014).
Additionally, Mg diffusion in Angs investigated at relatively
higher temperatures and at two crystallographic orienta-
tions have activation energies of 254 and 278 =+ 43 kJ mol ™!
(LaTourrette and Wasserburg, 1998), both of which are
within approximate error of the activation energies in this
study. An additional study of Mg diffusion in plagioclase
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Fig. 4. Effect of anneal time on calculated Mg diffusion rates
(Exps. SWAF 263 and 255) in Eifel sanidine (Or7; and Org,) from
Table 2. The diffusion coefficients determined from experiments
with different anneal times are the same within approximate error
(20).

(Ang) investigated at relatively higher temperatures yields
a slightly higher activation energy of 320 kJ mol™! with
no reported error that is close but not within approximate
error of Mg in sanidine (Faak et al., 2013). For the most
part, the present data suggests fast-path Mg diffusion in
sanidine behaves similarly if not the same to Mg diffusion
in plagioclase.

An important and unique outcome of this study is the
discovery of a slow-path diffusion mechanism in sanidine
that differs greatly from that of fast-path Mg diffusion in
sanidine and Mg diffusion in plagioclase (Fig. 6). Irregu-
larly shaped Mg concentration gradients observed in sani-
dine suggest multi-mode diffusion mechanisms operating
simultaneously (fast and slow), which is a phenomenon
not previously observed for Mg diffusion in plagioclase
experiments. One possibility is that the measurements from
Van Orman et al. (2014) were unable to observe slow-path
diffusion (if present in plagioclase) because of anneal times
that were on average 3 days (relative to an average of 9 days
in this study) and no more than 3 weeks (relative to 8 weeks
in this study) for their lower temperature experiments.
However, diffusion distances generally scale as the square
root of time, and diffusion distances in the shorter experi-
mental durations of Van Orman et al. (2014) would be
about 60% of the diffusion distance for the longer times
and therefore slow-path Mg diffusion should still be
detectable if present. Van Orman et al. (2014) do not explic-
itly report irregular depth profile shapes but do make note
of near-surface irregularity when inverting their depth pro-
files, which is attributed to surface contamination. While
surface contamination is a challenge posed by diffusion

Table 3

Calculated diffusion parameters.

Composition Mechanism log Dy (m? s 1) 26 Ea (kJ mol™h) 26 R?

Eifel Ory, fast 4.2E-06 5.6E-06 275 14 0.94
slow 1.4E-05 1.9E-05 369 14 0.97

Eifel Ors; fast 1.6E-05 2.4E-05 283 15 0.94
slow 3.9E-04 5.8E-04 405 15 0.94
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Fig. 5. Compilation of depth profiles measured from raw Eifel
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annealed in a furnace), a zero-time experiment (brought to
temperature surrounded by powder then rapidly quenched), and
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confirming that concentration profiles are related only to diffusion.
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tion 3.1 for further explanation.
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Fig. 6. Summary of Mg diffusion in feldspar. Data from this study
are shown by red dashed and dotted lines showing both fast- and
slow-path diffusion. Data for Mg diffusion in plagioclase are shown
by solid black and grey lines (Anas, 43, 67, 933 Van Orman et al.,
2014, Angg; Faak et al., 2013, Anys diffusion normal to (010) and
(001); LaTourrette and Wasserburg, 1998).

experiments, it is possible that the analytical model applied
to those depth profiles are potentially missing a present
slow-path diffusion mechanism by ignoring near-surface
information. This of course would require further investiga-
tion and the application of a multi-site diffusion reaction
model as employed in this study.

Fig. 7 shows a summary of experimentally-determined
cation diffusivities for feldspar at relevant temperatures to
this study. The slow-path diffusivities of Mg in sanidine plot
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Fig. 7. Summary of cation diffusion in feldspar with relevant
compositions to those investigated in this study. Mg diffusion in
sanidine determined in this study is shown by red dashed and
dotted lines. Mg diffusion in plagioclase are shown by black solid
lines (Van Orman et al., 2014). Other cation diffusion in feldspar
are shown by solid gray lines (Li in Abgg; Giletti and Shanahan,
1997, Na in Angg; Behrens et al., 1990, Na-K interdiffusion in
Or,s.49; Christoffersen et al., 1983, K in Orgy; Foland, 1974, Rb in
Orogy; Giletti, 1991, Pb in Orgs; Cherniak, 1995, Sr in Org; and Oros;
Cherniak and Watson, 1992, Ba in Org; Cherniak, 2002,
CaAl-NaSi interdiffusion in Angg; Grove et al., 1984, CaAl-NaSi
interdiffusion in Ang.,6 at dry conditions; Yund, 1986).

near Ba diffusion in sanidine (Org;). When comparing acti-
vation energies, slow-path Mg diffusion for both Or;; and
Org, (369 + 14 and 405 + 15 kJ mol™!) have lower activa-
tion energies than Ba (455 4 20 kJ mol~"). When consider-
ing atomic radii, it is excepted that the smaller Mg ion
(0.89 A VIII-fold) would diffuse faster than the larger Ba
ion (1.42 A VIII-fold; Shannon, 1976), which is a common
observation when comparing different element-mineral
pairs (Fig. 7). This predicted behavior is true for fast-path
Mg diffusion in sanidine, however slow-path Mg diffusion
has comparable Arrhenius parameters to that of the rela-
tively larger Ba and Sr, in addition to having slower abso-
lute diffusivities than Ba. Cation charge is also an important
factor to consider in conjunction with atomict radii. For
example, while K and Ba have similar ionic radii (1.51
and 1.42 A VIII-fold), K™ diffuses faster than Ba®". Slow-
path Mg?" diffusion appears to follow this same pattern,
diffusing slower than monovalent Na, K, and Li in sanidine
and at similar rates to divalent Ba but slightly slower than
divalent Sr. Fast-path Mg?" diffusion in sanidine is compa-
rable to monovalent Rb diffusion in sanidine and also dis-
plays similar activation energies (Rb Es =340
+ 33 kJ mol™!; Fig. 7). In the next section, we will explore
mechanisms that are potentially responsible for the
observed fast- and slow-path diffusion of Mg in sanidine.

4.2. Multi-mode diffusion mechanisms

The model produced in this study assumes that Mg can
migrate both by interstitial sites (i.e., fast-path diffusion)
and by an Al site, of which is a framework site in the
sanidine structure (i.e., slow-path diffusion).
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Charge-compensating species are necessary to facilitate
exchange of divalent cations (i.e., Mg?") with predominant
structural cations such as K, Na, and Al in alkali feldspar.
In contrast, Mg in plagioclase can migrate by direct
exchange with divalent Ca (Cherniak, 2002; note that Ca
was not detectable by electron probe analysis in Eifel sani-
dine used for experiments; Table 1). Therefore, movement
of charge-compensating species may impose a rate-
limiting factor on diffusion of divalent species in alkali
feldspars. Fast-path Mg diffusion in sanidine is a more
anticipated result when comparing to known Mg diffusion
in plagioclase, however the cause behind slow-path Mg dif-
fusion in sanidine is undetermined. A possible mechanism
for slow-path Mg?" diffusion in the sanidine structure is
charge compensation via framework elements, such as Si
and Al in tetrahedral sites and K and Na on the M site
(e.g., Parsons and Lee, 2005):

Mg* + AP = (Kt Na®) + Si*" 9)

A similar reaction exists in plagioclase: the interdiffusion
of CaAl-NaSi, which is much slower than that of single
cation diffusion in plagioclase and has a high activation
energy (516 kJ mol~!; Grove et al., 1984). This is unsurpris-
ing when considering the energy required to break a Si-O
bond (Fig. 7; Grove et al., 1984; Yund, 1986). Slow-path
Mg diffusion in sanidine is not nearly as slow as CaAl-
NaSi interdiffusion in plagioclase. It should be noted that
Eifel sanidine is known to display rapid Al-Si ordering/re-
ordering, which would have potential to enhance diffusion
and potentially explain why the slow-path Mg mechanism
is faster than CaAl-NaSi interdiffusion in plagioclase
(Parsons and Lee, 2005). However, the act of pre-
annealing Eifel sanidine prior to experimental diffusion
experiments as was done here has been shown to reduce
Al-Si reordering and likely mitigates this effect
(Bertelmann et al., 1987; Bernotat-Wulf et al., 198S;
Parsons and Brown, 1991; Parsons and Lee, 2005). It is dif-
ficult to evaluate Al and Si behavior in our diffusion exper-
iments given the high abundance of these framework-
forming species compared to the trace amounts of Mg, such
that any small changes are undetectable via SIMS or elec-
tron probe. Additionally, given the differences in ionic radii
between Mg with Na and K, it is unlikely that Mg
exchanges for K and/or Na on the sanidine M site.

A more energetically favorable reaction that does not
involve the exchange of Si is

(Ba,Sr)*" + Mg*" — (K,Na)'"" + 4" (10)

where divalent Ba or Sr (both of which are abundant in
Eifel sanidine and natural volcanic sanidine in general;
Table 1) exchange for a K on the metal site due to similar
ionic radii (Ba=142, Sr=1.26, K=1.51 A VIII-fold
coordination), and Mg exchanges with an Al on an Al site
given their comparable ionic radii. Although the exact dif-
fusion rate of Al diffusion in feldspars is unknown, the
involvement of Al migrating from a tetrahedral site in this
reaction likely slows the migration of Mg. The involvement
of K and Na does not likely impose a rate-limiting control
on Eq. (1) because diffusivities and Arrhenius parameters
for K diffusion and K-Na interdiffusion in alkali feldspar

are approaching or are similar to fast-path Mg diffusion
(~285k]J mol™!; Fig. 7; Christoffersen et al.,, 1983,
Foland, 1974). However, the involvement of larger cations
such as abundant Ba and Sr may place a rate-limiting con-
trol on slow-path Mg diffusion (see Fig. 7). In nature, vol-
canic sanidine commonly contains a relatively high
abundance of Ba (thousand to tens of thousands ppm)
and Sr (tens to hundreds ppm) (e.g., Hervig and Dunbar,
1992, Zellmer et al., 1999, Anderson et al., 2000, Ginibre
et al., 2004, Morgan et al., 2006, Zellmer and Clavero,
2006, Hildreth and Wilson 2007, Stelten et al., 2013,
Chamberlain et al., 2014, Bachmann et al., 2014, Till
et al., 2015, van Zalinge et al., 2017, Shamloo and Till,
2019, Szymanowski et al., 2019, Landi et al., 2019). Results
from this study show Ba diffusivities broadly overlap with
slow-path Mg diffusion in sanidine and also have similar
Arrhenius parameters to Ba and Sr in sanidine (455 and
450 kJ mol~'; Fig. 7). While it is unfavorable for Mg>* to
directly exchange for the more abundant Sr*t and/or
Ba®" given the differences in ionic radii, Ba and Sr may still
impose a rate-limiting factor on slow-path Mg diffusion as
demonstrated by Eq. (10). Ba and Sr both have higher acti-
vation energies than slow-path Mg, potentially making
slow-path Mg diffusion more sluggish when in the presence
of abundant Ba and Sr (Cherniak, 1996; Cherniak, 2002)
but is still faster than CaAl-NaSi diffusion because it does
not involve Si migration.

To further test this hypothesis, we measured Ba and Sr
along with Mg in the depth profiles via SIMS (e.g.,
Fig. 8). There appears to be a broad negative correlation
between Ba and Mg concentration gradients in the near-
surface portion of the profile where slow-path diffusion
likely dominates the concentration signal relative to the
deep portion of the profile (Fig. 8). This observation is true
for all the depth profiles that included the measurement of
Ba. The relationship between Sr is less straight forward.
The example depth profile in Fig. 8 shows the first
400 nm of the Sr signal mimicking Mg behavior,
while ~ 400-1200 nm shows a stronger negative correlation
to Mg than Ba displayed. The natural sanidine used for
experiments are annealed and checked for chemical homo-
geneity via the electron probe and SIMS prior to the diffu-
sion experiment. Therefore, any chemical gradient that
exists in Mg, Sr, and Ba are created only after the diffusion
experiment occurs. This potentially suggests that Ba and Sr
participate during the diffusion experiment and are in fact
migrating with Mg and Al. Statistically it may be argued
that the direct interaction between the diffusant and Sr
and Ba relative to the probability of encountering the pre-
dominant K and Na in sanidine is low. However, based
on ionic radii, it is less favorable for Mg to directly
exchange with K and Na rather than Al. At present, we
conclude that the exchange reaction of Mg for Al coupled
with Ba and Sr for K and Na may impose a rate-limiting
control on slow-path Mg diffusion. However, the current
evidence is not definitive as to the importance and likeli-
hood of Ba- and Sr-limiting slow-path Mg diffusion in sani-
dine and it requires further scrutiny and experimentation on
Ba- and Sr-poor sanidine. Additionally, it may be possible
that Ba and Sr also have a second mode of diffusion that is
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Fig. 8. SIMS depth profiles of Ba, Sr, and Mg measured from a diffusion experiment (Exp. SWAF 237*). Dashed vertical line represents the
rough boundary where slow- and fast-path diffusion are likely contributing the most to the SIMS signal. A zoomed in version of the near-
surface portion of the profile is shown on the right. Near the crystal surface Mg is broadly negatively correlated with Ba and Sr (with the
exception of slight downward diffusion of Sr in the first 300 nm of the profile). The remainder of the profile where fast path diffusion likely
dominates appears to be uncoupled with Ba and Sr distribution. Note that data at depths < 100 nm are not included due to SIMS artifacts

and/or surface contamination. See Section 3.1 for further explanation.

not recorded in the literature at present. Ba and Sr have
similar ionic radii to K making direct substitution on the
metal site relatively straight forward. However, these diva-
lent cations may exhibit multi-mode diffusive behavior sim-
ilar to Mg and include the involvement of multi-site
exchange reactions. However, such behavior requires fur-
ther experimentation.

Lastly, we discuss possible mechanisms responsible for
fast-path Mg diffusion in sanidine. Fig. § shows that Ba
and Sr remain largely constant in the remainder of the pro-
file farthest from the crystal surface, potentially suggesting
the fast-path diffusion mechanism is uncoupled to poten-
tially rate-limiting Ba and Sr (and Al). Instead, it is likely
that Mg migrates quickly by means of interstitial sites cou-
pled with vacant sites (e.g., Al vacancies) similar to what is
implied for Mg diffusion in plagioclase. Longhi and Hays
(1979) originally suggested that plagioclase can incorporate
excess Si*" in tetrahedral sites, which leads to the formation
of large-site vacancies to maintain charge balance. This
may have the effect of increasing Mg diffusion rates in pla-
gioclase. The amount of (K,Na)AlSi;Og, CaAl,Si>Og, and
Si40g is likely not changed significantly by diffusion during
our experiments as documented by Grove et al. (1984) and
if it was it would not be detectable with the analytical tools
used in this study. Because the experiments in this study
were not buffered for silica activity, we cannot determine
if excess silica is a controlling factor in fast-path diffusion
of Mg in sanidine as it is for Mg diffusion in plagioclase
and provides a goal for future studies.

4.3. Geospeedometry in a natural system: the Lava Creek
supereruption, yellowstone

It is worthwhile to examine whether a given experimen-
tal setup is an accurate representation of nature. By design,
our experiments set up a chemical potential gradient
between the MgO source powder and the natural sanidine,
where the chemical potential of the powder is much greater

than that of the sanidine. For comparison, we examine the
relationship between Mg in sanidine rims and the co-
existing melt from a fairly typical rhyolite tuff, the ca. 631
Lava Creek Tuff (LCT) at Yellowstone Caldera
(Matthews et al., 2015). Glass compositions measured from
LCT member B pumice suggest Mg concentrations
of ~ 200 ppm (sample 8YC-411, Christiansen, 2001). Mea-
sured partition coefficients for Mg between alkali feldspar
and rhyolite (Kp=0.2-0.8; Icenhower and London,
1996) suggest that a minimum of ~ 40-160 ppm Mg should
be found in a sanidine rim in equilibrium with LCT-B melt.
Measured Mg concentration in LCT-B sanidine rims via
Nanoscale Secondary Ton Mass Spectrometry (NanoSIMS;
see Shamloo and Till, 2019 for analytical details) reveal
lower concentrations of ~ 1-2 ppm Mg (e.g., Fig. 9). The
chemical potential gradient between LCT-B melt and sani-
dine rims would therefore promote diffusion from the
Mg-rich source (i.e., melt) into Mg-poor sanidine during
and after crystallization. Therefore, the conditions set up
in our experiments are approximate to those of the LCT-
B magma to the best of our ability, although additional
considerations such as oxygen and hydrogen fugacity as
well as elemental activities would need to be accounted for.

While our experimental design attempts to be represen-
tative of a natural system in the case of the LCT, the ques-
tion remains which Mg diffusion coefficient (i.e., fast-path
vs. slow-path) is appropriate for performing geospeedome-
try to calculate magmatic timescales. The sanidine shown in
Fig. 9 has a Mg concentration profile of 1.4 + 0.2 ppm in
the interior that increases to 2.4 ppm Mg in the rim. In
order to apply geospeedometry, it must first be determined
if the Mg signal measured in the LCT sanidine is domi-
nantly a result from fast- or slow-path diffusion. One
approach to assess this is by comparing the concentration
gradients of Mg with other known diffusers in sanidine such
as Ba and Sr. The sanidine in Fig. 9 shows concentration
profiles measured for Ba, Sr, and Mg in the same grain
using NanoSIMS. The Mg concentration profile mimics
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Fig. 9. Elemental concentration gradients measured via NanoSIMS across rim to core (left to right) in zoned sanidine (shown by
cathodoluminescence image on the right) from the Lava Creek Tuff (member B) at Yellowstone Caldera. Elemental data are shown as black
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temperature. Data and models for Ba and Sr are from Shamloo and Till (2019) and Mg data are from this study. The bottom panel shows all
three elemental concentration profiles normalized for the sake of comparison.

the shape of Ba and Sr. At the recorded rim temperature
(i.e., 814 °C determined from feldspar-liquid thermometry;
see Shamloo and Till, 2019 for details), fast-path Mg dif-
fuses at ~ 107" m? s~ slow-path Mg at ~ 3 x 1072 m?
s7h Sr at 1072 m? s7!, and Ba at 4 x 1073 m? s7!
(Cherniak and Watson, 1992; Cherniak, 2002). It follows
that fast-path Mg > Sr > Ba > slow-path Mg. If the Mg sig-
nal in the NanoSIMS profile was a result of predominantly
fast-path diffusion it would be expected to be more relaxed
in shape compared to Ba and Sr because of its faster diffu-
sivity. In this case, Mg concentrations would approach the
detection limit of the NanoSIMS (i.e., 0.6 ppm Mg) within
a few seconds at 814 °C, as significant diffusion would cause
Mg to migrate across the intracrystalline boundary, making
it difficult to identify a distinct profile. Alternatively, if
slow-path diffusion was dominantly contributing to the
Mg signal, it would be expected to be the same shape and
width as the Ba profile because of their similar diffusivities,
of which is observed, in addition to having a similar shape
to Sr (Fig. 9). Overall, it is difficult to know in which pro-
portion fast- versus slow-path diffusion contributes to the
Mg signal given that they operate simultaneously. How-
ever, we conclude the Mg signal is likely dominated by
slow-path Mg diffusion given the observed behavior when
compared to Ba and Sr, as well as the fact that a Mg signal
dominated by fast-path Mg diffusion may not be identifi-
able at such low Mg abundance (a couple ppm) even given
the ultra-high-resolution of the NanoSIMS.

Shamlooand Till (2019) attributed identical Baand Sr pro-
file widths (without the Mg profile) as the result of crystal
growth in an evolving magma composition rather than pure
diffusion based on known Ba and Sr diffusion behavior. The
Mg profile measured here shows that for the case of the
LCT-B, significant diffusion is not recorded. This suggests
insufficient time has elapsed in order to yield Ba, Sr, and Mg
profiles that significantly differ in shape at the level of Nano-
SIMS resolution. This prohibits the use of traditional diffu-
sion chronometry where it is assumed that an observed
concentration profile relaxed from a step-function, but hints
towards potentially fast timescales between the inferred reju-
venation and eruption that the slow-moving Ba, Sr, and Mg
are unable to capture. Instead, we constrain a maximum pos-
sible time interval between sanidine rim growth and eruption
by calculating the time required for slow-path Mg to diffu-
sively diverge in shape from Ba and Sr at the resolution of
the NanoSIMS analyses after Till et al. (2015). Using the Mg
slow-path diffusion coefficient for Or;; (most similar to
Or_so LCT-B sanidine) at 814 °C, we calculate a maximum
timescale between rejuvenation and eruption of 38 years.
The same calculation done with the fast-path diffusivity for
the same temperature yields a timescale of just 5 weeks. It is
difficult to report error associated with these timescales due
to the nature of our model (see Section 3.2), however this exer-
cise still provides important constraints on the order of mag-
nitude of timescales. Therefore, we refer to these estimates
as a few decades and a few weeks.
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An advantage to using a diffusion chronometer with
multiple rates and modes is the ability to bracket time-
scales. As stated before, it is difficult to know to which
degree fast- versus slow-path diffusion is contributing to
the Mg signal measured in the LCT-B sanidine. However,
by calculating a timescale for a scenario in which the sig-
nal is 100% slow-path and 100% fast-path provides a
bracket of time. Slow-path diffusion reveals that the tim-
ing between rejuvenation and eruption can be no more
than a few decades, while fast-path diffusion provides
potential for timescales on the order of weeks. Shamloo
and Till (2019) constrained diffusion timescales from Ti
in LCT-B quartz (of which is co-saturated with sanidine)
on average of 20 years when using Ti-in-quartz Arrhenius
parameters from Cherniak and Watson (2007). Applying
newly derived Arrhenius parameters from Jollands et al.
(2020) yields much longer timescales on the order of thou-
sands of years. However, these new Ti-in-quartz timescales
do not support the observation that LCT sanidine and
quartz are co-saturated as thermodynamic modeling and
experiments on similar compositions predict (Almeev
et al.,, 2012; Bolte et al., 2015), therefore we favor the
timescales originally reported by Shamloo and Till
(2019) using Cherniak and Watson (2007) Arrhenius val-
ues. The favored Ti-in-quartz timescales align well with
the maximum timescale predicted by slow-path diffusion.
Fast-path determined timescales as short as weeks, how-
ever, may be more in alignment with the explosive nature
of the LCT supereruption that likely resulted from quick
ascent. It should be noted that mineral textures, such as
rim overgrowth that truncate resorbed crystal interiors is
observed in both sanidine and quartz, which may support
rapid growth and therefore quick timescales (Shamloo and
Till, 2019). Additionally, the fact that the concentration
profiles measured in LCT-B sanidine are growth profiles
indicates that little time passed that would have allowed
for observable diffusive relaxation.

We conclude that slow-path Mg diffusion is likely dom-
inating the signal measured in LCT-B sanidine, which mer-
its use of slow-path diffusion and report a maximum
timescale of a few decades. Fast-path diffusion operates
simultaneously and while it is unlikely to be significantly
contributing to the Mg signal measured in LCT-B sanidine,
there is still potential that timescales as short as weeks can
be captured by fast-path Mg diffusion, given appropriate
analytical precision. Therefore, we bracket a final timescale
between rejuvenation and eruption as short as weeks but no
more than a few decades. As emphasized in prior work
(Shamloo and Till, 2019), this underlines the importance
of examining profiles of multiple elements with significantly
different diffusivities to accurately constrain diffusion time-
scales in magmatic systems. Although we advocate that the
Mg profiles observed in the LCT sanidine are dominated by
slow-path diffusion, Mg fast-path diffusion may be identifi-
able for sanidine with Mg concentrations significantly
greater than that of the several ppm in LCT. If so, we rec-
ommend assessment of the evidence for slow-path vs. fast-
path diffusion and the use of both diffusion coefficients to
bracket likely diffusion timescales.

5. SUMMARY & CONCLUSIONS

Mg diffusion experiments in volcanic sanidine with vari-
able orthoclase contents (Or7; and Org,) show no resolvable
dependence on K/Na composition. Current data suggests
that diffusion in sanidine is far more complex than previ-
ously recognized. Two modes of Mg diffusion operate
simultaneously in sanidine evident by irregular depth pro-
file shapes that do not conform to the standard analytical
solution to the diffusion equation. A model was developed
based on multi-site diffusion reactions of Mg in sanidine in
order to better characterize measured depth profiles. The
slow-path diffusion mechanism close to the crystal surface
is likely rate-limited by the charge compensating reactions
between framework elements such as Al and other abun-
dant cations in sanidine such as Ba and Sr. Alternatively,
fast-path Mg diffusion is three orders of magnitude faster
than slow-path Mg diffusion and is comparable in rate
and Arrhenius parameters to Mg diffusion in plagioclase.
Fast-path diffusion likely operates by interstitial and
vacancy site migration. We recommend when using these
data for geospeedometry, to first quantify Ba and Sr distri-
bution in the crystal of interest to assess which mode of dif-
fusion is likely to dominate. It is also imperative to assess
the relative importance of diffusion vs. growth in governing
observed concentration profiles. For most analytical instru-
ments at present, pure fast-path diffusion will likely not be
detectable if there are low concentrations (several ppm) of
Mg or too narrow zone of growth/diffusion in crystals. This
study provides novel time estimates for magmatic rejuvena-
tion that played a role in initiating the Lava Creek Tuff
supereruption at Yellowstone Caldera as short as weeks
but no more than a few decades. This study also demon-
strates the complexity that may exist in experimentally-
derived geospeedometers and the importance in applying
them accurately to natural systems.
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