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Fast or slow: An evaluation of Ti-in-quartz diffusion coefficients through
comparisons of quartz and plagioclase diffusion times
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ABSTRACT
Diffusion geochronometry using Ti-in-quartz has become a valuable method in understanding the evolution of silicic magmas.
However, four different options for Ti diffusivity (DTi) currently exist, spanning three orders of magnitude, resulting in substan-
tially different estimated times and interpretations. We present Ti-in-quartz diffusion times for the Cerro Galán Ignimbrite using
the Cherniak et al. [2007] (10.1016/j.chemgeo.2006.09.001), Audétat et al. [2021] (10.1130/g48785.1), Audétat et al. [2023]
(10.1038/s41467-023-39912-5), and Jollands et al. [2020] (10.1130/g47238.1) DTi value and (1) compare these against
plagioclase diffusion times derived from the same samples, (2) consider evidence for Ti diffusion in quartz under relevant mag-
matic timescales, and (3) compute derived quartz growth rates for crystals from the Cerro Galán Ignimbrite. On all accounts, we
find that the Cherniak et al. [2007] diffusion coefficient yields diffusion times that agree much better with independent evidence
than those derived using slower DTi values [Jollands et al. 2020; Audétat et al. 2021; 2023].

NON-TECHNICAL SUMMARY
Volcanic eruptions pose significant hazards to society. It is critical for us to better understand how they work. Titanium-in-
quartz diffusion geochronometry—whereby we use variations in Ti concentration in quartz to estimate the time quartz grains
spend under magmatic temperatures—can be useful to assess the longevity of silicic magmas that feed eruptions to the surface.
However, there are currently four different diffusion coefficients for titanium-in-quartz that yield drastically different diffusion
times—from 1000 years to 1,000,000 years ! To test which of thesemeasured diffusion coefficientsmost closelymatch geological
constraints, we calculate and compare quartz diffusion times using four different coefficients to (1) known plagioclase diffusion
times from the same system, (2) expected levels of diffusion, and (3) expected quartz growth rates. We find that the faster
diffusion coefficient—which yields diffusion times of ~1000 years for quartz from the Cerro Galán Ignimbrite—agrees best on all
three accounts.

KEYWORDS: Geochronometry; Diffusion; Ti-in-Quartz; Cerro Galán Ignimbrite; Diffusion timescales; Growth rates.

1 INTRODUCTION
Understanding magmatic evolution within subvolcanic
magma plumbing systems is essential for understanding the
processes that lead to volcanic eruptions [e.g. Cashman et al.
2017]; however, it is remarkably difficult to do so given our
inability to directly observe magma bodies in the subsurface
over their 100 to 1,000,000 year timescale of evolution [Jicha
et al. 2006; Wilson and Charlier 2009; von Quadt et al. 2011].
Diffusion geochronometry of major or trace components in
common mineral phases of large silicic magma systems, such
as plagioclase, sanidine, and quartz, provide considerable
insight on the magmatic timescales in shallow storage directly
preceding eruptions [e.g. Wark et al. 2007; Gualda et al. 2012a;
Matthews et al. 2012; Cooper and Kent 2014; Pamukçu et al.
2015; Till et al. 2015; Gualda and Sutton 2016; Seitz et al.
2016; Rubin et al. 2017; Gualda et al. 2018; Shamloo and Till
2019; Boro et al. 2021; Pitcher et al. 2021; Lubbers et al. 2022;
2024].
Diffusion geochronometry of felsic minerals in large silicic
systems typically use the trace-element compositional disequi-
libria across mineral zones and Fick’s 2nd Law [Fick 1995]
to calculate the time in which that zone boundary has ex-
∗Q sophiawang.nz@gmail.com

isted at magmatic conditions [Morgan et al. 2004; Costa et al.
2008; Gualda et al. 2012a; Costa et al. 2014; Costa et al. 2020].

Figure 1: Arrhenius plot of the different Ti-in-quartz diffusion
coefficients and the Sr-in-plagioclase diffusion coefficient. The
four Ti-in-quartz coefficients are shown in colors and the Sr-
in-plag coefficient [Giletti and Casserly 1994] is shown as a
dashed grey line. Experimental ranges for each coefficient are
highlighted respectively for relevant coefficients. The temper-
ature condition of this study is outlined at 750 °C.
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Figure 2: Schematic diagram of quartz zones and boundaries.
Black lines indicate a measured zone boundary profile. Dashed
arrows show minimum growth distance (d) from boundary of
interest to the crystal rim. Curved arrows show location of
maximum diffusion timescale (t) derived from boundary pro-
file. Growth distance and diffusion timescale are then used
to calculate minimum quartz growth rate (G). Colors represent
core (red), interior (yellow) and rim (blue) regions. Measure-
ments are derived from all regions and provide sequential in-
formation across the crystal.

This is done by determining (or assuming) the initial bound-
ary profile, measuring the existing profile, and calculating the
progression from initial state to current state as a function of
time, resulting in a diffusion relaxation time. Titanium (Ti)
is the dominant element used in diffusion geochronometry of
quartz crystals in magmatic rocks [Wark et al. 2007; Gualda
et al. 2012a; Matthews et al. 2012; Spear et al. 2012; Cham-
berlain et al. 2014; Pamukçu et al. 2015; Gualda and Sutton
2016]. Using the Ti diffusion coefficients (DTi) determined
experimentally by Cherniak et al. [2007], diffusion times for
intracrystalline boundaries typically yield values of 101–103
years [Gualda et al. 2012a; Matthews et al. 2012; Pamukçu et
al. 2015; Gualda and Sutton 2016; Gualda et al. 2018; Cooper
2019; Costa et al. 2020; Pitcher et al. 2021]. However, new DTi
have been proposed [Jollands et al. 2020; Audétat et al. 2021;
2023], which are one to three orders of magnitude smaller than
the previous estimate (Figure 1) which, when directly applied
to previous diffusion models, lead to much longer calculated
times (103–107 years) of quartz residence at magmatic tem-
peratures. Importantly, three of the four studies, including
those that reach contrasting conclusions [Cherniak et al. 2007;
Jollands et al. 2020; Audétat et al. 2021], use similar—though
not identical—experimental setups. Accurately replicating ge-
ological conditions of kinetic processes is an outstanding chal-
lenge in experimental studies and thus has led to orders of
magnitude differences in experimentally-defined DTi, leaving
important implications for Ti-in-quartz geochronometry. In
this work, we seek to test which of these DTi is most consis-
tent with results obtained using natural samples that experi-

enced diffusion under magmatic conditions. We do not seek
to explain the source of the inconsistencies between the ex-
perimental studies, nor do we question the quality of science
or data produced from them—rather, we pursue independent
tests that can clarify which results are more likely to be con-
sistent with natural magmatic systems and thus useful for Ti-
in-quartz geochronometry.
Our study focuses on the Cerro Galán Ignimbrite [Francis
et al. 1983; Sparks et al. 1985], using quartz from the same
samples studied by Lubbers et al. [2022] to calculate multiple
sets of Ti-in-quartz diffusion timescales for each DTi. These
sets of diffusion times allow us to (1) compare our Ti-in-quartz
geochronometry results for rims, interiors, and cores of quartz
crystals (see Figure 2) using the different DTi against the re-
sults of plagioclase geochronometry obtained by Lubbers et
al. [2022], (2) test whether diffusional relaxation of Ti com-
positional profiles in quartz takes place under magmatic con-
ditions in the Cerro Galán Ignimbrite system by looking at
diffusion trends from core to rim, and (3) calculate quartz
growth rates based on each set of DTi diffusion times, and
compare against independently determined growth rates [e.g.
Pamukçu et al. 2015]. We present results using the Cherniak
et al. [2007] coefficient (DTiCherniak), the Audétat et al. [2023]
coefficient (DTiAudétat23), and the Jollands et al. [2020] coef-
ficient (DTiJollands). For simplicity we use the Jollands et al.
[2020] coefficient as a representative of itself and the Audétat
et al. [2021] coefficient, given that Jollands et al. [2020] orig-
inally sparked this discussion, and the two yield results on
the same order of magnitude which, for the purposes of this
study, lead to the same conclusions (see Figure 1) . Here, we
define diffusion time as the amount of time that the mineral
zone boundary of interest has existed in magmatic conditions
(residence time at magmatic conditions), while crystallization
or crystal growth refer to the initial formation of the given
crystal or zone boundary.

2 METHODS
We use 93 quartz crystals derived from 8 white pumice sam-
ples collected from various locations of Cerro Galán Ign-
imbrite (see Figure 1 of Lubbers et al. [2022]; also Folkes et
al. [2011]). These quartz crystals were derived from the same
8 samples from which plagioclase crystals were derived from
in Lubbers et al. [2022] and are mounted in polished epoxy
mounts using the same preparation procedures as the pla-
gioclase crystals. No effort was made to place quartz crys-
tals in specific orientations during mounting given the nearly
isotropic diffusion coefficient, at least as measured by Cher-
niak et al. [2007] .

2.1 CL imaging

Carbon-coated epoxy mounts containing the quartz crystals
were imaged on a Tescan VEGA3 variable-pressure scan-
ning electron microscope (SEM) installed in the Department
of Earth & Environmental Sciences at Vanderbilt University.
Imaging conditions include an accelerating voltage of 15 kV,
working distance of ~15 mm, and a beam intensity of 17–
19, such as to yield an absorbed current of approximately
2 nA [see Gualda and Sutton 2016]. The dwell times are
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Figure 3: Illustration of strategy to select cathodolumines-
cence (CL) profiles from CL images for a boundary of interest.
[A] CL image, with 11 profiles selected, while inset shows a de-
tailed view. Using the program ‘cl_profile’, the user selects
a profile of interest (dark red line), and the program selects an
additional 5 profiles on each side (lighter red lines). [B] CL in-
tensity (arbitrary unit) as a function of position (in µm) for the
11 profiles, as well as for the average profile (in black).

1000 µs/pixel, which result in total collection times of ~15 min
per image (1024 × 1024 pixels). Contrast and brightness pa-
rameters are adjusted to maximize the difference in grayscale
between the various zones within the quartz crystals. The
field of view is chosen to capture each whole crystal, resulting
in image resolution in the range of 1.07 to 2.74 µm/pixel (i.e.
image widths of 1100 to 2800 µm: see Supplementary Mate-
rial 1). The minimum resolvable timescale given our spatial
resolution (spot size ~2000 nm) is approximately 10 years for
DTiCherniak, 700 years for DTiAudétat23, and 12,000 years for
DTiJollands [Bradshaw and Kent 2017].

2.2 CL Profiles

We use image processing routines written in the programming
language IDL (i.e. ‘cl_profile’; see Gualda et al. [2012a]) to

Figure 4: Example of Ti-in-quartz diffusion profiles for the
Cerro Galán Ignimbrite. [A] Cathodoluminescence image show-
ing zoning in quartz, with profiles labelled with the diffusion
timescale estimated using the Cherniak et al. [2007] (labelled
[C]), Audétat et al. [2023] (labelled [A]), and the Jollands et al.
[2020] (labelled [J]) Ti-in-quartz diffusion coefficients. [B] Ex-
amples of retrieved CL profiles. Left column shows average
diffusion profiles (colors) and their model fit (black), with er-
ror bars. Right column shows corresponding diagrams with
the average profile and 200 synthetic profiles generated using
a Monte Carlo (MC) procedure. Monte Carlo profiles are grey
with high transparency to visually show density. Profiles con-
sidered to be in the core of the crystal are shown in red; those
in the interior are shown in yellow; and those in the rim appear
in blue.
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extract profiles of CL intensity as a function of position from
the CL images. We follow the procedures of Gualda et al.
[2012a] and Gualda and Sutton [2016], and select profiles that
are perpendicular to the CL zone boundary of interest (Fig-
ure 3). We strive to obtain profiles that display approximately
constant CL intensity away from the boundary of interest, con-
sistent with the boundary conditions used in the calculation
of diffusion relaxation times (see below; also, Gualda et al.
[2012a]). We chose to study an average of four different CL
zone boundaries per quartz crystal (depending on availabil-
ity), so as to obtain a series of Ti-in-quartz times, spanning
from core to rim of each crystal (see Figure 2). We selected a
total of 411 zone boundaries from the 93 quartz crystals (see
Supplementary Material 1).
For each individual profile manually drawn across a zone
boundary, ‘cl_profile’ also selects five parallel adjacent
profiles on either side of the selected profile, for a total of 11
profiles (Figure 3); it then calculates an ‘average profile’ using
the mean of each corresponding point of the 11 profiles (see
Figure 3B; also Gualda and Sutton [2016]). The approach here
differs from that used in Gualda et al. [2012a] and Gualda and
Sutton [2016] in that we use a Monte Carlo (MC) approach to
better estimate uncertainties associated with the derived dif-
fusion relaxation times. This Monte Carlo code is written by
us in Excel VBA (Visual Basic for Applications). The Monte
Carlo runs as follows: for each set of 11 parallel profiles, we
generate 200 synthetic profiles assuming a Gaussian distribu-
tion centered around the observed average and standard de-
viation for each point in the profile (Figure 4B). We fit each
of the 200 profiles to a complementary error function [Gualda
et al. 2012a, see below] to calculate a set of 200 diffusion model
times—one for each profile. We report the mean and the 95%
confidence interval around the mean for the resulting diffusion
time; this procedure yields a better distribution of estimated
diffusion times and the associated uncertainties (as opposed
to using statistical measures like standard deviation), which
is particularly important given that the resulting distributions
tend to be skewed towards short diffusion times—diffusion
time cannot be negative, but they can be infinitely long.

2.3 Calculation of maximum quartz diffusion times
We calculate the diffusional relaxation times using the equa-
tion [Crank 1979; Gualda et al. 2012a]:

𝑐(𝑥) = 1
2
erfc

(
𝑥 − 𝑥𝑐

2
√
𝐷𝑡

)
∗ [𝑐(−∞) − 𝑐(+∞)] + 𝑐(+∞) (1)

where 𝑐 is concentration, 𝑥 is distance, 𝐷 is the diffusion
coefficient (DTi), t is time, and erfc is the complementary
error function; the length scale of diffusion 𝐿 equals 2

√
𝐷𝑡.

This equation assumes an initial stepwise function across the
boundary between two zones—this implicitly assumes that
melt composition (or crystallization conditions) changes in-
stantaneously during crystal growth, and any observed depar-
ture from a step function is attributed to post-crystallization
diffusional relaxation rather than melt evolution during crys-
tal growth. Consequentially, this means that the times derived
using Equation 1 are maximum estimates [Gualda et al. 2012a;
Till et al. 2015].

To optimize comparability, we use the same temperature
conditions as those employed by Lubbers et al. [2022] for es-
timation of plagioclase diffusion times (i.e. 750 °C). This tem-
perature is derived from the change in crystal contents and
viscosity of a silicic magma with temperature, to give maxi-
mum crystal residence time under magmatic conditions while
still allowing for mobilization and eruption [Cooper and Kent
2014; Bradshaw and Kent 2017; Lubbers et al. 2022; Schlieder
et al. 2022]. We realize that the actual temperatures experi-
enced by these samples could differ and evolution is likely not
isothermal. While uncertainties on temperatures and ther-
mal histories can lead to significant uncertainties in absolute
diffusion times, most of our evaluations rely on relative com-
parisons (e.g. plagioclase versus quartz times, core versus rim
zone boundaries) and crystals likely experienced very similar
or identical thermal histories (derived from the same samples),
such that the influence of absolute temperature and thermal
history on our final results should be minimal. It is impor-
tant to note that in choosing 750 °C for the reasons above,
we are applying the Jollands et al. [2020] coefficient outside of
their experimental range (900–1490 °C ) (Figure 1). However,
quartz-bearing rhyolites typically crystallize at temperatures
below the conditions used in the experiments, so application
is inevitably going to take place outside the calibration range
(see, for instance, applications in Jollands et al. [2020]).
With the assumptions outlined above, we obtain one
dataset of quartz diffusion times using DTiCherniak, one set
using DTiAudétat23, and one set using DTiJollands. Statistical
tests for significance of differences between calculated quartz
and plagioclase diffusion times are performed using MATLAB
code, employing the ‘ranksum’ function for a Mann-Whitney
U-Test and a Kolmogorov-Smirnov Test.

2.4 Estimation of minimum growth rates
We calculate minimum quartz growth rates using:

Growth rate = 𝑑

𝑡
(2)

where d is the distance from the diffusion boundary to the
rim of the crystal (Figure 2 and Figure 3), and t is the calcu-
lated diffusion time for a given DTi [see Gualda et al. 2012a;
Pamukçu et al. 2015; Gualda and Sutton 2016]. Distances are
measured from the CL images using IDL routines written by
us (i.e. ‘cl_distance’); we measure the distance perpendicu-
lar to the boundary of interest to the nearest crystal rim seen in
the CL image (Figure 3) (Gualda and Sutton [2016]; following
Pamukçu et al. [2015]). As some of the crystals are broken and
some show evidence of dissolution boundaries, it can be diffi-
cult to measure the true distance to the rim of the crystal—this
renders our measured distances as minimum distances. The
use of minimum growth distances and maximum diffusion
times implies that our growth rates are minimum estimates.
Just as we calculate three sets of Ti-in-quartz diffusion times
using DTiCherniak, DTiAudétat23, and DTiJollands , we calculate
three sets of quartz growth rates from the three DTi. This then
allows us to compare each resultant set of quartz growth rates
to other independent determinations of quartz growth rates
[e.g. Pamukçu et al. 2015] to see which agrees best.
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3 RESULTS
3.1 Diffusional relaxation times

Figure 5: Calculated Ti-in-quartz diffusion timescales. Rank
order diagram of diffusion times, split between core (red), in-
terior (yellow), and rim (blue). Error bars represent a 95% con-
fidence interval around the mean. Three separate x-axes are
given for each diffusion coefficient: Cherniak et al. [2007] ([C]),
Audétat et al. [2023] ([A]), and Jollands et al. [2020] ([J]). Note
that the [A] and [J] axes are slightly displaced from the [C] axis
as DTi

Audétat23 is 70× larger than DTi
Cherniak, and DTi

Jollands is
1203× larger.

Quartz diffusion times calculated using DTiCherniak present
a mode on the order of 102 years, with a range from 10−1 to
104 years (Figure 5 and Figure 6). Diffusion relaxation times
generally increase from 10−1–103 years for rim zone bound-
aries (blue in figures) to 100–104 years for interior boundaries
(yellow) to 102–104 years for core zone boundaries (red).
Diffusion times calculated using DTiAudétat23 are 70 times
larger than DTiCherniak times, presenting a mode on the order
of 104 years, with a range from 101–106: 101–105 years for
rim; 102–106 years for interior; 104–106 years for core zone
boundaries.
Diffusion times calculated using DTiJollands are 1203 times
larger than DTiCherniak times and 17 times larger than
DTiAudétat23 times, presenting a mode on the order of 105
years, with a range from 102–107: 102–106 years for rim; 103–
107 years for interior; 105–107 years for core zone boundaries.
Importantly, uncertainties associated with individual quartz
diffusion relaxation times estimated using our Monte Carlo
procedure (see Figure 5) span approximately one order of
magnitude, which is smaller than the two orders of magni-
tude difference between DTiCherniak and DTiAudétat23 mode
times, and much smaller than three orders of magnitude dif-
ference in time between times calculated using DTiCherniak
and DTiJollands (Figure 6).

3.2 Growth rates

Quartz growth rates calculated using DTiCherniak are on the
order of 10−12 to 10−15 ms−1 (Figure 10). The growth rates
derived using DTiAudétat growth rates are again 70 times
slower, yielding a range of 1013–1016 ms−1, while DTiJollands
growth rates are 1203 times slower than DTiCherniak and 17
times slower than DTiAudétat, yielding a range of 10−15 to
10−18 ms−1.

4 DISCUSSION
We use the results above for quartz diffusion relaxation
times and growth rates in the Cerro Galán Ignimbrite to dis-
cuss three main issues: (1) comparison with Mg- and Sr-in-
plagioclase diffusion relaxation times from the same samples;
(2) evidence for diffusion relaxation in quartz; and (3) compar-
ison with independently constrained quartz growth rates.

4.1 (1) Comparison with plagioclase diffusion times

Phase relationships in quartz-feldspar systems [Tuttle and
Bowen 1958; Johannes and Holtz 1996; Gualda et al. 2012b;
Gualda and Ghiorso 2013] reveal that quartz is never the first
felsic phase to saturate in rhyolite magmas, with one feldspar
always preceding quartz [see Gualda and Ghiorso 2013]. Lub-
bers et al. [2022] show strong evidence that plagioclase satu-
rated prior to sanidine in Cerro Galán Ignimbrite magmas,
which implies that quartz saturated after plagioclase. We
thus expect that quartz diffusion times should be, on average,
shorter than plagioclase diffusion times (or similar consider-
ing the errors associated with the methods used), particularly
when calculated using the same diffusion conditions.
Lubbers et al. [2022] present Mg- and Sr-in-plagioclase dif-
fusion relaxation times from the Cerro Galán Ignimbrite, and
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Figure 6: Comparative histograms of Ti-in-quartz diffusion times using the Cherniak et al. [2007], Audétat et al. [2023], and
Jollands et al. [2020] coefficients. Histograms of all timescales shown in grey, and subdivided into core (red), interior (yellow),
and rim (blue). Modes are emphasized with grey dashed lines.

they conclude that diffusion times of plagioclase calculated
at 750 °C fall in the range of 100–103 years, with a mode
on the order of 101 years (Figure 7). Comparison of the re-
sults for plagioclase from Lubbers et al. [2022] with the results
for quartz obtained here show much better agreement with
the results obtained using DTiCherniak. In all regions, times
estimated using DTiCherniak stand approximately one order
of magnitude greater than the plagioclase times, while the
times estimated using DTiAudétat23 stand three orders of mag-
nitude greater, and DTiJollands stand four orders of magnitude
greater. Most significantly, for times estimated from the out-
ermost rim, DTiCherniak times have the same mode as the pla-
gioclase times of around 101 years, while the DTiAudétat23 and
DTiJollands times are respectively 2 and 3 orders of magnitude
greater, ~103–4 years (Figure 7B). Whereas quartz and feldspar
cores and interiors may have experienced more variation in
their pre-eruptive history, the rims of quartz and feldspar are
expected to record the same final changes prior to their simul-
taneous eruption.

To test the similarity of distributions between chronome-
ters, we used Mann-Whitney (MW) and Kolmogorov-Smirnov
(KS) tests to compare all diffusion times as well as times from

each grain region (Figure 8). Importantly, this test is nonpara-
metric and does not require compared distributions to be nor-
mal. Typical thresholds for significance (similarity) are indi-
cated by a p-value < 0.05. Overall distributions from all three
coefficients yield p-values smaller than 10−4, likely due to the
wide range of our times spanning several orders of magnitude.
Nonetheless, we note that rim section comparisons between
DTiCherniak times and the plagioclase times yield p-values of
0.1 for both tests, showing similarity between the distributions.
The tests between DTiAudétat23 and DTiJollands times against
plagioclase rim times yield p-values that are ≪ 0.001 (~10−9
for the MW test and ~10−11 for the KS test), demonstrating sig-
nificant dissimilarity. This again suggests that the agreement
between times calculated withDTiCherniak and Mg- and Sr-in-
plagioclase times is greater than when compared toDTiAudétat
and DTiJollands times.

Calculation of Mg-in-plagioclase times is dependent on
models of partitioning of Mg-in-plagioclase [Lubbers et al.
2022]. Recent work [Mutch et al. 2022] suggests there are com-
plexities in the partitioning that could add additional uncer-
tainty to the calculated times of Mg-in-plagioclase. While we
acknowledge that there are uncertainties in our detailed un-
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Figure 7: Comparative histograms of quartz and plagioclase timescales. Ti-in-quartz diffusion timescales using the Cherniak et
al. [2007], Audétat et al. [2023], and Jollands et al. [2020] coefficient presented in solid color. Mg- and Sr-in-plagioclase diffusion
timescales by Lubbers et al. [2022] presented below by striped colors. [A] Diffusion times from all crystal sections as a stacked
bar graph; [B] comparison of rim times. Core timescales in red, interior in yellow, and rim in blue. Modes are emphasised with a
grey dashed lined.

derstanding of Mg diffusion in plagioclase, we note that the
rate with which Mg diffuses within plagioclase is sufficiently
fast that Mg would relax to equilibrium profiles in roughly
103 years at 750 °C [Lubbers et al. 2022]. Similarly, Sr profiles
would equilibrate in less than 105 years at 750 °C. Importantly,
while Bradshaw (2017) found a few crystals in Cerro Galán Ig-
nimbrite that are unzoned in Sr, no such crystals were found
in the Lubbers et al. [2022] sample set (and, by consequence, in
the samples used in this study), and the Sr profiles in plagio-
clase are demonstrably not in equilibrium [see Lubbers et al.
2022]. We thus conclude that plagioclase diffusion relaxation
times are very likely <103 years, and definitely <105 years.
Lubbers et al. [2022] also provide evidence that plagioclase
initially crystallized in the absence of sanidine, but later on co-
crystallized with sanidine, consistent with our inference that
plagioclase was the first felsic phase to saturate in Cerro Galán
magmas. Consequently, we conclude that Cerro Galán Ign-
imbrite quartz cannot have existed for longer than 105 years.

The Jollands et al. [2020] diffusion coefficient stands one order
of magnitude longer than what is permissible from the plagio-
clase time calculations, and three orders of magnitude longer
than the likely Sr-in-plagioclase equilibration times (Figure 7).
In this sense, DTiJollands is unviable for natural samples as
quartz would have had to reside at magmatic temperatures
up to 106 years before plagioclase crystallization. Times cal-
culated using DTiAudétat23 do sit within the permissible time
range of the disequilibrium plagioclase. However, they stand
at least two orders of magnitude greater than what is expected
from our plagioclase diffusion timescales. This suggests that
although DTiAudétat23 provides plausible timescales in this as-
sessment, DTiCherniak appears the most appropriate for natu-
ral magmatic systems.

Interestingly, quartz diffusion times estimated using
DTiCherniak, DTiAudétat23, and DTiJollands are longer than the
plagioclase diffusion times [Lubbers et al. 2022] by one, three,
and four orders of magnitude, respectively (Figure 7). As pla-
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Figure 8: Mann-Whitney statistical test P-values comparing
quartz timescales using all three diffusion coefficients and pla-
gioclase timescales [Lubbers et al. 2022]. Four tables divided
by profile crystal region (all, core, interior, rim). Cell background
is colored on a red-green scale of p-values to help with compar-
ison of the results.

gioclase is expected to have crystallized prior to quartz, this
suggests that none of the coefficients used are perfectly accu-
rate and the discrepancy between quartz and plagioclase dif-
fusion times becomes larger for larger values. Even though
it is unexpected that none of the coefficients gives quartz
diffusion times shorter than what we observe for plagio-
clase, the magnitude of the difference between quartz diffusion
times usingDTiCherniak is smaller than expected uncertainties,
while quartz diffusion times calculated usingDTiAudétat23, and
DTiJollands are much larger, and inconsistent with the plagio-
clase diffusion times calculated by Lubbers et al. [2022].

4.2 Comparison with zircon crystallization times

It is generally accepted that zircon crystals, and radiometric
ages of other magma phases, have much longer crystallization
histories than diffusion ages recorded by quartz and plagio-
clase [Simon and Reid 2005; Cooper and Kent 2014; Kaiser
et al. 2017], and this is typically taken to infer that much of
this magmatic storage history occurred at temperatures low
enough to prevent significant diffusion occurring [e.g. Cooper
and Kent 2014; Lubbers et al. 2022; 2024]. U-Pb zircon ages
from the Cerro Galán system [Folkes et al. 2011] show an aver-
age crystallization age of 2.35 Ma (± 0.07 Ma) from a mixture of
core and rim analyses and, more importantly, a crystallization

Figure 9: Histogram of measured diffusion length (L) values
of profiles. L-values represent the amount of diffusion that
has occurred (higher L-value indicates a smoother profile). L-
values derived from core boundaries in red, interior in yellow
and rim in blue. Expected diffusion (ΔL) at 750 °C over 100
years (implied by plagioclase timescales) for each Ti-in-quartz
diffusion coefficient shown as orange [Cherniak et al. 2007],
purple [Audétat et al. 2023], and green [Jollands et al. 2020]
boxes. Note that L-values do not necessarily start at zero. Also
note that L-values are generally highest for core and smallest
for rim, consistent with diffusional relaxation of Ti-in-quartz,
rather than resulting from growth effects.

age range of 2.16–2.43 Ma, suggesting that zircon crystals crys-
tallized over ~0.27 Myr (~105 years). Cerro Galán Ignimbrite
quartz diffusion times using DTiCherniak show shorter times
(10−1–104 years; Figure 6 and Figure 7) than the zircon crystal-
lization times, consistent with data suggesting generally much
longer age ranges for zircon when compared to quartz and
suggesting long magma storage at relatively low temperatures
[Lubbers et al. 2022]. Quartz diffusion times calculated using
DTiAudétat23 (101–106 years) are a closer match to zircon ages
than DTiJollands (102–107 years), however both reveal max-
imum timescales that are longer than the age span recorded
by zircon. We conclude that quartz diffusion times obtained
with DTiAudétat23 and DTiJollands are generally inconsistent
with our understanding of mineral crystallization processes at
the Cerro Galán Ignimbrite, as there is no other petrological
evidence of protracted storage of other phases [Lubbers et al.
2022], while the DTiCherniak yields plausible diffusion times.

4.3 (2) Evidence for diffusion relaxation

The long timescales derived from DTiAudétat23 and
DTiJollands imply that the diffusion relaxation of Ti-in-
quartz may be too slow to result in detectable amounts
of diffusion on the decadal to millennial timeframe, the

Presses universitaires de �rasbourg Page 196



VOLC

V

NIC

V

8(1): 189–202. https://doi.org/10.30909/vol/rjfq2443

Figure 10: Histogram of calculated growth rates in m s−1.
Growth rates derived from a core boundary shown in red, inte-
rior in yellow and rim in blue. Values obtained using the Cher-
niak et al. [2007] diffusion coefficient shown on the top row,
while values obtained using the Audétat et al. [2023] coefficient
is on themiddle row, and the Jollands et al. [2020] diffusion co-
efficient shown on the bottom row. For context, grey box shows
expected quartz growth rates from Pamukçu et al. [2015], and
brown box shows expected zircon growth rates [Watson 1996].
Modes are emphasized with a grey dashed lined.

timeframe which is commonly attributed to pre-eruptive
magmatic processes [Cooper and Kent 2014; Pamukçu
et al. 2015; Till et al. 2015; Shamloo and Till 2019]. If we
assume diffusion at 750 °C for 100 years (as suggested by the
plagioclase data), using DTiJollands, we calculate that a profile
with an initial diffusion length (𝐿) value of 0.20 µm would
relax to 0.22 µm, remaining effectively unchanged within
the resolution of our SEM condition (minimum resolution
~0.5 µm). That is to say, a quartz crystal that experienced
magmatic conditions for 100 years would not exhibit any
measurable change in the original diffusion gradient assuming

DTiJollands, and all boundary profiles would display their
initial crystallization profile. Similarly, using DTiAudétat23, an
initial L value of 0.20 µm would relax to 0.43 µm. In contrast,
using DTiCherniak, a profile with initial L value of 0.20 µm
would relax to a value of 3.19 µm over 100 years—in this
case, changes due to diffusional relaxation would be easily
measurable using our methods. Measured 𝐿-values from our
quartz boundary profiles show an average diffusion length of
3.92 µm (Figure 9). This therefore strongly agrees with the
rate of diffusion of DTiCherniak in the given 100 years over
the rate of DTiAudétat23 or DTiJollands.
This conclusion relies on the assumption that the 𝐿-values
measured across these boundaries were exclusively created
through diffusion relaxation rather than initial growth pro-
files. From our results, we can see that diffusion length scales
in every quartz crystal show a consistent general trend of de-
creasing 𝐿 (diffusion length)—and hence, diffusion time—from
core to rim (Figures 4, 6, 9, 11); small differences between
times for similarly located boundaries fall within the expected
error (~200%; see Gualda et al. [2012a]). In other words, there
is a systematic trend of quartz zone boundaries closer to the
crystal core showing longer times than those closer to the rim.
Given the lack of petrologic evidence for this systematic trend
to be caused by melt evolution or changes in crystallization
conditions, we conclude that core boundaries have relaxed
by diffusion more extensively than those near the rim—this
provides strong evidence that profiles themselves are the re-
sult of diffusive equilibration rather than growth [Rout et al.
2021]. We thus again conclude that diffusion of Ti-in-quartz
under magmatic conditions takes place at rates much closer
to DTiCherniak estimates than what is suggested by DTiAudétat
or DTiJollands as they would display much smaller amounts of
diffusion over 100s to 1000s of years. This conclusion is con-
sistent with our conclusion above based on the comparison of
quartz and plagioclase diffusion times.

4.4 (3) Implications for pre-eruptive crystal growth rates

The vastly different diffusion times obtained withDTiCherniak,
DTiAudétat23 and DTiJollands have important implications for
crystal growth rates under magmatic conditions. Growth rates
determined experimentally vary by many orders of magni-
tude (~10−9–10−12 ms−1 as a minimum for skeletal and den-
dritic quartz morphologies), being a strong function of de-
gree of supersaturation—usually expressed in terms of under-
cooling [e.g. Swanson 1977; Pamukçu et al. 2016; Barbee et
al. 2020]. Hence, determination of growth rates relevant for
magmatic processes has been difficult to attain. However,
quartz melt inclusion faceting timescales (independent of Ti-
in-quartz diffusion) suggest quartz growth rates ranging from
10−11–10−13.5 ms−1 [Pamukçu et al. 2015]. For other min-
eral phases, Cashman [1988] uses crystal size distributions of
Mount St. Helens rocks to constrain pre-eruptive plagioclase
growth rates to be ~10−13 and 10−14 ms−1, which are simi-
lar to the growth rates estimated by Davidson et al. [2001] for
alkali feldspar. Chambers et al. [2020] date zircon inclusions
within alkali feldspar, and their results suggest alkali feldspar
growth rates of ~10−14 and 10−15 ms−1. Importantly, Wat-
son [1996] concludes that zircon growth rates are on the or-
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Figure 11: Summary figure showing diffusion length (L), Ti-in-quartz diffusion times and growth rates versus distance between
the boundary of interest and the edge of the crystal for all boundaries studied here. L-values are shown on left vertical axis,
diffusion times are shown on right vertical axis where diamond symbology represents Cherniak et al. [2007] times, crosses
represent Audétat et al. [2023] times, and pluses represent Jollands et al. [2020] times. Each point represents information from
a boundary profile. Samples are outlined to show there is no systematic pattern for individual samples. Error bars correspond to
95% confidence interval. Color curves show constant growth rates, labelled [C] (orange), [A] (purple), and [J] (green) respectively.
Note that growth rates are on a log-scale hence they appear non-linear on the diagram.

der of 10−15–10−17 ms−1. Given that zircon typically has
longer crystallization histories than quartz and plagioclase (see
above), and typical zircon crystals are ubiquitously 1–2 orders
of magnitude smaller than typical quartz and feldspar crys-
tals in volcanic rocks, it follows that growth rates of quartz
and feldspar should be significantly faster than zircon growth
rates, in order to explain the textures of volcanic rocks, in-
cluding pumice from the Cerro Galán Ignimbrite.
Growth rates of quartz obtained withDTiCherniak are on the
order of 10−12 to 10−15 ms−1, with a mode at 10−13 ms−1
(Figures 10 and 11), while growth rates using DTiAudétat23
stand on the order of 10−13 to 10−16 ms−1 (10−15 ms−1 mode)
and DTiJollands are 10−15 to 10−18 ms−1 (10−16 ms−1 mode).
In this sense,DTiCherniak calculations are most consistent with
independently determined crystal growth rates for quartz (and
plagioclase) in volcanic rocks. Growth rates fromDTiAudétat23
are more plausible thanDTiJollands, however still stand at least
one order of magnitude higher than DTiCherniak when com-
pared to independently estimated growth rates.

5 IMPLICATIONS
This study has focused on assessing whether DTiCherniak ,
DTiAudétat23, or DTiJollands is more appropriate for Ti-in-
quartz geochronometry of volcanic systems. While it is im-
portant to recognize that precision and accuracy of diffusion
geochronometry of quartz and plagioclase is limited by ana-
lytical limitations [e.g. Bradshaw and Kent 2017] as well as the
quality of the diffusion coefficients used, it is also important to
place the results of Ti-in-quartz in the broader context of our
understanding of the timescales of magmatic evolution.
In this work, we provide direct comparisons between dif-
fusion chronometry based on Ti-in-quartz and Mg- and Sr-
in-plagioclase, and we conclude that only DTiCherniak can

be reasonably reconciled with the plagioclase chronometry
results, and with the evidence for differences in Ti diffu-
sional relaxation from core to rim. DTiAudétat23 leads to dif-
fusion times that are generally one order of magnitude too
long and growth rates that are one order of magnitude too
slow when compared to expectations based on plagioclase
(and zircon) crystallization times and experimental growth
rates. Results using DTiJollands differ by more than three or-
ders of magnitude, and we thus conclude that they are im-
plausible estimates of magmatic processes. As emphasized
by Gualda and Pamukçu [2020], quartz geochronometry us-
ing melt-inclusion faceting [Gualda et al. 2012a; Pamukçu et
al. 2015] leads to similar results as the results obtained here
using the Cherniak et al. [2007] diffusion coefficient, reinforc-
ing the conclusions obtained here for the Cerro Galán Ign-
imbrite. Similar conclusions can be drawn from compari-
son of diffusion geochronometry and U-series geochronology
of feldspars [Cooper and Kent 2014]—uncertainties associated
with the diffusivities of Mg- and Sr-in-plagioclase discussed
above notwithstanding, absolute ages of plagioclase indicate
a maximum average ages of plagioclase in silicic magmas of
tens of thousands of years, which is inconsistent with the very
long diffusion times predicted by DTiJollands, lending further
support for the conclusions drawn here.

We recognize that recent work by Grocolas et al. [2025]
has put the Sr-in-plagioclase diffusion coefficient into ques-
tion, concluding Sr diffusion rates that are ~1.5–2 times slower
than previously estimated [Giletti and Casserly 1994]. In the
case of the Cerro Galán Ignimbrite, there is strong evidence
for Ti-in-quartz diffusion relaxation (Figure 9) and Mg- and
Sr-in-plagioclase diffusion relaxation where profiles have not
yet reached equilibrium [Lubbers et al. 2022]. The most plau-
sible way to achieve all these conditions simultaneously is by
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using the Cherniak et al. [2007] Ti-in-quartz coefficient, the
Van Orman et al. [2014] Mg-in-plagioclase coefficient, and the
Giletti and Casserly [1994] Sr-in-plagioclase coefficient. We
re-emphasize that we do not question the quality of the exper-
imental studies which have provided alternate diffusion coef-
ficients; however, these discrepancies only further emphasize
the value of comparing experimental work to natural samples
and vice versa.
The results obtained here, in combination with those of
Lubbers et al. [2022] for feldspars, indicate that the magmas
that gave rise to the Cerro Galán Ignimbrite only existed at
temperatures required for it to be eruptible for decades to
a few millennia, further attesting to the ephemeral nature of
melt-dominated, eruption-prone magma bodies that feed very
large and supereruptions, in agreement with what has been
found for many other systems worldwide [Charlier et al. 2008;
Gualda et al. 2012a; Matthews et al. 2012; Allan et al. 2013;
Cooper and Kent 2014; Pamukçu et al. 2015; Till et al. 2015;
Gualda and Sutton 2016; Seitz et al. 2016; Gualda et al. 2018;
Shamloo and Till 2019; Pitcher et al. 2021; Lubbers et al. 2022].

6 CONCLUSIONS
In this work, we study in detail the CL zoning of quartz crys-
tals from the Cerro Galán Ignimbrite, and we focus on the
determination of diffusion relaxation times for Ti in quartz.
We compare results obtained using the diffusion coefficients
for Ti in quartz determined by Cherniak et al. [2007], Jollands
et al. [2020], and Audétat et al. [2023]. We find diffusion times
on the order of 10−1–104 years for the Cherniak et al. [2007]
diffusion coefficient, with associated quartz growth rates of
10−12–10−15 ms−1; for the Audétat et al. [2023] diffusion coef-
ficient, diffusion times are on the order of 101–106 years, while
growth rates are on the order of 10−13–1016 ms−1; and for the
Jollands et al. [2020] diffusion coefficient, diffusion times are on
the order of 102–107 years, with growth rates on the order of
10−15–10−18 ms−1 (Figure 11). A general trend of shorter dif-
fusion times (smaller 𝐿-values) towards the rims of the crystals
suggest that the times we calculate indeed represent diffusion
relaxation and can be interpreted to yield estimates of crystal
growth under magmatic conditions.
Comparison of our results with plagioclase diffusion times
from Lubbers et al. [2022] reveal much better agreement be-
tween plagioclase and quartz using the Cherniak et al. [2007]
diffusion coefficient than for either the Audétat et al. [2023] or
Jollands et al. [2020] coefficients. The Audétat et al. [2023] coef-
ficient agrees better than the Jollands et al. [2020] coefficient by
one order of magnitude. While there are uncertainties associ-
ated with diffusion chronometry using Mg and Sr diffusion in
plagioclase, times on the order of 104–107 years predicted us-
ing the Jollands et al. [2020] diffusion coefficient would lead to
complete re-equilibration of Mg and probably also Sr, which
is demonstrably not the case for plagioclase from the Cerro
Galán Ignimbrite (see Lubbers et al. [2022]).
For all these reasons, we conclude that the diffusion coeffi-
cient of Cherniak et al. [2007] is most applicable for diffusion
of Ti in quartz under magmatic conditions, the Audétat et al.
[2023] coefficient borders the line of permissibility, and the
Jollands et al. [2020] and Audétat et al. [2021] are implausible.

We do not understand the reason for the large discrepancy be-
tween the results from the various experimental studies [Cher-
niak et al. 2007; Jollands et al. 2020; Audétat et al. 2021], and
we suggest that further experimental study of Ti diffusion in
quartz is necessary. We also suggest further application of
these Ti-in-quartz diffusion tests on other appropriate mag-
matic systems to corroborate our conclusions. For the time
being, however, we recommend that the diffusion coefficient
of Cherniak et al. [2007] be used in studies of Ti diffusion in
quartz under natural magmatic conditions.
Our study reinforces the conclusion of prior studies that
pre-eruptive quartz diffusion in silicic magmas takes place on
timescales of decades to a few millennia, consistent with what
is found using other minerals and geochronometry methods
[Gualda et al. 2012a; Cooper and Kent 2014; Pamukçu et al.
2015; Till et al. 2015; Gualda and Sutton 2016; Gualda et al.
2018; Shamloo and Till 2019; Pitcher et al. 2021], with im-
portant implications for the timescales of evolution of silicic
magmatic systems in the Earth’s crust.
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