Contributions to Mineralogy and Petrology (2022) 177:63

https://doi.org/10.1007/s00410-022-01926-5

ORIGINAL PAPER q

Check for
updates

Common assumptions and methods yield overestimated diffusive
timescales, as exemplified in a Yellowstone post-caldera lava

Kara Brugman'2® . Christy B. Till'© - Maitrayee Bose'

Received: 17 September 2021 / Accepted: 24 May 2022
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2022

Abstract

To interpret modern-day unrest at Yellowstone Caldera, timescales leading up to its most common type of eruption—effu-
sively emplaced rhyolite—must be quantified. This work takes advantage of the different rates of elemental diffusion in
clinopyroxene to calculate the magmatic timescales of events preceding eruption of the ca. 262 ka Scaup Lake rhyolite,
which ended ~ 220,000 years of dormancy in this high-silica system. Here, we present diffusion chronometry timescales
accounting for various sources of error and using multiple elements from NanoSIMS measurements of clinopyroxene rims.
We combine these with previously published timescales from sanidine rims to better understand the relationship between
timescales captured by different minerals from the same volcanic event. We show that timescales archived by rims of differ-
ent types of phenocrysts from the same lava may not be concomitant. The Scaup Lake rhyolite appears to have undergone
several rejuvenation events over ~ 5000 years before its eruption, and the last events (<40 years before eruption) were not
recorded by clinopyroxene. This work highlights the importance of using multiple methods to determine a timescale for a
given process. Although many studies use Fe—-Mg zonation from BSE images to calculate diffusive timescales alone, we
show that these are maximums or overestimates if not referenced to the appropriate initial condition. Instead, we demonstrate
that diffusion chronometry conducted with multiple elements in multiple mineral phases with rigorous error propagation
produces the most robust and accurate temporal results. In addition, we recommend that diffusion chronometry results not
be interpreted in isolation, but rather in a holistic petrological approach that includes consideration of the relevant phase
equilibria and crystal growth and dissolution rates.
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Introduction

A persistent challenge in the study of volcanoes and their
magmatic systems is determining timescales of magmatic
processes. In part, the goal of such research is to construct
a timeline of pre-eruptive events that may be used to fore-
cast volcanic eruptions. Geochemical studies have investi-
gated the rate and duration of various magmatic processes,
including residence time of a crystal in a magma (Bindeman
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and Valley 2001; Morgan et al. 2004; Wotzlaw et al. 2015),
magma chamber assembly (Druitt et al. 2012; Rubin et al.
2016; Reid and Vazquez 2017), magma generation and
reheating rates (Bachmann and Bergantz 2006; Simakin and
Bindeman 2012), timescales of intrusion and ascent rates
(Myers et al. 2016; Moussallam et al. 2019; Newcombe et al.
2020), rejuvenation (Costa and Chakraborty 2004; Martin
et al. 2008; Hartley et al. 2016; Pistone et al. 2017), assimi-
lation (Costa and Dungan 2005), and pre-eruptive “prim-
ing” (Stock et al. 2016; Petrone et al. 2018). In recent years,
the application of diffusion chronometry to these investi-
gations has flourished. Diffusion chronometry employs the
rate at which elements migrate through the mineral to attain
chemical equilibrium (Costa and Morgan 2011). Timescales
determined using this method represent the amount of time
that has elapsed between when a chemically distinct min-
eral zone grew and when the mineral cooled enough to halt
chemical diffusion—in magmatic systems, this occurs when
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the mineral cools after volcanic emplacement, although
quantifiable diffusion may continue in the hot interiors of
lava flows and domes (e.g., Couperthwaite et al. 2021). This
method has been used to study many magmatic systems from
mafic to silicic, and the calculated timescales can be as short
as days to weeks (e.g., Pamukcu et al. 2016; Mutch et al.
2019; Morgado et al. 2019; Sundermeyer et al. 2020; Costa
et al. 2020; Prissel et al. 2020; Kent et al. 2020).

Most studies of intracrystalline diffusion in magmatic
systems employ a single element in one mineral, while a
fraction use diffusion timescales from different elements
within a given mineral (e.g., Costa and Dungan 2005; Mor-
gan and Blake 2006; Druitt et al. 2012; Till et al. 2015;
Albert et al. 2015, 2019; Bouvet de Maisonneuve et al.
2016; Lynn et al. 2017; Andersen et al. 2018; Gordeychik
et al. 2018; Ruth et al. 2018; Mutch et al. 2019; Devoir et al.
2021). Fewer still have modeled diffusion in multiple miner-
als from the same eruption (e.g., Chamberlain et al. 2014;
Singer et al. 2016; Cooper et al. 2017; Fabbro et al. 2017,
Flaherty et al. 2018; Shamloo and Till 2019; Magee et al.
2020). Generally, diffusion timescales calculated from a
single element—mineral pair are extrapolated to the entire
magmatic system, the assumption being that zonation pre-
sent in one mineral represents the same events as zones that
are similarly sequenced in another mineral from the same
lava. For example, the most rim-ward zones in two types of
minerals from the same lava might be expected to represent
the same event when both minerals are in equilibrium with
the melt. However, this hypothesis requires further investi-
gation, which we and some other workers (e.g., Mutch et al.
2021) have undertaken.

In this work, we examine clinopyroxene from Yellow-
stone Caldera’s Scaup Lake rhyolite. We compare its dif-
fusive timescales to those of sanidine from the same lava
flow, a mineral whose crystallization interval is believed to
overlap that of the clinopyroxene (Brugman and Till 2019
and references therein). In this study we are interested in
whether Scaup Lake clinopyroxene and sanidine record the
same magmatic events, with the larger aim of addressing
the similarities and differences of the pre-eruptive records
of different minerals within the same lava flow.

We also examine the difference between chemical zona-
tion that results only from diffusion, and chemical zonation
that results from both mineral growth while magma body
chemistry is changing and subsequent diffusion (hereafter
referred to as “growth-then-diffusion”). It is important to
model each case appropriately, depending on whether crys-
tal growth and delivery of nutrient elements to the growth
surface are thought to occur at similar rates over the rel-
evant temperature range or if one process is faster than the
other (Zhang 2008). In cases where delivery of elements to
the growth surface (diffusion in the melt) is the dominant
(i.e., faster) process, the final analyzed chemical profile is
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assumed to have relaxed from an initial profile that resem-
bles a step function (Fig. 1, solid black line). Many studies
model diffusion using Fe—-Mg zonation that is referenced to
this kind of step function-shaped initial condition.

However, this method results in overestimated time-
scales if the Fe-Mg profiles are growth-dominated. If crys-
tal growth occurs over comparable, or shorter, timescales
than element diffusion in the melt, magma mixing, and melt
composition evolution, the initial chemical profile prior to
diffusive relaxation cannot be assumed to be a step function.
This scenario requires an independent assessment of the ini-
tial chemical profile shape. To that end, timescales can be
modeled utilizing two elements with vastly different diffu-
sivities: a slower-diffusing element may be used to assess the
initial profile shape, and a faster-diffusing element may be
employed to assess the elapsed time since crystal rim growth
(e.g., Costa et al. 2003, 2008; Milman-Barris et al. 2008;
Till et al. 2015; Mutch et al. 2019). As suggested by recent
studies (e.g., Till et al. 2015; Shamloo and Till 2019; Mutch
et al. 2019), this approach is likely necessary for crystal-rich
and/or high-silica magmatic systems where magma mixing
is typically sluggish and in competition with crystal growth
and diffusion rates.

Thus, in addition to comparing timescales from multi-
ple mineral populations, we also develop a method using
multiple elements from the same mineral to calculate diffu-
sion timescales when the effects of both crystal growth and
then diffusion must be considered. Recent studies have made
strides to improve modeling methods and error reporting for
diffusion chronometry (e.g., Gualda et al. 2012; Allan et al.
2013; Gualda and Sutton 2016; Cooper et al. 2017; Jollands
2020; Couperthwaite et al. 2021; Mutch et al. 2021) and
here we also aim to further these efforts. We discuss and
report error and urge the diffusion chronometry community
to reevaluate the common practice of reporting a single dif-
fusion timescale value as a precise chronometer.

Geologic setting and samples

Yellowstone Caldera in NW Wyoming (Fig. 2a) is the
youngest expression of the Yellowstone-Snake River Plain
hotspot track which trends NE across the northwestern
USA from its first apparent eruptive center in SE Oregon
(ca. 16 Ma). The current caldera is the result of three major
explosive rhyolitic eruptions that formed the Huckleberry
Ridge Tuff at 2.09 Ma, the Mesa Falls Tuff at 1.30 Ma, and
the Lava Creek Tuff at 0.63 Ma (Rivera et al. 2014, 2016;
Matthews et al. 2015). Although these are among the larg-
est explosive eruptions on Earth (with erupted volumes
of approximately 2500, 280, and 1000 km?, respectively;
Christiansen 2001), Yellowstone more commonly generates
effusive rhyolitic eruptions. Yellowstone has produced more
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Fig. 1 a Diffusive relaxation of trace element intracrystalline zon-
ing in clinopyroxene. The black line (labeled “traditional model”)
shows the step function that is often used as the initial condition for
diffusion modeling. In this work, the Ce concentration measured in
clinopyroxene was used as a proxy to the growth-then-diffusion initial
condition (blue line labeled “growth model”). This initial condition
was used as a starting point for modeling diffusive relaxation of Fe—
Mg. An illustration of the present-day concentration of Fe measured
in clinopyroxene is represented by the red line (labeled “measured”).

than 20 detectable flows since the last caldera-forming erup-
tion (Fig. 2b), and future activity is likely to be effusive as
well (e.g., Christiansen et al. 2007; Watts et al. 2012; Girard
and Stix 2012; Stelten et al. 2015; Till et al. 2019). These
effusive lavas are not negligible; the cumulative measurable
volume of post-caldera lavas is > 350 km® with some indi-
vidual units having erupted volumes > 50 km? (Christiansen
et al. 2007).

The most recent post-caldera effusive eruptions can be
divided into three groups: the early Upper Basin Member
(UBM) rhyolites that erupted > 480 ka; the late UBM rhyo-
lites that erupted ~ 260 ka; and the Central Plateau Member
(CPM) rhyolites that erupted ~ 170-70 ka (Fig. 2b) (Till
et al. 2019 and references therein). Exposed just south of
the Mallard Lake resurgent dome, the ca. 262 ka (Chris-
tiansen et al. 2007) late UBM Scaup Lake rhyolite (SCL)
eruption is significant because it marked the geochemical
transition to the most recent CPM volcanic cycle at Yel-
lowstone Caldera (Fig. 2b) (Vazquez et al. 2009; Till et al.
2019). This eruption, which occurred after a~220 kyr gap
in the igneous record, emplaced 2-3 km? of glassy rhyolitic
lava with 12—-15 vol% phenocrysts, consisting of sanidine
(40%), plagioclase (30%), quartz (20%), pyroxenes (7%),
and Fe-Ti oxides (3%) (Till et al. 2019) (see Table 1 for
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b Comparison of synthetically-generated elemental concentration
profiles for two elements that diffuse at different rates. Both Fe-Mg
interdiffusion and Ce diffusion are modeled in clinopyroxene at
800 °C with a traditional step function initial condition (Van Orman
et al. 2001; Dimanov and Wiedenbeck 2006). After the same amount
of time, the profile of the faster diffusing Fe-Mg has considerably
relaxed, but the profile of the slower diffusing Ce is nearly indistin-
guishable from the black step function initial condition

bulk composition). Zircon crystallization ages for SCL are
quite young, with only a few crystal cores dating to earlier
than 500 ka, suggesting that magmatic conditions before
SCL’s eruption were hot enough to dissolve essentially all
leftover zircons from early UBM magmas, or that the late
UBM eruptions represent entirely different magma bodies
that evolved exclusively after the earlier eruptions (Till et al.
2019). There is a progressive compositional and isotopic
evolution from SCL through the subsequent CPM sequence,
suggesting a linked petrological history marked by infu-
sions of melted crust (Vazquez et al. 2009; Girard and Stix
2009, 2010; Watts et al. 2012; Loewen and Bindeman 2015;
Stelten et al. 2017; Till et al. 2019). Previous diffusion chro-
nometry on SCL sanidine indicates the timescale between
the system’s last chemical perturbation and eruption could
be as short as a few decades or a few months (Till et al.
2015).

Scaup Lake clinopyroxene
Fe-rich clinopyroxene (cpx) is the most abundant mafic phe-
nocryst in Yellowstone Plateau rhyolites (Christiansen 2001).

SCL cpx are euhedral, isolated, and commonly ~0.5 mm,
with some phenocrysts >2 mm. Examination of SCL cpx
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Fig.2 a Location of the Scaup Lake (SCL) rhyolite flow (green) in
Yellowstone Caldera (present-day extent marked with dotted line).
Patterned regions denote pre-caldera rhyolites (horizontal lines),
extra-caldera rhyolites (vertical lines), and Upper Basin Member
(UBM) rhyolites (hatched). Subsequent Central Plateau Member
(CPM) rhyolites in gray. After Till et al. (2019) Fig. 2, and originally
based on the geologic mapping of Christiansen (2001) b Diagram
showing the sequence of eruptions at Yellowstone since the last cal-
dera-forming eruption, the Lava Creek Tuft (LCT, red, 630 ka). SCL
is labeled in green and erupted ca. 262 ka. Box height indicates 2
sigma error in Ar*%Ar.3? eruption age. After Till et al. (2019) Fig. 1.
Data: Christiansen et al. 2007; Matthews et al. 2015; Stelten et al.
2015, 2018; Till et al. 2019

via backscattered electron imaging (BSE) shows exsolution
lamellae and Fe—-Mg reverse-zoned crystals with fine outer
zones, e.g., <40 pm wide (Fig. 3).

Cpx is an appealing, although perhaps unexpected, choice
to compare to preexisting diffusion timescale estimates from
SCL sanidine (e.g., that of Till et al. 2015). Recent stud-
ies have articulated a phenomenon known to experimental
petrologists who conduct high-silica phase equilibria studies:
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cpx, while considered to be a high temperature mafic min-
eral, is not limited to high temperatures in rhyolitic systems
(Almeev et al. 2012; Gardner et al. 2014; Iacovino et al.
2015; Bolte et al. 2015; Befus and Gardner 2016; Brugman
and Till 2019). Instead, experiments confirm that cpx is sta-
ble at or near the solidus to temperatures below 700 °C in
rhyolitic magmas (Almeev et al. 2012; Gardner et al. 2014;
Tacovino et al. 2015; Bolte et al. 2015; Befus and Gardner
2016). Indeed, some cpx are included in quartz and sanidine,
indicating that cpx crystallization happens earlier than, or
at the same time as, that of these felsic minerals. This is
consistent with experimental work done on Yellowstone
CPM phase relationships, in which cpx was found to crys-
tallize after sanidine and only ~ 20 °C before quartz (Befus
and Gardner 2016). This overlap in crystallization intervals
allows for the possibility of correlating the recorded time-
scales between these minerals.

Analytical methods
Sample preparation

In situ electron probe micro-analyzer (EPMA) analyses
(Brugman et al. 2022, Online Resource 1) were conducted
on carbon-coated SCL rhyolite thin sections. For laser abla-
tion inductively coupled plasma mass spectrometry (LA-
ICP-MS) and secondary ion mass spectrometry (SIMS) anal-
yses, single cpx crystals with intact faces were hand-picked
under stereo microscope from a < 1 mm fraction of separates
from the SCL lava flow basal vitrophyre. This sample, YCV-
08, was collected under National Park Service research per-
mit YELL-2012-SCI-5920 and is the same sample used in
the Till et al. (2015) study. The single crystals were mounted
in epoxy with c-axes parallel to the surface of the mount.
Cpx for NanoSIMS analysis were prepared in the same way
with the exception that the crystals were mounted in epoxy
wells drilled into 1" aluminum rounds to reduce outgassing
under high vacuum. The crystal separate mounts were pol-
ished to expose central cross sections of the cpx using an
auto-polisher and diamond suspension pastes to 0.25 um,
then were gold coated.

LA-ICP-MS and EPMA

Cpx elemental abundances were measured at the Group
18 laboratory at Arizona State University (ASU) using a
Thermo Scientific iCAP Qc quadrupole LA-ICP-MS with a
Photon Machines Analyte G2 ArF Excimer 193 nm UV laser
with a HelEx II ablation cell. Helium gas flow to the HelEx
II ablation cell was 0.2 LPM (L/min) to the chamber and 0.4
LPM to the cup, and was mixed with 0.98 LPM of Ar before
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Table 1 Scaup Lake Whole. r.ock Whole Rock* Clinopyroxene**

and clinopyroxene compositions

Rims Cores
wt% rs.d’ wt% s.d wt% s.d

Sio, 73.26 0.19 51.71 0.31 51.00 0.58
TiO, 0.259 0.25 0.18 0.02 0.20 0.04
AlLO4 12.51 0.05 0.66 0.08 0.62 0.11
Cr,04 0.00 0.01 0.00 0.01
FeO™ 1.69 0.22 15.36 0.47 18.22 1.81
MnO 0.043 1.84 0.75 0.05 0.92 0.10
MgO 0.23 10.83 11.10 0.22 9.72 0.87
CaO 0.84 0.00 19.92 0.26 19.01 0.49
Na,O 3.30 0.20 0.31 0.02 0.30 0.02
K,0 5.18 0.13 0.03 0.02 0.01 0.01
P,04 0.036 2.66
Mg# 56.31 1.10 48.77 4.70

Mg# is unitless. Italicized values indicate standard deviation
*XRF data; from Girard and Stix (2009)
**EPMA data; rims n= 122, cores n=60

 Relative standard deviation of three standard analyses from the cited manuscript’s Supplementary Data

entering the torch of the ICP-MS. Spots were 35-50 um and
laser on duration was 20 s. The fluence at the sample surface
was ~7.56 J/cm?.

Measurements of cpx and glass (Brugman et al. 2022,
Online Resource 1) for geothermometry calculations were
performed on the JXA-8530F EPMA at ASU’s Eyring

Fig. 3 False color backscattered
electron (BSE) images of Scaup
Lake clinopyroxene showing the
locations of the NanoSIMS pro-
files. All profiles were measured
from core to rim. Crystals are
reverse-zoned; lighter areas in
the clinopyroxene correlate with
higher Fe content (brightness is
not calibrated across images).
Scale bars are 100 pm

Materials Center using an accelerating voltage of 15 kV
and beam current of 15 nA. Count times were 40 s for Mg
and Ca; 30 s for Si, Ti, Al, Cr, Fe, and Mn; and 20 s for
Na and K. Spot sizes were 1 um for crystals and 10 um for
glass. The EPMA was also used to identify intracrystal-
line zone boundaries of interest via BSE images.
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Crystal selection for NanoSIMS analyses
and diffusion modeling

Overall, we observed zoning in~34% of the BSE images of
cpx crystals we collected for reconnaissance. Of the crystals
with zoning in BSE images, ~95% had a broad inner zone
(see Fig. 3),~24% had what we call medium oscillatory
zones (between the rim of the crystal and the broad inner
zone), and ~ 10% had fine rim zones. However, this ~10%
with fine rim zones is not a reflection of the true proportion
of these crystals present in the lava. Many of the cpx crystals
mounted for BSE imaging and further study were fragments
that lost the euhedral rims apparent in thin section during
the rock crushing and mineral separation process. We lim-
ited our NanoSIMS data collection to crystals or portions of
crystals that included euhedral rims and thus the fine outer
zones.

~25% of the crystals we examined contain exsolution
lamellae; however, this is not a consistent feature of crys-
tals with fine outer rim zones. Additionally, because the fine
outer zones are found in the outer ~ 100 um of the crystals,
they indicate very late events in the crystal’s history, likely
after any cooling that caused exsolution.

SIMS and NanoSIMS

Intracrystalline zone boundary profiles of the elements of
interest were measured with the Cameca Ametek IMS 6f
SIMS at ASU’s National Science Foundation (NSF) Multi-
User Facility. SIMS profiles were measured with an accel-
erating voltage of — 12.5 kV and a primary beam intensity
of 10 nA of O™ gated to 4 um, with <8-pm step size between
analysis points. Count times per cycle were 1 s for 2°Si, 3Fe,
and %° Mg and 5 s for "*°Ce.

ASU’s NSF Multi-User Facility Cameca Ametek Nano-
SIMS 50L was used to complete line scans across SCL cpx
intracrystalline boundaries for diffusion chronometry mod-
eling. Single rim profiles were measured for cpx in “beam
control” mode where the beam was monitored and moved to
consecutive analysis locations on a predefined line. Consec-
utive rim profiles were measured to provide an extra check
when confirming modeling results. In some cases, duplicate
profiles were measured of the same zone boundary, also as
an additional check. All line scans were measured perpen-
dicular to the c-axis. A total of 60 line scans, each including
measurements of Mg, Si, Fe, Ce, and Dy, were measured in
16 cpx grains with an accelerating voltage of 16 keV and
a primary beam intensity of 50 pA of O. Linescans were
37-77 um long with 0.2—1 um spacing between analysis
points taken with a beam size of 500-750 nm. These repre-
sent some of the first cpx trace element analyses conducted
via NanoSIMS, and so a variety of settings were explored
including the variable use of apertures D1-1, D1-2, or D1-3.
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After analysis, secondary-electron images (SEI) of analyzed
areas were acquired with the EPMA to confirm the location
of the NanoSIMS line scans.

Geothermometry

Temperature was calculated using a cpx-liquid geother-
mometer specifically calibrated for the high-Fe, low-Al cpx
found in high-silica igneous systems (Brugman and Till
2019). SCL cpx rims yielded a temperature of 800 +20 °C.
Isothermal diffusion was assumed due to the portion of the
lava flow sampled (the quenched base) and the low variance
of Mg# for the cpx rims (average: 56.31 +1.10; Table 1).

Diffusion chronometry modeling
A need for a growth-then-diffusion initial condition

Preliminary analyses via SIMS revealed elemental pro-
files with quantifiable variation across intracrystalline zone
boundaries, but of inadequate spatial resolution for diffusion
chronometry modeling. The zone boundaries in the cpx were
quite narrow (only a few 10s of micrometers wide) compared
to the SIMS’ spatial resolution. To mitigate convolution,
at least three analysis points must be measured across the
profile “ramp”, the area of the elemental concentration pro-
file showing transition from one concentration to another
(Fig. 1a). Therefore, analyses with higher spatial resolution
were required to sufficiently quantify concentration gradients
for diffusion modeling. The NanoSIMS was determined to
be the best tool to collect profiles for modeling diffusion in
SCL cpx. Out of 60 NanoSIMS line scans, the six segments
selected for diffusion chronometry modeling exhibited the
clearest element concentration profile plateaus and ramps
in locations corresponding to BSE zoning. Profiles were
discarded for various reasons including a too low signal-to-
noise ratio, edge effect interference, and indistinct plateaus.
Si-normalized Fe and Ce abundances used for diffusion
modeling typically varied by 85% and 82%, respectively.
Calculations using our NanoSIMS data and a traditional
diffusion modeling approach utilizing an analytical solution to
the diffusion equation reinforced the hypothesis that the initial
condition in SCL cpx cannot be approximated by a step func-
tion. Here, concentration profiles of different elements col-
lected simultaneously in multi-collection mode on the Nano-
SIMS appear to be approximately the same length (Online
Resource 2), which is not possible for elements that differ
in diffusive rate by several hundred times (Van Orman et al.
2001; Costa and Morgan 2011). After the same amount of
time, faster-diffusing elements should have longer ramps than
those of slower-diffusing elements. For example, Fig. 1b shows
sample diffusion profiles for elements that diffuse at different
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rates, modeled at the same temperature (800 °C) in cpx, and
using a step function initial condition. After 100,000 years, the
ramp of an Fe-Mg profile would be ~ 100 yum wide, but a Ce
profile would be <2 pm wide. In practice, this means that if
elements begin diffusing from a step function initial condition,
different elements’ concentration profiles across the same zone
boundary should be different widths and should give the same
diffusive timescale. However, the measured profiles from dif-
ferent elements were of similar width and yielded timescales
that deviated by at least one, and often multiple, orders of
magnitude (e.g., an Fe profile time of 4 kyr versus a Ce profile
time from the same line scan of > 11 Myr). Together, the indis-
tinguishable length of the profiles and the large variance in
traditional diffusion chronometry timescales strongly indicate
that SCL elemental concentration profiles across intracrystal-
line zone boundaries recorded growth-then-diffusion.

Modeling methods

Diffusion modeling is based on Fick’s second law:

aC 20*C

= =Dl = 1
ot < ox? > M
where % is the position-independent change in elemen-
tal concentration over time, D is the diffusion coefficient

(Eq. 2), and D is independent of C (concentration) or x (posi-
tion). An element’s diffusion coefficient, D, is calculated by:

D =Dye i 2)

where Dy, is a preexponential factor, E is the activation
energy, R is the gas constant, and T is the temperature at
which diffusion occurs (see “Diffusion coefficients used in
modeling” for details). D also depends on the magma body
temperature, pressure, fO,, and the mineral type, element,
and crystallographic direction of diffusion. Because these
cpx crystals are from the same lava and due to the care taken
to prepare samples for analysis, we assume uniform pressure,
fO,, and crystallographic direction of diffusion (perpendicu-
lar to the c-axis) and therefore use Eq. 2 to calculate D for
all models.

We modeled one-dimensional position- and concentration-
independent diffusion in SCL cpx using both the diffusion only
(step function) and growth-then-diffusion initial conditions. In
all cases, the chemical profiles are first fit using the analytical
solution to the diffusion equation assuming a planar, semi-
infinite source:

_ C0-Cl1 X
c_c1+<T)*ErfC<2\/E> 3)

where CO and CI represent the elemental concentrations
of a given element at the left- and right-hand plateaus,

respectively (Fig. 1a), D is the diffusion coefficient, ¢ is
elapsed time, and Erfc is the complimentary error function.
This approach was employed in a Monte Carlo model to cal-
culate timescales from a single element-mineral pair from a
step function initial condition. For the growth-then-diffusion
case, where we do not assume a step function initial condi-
tion, we utilized a Monte Carlo finite differences forward
model. The best times reported are median, not mean values
(see Online Resource 5 for further discussion) and we propa-
gated error for D, E, and T, accounting for the covariance
of D, and E (Online Resources 3 and 4) as suggested by
others in the diffusion community (e.g., Mutch et al. 2021;
see “Sources of Error” for further discussion).

Our growth-then-diffusion initial condition proxy method
differs from the binary-element diffusion modeling (BEDM)
method of Morgan and Blake (2006). That study cleverly
avoids the problem of determining the initial condition by
using forward modeling of a slower diffusing trace element
to match the absolute amount of diffusion of a faster diffus-
ing trace element to determine magmatic residence times
(Morgan and Blake 2006). Here however, we use the shape
of the slower diffusing, similarly partitioning element as a
proxy to the faster diffusing element’s initial condition.

Suitable profiles for our growth-then-diffusion initial
condition proxy method were selected according to the fol-
lowing criteria: adequate plateaus; inclusion of at least three
data points on the ramp, which is required to mitigate convo-
lution; and the ability to fit a curve on a short enough time-
scale to be reasonable for SCL (e.g., less than the difference
in time between the last caldera-forming eruption and the
eruption of SCL) (Morgan and Blake 2006). Only two pro-
files were modeled using our growth-then-diffusion initial
condition proxy method because even with the high spatial
resolution of the NanoSIMS, most SCL cpx intracrystalline
zone boundary profiles were too narrow to yield enough data
points to satisfy these conditions. We look forward to further
refinement of NanoSIMS settings and techniques as well
as future analytical instruments that will be able to better
resolve these nanoscale features.

Errors were calculated for both diffusion modeling
approaches. For both methods, the reported best-fit time
interval represents the time interval in our model search that
produced the lowest root mean square (RMS) misfit between
the measured and modeled profiles. The misfit relationships
we obtain are bounded by time =zero and are limited by
the shape of the elemental profile itself, and so uncertainty
bounds are reported as asymmetric confidence intervals (see
further discussion in “Error”). 95% confidence intervals for
the timescales were determined by the results of the Monte
Carlo modeling approach, which produced a distribution of
best fit model times.
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Element chosen as a proxy to the Fe initial condition

We used Ce to determine the initial condition when mod-
eling the interdiffusion of Fe-Mg in cpx in our finite element
diffusion approach. The coupled diffusion of Fe and Mg are
usually used for diffusion chronometry modeling in cpx. So,
we investigated a variety of possible elements in cpx with
diffusivities slower than Fe—Mg. We focused on cations with
unfavorable charges or large radii. LA-ICP-MS analyses of
SCL cpx revealed that overall, they contained ~ 175 ppm of
Ce, such that it should be present in sufficient quantities to
yield a measurable concentration profile.

For a Ce elemental concentration profile to be used as a
proxy to the Fe—Mg initial condition, it must partition into
cpx in a similar manner to that of Fe and Mg. Fe and Mg
are highly compatible elements with partition coefficients
(Ky) up to 13.1 for Fe and 20.4 for Mg in cpx found in rhyo-
lite (Sisson 1991). Therefore, to use Ce in our modeling,
this element must also have K;> 1 in cpx. Indeed, Ce has
been shown to partition compatibly into high-Fe cpx with
K, ranging from 2.5 to 20.9 (Mahood and Hildreth 1983;
Sisson 1991).

Published diffusion coefficients for rare earth elements
(REE) show that Ce can diffuse > 700 times slower in cpx
than Fe and Mg (Van Orman et al. 2001; Costa and Morgan
2011). That diffusion study (Van Orman et al. 2001) was
conducted on diopside that presumably contained trivalent
Ce. We deem the comparison of this Ce** diffusion coef-
ficient to that of Fe—Mg to be appropriate, because a change
in Ce oxidation state from Ce** to Ce** would require a
compensating M1 site vacancy (an increase in this vacancy
would facilitate diffusion) or a substitution of AI**. As SCL
cpx has a very low Al,O; content (~0.6 wt%, Table 1) it
seems unlikely that quadrivalent Ce is present in sufficient
quantities to affect Ce’s diffusivity. Therefore, Ce is indeed
likely to diffuse several hundred times slower in cpx than
Fe-Mg.

Diffusion coefficients used in modeling

Diffusion studies of cpx in rhyolitic systems are hampered
by a lack of experimental data for the low-Al, high-Fe
cpx common to high-silica systems (Brugman and Till
2019). Higher Al contents must be charge balanced by
Fe** and a vacancy (Fe’* = AI’* +Fe’* +[ ), resulting
in more point defects in the crystal lattice. This allows for
faster diffusion to occur in a high-Al cpx than in a low-Al
cpx with an otherwise comparable composition. Whether
Fe—Mg interdiffusion occurs at a slower rate for the low-
Al, high-Fe cpx crystallized in high-silica systems is as
yet untested. Although experimental Fe and Fe-Mg dif-
fusion studies have been conducted to determine E, D,),
and therefore D for cpx at temperatures of 800-1200 °C
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(Azough and Freer 2000; Dimanov and Wiedenbeck
2006; Miiller et al. 2013), similar data for Fe-rich augite
that is low in Al is unavailable. An experimental study
found that Fe diffuses one order of magnitude slower in
synthetic Fe-free diopside than in natural low-Fe diopside
at 1050 °C (Azough and Freer 2000). However, we are not
comfortable extrapolating this result to Fe—-Mg interdif-
fusion in SCL natural high-Fe cpx (average Mg#=56.3
where Mg#=100*MgO/[MgO + FeO™'] on a molar
basis). Thus, we modeled diffusion using D g, y,).p, c2l-
culated with the activation energy and preexponential fac-
tors from Dimanov and Wiedenbeck (2006) where data
exhibiting early partial melting were excluded. D, was
calculated with the activation energy and preexponential
factors from Van Orman et al. (2001).

Crystal growth rates

The usefulness of diffusion chronometry in a mineral
depends on the contrast between the rate of chemical change
an individual crystal experiences, versus the crystal growth
rate, i.e., how fast information can be recorded in the crystal
rim. Because we assume the Fe and Ce initial profile shapes
are the same, we therefore assume that although the sur-
rounding melt’s composition changed during crystal growth,
there was no relative change in the elements’ partition coef-
ficients, i.e., no relative change in the concentration of these
two elements to each other in the cpx. This assumption also
implies that no boundary layer formed around the crystal,
a phenomenon that is generally a result of crystal growth
that outpaces the ability of the surrounding melt to diffuse
elements to the growing crystal edge (diffusion controlled
growth). We deem these to be acceptable assumptions due
to the low Al content of SCL cpx.

As mentioned above, SCL cpx have extremely low Al,O;
(~0.6 wt%, Table 1, Fig. 4), as do many high-silica mag-
matic system cpx (Brugman and Till 2019). In fact, the
younger the Yellowstone post-caldera lava, the more FeO
rich and Al,O; poor the cpx becomes, a trend that does not
appear to correlate with cpx crystallization temperature
(Fig. 4). Because low Al content in these cpx is likely a
result of their low Ca content (the resulting charge imbal-
ance with O3 oxygen requires more Si to occupy tetrahedral
sites to compensate) (Salviulo et al. 2000), it is likely that
low bulk CaO content (<0.5 wt% for CPM lavas) (Girard
and Stix 2010) as well as the crystallization of plagioclase
(30% of SCL phenocrysts) (Till et al. 2019) indirectly caused
this depletion of Al in cpx.

Low Al content in cpx could also imply slow crystal
growth. Low Al in basaltic cpx has been correlated to slow
cooling rates, as well as to the more slowly-grown crys-
tals found in the warm interiors of lava flows (Mollo et al.
2010). In that study (Mollo et al. 2010), high Al in cpx was
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associated with a crystal growth regime in which less com-
patible elements were incorporated due to the formation of
a boundary layer around the growing crystal. This suggests
a congruent possibility for high-silica cpx before eruption:
the low Al in Yellowstone post-caldera cpx could also signal
slower growth. Although this hypothesis is not confirmed,
the SCL cpx themselves do support it. For example, SCL
cpx are low in Al (although this could have other causes
as described above), large, euhedral, and free of features
such as sector zoning that would indicate fast growth. The
slower-growth possibility is interesting because slow, con-
stant growth could allow a crystal to capture a higher resolu-
tion record of chemical changes in the melt. However, this
same information fidelity presents problems when attempt-
ing traditional diffusion modeling (see “Diffusion chronom-
etry methods™).

Diffusion chronometry timescales and recorded
events

Figure 5a summarizes the diffusion timescales obtained
from six rim profiles from three SCL cpx crystals. The
x-axis shows time in years before the eruption of SCL, with
that eruption occurring at the far left. Crystals are designated

Eruption age [ka]

CPX1, CPX2, and CPX3. NanoSIMS profiles are named
in order of occurrence from rim to core, e.g., CPX2 zone
A was measured closer to the rim than CPX2 zone B. Pro-
files CPX1 zone Al and CPX1 zone A2 are two measure-
ments of the same zone, at different locations on the crystal.
Timescales are shown with matching-colored 95% confi-
dence intervals (note that the confidence intervals in panel
2 are essentially identical, so the two colors are difficult to
discern).

Panels in Fig. 5 are grouped according to the modeling
method used. Panels 1-3 show timescales modeled using
a traditional step function initial condition, grouped by
timescale. Panels 4-5 show timescales modeled using the
growth-then-diffusion proxy initial condition. Profile colors
are consistent across these two methods. For example, pro-
file CPX2 zone A was modeled using both methods, and
appears in red in both panels 2 and 4. Panels 6—8 show the
discrete events binned from the results shown in panels 1-5
(see more below) and panel 9 shows timescales from a previ-
ous study on SCL sanidine (Till et al. 2015).

Cpx profiles CPX2 zone A (red) and CPX3 zone A (blue)
were modeled using the growth-then-diffusion initial condi-
tion proxy method with all D error contributors (E, D, and

. . 1400
T) propagated. This method gave timescales of IOOOJ_rSO0
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Fig. 5 a Diffusion chronometry modeling results for Scaup Lake cpx
rims using a traditional step function (panels 1-3) or growth-then-
diffusion (panels 4-5) initial condition. Colored solid vertical lines
indicate best fit times (maximum possible times for panels 1-3, actual
times for panels 4-5) and colored shaded areas show 95% confidence
intervals. The red profiles in panels 2 and 4 and the blue profiles in
panels 3 and 5 are the same NanoSIMS profiles, respectively, mod-
eled using each of the two types of initial conditions. Note that there
is not a predictable relationship between the calculated timescales.
For the red profiles (CPX2 zone A), the calculated timescales are
within a few thousand years of each other. However, for the blue pro-
files (CPX3 zone A), the two timescales differ by more than an order
of magnitude. Cool colored profiles (panels 3, 5) and warm colored

and SOOOfggg years before eruption (95% confidence, Fig. 5
panels 4-5). The same profiles modeled using the traditional

step function initial condition gave maximum timescales
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profiles (panels 2, 4) were binned together to calculate the final time-
scales in panels 6 and 7, respectively. Panel 8 shows a maximum
timescale for the event recorded by the profiles in panel 1 (see “Diffu-
sion modeling results” for a discussion of why this timescale bin can-
not be combined with Event 2). Panel 9 shows timescales from sani-
dine rims as reported by Till et al. (2015). Although all timescales in
this figure are from the crystals’ outermost rims, the clinopyroxene do
not yield timescales explicitly on the order of months to tens of years,
nor do the sanidine yield timescales > 100 years. b Cartoon illustrat-
ing the order of zones that produce the timescales reported in Part
A (in years before eruption of SCL), if a single crystal were to have
recorded all three events

of 36003;63(;)0 and 22, 400:12’288, respectively (95% confi-

dence, Fig. 5 panels 2-3). Profiles that could not be modeled
using the growth plus diffusion initial condition proxy were
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modeled using the traditional step function initial condition
(with propagated T error; Fig. 5 panels 1-3 in purple, black,
yellow, and green).

Figure 5b illustrates the rim to core relative positioning of
the modeled profiles. As expected, consecutive rim profiles
(proceeding from rim to core) from the same crystal give
older modeled times e.g., CPX1’s rim-ward profile, zone A1
(Fig. 5 panel 1, purple) versus the older core-ward profile,
CPX1 zone B (Fig. 5 panel 2, yellow) and CPX2’s rim-ward
profile, zone A (Fig. 5 panels 2 and 4, red) versus its older
core-ward profile CPX2 zone B (Fig. 5 panel 3, green). We
also see timescale agreements between outer zone bounda-
ries measured in two different locations on the same crystal,
e.g., CPX1 zone Al and CPX1 zone A2 (Fig. 5 panel 1, pur-
ple and black, respectively). Also apparent are agreements
between outer zone boundaries from different crystals, e.g.,
CPX2 zone A and CPX1 zone B (Fig. 5 panel 2, red and
yellow, respectively) and CPX2 zone B and CPX3 zone A
(Fig. 5 panel 3, green and blue, respectively).

Profiles were binned into three separate rim zone time-
scale populations which represent three discrete pre-eruptive
events (Fig. 5 panels 6-8). To do this, we used the above
constraints, as well as the maximum timescales calculated
using the traditional step function initial condition. For
example, Event 1 was binned from panels 3 and 5 because
(1) the same profile was modeled in each panel (CPX3 zone
A, blue); and (2) the two profiles shown in panel 3 are of a
similar magnitude with overlapping 95% confidence inter-
vals. The three bins represent separate events at 5000717000

—600
years, 100012690 years, and a maximum of 1000 years before

eruption (Figs.0 % panels 6-8; see “Recommendations for error
reporting” for a discussion of how these uncertainty inter-
vals were determined). The latter is reported as a maximum
timescale because it is based on timescales calculated using
a traditional step function only. Note that it is not possible to
change these populations by combining timescales from, for
example, panels 1 and 2, which were binned as Event 3 and
Event 2, respectively (Fig. 5b). These bins cannot be com-
bined because panel 1 includes a timescale derived from one
zone boundary from crystal CPX1, and panel 2 includes a
timescale from a different zone in the same crystal (see also
Fig. 5b). Similarly, timescales from panels 2 and 3 cannot
be combined into one bin because each includes a timescale
from a separate zone boundary on crystal CPX2 (see also
Fig. 5b).

Figure 5a illustrates the difference between the best time
calculated using the growth-then-diffusion initial condition
proxy (panels 4-5) versus the maximum possible time cal-
culated using a step function initial condition for the same
profiles (Panels 2-3, CPX2 zone A in red and CPX3 zone
A in blue). Note that for the profile from CPX2 zone A, the
maximum timescale (Fig. 5 panel 2, red line) aligns nicely
with the upper end of the 95% confidence interval for the

growth-then-diffusion best time (Fig. 5 panel 4, red field).
However, the maximum timescale should not be considered
a shorthand for determining the error envelope for profiles
that result from growth-then-diffusion, as there is no correla-
tion between the maximum time and the upper boundary of
the best time error envelope for the profile from CPX3 zone
A (Fig. 5 panels 3 and 5, blue).

It is important to note that if the timescales calculated
using the traditional step function initial condition were not
presented as a probable maximum boundary on time, the
proposed timeline of events for SCL could be erroneously
shifted to far longer times than actuality. For example, if we
reported the timescale for Event 1 based on the step func-
tion initial condition modeling (Fig. 5 panel 3), we might
average these two timescales, giving a time for Event 1 of
16, 200:“3’:88 years. This overshoots our best time from the
growth-tﬁen-diffusion initial condition proxy method for
Event 1 (5000 years, Fig. 5 panel 6) by over an order of
magnitude. In this case, the low end of this averaged time-
scale’s 95% confidence interval does just overlap with our
best time from the growth-then-diffusion initial condition
proxy method (panel 5). However, this is not the case for the
95% confidence interval for Event 2.

Because we are interested in comparing timescales from
SCL cpx rims to timescales from other mineral rims, our
reported best timescales were modeled by propagating all D
error contributors (E, D, and T) as discussed below.

Error
Sources of error

We used Monte Carlo simulations to account for and com-
pare sources of error. Note that because we assume uniform
pressure, fO,, and crystallographic direction of diffusion
(perpendicular to the c-axis) for our samples, these are not
included in our error calculations. Future workers will likely
wish to account for these in their calculation of D. We also
recognize that there is no experimental study on cpx that
perfectly matches those found in SCL, and so a future study
that characterizes the diffusivity of low-Al, high-Fe will
likely shift our calculated timescales. In the meantime, we
have used the best-fitting empirical data available (see “Dif-
fusion coefficients used in modeling”). The first source of
error is the selection of the physical geometry of the profile
when using the analytical solution to the diffusion equa-
tion (Eq. 3). CO and CI (Fig. 1a) for each measured profile
can be estimated by either (1) visually selecting a range of
concentration values for which a horizonal line would make
sense for a plateau; or (2) averaging the points along the
purported plateau segment of the profile and then using the
analytical error of the data collection method to create a+ 1
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sigma range of concentration values. Our calculations show
no significant difference in misfit between the two methods
if the former is reasonably constrained (average difference
of misfit=2.3%x 10‘6). Therefore, our Monte Carlo error esti-
mation used a synthetic normal distribution of possible CO
and C/ values in a given range to fit profiles in the analytical
solution model.

The second source of error is the set of variables used
to calculate the diffusion coefficient (Eq. 2), which include
temperature (7), activation energy (E), and the preexponen-
tial factor (D). E and D,, are determined via an Arrhenius
plot of diffusion experiment results; E is the slope of this
plot and D, is the y-intercept. Of course the most appropriate
experimental calibration for the mineral type and composi-
tion must be used if any subsequent results are to be trusted
(see “Diffusion coefficients used in modeling” for a discus-
sion of how these were selected for this study). E and D, are
said to exhibit covariance because plots with steep (higher
value) slopes have higher y-intercept values than plots with
shallower (lower value) slopes (Mutch et al. 2021). Their
associated error therefore also covaries, so this relationship
must be accounted for during modeling, lest a high E be
paired with a low D, when randomly selecting values during
the Monte Carlo.

If covariance is not considered, an artificially large range
of possible Ds are calculated as illustrated in Fig. 6. In this
example, although both D distributions capture similar
median (peak) values, note that the curve with covariance
(Fig. 6, green) is compact with a log-normal shape and a
limited range of values, up to < 3.0 x 1072* m/s%. The distri-
bution of Ds calculated without covariance (Fig. 6, red) has
a higher peak (this results from the model producing a simi-
lar value many times) that might be deceptively appealing.
But notice that the tail of the curve is very long, indicating
that improbably high values for D have been produced, up
to~2.7x 1072% m/s%, or more than one order of magnitude
greater than the expected value of 1.18 x 1072 m/s>. The 95%
confidence interval for these Ds without covarying E and D,

Fig.6 Density curves of diffu-

is 0.31-1.80x 1072* m/s?. The 95% confidence interval for
Ds when accounting for covariance is 1.16-1.37x 1072* m/
s%.

The greatest source of error in diffusion chronometry is
the error associated with the temperature at which modeling
will be performed, or more precisely, the error associated
with the mineral geothermometer used to calculate this tem-
perature. The large influence of temperature on diffusive
timescales is due to the Arrhenius relationship of 7 to D
(Eq. 2) and reflects an exponential increase in diffusion rate
as point defects in the crystal lattice increase with tempera-
ture; a AT of just 50 °C can result in a change in time (Af) of
approximately one order of magnitude (Fig. 7). In Fig. 8 we
examine the effect of temperature on resulting timescales by
modeling via our finite difference method and propagating
only T error. Modeled misfit is shown with a color ramp,
with black being the lowest misfit and therefore correspond-
ing to the most desirable modeled time. Note that while there
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Fig.7 The change in modeled diffusion timescale as a function of
model temperature for a Scaup Lake cpx NanoSIMS element con-
centration profile (CPX1 zone A2). A traditional step function initial
condition was used for this example. Vertical and horizontal gray
lines call attention to the difference in timescale (dashed) that results
from a small change in modeling temperature (solid)
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is generally one lowest value for the misfit between the mod-
eled and measured profile, multiple temperature—time pairs
may produce model profiles that yield the same misfit value
(Fig. 8, black region).

This result highlights a fundamental principle underlying
diffusion modeling: there is no single “best time” for a given
elemental diffusion profile. There is a single best fit profile
(a shape that produces the lowest misfit), but that profile can
be arrived at via any number of degenerate combinations of
t and D, of which T is a variable. Although a single time for
a profile cannot be determined, it is possible to identify a
region of qualifying solutions (Fig. 8, black region) and then
constrain the timescales represented therein using known
ages of temporally adjacent eruptions, as well as logic based
on observed petrographic relationships and geothermometry.

Recommendations for error reporting

Modeling using (at minimum) a distribution of Ds based
on propagating the T error reported by the geothermometer
gives the maximum possible error envelope that is reason-
ably constrained and that may be used to compare time-
scales from different minerals, lavas, or magmatic systems
that are modeled using different methods. Propagating all
D error contributors (E, D, and T) allows for comparison
of timescales modeled using the same method. This tiered
approach is modeled after that used by the geochronology
community (Horstwood et al. 2016). Modeling diffusion
from a step-function initial condition while propagating T
error is recommended to find a probable upper limit on error
(as shown in Fig. 5 panels 1-3), as this method will produce
the likely maximum timescale possible for the measured pro-
file—although the true relevance of this value depends on
whether the profile is partially the result of crystal growth.
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Expressing uncertainty as asymmetric confidence inter-
vals are necessitated by the nature of the curve that is being
fit and the Arrhenius relationship between T and D, as well
as the diffusive relaxation process being modeled. In diffu-
sion chronometry, when the results are presented as PDFs,
they are not perfect bell curves (Online Resource 5). These
PDFs tend to have a higher value in the tail that approaches
timescales of zero years, reflecting the possibility that no
analytically resolvable diffusion took place. Often probabil-
ity represented by the other tail will approach but not reach
a misfit of zero. This is because for a model run in a well-
constrained time range, the plateau extrema (points at the
beginning and end of the profile) and ramp midpoint for the
modeled profile (Fig. 1) are likely to always match closely
those of the measured concentration profile. See Online
Resource 4 for further detail.

We recommend reporting timescale uncertainty in the
form of asymmetric 95% confidence intervals clipped to the
highest maximum timescale in the appropriate timescale bin
(Fig. 5 panels 2-3, red and blue lines). This is the conven-
tion we have followed in “Diffusion modeling results” and
Fig. 5 panels 6-7.

Implications for the Scaup Lake rhyolite

The most recent magmatic events recorded by minerals in
the SCL rhyolite are of interest because it is possible these
events led to its eruption 220 kyr after the early UBM
sequence (Fig. 2b). During long periods of quiescence,
cooled magma bodies may exist as a near-solidus mush con-
taining > 50% crystals (e.g., Hildreth 2004; Cooper and Kent
2014; Rubin et al. 2017). To become eruptible, the magma
body must be rejuvenated, e.g., remelted by the addition of
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heat or volatiles and/or less evolved magma. Rejuvenation
can be identified via disequilibrium textures, such as the
aforementioned intracrystalline compositional zonation. In
this section we discuss our cpx findings in the context of the
magmatic history of the Scaup Lake rhyolite.

Crystal-melt equilibria

At SCL, we see abundant evidence of late-stage disequilib-
rium as represented by reverse zoning in the cpx (Fig. 3),
sanidine (Till et al. 2015), and zircon (Bindeman and Valley
2001; Bindeman et al. 2008) as well as oscillatory zoning,
resorbed cores, and truncation of zones that indicate previ-
ous dissolution. Some SCL cpx also have core exsolution
lamellae that suggest a past period of disequilibrium. How-
ever, cpx crystals are euhedral, indicating that they were in
equilibrium with the melt in the final stages of their mag-
matic residence time. Previous experimental studies indicate
a Kd;li’é:llqmd < 0.75 for cpx in equilibrium with rhyolitic
magma (Brugman and Till 2019). SCL analyses yield
Kdgi’é;hquld = (.66, suggesting equilibrium. If SCL cpx were
not in equilibrium with the melt, experimental dissolution
rates of cpx in basaltic systems (1.05x 1078 m/s at 1250 °C
and 0.5 GPa) suggest that the cpx would have disappeared
from SCL’s magma body within a few years (Chen and
Zhang 2009).

Comparison of SCL clinopyroxene and sanidine

To investigate the timing of the last events recorded by min-
erals before eruption, we sought to determine whether the
SCL cpx show rejuvenation—eruption timescales consistent
with the history recorded by SCL sanidine. SCL geother-
mometry and experimental studies on similar composition
systems indicate that cpx crystallizes at or below the onset
of sanidine stability (Bolte et al. 2015; Befus and Gardner
2016; Brugman and Till 2019). Therefore, it is possible for
these minerals to have overlapping stability fields. Indeed,
cpx-liquid geothermometry produces cpx rim temperatures
of 800 +20 °C and 2-feldspar thermometry gives sanidine
rim temperatures of 819 +20 °C (Elkins and Grove 1990;
Wen and Nekvasil 1994; Brugman and Till 2019 and ref-
erences therein), confirming that these two minerals likely
co-crystallized and therefore potentially recorded the same
changes in magma body conditions.

Prior work by Till et al. (2015) on sanidine from SCL
noted similar widths of profiles from elements with dif-
ferent diffusivities (Ba, Sr, Mg), which suggested the pro-
files were a result of growth-then-diffusion. Using both
feldspar growth rates and traditional step function initial
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condition diffusion modeling, Till et al. (2015) reported
two populations of sanidine rejuvenation-eruption times:
1.5-10 months and 10-40 years (Fig. 5 panel 9), which
are short but consistent with models of eruptive timescales
initiated by near-liquidus intrusions (Simakin and Binde-
man 2012).

As shown in Fig. 5, the youngest SCL cpx rim timescale
is <1000 years (panel 8)—much longer than the SCL sani-
dine timescales (panel 9). For this cpx timescale, denoted
“Event 3” (Fig. 5 panel 8), to yield the same timescale as
the oldest reported SCL sanidine timescale (10-40 years),
the cpx diffusivity would have to be > 37 times faster.
Although this is not impossible, it seems unlikely given the
points discussed above (see “Diffusion coefficients used in
modeling”). While it is possible that Event 3, which is a
maximum, could encompass the SCL sanidine 10-40 years
timescale, we think it is more likely that these are separate
events, due to the location of these zones and the host
crystals’ growth rates. Sanidine growth in rhyolitic sys-
tems occurs at 10°°-10712 m/s (Swanson 1977), and so
the thick rim (~ 500 um) observed in these minerals could
have grown on the order of days (Till 2017). Additionally,
feldspar geothermometry indicates a 20-50 °C heating
trend from core to rim (Till 2017) that is not replicated in
the cpx rims. The thickness of the outermost sanidine rims
and apparent change in recorded temperature may be the
result of degassing-driven crystallization, likely associated
with ascent (Humphreys et al. 2016; Till 2017), indicating
that the growth of this thick outer rim was the result of a
very late event recorded by the sanidine.

But for the cpx, the distance between the modeled
rim zone boundary and crystal edge is much shorter
(~20-70 um), possibly due to slow growth of the min-
eral at these conditions. Cpx growth in basaltic systems
is~ 107 m/s, but is expected to be slower in lower-tem-
perature systems as kinetic processes slow down and
the system approaches the solidus (Orlando et al. 2008).
Experiments and geothermometry confirm cpx was sta-
ble at 800 °C (Almeev et al. 2012; Gardner et al. 2014,
Tacovino et al. 2015; Bolte et al. 2015; Befus and Gard-
ner 2016; Brugman and Till 2019), but whether cpx is
able to grow fast enough at the lower end of its stability
field to record variable chemistry at the spatial resolution
of existing analytical techniques is unknown. Therefore,
the simplest explanation is that 10-40 years before SCL
erupted, when the sanidine began recording ascent-related
crystallization in the form of a 500 pm-thick rim, cpx was
growing slowly enough that a similarly thick rim did not
develop, leaving its outermost zones only a few 10s of
um from the crystal edge. As a result, any increase in cpx
size from this late event is undetectable given the spatial
resolution of our current analytical methods.
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Scaup Lake rhyolite history

The cpx and sanidine of SCL display a complex mag-
matic history of periodic disequilibria and heating events.
Although it is possible that phenocrysts from these two min-
eral types record distinct magmatic histories in the more
than decades before eruption, the lack of other evidence for
final stage magma mixing suggests it is more likely that the
chemical changes recorded in SCL cpx and sanidine are the
result of multiple rejuvenation events of less evolved magma
and subsequent differences in crystal growth rates at the rel-
evant temperatures. This is indicated by reverse zoning in
both minerals’ rims and evidence of prior crystal dissolution.
Our cpx diffusion results suggest that for the zonation
studied herein, the first of these rejuvenation events occurred
ca. 5000 years before eruption, followed by a minimum of
two events ca. 1000 and < 1000 years before eruption. SCL
sanidine suggests a minimum of two additional rejuvena-
tion events at 10—40 years and < 10 months prior to erup-
tion, the last of which likely triggered the eruption of SCL.
This model of multiple rejuvenations and priming before an
eruption is observed in other rhyolitic systems (Shane et al.
2008; Andersen et al. 2017; Allan et al. 2017; Szymanowski
et al. 2017) as well as in more mafic systems (e.g., Ruth
et al. 2018). Because SCL erupted ~220 ka after the previous
early UBM eruptions, we suggest that each incremental reju-
venation event added a relatively small amount of material/
heat until the SCL magma body became eruptible (< ~40%
crystals depending on the physical parameters of a given sys-
tem; Gelman et al. 2013), critical overpressure was reached,
and the magma began to ascend and degas. This triggered
degassing-driven rapid crystallization in the sanidine (Till
2017) while cpx growth was significantly more sluggish.

Conclusions

The method presented in this work is a powerful tool for
diffusion studies on systems where crystals have expe-
rienced growth-then-diffusion, a process that is likely to
occur in lower-temperature, more viscous, rhyolitic sys-
tems. We find that for SCL, cpx and sanidine crystal rims
recorded multiple rejuvenation events over the > 5000 years
before its eruption was triggered, the last rejuvenation
event being < 10 months before eruption. This multiplicity
indicates that there need not be a one-to-one relationship
between a rejuvenation event and a volcanic eruption. Our
results are important because—particularly for high-silica
systems that may erupt explosively—the amount of time
it takes for a quiescent magma body to become eruptible
informs our models of magma body dynamics and storage
conditions, and also has implications for volcano monitoring
and hazard management.

Our comparison of maximum and best timescales for the
same profiles (Fig. 5 panels 2-5) provides a cautionary tale
for researchers who use a traditional step function when
modeling diffusion in systems for which this initial condi-
tion may be contraindicated. Our results suggest that when
growth-then-diffusion profiles are modeled using a tradi-
tional step function initial condition, the maximum times
yielded by that method do not have a predictable relation-
ship to the actual range of best times for the recorded event.
Consequently, maximum times could be used to mistakenly
assign ages to recorded events that are an order of magnitude
too old. Similarly, we emphasize that there is no single “best
time” that may be definitively attached to a given elemental
diffusion profile. A modeled profile shape may be the best fit
to a measured elemental profile; however, it can be produced
by near-infinite degenerate combinations of time and the
diffusion coefficient. Regarding the latter, further study of
the rate of Fe—Mg diffusion in the low-Al, high-Fe cpx that
is found in many high-silica magmatic systems is needed to
more accurately model diffusion timescales in this mineral.

Given the above, a holistic petrologic approach must be
used to constrain qualifying timescales to reasonable val-
ues. In addition to multiple-element-in-a-single-mineral
approaches, our study highlights the value of conducting
diffusion chronometry utilizing multiple elements in mul-
tiple mineral phases. Because each mineral’s crystalliza-
tion interval and growth rate constrain its ability to record
magmatic events, an understanding of the phase equilibria,
thermal history, and crystal growth rates/laws are thus also
essential to interpreting the results of diffusion modeling. It
is important to recognize that timescales much younger than
1000 years are not represented in SCL cpx possibly because
crystal growth was so slow at <800 °C that it had essentially
halted, or the new zone is too narrow to be resolved by the
spatial resolution of the EPMA or NanoSIMS. Experimental
data to constrain the crystal growth rates of cpx in rhyolitic
systems would greatly enrich this conversation.

We find that the outermost zones of SCL cpx and sanidine
did not record the same last rejuvenation event, and so the
last event recorded by SCL cpx was not the last event expe-
rienced by SCL’s magma body. Thus, we emphasize that the
last event we are able to measure in each mineral is not nec-
essarily the last event experienced by the magmatic system.
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