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Abstract We present 2*°Th->**U crystallization ages and trace element compositions for zircons spanning
the late Pleistocene to Holocene rhyolite eruptive record at South Sister volcano in the central Oregon Cascade
Range. Most zircon ages are between 100 and 20 ka, with very few in secular equilibrium (>350 ka). The
weighted mean of zircon ages for the two oldest South Sister rhyolites, 31.5 + 2.1 and 39.1 + 2.4 ka, are
significantly younger than the associated “°Ar/*°Ar ages, 47.4 + 9.7 and 51.4 + 9.7 ka. We propose that these
“OAr/*°Ar dates, performed on plagioclase separates, are compromised by a subtle amount of excess Ar and
therefore the younger weighted mean zircon ages yield more reliable eruption ages. These results imply that the
interval of rhyolite eruption at South Sister during the late Pleistocene was both shorter and more productive
than previously thought and that eruption at South Sister initiated after Middle Sister. Compositionally, zircons
from the Pleistocene rhyolites are broadly similar and show down-temperature zircon and plagioclase
crystallization trends. However, we argue that destabilized amphibole and titanite in a common mush also exert
leverage on the Pleistocene zircon trace element compositions. Divergence in the Eu/Eu* ratio between the
Pleistocene and Holocene lavas implies chemically distinct magma reservoirs originating from the Pleistocene
rhyolite eruptive sequence and the Holocene eruptive sequence. This work suggests a higher flux of rhyolite
volcanism than previously thought and characterizes magmatic storage distinctions between the Pleistocene and
Holocene rhyolites, aiding in the assessment of future eruptive hazards at South Sister volcano.

1. Introduction

Globally, small volume but frequent explosive volcanic eruptions impact populations and aviation due to eruptive
plumes, ashfall, lava flows, and lahars. Therefore, continuing interdisciplinary research at active volcanoes will
help inform hazard assessments and mitigation strategies for future eruptions (e.g., Ewert et al., 2018). Geologic
and petrologic approaches offer complimentary views of past eruptions and their implications for future behavior.
On one hand, geologic studies yield information about the frequency, magnitude, and style of past activity to
assess plausible future eruption scenarios. On the other hand, petrologic methods provide an understanding of
how the magmatic system has evolved and may offer clues about which past eruptions are more likely to be
representative of the modern system and future behavior. The mineral zircon provides coupled temporal and
compositional information that can inform both the timing of past eruptions and the evolution of the underlying
magmatic system.

The utility of zircon is due to its durability, high compatibility with elements useful for geochronology and
petrology (e.g., U, Th, and the rare earth elements (REE)), and a well-characterized temperature dependence of
saturation (Finch & Hanchar, 2003; Hoskin & Schaltegger, 2003; Watson & Harrison, 1983). Zircon petro-
chronology has been applied to large eruptive volume systems (Reid et al., 1997; Rubin et al., 2017; Simon &
Reid, 2005) as well as small to medium eruptive volume systems (e.g., Claiborne et al., 2010) to distinguish
chemical, thermal, spatial, and temporal characteristics of melt evolution and processes (Cooper, 2015). In the
Cascade Range, zircon studies have informed models of magma evolution and storage at Mount St. Helens (e.g.,
Claiborne et al., 2010), South Sister (e.g., Stelten & Cooper, 2012), Crater Lake (e.g., Bacon & Low-
enstern, 2005), and Lassen Peak (e.g., Klemetti & Clynne, 2014). However, the dearth of rhyolite and lower U in
these arc magmas has, in part, hindered broader application of zircon geochronology in the Cascade Range
(Hildreth, 2007). The previous zircon study at South Sister focused only on the most recent eruptions (Stelten &
Cooper, 2012); however, the rhyolites that erupted in the late Pleistocene remain little investigated.

The U.S. Geological Survey has classified the Three Sisters volcanic complex as a “very high threat potential” to
the surrounding communities, such as Bend (pop. 100,000), only 50 km away (Ewert et al., 2018). Past eruptions
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Figure 1. (a) Simplified geologic map of the South Sister rhyolites (modified from Hildreth et al., 2012) with the locations of
samples discussed in this paper. Brown triangles show South Sister, Middle Sister, North Sister, and Broken Top summits.
Cyan and magenta triangles denote the samples of Stelten and Cooper (2012). Squares symbolize zircon interior analysis and
circles symbolize zircon surface analyses for samples from this study. Colors signify samples from the same eruptive unit.
See Dechert (2024) or supplemental data for sample coordinates. (b) Inset shows the location of the Three Sisters in the
Oregon Cascade Range, other notable Cascade Range volcanoes, and major cities.

included hazards such as pyroclastic density currents, lava flows, and ash plumes (Scott et al., 2001). South Sister
volcano has erupted approximately 12 km? of volcanic rocks over its lifetime, including 13 rhyolitic eruptions
ranging from 51 to 2 ka (Fierstein et al., 2011; Hildreth et al., 2012). Frequent eruption of rhyolite and its modest
eruptive volume make South Sister an ideal system to investigate the origin and pre-eruptive storage of rhyolite in
smaller volume magmatic systems.

In addition to the recent eruptions, South Sister has experienced ground inflation since the mid-1990s focused
5 km west of the summit and only ~3 km from the late Holocene Rhyolite of Rock Mesa (rrm) vent (Lisowski
etal., 2021). InSAR, continuous GPS, leveling, and modeling studies proposed multiple mechanisms of this uplift
including the continuing intrusion of basaltic magma (hydraulic), a delayed response of visco-elastic crust to a
past magma intrusion (viscoelastic), or the pressurizing of a geothermal system (poroelastic) (Dzurisin
etal., 2009; Riddick & Schmidt, 2011; Wicks et al., 2002). These studies suggest that the source of deformation is
approximately 5-7 km deep. Additionally, a study of springs near South Sister found He and C isotope ratios and
elevated heat flow consistent with contributions from mafic magma (Evans et al., 2004). As such, the working
hypothesis suggests an intrusion of basaltic magma 5-7 km below South Sister. This intrusion could lead to a
future eruption at South Sister, and understanding how the past magmatic system compares to the modern system
can help inform eruption and hazard forecasting.

We present *°Th-**8U crystallization ages and trace element compositions of zircon crystals from rhyolites at
South Sister volcano. Results of this study suggest (a) South Sister hosted a long-lived magmatic system primed
for zircon crystallization from 100 to 20 ka, (b) the earliest rhyolite eruptions were more than 10 kyr younger than
past studies suggested, (c) South Sister was characterized by a high eruption rate from 40-30 ka, and (d) the
Pleistocene and Holocene rhyolites were derived from chemically distinct sources.

2. Geologic Background

The Three Sisters volcanic complex comprises three stratovolcanoes (North Sister, Middle Sister, and South
Sister) located in the central Oregon Cascade Range, USA (Figure 1). The regional tectonics of this reach of the
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Cascade Range is complicated by the interaction between the warm Cascadia subduction zone, the past influence
of the Yellowstone plume, the edge of the Basin and Range extension, and may contribute to the unusual
abundance of high-SiO, volcanism for this region of the Cascade Range (C. Cheng et al., 2017; McCrory
et al., 2012; Obrebski et al., 2010). The oldest and northernmost of the three, the North Sister, erupted basaltic
andesite with major cone construction from approximately 120-45 ka (Hildreth et al., 2012; Schmidt & Grun-
der, 2009). Growth of Middle Sister occurred from approximately 49-15 ka with compositions ranging from
basaltic andesite to rhyolite (Calvert et al., 2018). The building of the South Sister edifice alternated between
rhyolite and intermediate products from ~51-22 ka, largely coevally with the Middle Sister (Fierstein
et al., 2011). The growth of all the Three Sisters stratovolcanoes was preceded by the growth of Broken Top
stratovolcano, located just 5 km southeast of South Sister. Broken Top erupted 7-10 km® of basaltic andesite to
rhyodacite from approximately 300-150 ka (Hildreth, 2007). In total, the Three Sisters reach of the Cascade
Range extends 90 km N-S in Central Oregon, and has at least 466 Quaternary volcanoes (Hildreth, 2007).
Postglacial mafic eruptions are more common in this area than elsewhere in the Cascade Range. These postglacial
volcanic centers include the Sand Mountain volcanic field, Blue Lake volcano, LeConte Crater, Fish Lake lava
from Nash Crater, Lost Lake cones, Four In One Cone, Yapoah Crater, Collier Cone, and Belknap Crater (Sherrod
et al., 2004). Slightly farther south lies Mount Bachelor, which is the largest of approximately 50 N-S aligned
basalt to basaltic andesite vents that erupted from 18-8 ka (Gardner, 1994).

The eruption chronology at Three Sisters has largely been established by “°Ar/*’Ar dates (Calvert et al., 2018;
Fierstein et al., 2011; Hildreth et al., 2012). However, Fierstein et al. (2011) used the Taylor Creek sanidine
standard age of 27.87 Ma while Calvert et al. (2018) used a more recently determined, slightly older age for the
Taylor Creek sanidine standard of 28.345 Ma (Fleck et al., 2019). To ensure that all the 40Ar/Ar dates are
reported on the same basis and are directly comparable, we have recalculated the *°Ar/** Ar dates using the ArAR
software of Mercer and Hodges (2016) to an updated Taylor Creek age of 28.447 Ma (equivalent to a Fish Canyon
Sanidine age of 28.201 Ma; Fleck et al., 2019; Schaen et al., 2021) and decay constants of Min et al. (2000). For
the remainder of this paper, we will report “°Ar/*° Ar ages for South Sister based on this recalculation (Figure S1
in Supporting Information S1).

South Sister's eruptive history highlights a range of compositions and one of the rare instances of rhyolite in the
Cascade Range (Hildreth, 2007). The oldest exposed lava at South Sister is rhyolitic at 51.4 £ 9.7 ka and eruptions
alternated between rhyolitic, dacitic, and andesitic through ~37 ka (Fierstein et al., 2011). Then, a broad cone
composed of andesitic to dacitic lava grew from 37 to 30 ka. Activity became concentrated at a the summit cone
by ~27 ka culminating with the final and most mafic South Sister eruption at ~22 ka, which formed the present-
day summit crater (Fierstein et al., 2011). Finally, two rhyolitic eruptions occurred at approximately 2 ka on the
SW and E flanks of the volcano (Scott, 1987). Previous studies have hypothesized that the mechanism for rhyolite
production at South Sister could include (a) partial melting from different crustal compositions, (b) fractional
crystallization from mafic precursor magma, or (c) the Holocene rhyolites could reflect the rejuvenation of re-
sidual rhyolitic magmas related to the late Pleistocene eruptions (Brophy & Dreher, 2000; Calvert et al., 2018;
Fierstein et al., 2011; Hill, 1991; Parker et al., 2023; Waters et al., 2021). Hypotheses to explain the compositional
gaps in the suite of Three Sisters eruptive products include fractional crystallization (Brophy & Dreher, 2000;
Dufek & Bachmann, 2010) and partial melting (Waters et al., 2021); however, these gaps are not as dramatic at
South Sister when considering the more comprehensive data set of Hildreth et al. (2012). These hypotheses
highlight the importance of further study as the mechanisms of silicic magma genesis at South Sister and the
connection between the late Pleistocene and Holocene rhyolite eruptive episodes remain an open question.

Zircon and plagioclase geochronology and trace element chemistry of the two Holocene rhyolite eruptions
suggest two distinct magma sources. rrm erupted at 2,150 + 150 '“C yr B.P. (preferred '*C age of Scott, 1987)
with a main coulee, pumice-fall deposits, and satellite domes on the SW flank of South Sister (Hildreth
et al., 2012; Scott, 1987). Rhyolite of Devils Chain (rdc) erupted at 2,000 = 200 4c yr B.P. in a series of seven
lava flows and domes aligned N-S on the southeast flank of South Sister (Hildreth et al., 2012; Scott, 1987). Here,
we note different naming of units between sources but consider them superseded by Hildreth et al. (2012). The
zircon Z°Th->**U crystal ages are predominantly 80-20 ka for both Holocene eruptions with a small number of
grains in secular equilibrium (>350 ka) (Stelten & Cooper, 2012). The zircon crystals with resolvable dates are
interpreted to be antecrystic, inherited from the longer-lived system (Stelten & Cooper, 2012). Conversely, bulk
plagioclase 2*°Th-**°Ra crystal ages trend closer to eruption age, 6.8-2.3 ka for rrm and 9.6-4.0 ka for rdc
(Stelten & Cooper, 2012). The Ti-in-zircon geothermometer indicates that zircon crystallization ranges from 640
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to 837°C (Stelten & Cooper, 2012). The distinct trace element ratio of Hf/Nb in the rrm and rdc zircon crystals
suggests that these eruptions were sourced from two chemically and physically distinct reservoirs that coexisted
temporally in the broader, shared magmatic system (Stelten & Cooper, 2012). While this work focused on the
Holocene rhyolites, no such work has included the late Pleistocene South Sister rhyolites.

3. Samples and Methods

Samples collected for this work include six late Pleistocene and one Holocene rhyolite from South Sister
(Figure 1). The units span the southern spatial extent of the rhyolite eruptions and the known eruption age range.
Zircon data were collected for the Rhyolite southwest of Lewis Glacier (rsw), Rhyolite of Mesa Creek (rmc),
Rhyolite of southeast Lewis Glacier (rse), Rhyolite of Devils Hill (rdh), Rhyolite of Green Lakes (rgl), and
Rhyolite of South Sister clumbers trail (rct). These units erupted between 51.4 and 24 ka based on “°Ar/*°Ar ages
reported by Fierstein et al. (2011), Hildreth et al. (2012), and Calvert et al. (2018). Ages are based on incremental
heating of plagioclase separates (rsw, rmc, and rct) or groundmass (rse, rdh, rgl) separates. Of the Pleistocene
rhyolites, rse, rgl, rdh, and rdc are on the southeastern flank of the volcano, which situates them near Broken Top.
Our work also considers the Holocene rrm and rdc rhyolites that erupted at 2,150 + 150 '*C yr B.P. and
2,000 + 200 "*C yr B.P. These eruption ages are based on **C dates of wood fragments within rrm pumice fall and
a soil directly underlying rdc tephra (Scott, 1987). We collected a sample of ejecta associated with the rrm satellite
minidomes and compared our results to those of Stelten and Cooper (2012) samples from the main rrm coulee and
two of the southern rdc domes (Figure 1).

Zircon separates were produced by Zirchron LLC using standard magnetic and density separation techniques
including crushing, electro pulse disaggregation, water table, heavy liquids, and Frantz. Analysis of *8U-*Th
dates and trace element compositions were conducted on the SHRIMP-RG (reverse geometry) ion microprobe co-
operated by U.S. Geological Survey and Stanford University in the SUMAC facility at Stanford University during
multiple sessions in 2023. Zircons were pressed into indium mounts and left unpolished. For these surface an-
alyses, trace element data were collected followed by *°Th->*3U analysis on the same spot. We also attempted to
measure zircon interiors by mounting them in epoxy and polishing the mount. A cathodoluminescence image of
the polished interiors displays the size, shape, and textures of the crystals analyzed (Figure S2 in Supporting
Information S1). The average c-axis is 87 pm and the average a-axis is 49 pm. Crystals are euhedral and the most
common shape is equant with additional shapes being tabular and prismatic. Approximately 30% of the crystals
exhibit sector zoning, another 30% have patchy zoning, with oscillatory, homogeneous, diffuse, and irregular
patters for the rest. One sample, rrm minidome, does include resorbed cores in 6 of the 22 crystals analyzed.
Unfortunately, the small size of most of the zircon crystals frequently resulted in the beam impinging on the epoxy
during 2*°Th-***U analysis of crystal interiors yielding a significant carbide interference and unusable data.

The U-Th analytical procedure and data reduction procedures follow the methods developed by Williams (1997)
and Ireland and Williams (2003). An O, primary beam with an accelerating voltage of 10 kV was used to sputter
secondary ions from the sample surface with a 15-16 nA primary beam current focused to a ~37 pm spot. Seven
masses were measured, including *°Zr,'%0, 23¥U*, 2**Th'>C*, 2°Th'°0™, background measured 0.050 AMU
above the 2°Th'°0™ peak, ***Th'°0O*, and **U'®0™*. Data were collected over 8 scans per spot, for a total run
time of ~30 min, collected by magnet peak-jumping on an electron multiplier. Zircon U concentration data were
standardized against the well-characterized MAD-559 zircon standard (3,940 ppm U (Coble et al., 2018)).

For trace element analyses, an O,  primary beam with accelerating voltage of 10 kV was used to sputter sec-
ondary ions from the sample surface with a 1.5 nA primary beam current focused to a ~16 pm spot. The
acquisition included analysis of 29 masses, all measured by peak jumping on an electron multiplier: 2*Si'®0™,
A5Gt STy AT+ SORet 89yt OINpt 2z, %07pt, 139 g* 1400et, M4Ippt M6Ngt 147gmt 1S3pyt
155Gd*, 165Ho*, 19Tp!00+, 192Dy!00+, 1R 100+ 19T m 160+, 172160+, 1754160+, 907,160+, 150Hf160+,
206py* 207pp* 232TR160, and 2*8U'O*. Count times ranged from 2 to 18 s per mass to optimize counting
statistics for each isotope, for a total run time of ~13 min per spot. See Text S1 in Supporting Information S1 for
additional details of the SHRIMP-RG analytical methods.

Zircon ages are calculated using the decay constant of H. Cheng et al. (2013) and the method of Boehnke
etal. (2016). The Boehnke et al. (2016) method calculates a date based on a mode equilibrium melt for each zircon
spot based on the >**U/***Th measured in the zircon, an assumed U/Th partition coefficient ratio between the
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Figure 2. Rank order plot of zircon crystallization ages. Data of Stelten and Cooper (2012) symbolized as triangles and
labeled (SC). Zircon surface analyses are circles and interior analyses are squares. Black horizontal lines with gray fields
show the associated *C date (rdc and rrm) or “°Ar/*°Ar date (all others) with 1o uncertainty (Fierstein et al., 2011;
Scott, 1987). Red horizontal lines with salmon fields show the zircon weighted mean date with 1o uncertainty of the youngest
group of zircons that yield an acceptable mean square weighted deviation. Note that the zircon weighted mean age for rmc
and rsw are younger than the *°Ar/*’Ar date at 16. Geologic unit abbreviations are as in Figure 1.

zircon and the melt, and assumes that melt variance from the equiline is £15% (1o). We calculated this mean U/Th
partition coefficient to be 5.4 + 0.8 from the South Sister zircons and sample whole rock compositions (Table S4).

The dates reported by Stelten and Cooper (2012) for the Holocene rhyolites were calculated using a two-point
model isochron approach (e.g., Reid et al., 1997) using the glass Th isotope ratios of the host rhyolites and the
older decay constant of H. Cheng et al. (2000). To ensure our dates are comparable to those of Stelten and
Cooper (2012), we first recalculated their model isochrons using the newer decay constant of H. Cheng
etal. (2013) and found only a 5% average difference with the updated decay constant after removing one crystal in
secular equilibrium. We then compared these dates to those calculated from their data using the Boehnke
et al. (2016) model and employed for our measurements and found a 38% difference for rdc (59% absolute
difference within uncertainty) and 30% for rrm (78% absolute difference within uncertainty). Stelten and
Cooper (2012) found the Holocene rhyolite whole rock compositions to be in 2% Th-excess. This contrasts to the
average of secular equilibrium +15% that is assumed in the Boehnke et al. (2016) model and is a potential source
of bias. We tested the magnitude of this bias by calculating model isochron dates using a whole rock Th isotope
composition based on the whole rock U/Th ratio and assumptions of secular equilibrium and with 2% Th excess.
We find that assuming 2% Th-excess makes an average difference of 2.2% in the calculated dates, which is less
than the analytical uncertainty. In the absence of whole-rock or glass Th isotope compositions for the Pleistocene
rhyolites, we prefer the method of Boehnke et al. (2016) and find that the assumption that the host melt is in
secular equilibrium on average is simpler and no less reasonable than assuming that the Th-excess measured for
the Holocene rhyolites was homogeneous throughout the magma system and unchanging during the interval of
zircon crystallization. All zircon dates discussed in the rest of this paper were calculated by the Boehnke
et al. (2016) model without Th excess. Additionally, to also ensure that the trace element measurements from
Stelten and Cooper (2012) are comparable to the late Pleistocene data, we recalculated the Holocene data with
preferred concentrations of Coble et al. (2018) that intercalibrate MAD-1 (standard of Stelten and Cooper (2012))
and MAD-559 (standard of this work) zircon trace element standards.

4. Results
4.1. Zircon °Th-2*%U Dates

Individual *°Th-***U ages are model ages calculated using the Boehnke et al. (2016) model and represent zircon
crystallization ages. Our data include 18 analyses in secular equilibrium, and thus unresolvable dates >350 ka.
The 228 resolvable zircon dates range from 282.5-3.4 ka, but 199 (87%) are approximately 100-20 ka (Figure 2).
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Figure 3. Probability density functions of the zircon populations by unit
based on model isochron slope calculated by the method of Boehnke

There are three dates from rgl interiors that are nominally resolvable from
344.4-310.9 ka but are within error of secular equilibrium and therefore
potentially older. The zircon dates for units rsw, rmc, rse, rdh, and rct all yield
probability density maxima around 40 ka (Figure 3). Units rrm (combined)
and rdc show a broad distribution with no distinct peaks. The unpolished
surface analyses (rsw, rmc, rse, rdh, rgl, rct) yield a narrower range of younger
dates compared to the crystal interiors (rdc, rrm coulee, rrm minidome, rgl,
rsw). This is especially true for rgl interiors; however, we do not have a
complete data set of interior and surface analyses for the other units. Unit rgl
shows two populations of zircon ages, one between 100 and 20 ka, probability
density maxima of ~40 ka, like the other Pleistocene rhyolites, and one
>150 ka, probability density maxima of ~250 ka (Figure 3). The coherent
>150 ka population was not found in the rgl surface dates or the surface dates
of the other rhyolites. While we only have four interior analyses for rsw, the
zircon crystal date range of 70.2-27.6 ka matches that of the larger surface
data set, 96.7-25.4 ka.

In addition to individual zircon dates, we calculate weighted mean dates for
the youngest distinguishable group of dates. We calculate this weighted mean

et al. (2016). Surface and interior data are combined for each unit. Geologic

unit abbreviations are as in Figure 1.

age by including progressively older zircon crystal dates until the mean
square weighted deviation (MSWD) exceeded the critical value. Given the
spread of ages and the size of the data set, we are not able to calculate a zircon
weighed mean age for rdc (Figure S4 in Supporting Information S1). The zircon weighted mean age for the rrm
main flow, rrm minidome, rct, and rgl interiors are all older than the associated “°Ar/*°Ar or '*C dates. The zircon
weighted mean dates for rgl surfaces, rdh, and rse are equivalent to the associated *°Ar/*°Ar date. However, the
zircon weighted mean dates for the rmc and rsw surface and rsw interior are younger than the associated “’Ar/*’Ar
dates at the lo level (Figure S4 in Supporting Information S1). The “°Ar/*’Ar eruption date for rmc is
47.4 + 8.2 ka and the zircon weighted mean date is 31.5 + 2.1 ka (n = 30, MSWD = 1.02). The 40Ar/*°Ar date for
rsw is 51.4 + 9.7 ka and the zircon weighted mean date for surfaces is 39.1 + 2.4 ka (n = 30, MSWD = 0.89). For
both rmc surfaces and rsw surfaces, the “°Ar/*’Ar eruption date and the zircon weighted mean age are differ-
entiated at 1o confidence level, such that the propagated uncertainty of the difference is less than the difference,
but not at the 20 confidence level.

4.2. Compositional Trends

Nearly all the zircon crystals have U contents lower than 500 ppm (Figure S5 in Supporting Information S1); only
18 have higher concentrations up to 2,610 ppm. Ti concentrations cluster between 3 and 10 ppm, some reaching
up into low to mid 20s ppm Ti (Figure 4). Eu/Eu* is generally low, ranging from 0.02 to 0.34 (Figure 4). Outside a
few outliers, the Hf concentrations range between approximately 6,000 to 11,000 ppm.

Zircon Hf concentrations correlate with some trace elements. We see decreasing Ti concentrations and Eu/Eu*
with increasing Hf concentrations (Figure 4, Figure S5 in Supporting Information S1). However, elements such as
Y, Sc, Nb, and ratios such as U/Th are not correlated with Hf concentrations, producing sub-vertical arrays
(Figure S5 in Supporting Information S1). These elements and ratios that do not correlate with Hf do show some
correlation with each other. For example, higher ratios of U/Th correlate with higher ratios of Hf/Nb and Yb/Gd.
There is no apparent correlation between zircon age and composition for any of the Pleistocene rhyolites
(Figure 5).

4.3. Zircon Temperatures

Crystallization temperatures are calculated using zircon Ti concentrations and the Ti-in-zircon geo-
thermometer calibration of Ferry and Watson (2007). This calibration requires activities of SiO, and TiO,.
However, determining these values is not straightforward for the South Sister rhyolites. We consider a range
of these two activities, how those ranges impact the Ti-in-zircon temperature, and how phases in the South
Sister system would impact these activities (see Text S1 in Supporting Information S1). The most reasonable
assumptions are an activity of 1 for SiO, and 0.7 for TiO,, and the zircon temperatures presented here use
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Figure 4. Variation of selected zircon trace elements and ratios. One anomalously high Hf/Nb ratio and Y/Sc ratio plots off
scale. zrc = zircon, amph = amphibole, titn = titanite, xtl = crystallization. Geologic unit abbreviations are as in Figure 1.

these activities. The temperature range for all zircons spans from 647 to 855°C (Figure S6 in Supporting
Information S1). The Pleistocene eruptions all show a similar average Ti-in-zircon temperature from 724 to
768°C (Figure S6 in Supporting Information S1). Of these Pleistocene units, rgl yields the highest average,
while rmc and rdh show the coolest temperatures. For the Holocene rhyolites, rdc has the highest average
temperature. Interestingly, rrm collected from the main coulee has a slightly higher average temperature than
the sample we collected from the minidome ejecta (Figure 1). There is no correlation or trend between
temperature and zircon age.

In addition to calculating the Ti-in-zircon temperature, we can use the whole rock composition to determine the
temperature at which the melt would have reached zircon saturation (Boehnke et al., 2013). The range of tem-
peratures that these melts reached saturation is 743-781°C (Figure S6 in Supporting Information S1). We also
considered the calibration of Watson and Harrison (1983); however, the range of temperatures calculated is higher
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Figure 5. Comparison of South Sister zircon crystallization ages to zircon trace element ratios. There are no clear trends
between zircon crystal age and composition for these, or other, trace elements. Geologic unit abbreviations are as in Figure 1.

(791-824°C) and are not consistent with the Ti-in-zircon temperature onset as the saturation temperatures using
Boehnke et al. (2013). We do not calculate saturation temperatures using Crisp and Berry (2022) because their
experiments only go down to 750°C, which is not a low enough temperature for this system, and the model
includes H,O values, which we do not have a constraint for.

5. Discussion
5.1. Revisited Eruption Chronology and Eruption Rate
5.1.1. Updated Eruption Chronology

In addition to utilizing zircon for information about the magmatic system, zircon surface dates can represent an
eruption age if zircon crystallization continued to the time of eruption, and growth was rapid enough to produce a
thick enough rim that could be analyzed by an ion probe (~4 pm for **Th-**°U dating). Examples include Lava
Creek Tuff in Yellowstone National Park (Matthews et al., 2015) and Wilson Creek Formation of Mono Lake,
California (Vazquez & Lidzbarski, 2012).

While a majority of the Pleistocene zircon dates are older than or indistinguishable from the associated “°Ar/*°Ar
date, in accordance with the typical assumptions of “*Ar/*°Ar and *®U-***Th systematics, the weighted mean age
of the youngest zircons from rsw and rmc are significantly younger than the corresponding “°Ar/*°Ar date at the
1o level, regardless of the standard used. The “°Ar/*Ar dates for rsw and rmc are plateau ages of bulk plagioclase
separates. The low K contents and low radiogenic yields make the ages susceptible to excess Ar—i.e. “°Ar that is
not attributable to in situ decay or atmospheric Ar (Kelley, 2002). The inverse isochron intercepts of the incre-
mental heating experiments for rsw and rme are within the uncertainty of the “°Ar/*®Ar ratio of atmospheric Ar;
however, particularly the larger uncertainty of the isochron intercept for rsw may not be sufficiently sensitive to
the small quantities of excess *’Ar needed to produce a spurious date due to the low *°Ar * yields of the
plagioclase separates. Moreover, we note that the incremental heating spectra for rmc are somewhat “saddle
shaped” (i.e., the ages of intermediate heating steps are consistently lower than the lower and high temperature
heating steps), which is often interpreted as reflecting the presence of excess Ar (Kelley, 2002). It is also possible
that inherited plagioclase crystals contributed to the older dates; however, we do not find consistent textural
evidence that the plagioclase was inherited, and >**Th-**Ra ages for the two Holocene rhyolites suggest that the
plagioclase records near-eruption growth (Stelten & Cooper, 2012).
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5 While the “°Ar/*®Ar plagioclase ages and **U-?*Th ages overlap at the 95%

confidence level, we propose that the more precise, and younger, zircon
surface weighted mean dates of 31.5 & 2.1 and 39.1 + 2.4 ka for rmc and rsw,
respectively, represent the better determinations of the eruption age for these
units. Zircon crystallization occurs in the melt body and thus cannot occur
after eruption; therefore, the zircon age must be a more accurate represen-
tation of eruption age. These younger eruption ages are consistent with field

relationships. Because rws and rmc are the oldest known eruptions of South

— ic Andesite | . . .. . . . S
Basaltic Andesite -2 Sister, this revision of their eruption ages inverts the relative timing of the

Cumulative Erupted Volume (km?3)

60 50 40

Model Age (ka)
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—e— Dacite ) initiation of Pleistocene volcanism at South Sister and Middle Sister and
—+— Rhyolite - Previous compresses the overall period of cone building at South Sister (Figure 6).
-#- Rhyolite - New
- - 0
20 10 0 5.1.2. Implications of Updated Eruption Chronology

Early work at Three Sisters suggested that North Sister is the oldest of the

Figure 6. Age (ka) and volume (km®) plot of South Sister for all erupted lava three, Middle Sister started erupting next, and after Middle Sister was no
types. The y-axis shows the cumulative South Sister lava exposed (km’) longer erupting, South Sister's eruptive sequence began (Clark, 1983; Hil-
(Fierstein et al., 2011). The previously adopted timeline (Calvert et al., 2018; dreth et al., 2012; Wozniak, 1982). However, new mapping and dating by

Fierstein et al., 2011; Hildreth et al., 2012) suggests South Sister erupted
before Middle Sister initiated (gray box, 1o) and the first South Sister
eruption was 51.39 ka (red diamonds). Our zircon dates suggest that

Fierstein et al. (2011), Hildreth et al. (2012) and Calvert et al. (2018) found
that the oldest Middle Sister lava eruption age of 48.5 £ 10 ka (mnf) and the

volcanism at South Sister began eruption after Middle Sister and South oldest South Sister lava of rsw at 51.4 + 9.7 ka were of similar age. They
Sister experienced a higher rate of rhyolite eruptive productivity from 40— concluded that North Sister is still the oldest, but South Sister was the next
30 ka than previously recognized (black squares). edifice to be active, followed by Middle Sister as the last edifice to have its

first eruption, noting that these dates are not distinguishable, and that activity
at South and Middle Sisters largely spanned a similar period in the late Pleistocene. Our revised eruption age for
rsw, 39.1 + 2.4 ka, now postdates the earliest known eruption from Middle Sister (Figure 6) but does not change
the broader point that the Pleistocene South Sister and Middle Sister eruptions were largely contemporaneous.
Products of earlier eruptions from both edifices that would further refine this timeline may have been removed by
glaciation and/or buried, but our new dates indicate that Middle Sister initiated before South Sister. The revised
rsw and rmc eruption ages fall in the general pause of Middle Sister activity, ranging from approximately 37 to
27 ka (Fierstein et al., 2011). While Middle Sister and South Sister have overlapping eruptive periods, this shift in
the South Sister eruption timeline suggests a higher productivity of silicic eruptions at South Sister while Middle
Sister was eruptively quiet.

The new, younger eruption ages of rsw and rmc condense the eruption sequence such that nine rhyolites erupted
from 40-30 ka, rather than just seven, increasing the eruptive rate of the system significantly during this time-
frame, and all the Pleistocene rhyolites erupted within 15.1 kyr rather than 27.4 kyr. To evaluate the changes in
eruptive rate at South Sister due to the revised eruptive sequence, we consider the cone building phase of the late
Pleistocene that concluded at ~22 ka (i.e., excluding the Holocene eruptions). Based on the OAr/PAr dates, the
eruptive rate for all lava types is 0.39 km*/kyr and for rhyolite lava is 0.17 km*/kyr over the cone building stage.
However, with the updated eruption ages, the eruptive rate for all lava types is 0.67 km*/kyr and for rhyolite lava
is 0.30 km®/kyr over the cone building stage, almost doubling the eruptive rate during this time interval.
Calculated for all eruptions over the lifetime of the volcano, the eruptive rate of South Sister is 0.4 km*/kyr, which
is a moderate rate compared to other well-characterized Cascade Range volcanoes: Mount Baker is 0.1-0.2 km?/
kyr, Mount St. Helens is 2 km*/kyr, Mount Adams is 0.4-0.6 km*kyr, and Mount Shasta is 0.75 km>/kyr
(Hildreth, 2007).

5.2. Trace Element Fingerprints of Magma Reservoir Structure

Correlations among zircon trace element compositions are commonly interpreted to reflect the compositional
evolution of the host melt resulting from the crystallization or destabilization of zircon or other co-existing
phases. The Hf composition is a common index of zircon crystallization, whereby an increase in Hf suggests
progressive zircon crystallization (Claiborne et al., 2006; Hoskin & Schaltegger, 2003). Likewise, the Eu anomaly
is used as a differentiation index for plagioclase, where a decrease in the Eu/Eu* ratio tracks a melt crystallizing
plagioclase, and thus the fractional crystallization of the melt more generally. The partitioning of Ti in a zircon is
temperature sensitive and as such, the concentration of Ti in zircon is used to understand the temperature of the
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system (Ferry & Watson, 2007). Additionally, U has a higher partition coefficient than the still compatible Th, and
with high partition coefficients for the heavy rare earth elements (HREE) in zircon, progressive zircon crystal-
lization should also decrease the U/Th ratio and the abundance of HREE relative to middle rare earth elements
(MREE) and light rare earth elements (Claiborne et al., 2018; Hoskin & Schaltegger, 2003).

The decrease in Ti and Eu/Eu* with increasing Hf concentrations for the Pleistocene rhyolite's zircon data is
consistent with the down-temperature co-crystallization of zircon and plagioclase (Figures 4a and 4c). In contrast
to Ti and Eu/Eu*, we do not see a correlation between Hf and the U/Th or REE ratios that would be expected if
zircon crystallization was the principal process affecting these ratios (Figure 4e). Moreover, we do not see a zircon
crystallization trend in the generally flat U/Th versus Eu/Eu* trend (Figure 4b). However, the U/Th ratio and REE
ratios such as Yb/Gd are correlated to each other but not with the indication of zircon crystallization or general
crystallization, suggesting that another process exerts greater leverage on the evolution of these elements.

Processes that could also influence these concentrations outside zircon crystallization include the crystallization
or destabilization of phases such as amphibole, clinopyroxene, titanite, and/or Fe-Ti oxides. Broadly speaking,
clinopyroxene and Fe-Ti oxides do not incorporate U, Th, or the REE in high enough concentrations to have a
large impact on their evolution. Importantly, we note that Kp%/Kp™ < 1 and K™ /K ,"REE > 1 in titanite and
amphibole, while Kp"/Kp™ > 1 and KV EE/K,#REE < 1 in zircon, so crystallization of these phases drives the
U/Th and Yb/Gd ratios of the residual melt in opposite directions. The evolution produced by U/Th versus Yb/Gd
could be caused by either zircon or titanite/amphibole crystallization. However, the lack of correlation with Hf,
the flat U/Th versus Eu/Eu* trend, and the negative correlation between U/Th versus Y/Sc (which is the opposite
trend if zircon crystallization were controlling the evolution of these elements, Bachmann et al., 2005) suggests
that zircon is not leveraging control of the evolution of these elements. Additionally, we see higher Nb con-
centrations and Y/Sc ratios at low U/Th ratios that indicate zircon fractionation, but this is not consistent with the
whole rock compositional evolution (Hildreth et al., 2012). These data trends rule out zircon crystallization as the
main influence on these trace elements so instead, we propose that the trends in U/Th and the REE are consistent
with the involvement of amphibole and titanite (Figure 4f).

While the trace element compositions of the surfaces are largely indistinguishable, some zircon interiors are
marked by higher concentrations of Nb, Ti, and Sc. Most Nb concentrations are <5 ppm, Ti concentrations are
~2-10 ppm, and Sc concentrations are ~50-100 ppm (Figure 4, Figure S5 in Supporting Information S1).
However, the zircon interiors for rgl and rsw reach higher concentrations of 15, 26, and 150 ppm for Nb, Ti, and
Sc, respectively. Comparing Y/Sc versus Nb shows two distinct trends: one with lower Nb values and one with
higher Nb values (Figure 4g). Nb can be moderately incompatible or compatible in zircon and amphibole but is
always compatible in titanite (Bachmann et al., 2005; Berlo et al., 2004; Tiepolo et al., 2007). Due to these
differences in the affinity for Nb, we interpret the higher Nb trend to be due to titanite destabilization, and the
lower Nb trend to be caused by amphibole destabilization (Bachmann et al., 2005). The high-Nb titanite signature
is found more often in zircon interiors.

As such, we suggest that the destabilization of amphibole and titanite in response to magma recharge deeper in the
magmatic system is the principal driver of the U, Th, and REE ratios, thereby decoupling them from zircon and
plagioclase co-crystallization. Very rare amphibole is present in the Holocene lavas, and its cryptic involvement
in the Pleistocene lava is inferred from trace element trends and is a common feature of intermediate to silicic arc
magmatic systems more generally (Davidson et al., 2007). While titanite has not been identified in the South
Sister lavas, cryptic titanite destabilization in the magma could still contribute to these zircon compositions.
Titanite is a common late-stage accessory mineral in felsic calc-alkaline plutons; thus, its presence in the cooler,
more crystallized mush would be not surprising (Kohn, 2017).

Various vocabulary and schematics have been postulated to describe the anatomy of the magmatic system beneath
a volcano informed by both geophysical and geochemical evidence (e.g., Annen, 2009; Bachmann & Ber-
gantz, 2004; Bacon & Druitt, 1988; Charlier et al., 2005; Cooper & Kent, 2014; Hildreth, 1981, 2004; Huber
etal., 2009; Marsh, 1981). Here, we propose a framework involving a mush zone and melt-rich holding chambers.
We consider a mush zone located in the upper crust where silicic melts focus and crystalize to a high-crystal
content, the crystallinity, longevity, and temperature of which can vary (Dufek & Bachmann, 2010; Hil-
dreth, 2004; Kent & Cooper, 2018). The melt-rich holding chambers represent the melt-segregation from the
mush that can more readily be erupted (Bachmann & Bergantz, 2004; Hildreth, 2004). It has been suggested that
there is magma distributed throughout the upper crust beneath South Sister (e.g., Brophy & Dreher, 2000;
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Hill, 1991) as well as in the lower crust (e.g., Hildreth, 2007; Hildreth et al., 2012). The presence of rare
amphibole in the Holocene rhyolites, but not in the late Pleistocene rhyolites, suggests some level of inter-
connectivity between a slightly deeper melt body and the shallower, more evolved mush that is tapped for
rhyolitic eruption. The common mush zone fingerprints the indistinguishable trace element trends across the
Pleistocene eruptions, and the interconnectivity of the magma system provides transport of amphibole and titanite
into the crystal mush (Cashman et al., 2017). Periodic intrusions needed to maintain melt in the upper crust (Dufek
& Bergantz, 2005; Karakas & Dufek, 2015) may periodically destabilize amphibole and titanite, as recorded by
the trace element trends. The resulting melts are then assimilated into the larger magma reservoir. The locus of
amphibole and titanite destabilization need not be coincident with in space or time with the zircon crystallization,
but apparently was volumetrically significant to dominate the REE and U/Th budget of the magma system.

5.3. Integrated Perspective of the Late Pleistocene Magma System
5.3.1. Longevity and Structure

In addition to the trace element fingerprints of the structure of the magma system, we can utilize the zircon dates to
consider the longevity of the Pleistocene magma system. The continuity of zircon crystal dates for all Pleistocene
rhyolites falling from 100-20 ka suggests a long-lived mush zone of silicic magmas and zircon crystallization. We
suggest that this mush zone allowed for the destabilization of amphibole and titanite, catalyzed by new arrivals of
more mafic magma from the depth of the interconnected magmatic system and melt-rich holding zones of more
readily eruptible material. These holding chambers could be distinct, one getting tapped for each Pleistocene
eruption, or more interconnected and tapped over the Pleistocene rhyolite eruptions. The clustering of zircon
surface dates around the eruption ages suggests that the magma body remained at zircon saturation composition
and temperatures up to eruption or long enough to grow the ~4 pm zircon depth to be analyzed, suggesting
hundreds to thousands of years of storage based on zircon growth and dissolution kinetics (Watson, 1996).

This common mush zone is also supported by the lack of temperature, temporal, or spatial trends in the zircon
crystal ages and compositions. We can distinguish neither individual Pleistocene rhyolites nor geographic clusters
of eruptions, for example, those east versus west of the summit, based on their zircon trace element compositions.
While we do see a range of Eu/Eu* and Yb/Gd ratios, there is no systematic increase or decrease through time to
suggest major melt body processes or evolution in the system. Additionally, using the Ti-in-zircon thermometer,
we see no thermal correlation with zircon model age. The shortened interval of rhyolite eruptions in the Pleis-
tocene suggested in this work and a lack of temporal or spatial trace element trends supports a single reservoir that
was repeatedly tapped over the eruption sequence. Conversely, multiple physically distinct reservoirs could have
been tapped and emptied via a single eruption. The zircon data cannot distinguish between a melt-rich or a mushy
extraction source. No matter the process of eruption, the mush zone was likely a dynamic system that was
continually replenished via the interconnected system but remained constant chemically through the Pleistocene
rhyolite eruption sequence.

5.3.2. Regional Connections to the Magma System

In addition to the proposed magma system beneath South Sister, there is evidence of xenocrystic zircons in one
eruptive unit from a near-by volcano. While most of the zircon crystal populations range from 100 to 20 ka,
Rhyolite of Green Lakes (rgl) includes an older subset of zircon ages ranging from 150 ka to secular equilibrium
(>350 ka). The extent of the exposed rgl is on the eastern flank of South Sister with proximity to Broken Top
volcano (Figure 1). While other lavas, such as rse and rdc, are also on the eastern flank, rgl has the most complete
dataset including both surface and interior zircon analyses. Broken Top eruptive activity lasted from 300 to 150 ka
and compositionally ranged from basalt to rhyodacite (Hildreth, 2007). The correlation between the older rgl
zircon age population and the Broken Top eruptions suggests that either: (a) rgl inherited xenocrysts from the
solidified Broken Top magma system or (b) the Broken Top magma system remained active for more than 100 kyr
following the final eruptions of Broken Top and also fed the rgl eruption. Scenario (a) is favored due to the
bimodal age distribution of interior zircon model ages (Figures 2 and 3), whereas scenario (b) would have
produced a more continuous age distribution from secular equilibrium through to 20 ka. Currently, Broken Top is
an understudied volcano. Further mapping, geochronology, and petrologic investigation at Broken Top would
allow an improved understanding of its magmatic system and support comparison to that of South Sister. Other
volcanic centers in the area such as Todd Lake volcano, Tam McArthur Rim, and the Tumalo volcanic complex
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Figure 7. Comparison of the trace element compositions and ratios for the main Holocene rhyolite lava (data from Stelten &
Cooper, 2012) (red), the rrm mini dome (pink), and the Pleistocene rhyolites (blue). The zircons from the Holocene and
Pleistocene lavas can be distinguished based on their trace element compositions, except for the rrm minidome (pink
squares), which displays some chemical affinity to both groups, see text. Geologic unit abbreviations are as in Figure 1.

could also be the source of these older zircon crystals; however, the overlapping ages and proximity suggest that
Broken Top is the more likely candidate (Hildreth, 2007; Hill, 1991; Klemetti et al., 2023).

5.4. Comparing the Late Pleistocene and Holocene Magma Systems

In addition to the Pleistocene data set collected for this project, we can include a comparison of the Holocene data
set of Stelten and Cooper (2012) to infer the state of the magmatic system over time. As discussed above, the
Pleistocene rhyolites largely cannot be distinguished from one other based on zircon compositions, except for the
higher Nb interiors of rgl and rsw. However, zircons from the Holocene rhyolites do show a distinction in
compositions when compared to those from the Pleistocene rhyolites (Figure S7 in Supporting Information S1).
The highest Nb concentrations occur in the Holocene zircons and the Holocene zircons have predominately lower
Eu/Eu* (Figure 7).

This distinction of trace element concentrations between the two main Holocene lavas and the Pleistocene lavas
suggests that the mush zone and melt-rich bodies that fed these two eruption sequences are distinct. The overlap in
zircon crystal dates from all units implies that the mush zones that fed these eruptions were largely coeval in the
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crust and likely relatively restricted in the spatial area of the system. As such, it is likely that the melt source for
the two main Holocene lavas was present during the Pleistocene eruptive sequence but was not tapped for an
eruption. These could be two physically distinct melt-rich bodies (e.g., Stelten & Cooper, 2012) or a single body
that was tapped for both Holocene eruptions.

Additionally, compared to the late Pleistocene zircon crystals, the Holocene samples tend to have higher Nb
compositions, reflecting likely more titanate dissolution (Figure 7c). The erupted Holocene magmas may have
been derived from a slightly more fractionated source than the late Pleistocene magmas as suggested by the lower
Eu/Eu* ratios. Such constraints could also suggest that the late Pleistocene rhyolites reflect a deeper part of the
magmatic system relative to the Holocene rhyolites.

While the compositional distinction between the Pleistocene eruptions and the two main Holocene eruptions is
clear, the rrm minidome complicates the story. The rrm minidome is located just east of the main rrm coulee vent
and shares compositional trends with both the main Holocene and late Pleistocene groups of lava. In U/Th, Nb,
and U, the rrm minidome compositions match that of the Holocene group (Figure S7 in Supporting Informa-
tion S1). In Eu/Eu* and Ti, the rrm minidome has similar values to the Pleistocene rhyolite zircons. However,
there is also considerable overlap between the rrm minidome with both the late Pleistocene and Holocene groups
in other compositions. While we do not have enough data to make a concrete conclusion, causation for these
trends includes cooling along the edge of the rrm reservoir that erupted as the rrm minidome or the interaction of
the rrm reservoir with a remnant of the Pleistocene system.

5.5. Holocene Implications

Not only does this work help us understand the evolution and structure of the past rhyolitic magmatic system at
South Sister, but it can also give us clues to how a modern rhyolitic magma system could evolve. Specifically, we
highlight how the Pleistocene rhyolite eruptive sequence could be repeated in the Holocene. The Pleistocene
rhyolite magmas all originated from the common South Sister magmatic system, evolved in a long-lived partially
crystallized mush, and erupted from melt-rich region(s) for each eruption. The updated South Sister eruption
chronology suggests a higher rhyolitic eruptive rate of 0.30 km>/kyr during the 39-22 ka cone building stage.
Notably, the recurrence interval of rhyolitic eruptions from 40 to 30 ka is just over a thousand years, during which
nine of the 11 Pleistocene rhyolites erupted.

The inflation at South Sister since the mid-1990s and the spring geochemistry do suggest that magmatism
continues beneath South Sister (Evans et al., 2004; Lisowski et al., 2021). Therefore, it must be considered if the
Holocene eruptions are the beginning of a cluster of rhyolite eruptions similar to the Pleistocene episode.
Continuing and additional efforts such as additional monitoring and geophysical imaging to identify and char-
acterize an active reservoir that could feed multiple future eruptions is currently beneath South Sister would help
explain if the late Pleistocene episode is a relevant guide to future volcanism. If so, this would suggest that the
eruptive volume, sequences, hazards, and hazard zones from the 40-30 ka eruptions would become an important
reference for mitigation and monitoring of future volcanic hazards at South Sister.

6. Conclusions

1. The two oldest South Sister rhyolites (rsw and rmc) are 12.3 and 15.9 kyr younger than previously thought,
making South Sister the most recent of the Three Sisters to initiate eruptive activity. The resulting shorter
duration of the edifice building stage at South Sister almost doubles the eruptive rate during this stage.

2. Zircon compositions record magma evolution by down-temperature plagioclase and zircon co-crystallization.
However, they also record the influence of destabilized amphibole and titanite in the magma system. The
destabilization of these phases exerted compositional leverage on the U, Th, and REE compositions of the melt
and decoupled these elements from the down-temperature zircon and plagioclase crystallization recorded by
Hf, Ti, and Eu/Eu*.

3. The Pleistocene rhyolites were derived from a shared crystal mush that imprinted the compositional simi-
larities of all lavas. This mush remained at zircon saturation composition and temperature for hundreds to
thousands of years for zircon rim crystallization prior to eruption of the melt-rich region(s).

4. The main flows and domes of the Holocene rhyolites have zircons with similar ages but distinctly lower Eu/
Eu* ratios than zircons from the Pleistocene rhyolites, suggesting they crystallized from melts that underwent
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more plagioclase fractionation than the Pleistocene rhyolites. As such, these Holocene eruptions come from a
separate reservoir or mush body than the Pleistocene eruptions.

5. The Holocene rhyolite eruptive sequence is distinct from the Pleistocene rhyolite eruptive sequence and thus
could follow a unique eruptive future. Conversely, the Pleistocene rhyolite eruptive sequence could be
repeated in the Holocene. If volcanic history repeats itself, we can expect a rhyolitic eruption recurrence
interval of just over a thousand years and an eruptive rate of 0.30 km>/kyr. The Pleistocene rhyolite eruptive
sequence is an important reference for evaluating future hazards at South Sister, while acknowledging South
Sister could be in a new rhyolitic eruption sequence.

Data Availability Statement

Data is available through Dechert (2024) and the Zenodo DOI https://doi.org/10.5281/zenodo.12761102 as well
as in Supporting Information S1.
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