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Abstract

Ignimbrite flare-ups are rare periods of intense silicic volcanism during which the pyroclastic volume and eruptive frequency is more
than an order of magnitude higher than background activity. Investigating the compositional differences between flare-up and steady-
state magmas provides critical constraints on the petrogenetic causes for the event and can offer unique opportunities to investigate
the role of large-scale tectonic or geodynamic processes in arc magmatism. In this study, we focus on the bimodal Deschutes Formation
ignimbrite flare-up of Central Oregon, which erupted unusually high volumes of pyroclastic material 6.25-5.45 Ma from a new axis
of volcanism in the Cascades arc. This episode is marked by increased eruption rates and eruption of more silicic compositions
relative to the Quaternary Cascade arc, which rarely erupts rhyolites. Ignimbrites are crystal-poor (<10%) dacite to rhyolites (mostly
65-77 wt.% SiO,) with anhydrous mineral assemblages and higher FeO/MgO, Y, Eu/Eux, MREE and Z1/Sr, indicating drier magmatic
evolution compared to the Quaternary arc, and are more similar to those from the rear-arc High Lava Plains (HLP) province that lies to the
east. Magnetite-ilmenite oxybarometry indicates that Deschutes Formation felsic magmas tend to be hotter and more reduced (NNO-1
to NNO) than the Quaternary arc (NNO to NNO + 1.5). Rhyolite-MELTS geobarometry suggests complex storage of diverse Deschutes
Formation magmas within the shallow crust (50-250 MPa), and the common co-eruption of multiple plagioclase populations, pumice
compositions, and compositionally banded pumice suggest variable degrees of mixing and mingling of distinct magmas. Deschutes
magmas also have low algoplagiodase values that indicate partial melting and assimilation of hydrothermally altered shallow crust.
Trace element systematics and rhyolite-MELTS modeling suggests that felsic pumice cannot be produced by simple fractionation of
co-erupted mafic pumice or basaltic lavas, and requires a crustal melting origin, and trace elements and Pb isotopes suggest that young
mafic crust may have been the primary protolith. We suggest that partial melting produced low-Si rhyolite melt (~72 wt.%) that acted as
both a parent for the most evolved rhyolites, and as a mixing endmember to create the dacite to rhyodacite magmas with heterogenous
plagioclase populations. Unlike the predominantly calc-alkaline basalts erupted in the Quaternary Cascade arc, Deschutes Formation
primary basalts are mostly low-K tholeiites, indicative of decompression melting. These are similar to the compositions erupted during
a contemporaneous pulse of low-K tholeiite volcanism across the whole HLP that reached into the Cascades rear-arc. We suggest that
intra-arc extension focused decompression melts from the back-arc into the arc and that tensional stresses allowed this high flux of hot-
dry-reduced basalt throughout the crustal column, causing partial melting of mafic protoliths and the production of hot-dry-reduced
rhyolite melts. Depletion of incompatible elements in successive rhyolites implies progressive depletion in fertility of the protolith.
Extension also allowed for the establishment of a robust hydrothermal system, and assimilation of hydrothermally-altered rocks by
magmas residing in a shallow, complex storage network lead to low §'80 melts. Our findings suggest the integral role that extensional
tectonics played in producing an unusual ignimbrite flare-up of hot-dry-reduced rhyolite magmas that are atypical of the Cascades arc
and may be an important contributor to flare-ups at arcs worldwide.
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INTRODUCTION pyroclastic volcanism with eruptive volumes and frequencies that
are more than an order of magnitude higher than background
activity (Gravley et al., 2016). Flare-ups with variable magnitudes
and durations have been identified in many arc systems around
the world (Gravley et al., 2016) so comparing the compositions,

Determining the timing, frequency, and petrogenesis of felsic
magmas erupted explosively at arc volcanoes is critical to haz-
ard assessment and to understanding the processes that drive

magmatic diversity in volcanic arcs. Temporal changes in the frequency, and volumes erupted during these events to those of
composition, magnitude, or style of volcanism within an arc offer the background eruptive activity allows inference of the petroge-
unique opportunities to investigate the role of large-scale tectonic netic causes for these rare and potentially catastrophic explosive
or geodynamic processes in magmatism. One of the most spectac- events.

ular examples of large-scale changes in eruption intensity are so Ignimbrite flare-ups at arcs worldwide have been attributed
called ignimbrite flare-ups — defined as temporary periods of silicic to a number of causes, but most studies support an increase
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in basaltic flux into the arc crust as the driver of increased
production of evolved magmas (Best & Christiansen, 1991; de
Silva & Gosnold, 2007; Farmer et al., 2008; de Silva et al., 2015;
Gravley et al, 2016). However, there is uncertainty about the
ultimate sources of mantle derived magmas, as well as the role of
upper plate processes in rapidly producing such large volumes of
silicic magma. Changes in subduction parameters such as higher
convergence rates or a change in the geometry of the subducting
slab can result in an increased delivery of fluid to the mantle
wedge and thus increase the flux of hydrous mantle melts to the
crust (Hughes & Mahood, 2011; Seebeck et al., 2014). Alternatively,
increases in the production of hotter and drier decompression
melt may be caused by slab-rollback, slab tears, or foundering of
dense lower crust (Ferrari et al., 2002; Farmer et al., 2008; Rowland
et al., 2010; Deering et al., 2011; Lee & Anderson, 2015; Gravley et
al.,, 2016).

Finally, it is also possible that flare-up events occur in response
to changes with the lithosphere. For example, upper plate exten-
sion has been recognized to be associated with flare-up events
in many locations, examples include the Sierra Madre Occidental
(Ferrariet al., 2002), Tepic-Zacoalco Rift (Frey et al., 2007), Southern
Aegean active volcanic arc (Papazachos & Kiratzi, 1996; Fran-
calanci et al.,, 2005) and the Taupo Volcanic Zone (Deering et al.,
2011). These locations all experienced heightened silicic magma
generation and increased explosive volcanic activity following an
increase in, or initiation of, crustal extension. In addition to caus-
ing increased production of decompression mantle melts, crustal
extension may also provide pathways for increased basaltic flux
into the upper to middle crust, which can lead to more fraction-
ation and/or more crustal melting, thereby producing larger vol-
umes of silicic magma (Jellinek & DePaolo, 2003; Price et al., 2005).
Extension can also facilitate hydrothermal circulation and thus
further modify the crust. However, although large-scale crustal
extension has been suggested to be the cause of several larger
flare-ups worldwide, no previous study has investigated whether
moderate to minor extension in a hot and dry arc setting could
initiate an ignimbrite flare-up.

In this study we investigate the petrogenetic causes for an ign-
imbrite flare-up, by focusing on the Deschutes Formation of Cen-
tral Oregon, which preserves a short period of unusually explosive
silicic volcanism in the central Cascades arc. The Deschutes
Formation (7 to 4.5 Ma) preserves ignimbrites and tephra-fall
deposits from a short, 800 ka pulse (6.25 to 5.45 Ma) of elevated
explosive volcanism that represents North America’s most recent
arc-sourced ignimbrite flare-up (Pitcher et al.,, 2017, 2021). Relative
to background Cascade arc magmatism, volcanism in this interval
represents a significant increase in explosive eruptive activity
and a shift to more silicic erupted compositions. The flare up
also occurred within a region experiencing inter-arc extension,
and thus the location provides a unique case study to investigate
the causes for an ignimbrite flare-up in a continental arc where
both decompression and fluxed melting occur (Green and Harry,
1999; Leeman et al., 2004; Ruscitto et al., 2010; Walowski et al.,
2015). The Deschutes Formation flare-up is also intriguing as
the Quaternary Cascade arc lacks many of the attributes, such
as evolved crust or high convergence rates, found by Hughes
& Mahood (2011) to be associated with higher caldera density
in arcs (an indicator of the frequency of large silicic eruptions)
(Verplanck & Duncan, 1987; Priest, 1990; Hildreth, 2007; Hughes
& Mahood, 2011). Furthermore, the Cascades arc is well-studied,
with abundant compositional data collected on volcanic rocks
across the whole arc and throughout its 40 Ma history (e.g. du
Bray & John, 2011; Pitcher & Kent, 2019), allowing for comparison

of flare-up compositions to those from more typical background
activity. Collectively these data allow us to examine the origin and
role of coeval basalts and the influence of intra-arc extension
on the production of an ignimbrite flare-up. In the following
paper we present major element, trace element, and oxygen and
lead isotopic data and discuss the petrogenesis of the Deschutes
Formation ignimbrite flare-up.

BACKGROUND

The Cascades arc has been active since approximately 40 Ma,
resulting from subduction of the Juan de Fuca Plate beneath
the North American Plate (du Bray & John, 2011; Humphreys &
Grunder, 2022). The Cascades are spatiotemporally divided into
the ancestral Western Cascades, which was most active prior to
7.5 Ma and erupted over an area approximately three to four
times wider than the Quaternary arc, and the more recent High
Cascades (7.5 Ma to present), which erupted in a much narrower
belt east of the Western Cascades (Priest, 1990). Although the early
central Oregon Western Cascades (35-17 Ma) produced abundant
silicic explosive volcanism, the late Western Cascades (17-7.5 Ma)
and modern High Cascades were characterized by effusive erup-
tions of andesite lavas and much lower overall production rates
(Priest, 1990; du Bray & John, 2011).

A marked change in the arc occurred with the initiation of the
early High Cascades, part of which is recorded in the Deschutes
Formation (7.5-4 Ma). Volcanism was characterized by bimodal
compositions, erupting significant volumes of MORB-like, low-K
tholeiitic basalt (0.1-0.5 wt.% K,0) (HAOT of Hart et al., 1984) and
basaltic andesite as well as ignimbrite eruptions of dacite to rhy-
olite composition, marking a change from the almost exclusively
calc-alkaline andesite compositions that dominated the previous
10 Ma (Conrey, 1985; Priest, 1990; Sherrod & Smith, 1990; du Bray
& John, 2011). In the Deschutes Formation at least 78 distinct
explosive eruptions (6.25-5.45 Ma) are recorded as ignimbrites and
tephra fall deposits in the stratigraphy of the Deschutes Basin, 5-
50 km east of the arc, with total pyroclastic volumes estimated
to be 400 to 675 km? (210 to 330 km?® DRE) (Pitcher et al., 2021).
This represents a volume and frequency of silicic eruptions that
is more than an order of magnitude higher than background
Cascades arc activity during the last 17 Ma (~8.5 km? and 0.7 km?
per 10 kyr, respectively) (Pitcher et al., 2021). Volcanic supply was
high enough to support an aggrading basin until the formation of
the High Cascades Graben (Fig. 1), beginning ~5.3 Ma, ultimately
cut off supply from the arc crest and arrested aggradation (Smith
et al., 1987).

Pliocene High Cascades volcanism was confined to the graben
and built a broad mafic platform of numerous overlapping shield
volcanoes (Taylor, 1990). Ongoing arc volcanism in the central Ore-
gon Cascades continues to be characterized primarily by numer-
ous overlapping monogenetic basalt to basaltic andesite shield
volcanoes (Hildreth, 2007). Larger, more intermediate composition
stratovolcanoes include, from north to south, Mt. Jefferson, Three
Sisters, and Broken Top. There have been eight explosive eruptions
in central Oregon since 700 ka, of which five had volumes larger
than 0.1 km? (DRE) (Hildreth, 2007, and references therein). This
includes pyroclastic eruptions from the Tumalo Volcanic Center,
which extends 15-20 km east of the main arc axis (Sherrod et al.,
2004). However, overall, volcanic production rates of all compo-
sitions are much lower in the Late High Cascades (<4 Ma) than
during the 7.5-4 Ma Early High Cascades phase that produced
the Deschutes Formation (Priest, 1990). During the Quaternary,
the entire 1200 km long arc produced only 20 explosive eruptions
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Fig. 1. Location of Deschutes Basin field area in central Oregon, USA. (a) Heat flow map (Ingebritsen & Mariner, 2010) with the positions of the Western
Cascades ancestral arc and the major Quaternary High Cascades volcanoes shown. The position of Deschutes Basin to the east of the central Oregon
Cascades is near the intersection with the High Lava Plains province of southeastern Oregon. The highest heat flow in the Cascades is between Mount
Jefferson and Three Sisters. (b) Sampling locations for geochemical analyses are shown by dots. Green Ridge, which marks the eastern edge of the High
Cascades Graben, is shown along with normal faults to the south that belong to the Sisters Fault zone. The approximate position of the Tumalo

Volcanic Center (TVC) is also depicted (modified after Pitcher et al., 2017).

with volumes >1 km?® (Hildreth, 2007) with only four known
caldera-forming eruptions, placing it in the lowest 40™ percentile
in caldera density for arcs worldwide (Hughes & Mahood, 2011).

In the present day, the Cascades arc of central Oregon lies just
to the northwest of the Basin and Range province and is under
extension as expressed by the central Oregon Cascades graben.
This graben is bounded to the east by Green Ridge, the foot wall
of a 600-meter westward dipping normal fault scarp, as well as a
marked increase in hydrothermal heat discharge and crustal heat
flow (Fig. 1) beginning just north of Mt. Jefferson and extending
south to Three Sisters (Ingebritsen & Mariner, 2010). The Oregon
forearc is rotating clockwise approximately 2°/ Ma (McCaffrey et
al., 2007) around a pole located in northeastern Oregon or south-
eastern Washington (Trench et al., 2012). Pluton migration studies
coupled with paleomagnetic evidence indicate that this rotation
has been continuous since the mid-Miocene (Wells & Heller, 1988;
Wells & McCaffrey, 2013). The current intra-arc extension rate in
central Oregon is relatively low, approximately 1 mm/a, however,
Conrey et al. (2002) suggest that extension rates may have been
approximately 3 mm/a during Deschutes Formation time.

To the east, the northern margin of the Basin and Range is in
the High Lava Plains, which is a bimodal province with westward-
younging rhyolite centers related to rollback and steepening of the
Juan de Fuca slab beneath Cascadia (Long et al., 2012; Ford et al.,
2013; Till et al., 2013), or possibly to westward migration of Yellow-
stone plume modified mantle (Camp & Ross, 2004; Jordan, 2005;
Camp, 2019). Although there is a general westward-younging

trend, eruption rates were not continuous since 16 Ma, and pulses
of silicic volcanism in the HLP were controlled by both the timing
of increased mantle upwelling and changes in regional tectonics
including Basin and Range extension and the Brothers Fault Zone
(Swenton et al., 2022). Basalts of the HLP are low-K tholeiites (LKT),
similar to those of the Deschutes Formation, and do not form a
spatiotemporal trend; several pulses of increased basaltic activity
have occurred over the last 15 Ma, the largest of which occurred
7.8-7.5 Ma, erupting LKTs across the whole province and within
20 km of the arc (Jordan et al., 2004). At the same time, Basin
and Range extension reached the region (Scarberry et al., 2010),
the new High Cascades arc was established east of the ancestral
arc within a region undergoing extension (Conrey et al., 2002; du
Bray & John, 2011), and Deschutes Formation LKT lavas first began
erupting from this newly formed arc.

The Deschutes Formation is roughly bimodal, consisting of
mafic lava flows and silicic pyroclastic units, intercalated with
volcaniclastic sediments deposited within the Deschutes Basin
of central Oregon (44.25-44.75°N) over an area of more than
2000 km? (Fig. 1). Ignimbrite thickness, welding facies, and imbri-
cation indicate two main ignimbrite sources: one near modern
Three Sisters and one near modern Mt. Jefferson (Pitcher et al.,
2021). The formation overlies Columbia River Basalt and the Sim-
tustus Formation (12-16 Ma) to the north (Smith, 1986; Smith et al.,
1987), and the Oligocene John Day formation to the east (Robinson
et al., 1984). Late Miocene and Pliocene lavas armor the landscape
and modern erosion by the Deschutes River and its tributaries
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have incised steep canyons that provide excellent exposures of
the volcanic stratigraphy of the Deschutes Formation.

METHODS

This study utilizes major and trace element data for tephra glass
presented in Pitcher et al., 2021. New data presented in this study
include: major element data from plagioclase, pyroxenes, and Fe-
Ti oxides, oxygen isotope data from plagioclase, and Pb isotope
data from plagioclase and glass.

Major and trace element analysis of tephra glass

The major and trace element dataset from Pitcher et al. (2021)
includes in situ electron microprobe (EMP) data and laser ablation
inductively coupled plasma mass spectrometer (LA-MC-ICPMS)
data collected on fresh pumice glass from 159 ignimbrite samples
and 70 tephra-fall samples from 78 distinct units of the Deschutes
Formation. The authors collected approximately 10-15 analyses
for each sample, and care was taken to analyze the same glass
spot with LA-ICP-MS as was analyzed with EMP. Analyses with
major element totals <90% and those that had major or trace
elements concentrations indicating analysis of crystalline phases
were removed, as described in Pitcher et al. (2021). After removing
these outliers, the dataset includes a total of 1313 major element
analyses and 1289 trace element analyses. All analysis parame-
ters are in Pitcher et al. (2021).

Major element analysis of plagioclase,
pyroxenes, and Fe-Ti oxides

We collected major element data for plagioclase, pyroxenes, and
Fe-Ti oxides with the Cameca SX-100 EMP at Oregon State Univer-
sity using a beam size of 1 um, an accelerating voltage of 15 kV,
and a beam current of 30 nA.

For this study, we collected data from 218 plagioclase crystals
within 22 samples of 11 different laterally extensive ‘marker’ ign-
imbrite units (Smith, 1986; Pitcher et al., 2017). Our subset of sam-
ples was carefully chosen such that it included: five units from
each source region (north and south), the whole stratigraphic
range, and the whole glass compositional range. For each plagio-
clase, we analyzed the core and rim, and at least one intermediate
point. More interior analyses were collected for crystals with
significant zoning patterns apparent in backscatter electron (BSE)
images. We removed 42 analyses that either had totals <97 wt.%
or had Ca+Na+K cation sums of <0.95, which generally had
anomalously high FeOx and low Al,Os indicative of analysis of
a significant proportion of glass inclusions. After removing these
data, our plagioclase dataset contains 661 analyses. Detailed run
conditions, analytical errors, and data for repeat analyses of LABR
standard are given in Appendix 1.

Magnetite and ilmenite were analyzed in separate runs,
calibrated with a magnetite and ilmenite standard (MGN2 and
ILMN2), respectively. A total of 36 magnetite analyses and 19
ilmenite analyses from 8 samples were collected. Fe-Ti oxide data
and repeated analyses of standards are in Appendix 2.

Major element compositions of orthopyroxenes and clinopy-
roxenes from five samples were collected using the EMP with
the same operating conditions as above but calibrated to the
KAUG augite standard. A total of 19 orthopyroxene analyses
from 11 crystals and 13 clinopyroxene analyses from 9 crys-
tals were collected. Rims were always analyzed, but cores were
only analyzed if potential zonation was seen in BSE images (9
orthopyroxene and 4 clinopyroxene core analyses). Major element

data for pyroxenes and repeat analyses of the standard are given
in Appendix 3.

Plagioclase oxygen isotopes

We collected oxygen isotope data from plagioclase phenocrysts
using the laser fluorination method. Analyses were performed
at the University of Oregon stable isotope laboratory using a
35 W NewWave IR laser and a Thermo-Scientific MAT 253 mass
spectrometer. Specific analysis parameters and description of
the filtering processes and laboratory set up can be found in
Bindeman et al. (2014).

We analyzed plagioclase from the same 22 samples of 11
ignimbrite units for which we collected plagioclase major element
data. Separation and acid leaching of plagioclase was completed
using the same methods described in Pitcher et al. (2017). Once
separated, plagioclase crystals were examined under binocular
microscope and only crystals (250-500 um) that were completely
free of meltinclusions and adhered glass were chosen for analysis.
For each sample, 1.25-1.35 mg (~10-15 plagioclase crystals) were
chosen. We analyzed two separate aliquots from each sample, and
for those samples with a standard error >0.04, we analyzed 1-
2 additional aliquots. Analysis occurred over the course of three
days, and on each day, 4-7 UOG garnet standards (80 =6.52%0)
were analyzed along with the unknowns. Standard error of repeat
analyses of UOG standard each day was <0.1% Unknown §'%0
were adjusted using the average value of the standards for the
day (Appendix 1).

Estimating the equilibrium melt §'¥0 requires using relevant
plagioclase-melt isotopic fraction factors (A§'®¥Opiagiociase-melt),
which are a function of melt composition, plagioclase compo-
sition, and temperature (Bindeman et al., 2004). To do this, we
utilized Fig. 1 from Zhao & Zheng (2003), which contains figures
that show calculated trends of A8'®Omineralmert VS. temperature
for a rhyolite (74.0 wt.% SiO,), an andesite (58.8 wt.% SiO,),
and a basalt (50.2 wt.% SiO,). Since temperature differences
spanning those estimated for the Deschutes Formation (850-
1000°C) have only minor differences in A§®Opagiociase-melt (<
+0.1), we assumed a temperature of 900°C, and estimated
the A§™®Opjagiociase-melt Values of each plagioclase composition
(An contents of 10,30,50,70,and 90) for each of the three melt
compositions. Using these values, we then created a figure of
A8 Oplagiociase-melt VS. melt Si0,, with lines interpolated between
the three compositions for each plagioclase An content (Appendix
1). This then allowed us to estimate the fractionation factor
between any plagioclase An content and melt SiO,. Because
many samples have variable plagioclase and glass compositions,
we estimated the range in A§'™®Opiagiociase-melt Using the first and
third quartiles of observed plagioclase An and glass SiO, for each
sample and subtracted it from the Slsoplagioclase to get a range of
equilibrium melt §'¥0 values.

In situ plagioclase and glass Pb isotopes

We collected plagioclase and glass Pb isotope data using
laser ablation multi-collector inductively coupled plasma mass
spectrometry (LA-MC-ICP-MS) in the W. M. Keck Collaboratory
for Plasma Spectrometry at Oregon State University. Plagioclase
crystals were ablated and analyzed, respectively, using a Photon
Machines 193 nm ArF Excimer laser connected to a Nu Instru-
ments MC-ICP-MS. We detail the laser operating conditions below
and further explanation of the LA-MC-ICP-MS setup can be found
in Kent (2008a).

Since Pb concentrations in plagioclase (~Ansg) tend to be rel-
atively low, we conducted a series of experiments, altering the
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repetition rate (10-25 Hz), scan speed (5-15 pm/s), and spot size
(50-85 um) to maximize Pb signal on plagioclase. Not surpris-
ingly, we found that larger spot sizes, higher repetition rates, and
faster scan speed produced higher counts (e.g. 85 um, 25 Hz,
and 15 um/sec generally yielded 5-10 mV of 2%Pb). We did not
analyze ?%*Pb due to low signal intensities. Thus, for all plagio-
clase analyses, we ablated 85 um wide lines at 25 Hz. For larger
plagioclase crystals, we analyzed both the core and rim, remaining
within respective zones as seen in BSE images; smaller plagioclase
required ablating the entire crystal. For each line, we used the
maximum scan speed (up to 15 pum/s) such that we still had
>35 seconds of analysis time (i.e. longer lines in larger crystals
could be ablated at higher scan speeds). Integrating over longer
analysis time leads to smaller standard errors of analysis. Where
possible, we also analyzed tephra glass by ablating 85 um wide,
300 um long lines through pumice glass, taking care to avoid
crystals. Since Pb concentration is higher in glass (2-6 times higher
208Ph mV) than in plagioclase, shorter distances could be used in
these cases. We analyzed pure epoxy and found that there was a
signal only for masses 202 and 205, with no signal for 206, 207 or
208. Thus, analysis of epoxy during ablation of vesicular pumice
glass is not likely to change the measured Pb isotope composition,
although it does reduce signal intensity. Prior to analysis, we did
a pre-ablation laser scan, such that the uppermost ~3-5 um was
removed from the analysis area of each plagioclase to avoid prob-
lems with surface contamination. Before each analysis, there were
30 seconds of washout time and then 30 seconds of background
collection.

In addition to NIST-612 glass, which we used as the calibra-
tion standard, we also collected data for the USGS basalt glass
BCR-2G as a secondary standard to check accuracy. For each
experimental run, we analyzed both standards between every
two unknowns; average runs included ~6-8 analyses of each
standard and ~ 10-15 unknowns. We corrected for instrumental
mass bias by calculating the exponential mass bias fractionation
factor from analysis of the NIST-612 standard during each run
using an exponential correction factor as in Kent (2008a) using
accepted values from Baker et al. (2004). In general, no consistent
instrument drift was observed in standards over the 48 hours of
analysis.

Uncertainty in these Pb isotope data comes from a variety of
sources, including counting statistics during analysis, the mass
bias correction, and the accepted value for the calibration stan-
dard. To account for all of these, we used calculus-based methods
to propagate the uncertainty.

Raw measured 2%%Pb/?%Pb for NIST-612, with published
value=2.1651; (Baker et al., 2004; Kent, 2008b), generally ranged
from 2.1942 to 2.1997, and standard errors within a given run
(~6-8 analyses) were always <0.0002 (Appendix 4). After mass
bias correction, BCR-2G 2°8Pb/2%Pb and 2°7Pb/?%°Pb values were
2.0641+0.0012 and 0.8325%+0.0006, which is within 0.2% of
published solution analyses values (2.065 and 0.832; Paul et al.,
2005; Kent, 2008a).

We collected a total of 75 Pb isotope analyses on 62 plagio-
clase crystals, as well as 15 glass analyses, from six Deschutes
Formation ignimbrites. We analyzed two different pumice pop-
ulations of Six Creek Tuff (60 and 68 wt.% SiO,), and four sam-
ples of two different flow units of McKenzie Canyon Tuff (57,
70, 71 and 71 wt.% SiO,). Three ignimbrites from each source
region (north and south) were analyzed and pumice composi-
tions spanned the whole ignimbrite compositional range (57—
75 wt.% SiOy). In addition, we collected three groundmass anal-
yses on a Deschutes Formation basalt, and 6 analyses on each of
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two sanidinite-facies metamorphic xenoliths and a granodiorite
xenolith, all found within the Balanced Rocks Tuff (provided by
Richard Conrey).

Rhyolite-MELTS geobarometry

We estimated magma storage pressures using the Microsoft Excel
interface for rhyolite-MELTS (Gualda et al., 2012; Gualda & Ghiorso,
2015), and following the procedure given in (Harmon et al., 2018).
This geobarometer procedure utilizes matrix glass major element
compositions to determine the pressure at which the melt of a
given glass composition was in equilibrium with the dominant
mineral phases observed in each sample. We assumed fluid sat-
uration for all rhyolite-MELTS models, as suggested by Harmon
et al. (2018). We constrained the pressure at which the liquidus
surfaces of plagioclase and orthopyroxene (£ spinel + ilmenite)
intersect, since these phases are observed in all Deschutes For-
mation samples; quartz and sanidine are not observed within
any samples, so the MELTS quartz +feldspar geobarometer of
(Gualda & Ghiorso, 2014) could not be used. We investigated a
temperature range of 1300°C to 800°C, at 1°C steps, and a pressure
range of 25 to 400 MPa, at 25 MPa steps. Since the liquidus surfaces
of orthopyroxene, spinel, and ilmenite are affected by oxygen
fugacity (fO,), we had to calculate the equilibration pressure of
each glass composition for a range of constrained fO,. We used fO,
conditions, relative to the NNO buffer of —1, —0.5, —0.25, 0, +0.25,
and+0.5, which incorporates the full range in fO, conditions
determined for several Deschutes Formation tuffs using touching
magnetite-ilmenite pairs and the oxybarometer of (Ghiorso &
Evans, 2008).

Due to the long computation time, we selected a representative
subset of samples for which to estimate pressures using the
rhyolite-MELTS geobarometer. We selected a subset of 50 samples,
which span the entire range in SiO, observed for all Deschutes
Formation tuffs. We selected 3-8 analyses from each of these
samples by sorting analyses by SiO, and selecting every other
analysis, thereby avoiding the computation time of calculating
near-duplicate pressures (at each fO,) for compositionally similar
analyses. In total, we input 160 compositions at each of the fO,
conditions listed above.

To estimate the uncertainty in calculated pressures caused
by analytical uncertainty, we followed a similar Monte Carlo
approach as Pitcher et al. (2020). For each major element, we cal-
culated the standard deviation of the 66 RHYO rhyolite standard
analyses that we collected while analyzing tephra glass with the
EMP at Oregon State University (Pitcher et al., 2021, Appendix 4).
We then used a representative Deschutes Formation rhyolite glass
analysis (DB-019-04) to create a synthetic set of 100 compositions
by randomly selecting each major element concentration from a
normal distribution, defined around the original DB-019-04 glass
composition by the standard deviation of the RHYO standard. This
simulates analyzing the same rhyolite glass 100 times. We then
calculated pressures for these 100 compositions, at both NNO and
NNO-0.5, using the rhyolite-MELTS geobarometer, using the same
approach as discussed above. The resulting distribution of pres-
sures for each fO, gives an estimate of the pressure uncertainty
that results from analytical uncertainty.

Magnetite-Ilmenite thermometry and
oxybarometry

Touching magnetite-ilmenite pairs were only found and analyzed
in two of the 69 epoxy-mounted pumice samples that we exam-
ined. Additionally, within four other samples, we analyzed non-
touching pairs of euhedral oxides from single glomerocrysts. We
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used only pairs that satisfy the Mg-Mn equilibrium criteria of
Bacon and Hirschmann (1988).

Two-pyroxene thermobarometry

Temperatures and pressures were estimated with equations 36
and 39 from Putirka (2008) using the Python3 tool, Thermobar
v1.0.12 (Wieser et al., 2022). Using the Thermobar program, we
tested all possible orthopyroxene-clinopyroxene pairs within each
sample for equilibrium, using the high temperature Fe-Mg Kd
filter (Kd =1.094+0.14) from Putirka (2008). Pyroxene endmember
compositions were calculated using the MinPlot software for MAT-
LAB (Walters, 2022).

RESULTS

Samples that were analyzed are generally crystal poor, rang-
ing from <1% to 10% crystallinity by volume (most are <5%)
and the dominant crystal population is plagioclase with subordi-
nate orthopyroxene, ilmenite, titanomagnetite and clinopyroxene.
Amphibole is exceedingly rare and was only observed as a trace
phase in three analyzed samples.

Glass compositions of Deschutes formation
rhyolites

Pumice glasses from Deschutes Formation tephra fall and ign-
imbrite units range from 54.5 to 78.5 wt.% SiO, but are primar-
ily felsic in composition, with a peak in frequency at 73 wt.%
Si0, (Fig. 2; Appendix 5). Whole-rock analyses of a variety of
Deschutes Formation pyroclastic deposits and lava flows, com-
piled from the literature (Appendix 6), include basalts to rhyolites
and are broadly bimodal with peaks at 54 and 68 wt.% silica
(Hales, 1974; Jay, 1982; Cannon, 1984; Conrey, 1985, 1991; Yogodzin-
ski, 1985; Smith, 1986; McDannel, 1989; Dill, 1992; Hill, 1992;
Aubin, 2000; Conrey et al., 2002, 2004). This bimodal distribution
reflects the predominantly felsic pyroclastic units and the basalt
to basaltic andesite lavas, with relatively rare intermediate lavas
or tephra. Many ignimbrites have two or more compositionally
distinct pumice populations leading to a significant within-unit
variability. For example, the McKenzie Canyon Tuff has strongly
bimodal glass compositions, containing black scoria with 55—
58 wt.% SiO, and white pumice with 71-73 wt.% SiO,. Numerous
ignimbrites, including the McKenzie Canyon Tuff, also have com-
positionally banded pumice with a compositional gap between
dark and light layers as great as 15 wt.% SiO,.

Although whole-rock analyses range up to 75 wt.% SiO2, the
generally less felsic distribution of whole rock compositions may;,
in part, reflect the inclusion of crystals within the XRF analy-
ses. However even at the maximum observed crystal abundance
of 10% by volume (roughly 7% plagioclase, 2% pyroxene, 0.5%
oxides), the bulk average of a pumice clast with 73 wt.% SiO2 glass
would only reduce to 70.7 wt.% SiO,. Thus, the ~4-5 wt.% lower
distribution of whole rock SiO, also likely results from inherent
averaging of units, or even single pumice clasts, which have both
felsic and mafic glass. This is corroborated by the fact that several
marker units such as Chinook Tuff and Jackson Buttes Tuff, which
have only high-silica rhyolite pumice clasts with limited glass
variability (72.3-74.3 and 73.5-74.5 wt.% SiO,, respectively), have
whole-rock compositions (71-71.5 and 7-74 wt.%, respectively)
that are most similar to the glass compositions.

K,O ranges from 0.5 to 6.5 wt.% and increases with silica,
nominally making it a medium-K arc suite. However, FeOx and
FeOx/MgO are higher for a given SiO, than in the calc-alkaline

Quaternary High Cascades suite, defining a tholeiitic, medium-
Fe trend (Fig. 3) that is much more similar to felsic volcanic
rocks of the High Lava Plains (Fig. 4). Deschutes Formation glass
and whole-rock analyses have an Na,O enrichment trend for
intermediate compositions (65-72 wt.% SiO,) which is higher than
the Quaternary Cascades, but similar to the trend noted for the
rear-arc Newberry volcano by Mandler et al. (2014). We did not
make allowance for potential loss of alkalis owing to hydration,
but consider such in the results section.

Glass Zr content increases with SiO, until about 72 wt.%,
and decreases at higher silica, consistent with zircon saturation.
Variation of Zr/Sr with silica among felsic samples (>68 wt.%
Si0,) is widely scattered but Deschutes Formation data are gen-
erally higher than for the Quaternary Cascades felsic rocks and
overlap the distribution of the High Lava Plains. Rare earth ele-
ment patterns of Deschutes Formation felsic glasses (dacites
to rhyolites) are moderately enriched in LREE and there is a
modest Eu anomaly (Eu/Eux~0.6). REE patterns are ‘seagull-
shaped’ (Glazner et al., 2008) and similar to those of the High
Lava Plains, though the latter have a slightly stronger negative
Eu anomaly and HREE patterns are flat to scoop-shaped (concave
upward) (Fig. 5). Both Deschutes and High Lava Plains samples dif-
fer strongly from the steep, LREE-enriched pattern of Quaternary
Cascades felsic rocks, which have much lower and scoop-shaped
HREE patterns.

Plagioclase compositions

Plagioclase compositions range from Anis to Angg however, 73%
of the 205 crystals that we analyzed have An content entirely
below 45 mol.% (Appendix 1). Plagioclase crystals tend to have
relatively homogeneous compositions; 85% vary internally by
less than 10% An content. The vast majority have core and
rim compositions that differ by less than 5 mol.% An, while
only 6% are reversely zoned (rims that are more than 5 mol%
higher than cores), and 13% are normally zoned. FeO varies from
0.28 wt.% to 0.98 wt.%, but 80% of crystals vary only between
0.2 and 0.5 wt.% FeO. Rhyolite pumice clasts tend to have homo-
geneous populations of monotonous low-An plagioclase. While
some mafic pumice clasts contain homogeneous collections of
higher-An monotonous plagioclase, some mafic, intermediate,
and compositionally banded pumice clasts each contain two or
three populations of plagioclase, each with different ranges in
An content.

Plagioclase §'80 values range between 5.01 and 6.27%o (circles,
Fig. 6) Table 1 (Appendix 1). We estimate that equilibrium 8Oy,
ranges between 5.14 and 6.47%o (boxes, Fig. 6). Approximately 40%
of these melt compositions have §'0 that is lower than could
be expected from closed system fractionation of mantle melts
(Bindeman et al., 2004; Bucholz et al, 2017; Troch et al., 2020).
These low-§'80 plagioclase come from pumice clasts with the full
range of compositions. Twwo ignimbrite units contain plagioclase
consistent with both normal and low-§'¥Omelts, and one single
compositionally banded pumice within Six Creek Tuff contains
both plagioclase populations.

Plagioclase crystals have a 2%8Pb/2%°Pb range of 2.0260 to 2.0645
and a 207Pb/?%Pb range of 0.8196 to 0.8328 (Fig. 7). Glass composi-
tions (n=10) are more tightly constrained (*°Pb/?%°Pb =2.0379-
2.0467, 2% Pb/?%Pb =0.8239-0.8306) and lie within these plagio-
clase ranges. There is no clear trend between plagioclase Pb
isotopes and An content or sample SiO,; although there may be
a slight tend to lower 2/Pb/?%Pb with higher SiO, and lower An,
but analytical uncertainty obfuscates any statistically significant
trend. Lead isotopic compositions overlap with the Quaternary
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Fig. 2. Histogram of SiO, (wt.%) of pumice glass (Eungard, 2012; Pitcher et al., 2021) and whole rock (Jay, 1982; Cannon, 1984; Conrey, 1985, 1991;
Yogodzinski, 1985; Smith, 1986; McDannel, 1989; Dill, 1992; Aubin, 2000; Conrey et al., 2004). All analyses were normalized to 100%, and those with
totals <93 wt.% are not shown. Note that sampling and analysis bias may be skewing the data, since some eruptive units have more analyses than

others and no consideration is given to volume.
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Fig. 3. FeOx vs. CaO of Deschutes Formation (whole rock and glass) and
fields for the Quaternary High Cascades and High Lava Plains. FeOx is
total FeO. Darker portions of the fields contain higher density of points.
Data for the High Cascades is from the GeoRoc database (Pitcher & Kent,
2019) and HLP data is from the compilation of Ford, 2012 (references
therein).

High Cascades data from the literature (GEOROC database, see
references in Appendix 4).

Pyroxene compositions

All five Deschutes Formation ignimbrites, for which we analyzed
pyroxene, contain both enstatite and augite (Fig. 8; Appendix 3).
There are only minor differences in compositions of pyroxene
from dacite to rhyolite pumice clasts compared to andesite to
dacite banded pumice. Enstatite from dacite to rhyolite pumice
clasts have a compositional range of (Wo1_3, FSyg 46, ENassy) and
have a range of (Wo13, Fs25-39, Ense 77) in banded pumice clasts.
Augite compositional ranges are (Wosgo, FS13-15, Enss 46) and
(W024-39, FS14.01, ENue s3), respectively. These results are similar to
the range in enstatite (Wo1_4, FS20-42, Ensy_77) and augite (Wos3444,
Fsg_p3, Ensg_so) reported for Deschutes Formation pyroxenes in the
literature (Aubin, 2000; Eungard, 2012).
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Fig. 4. FeOx/MgO vs. SiO, (wt.%). Deschutes Formation rocks tend to be
higher in FeO+/MgO than most Quaternary High Cascades (shown in
shaded contour field) and straddle the tholeiitic/calc-alkaline line of
Miyashiro (1974). Data are only shown to 70 wt.% SiO; because the
Miyashiro (1974) and Arculus (2003) fields do not extend to higher silica
and FeO#/MgO values exponentially increase and become less accurate
as MgO approaches the detection limit.

In addition, one omphacite and three aegirine augite crystals
were found and analyzed. Omphacite (Wo4s, Fss, Enog, Jds1, Aegos,
Kosp) was found within a glomerocryst (cpx + opx +mt) in a rhy-
olitic pumice clast from Candle Creek Tuff. Three aegirine augite
crystals from two separate ignimbrites give remarkably simi-
lar compositions: Woq-1, Fso, Engi-a4, Jd1-2, Aegss_s7, Kosp. These
include a euhedral crystal from an andesite to dacite banded
pumice of Six Creek Tuff, as well as two crystals from separate
pumice clasts in Meadow Creek Tuff: a euhedral crystal within
a glomerocryst (opx+cpx+mt) in a dacite pumice clast and a
highly rounded crystal within a glomerocryst (opx + cpx + mt) in
a visibly banded dacite (66-71 wt.% SiO,) pumice clast.

All pyroxenes were found to have little to no compositional
zoning; 9 of 11 crystals have identical core and rim composi-
tions. One enstatite from Six Creek Tuff (andesite to dacite mixed
pumice) exhibits a decrease in Xgs of 7 mol.% from core to rim, and
an enstatite from Candle Creek Tuff (rhyolite pumice clast) has a
decrease in Xps of 8 mol% and then an increase of 11 mol%, from
core to rim.
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Fig. 5. Chondrite-normalized (McDonough and Sun, 1995) REE patterns
of felsic rocks (=67 wt.% SiO,) from the Deschutes Formation, High Lava
Plains and Quaternary High Cascades. Opaque lines represent the
median values, and transparent fields enclose 50% of data (IQR). Black
solid line is the median of Deschutes Formation glass analyses (this
study) and dashed line is the median of whole-rock analyses. Data
compilations from the literature are the same as in Fig. 3. Several REEs
(Pm, Tb, Ho, and Tm) are omitted due to low abundance of data in the
literature.
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Fig. 6. Plagioclase and melt §'80 plotted against the median SiO, content
of pumice from which the plagioclase was separated. Propagated errors
for plagioclase are <0.1%.. We estimate the range of equilibrium melt
8180, shown as semi-transparent bars, by interpolating fractionation
factors from Zhao & Zheng (2003) for the observed interquartile range
(middle 50% of data) of plagioclase An (mol.%) and glass SiO; (wt.%) (see
Methods). The shaded ‘normal array’ are magmatic values of §'80 that
could be produced by closed system differentiation of mantle melts,
modeled under various conditions (Bucholz et al., 2017; Troch et al., 2020)
and observed in various volcanic settings worldwide (Bachmann &
Bergantz, 2004, and references therein). Both normal and low-§'80
populations are found within single tuff units, and even within a single
compositionally banded pumice clast from Six Creek Tuff, designated
with asterisks (). Cumulative density functions of §'80 values for the
Deschutes Formation (this study) and Quaternary High Cascades arc
(references in Appendix 1) are shown on the right. Note that while only
10% of Cascades arc data has §"8Opjagioclase <5.8%o, 45% of Deschutes
Formation data have such low §'80 (vertical dashed lines on right).

While a majority of samples have relatively limited pyroxene
compositional variability in pyroxene, two samples (DB-011 and
DB-145) have within-pumice enstatite variability of 14-17 mol.%
Xps. A lack of compositional zoning was also observed in BSE
images from five additional, unanalyzed ignimbrite units.

Geothermometry and geobarometry

Using the Fe-Ti oxide thermometer of Ghiorso & Evans (2008),
we find that temperatures of dacites and rhyolites (67-73 wt.%
SiO,, glass) from five samples range between 902 and 1007°C
(Fig. 9; Appendix 2). Samples from which we analyzed more than
one distinct oxide pair have a relatively small range (1-17°C) in
calculated temperatures, lending confidence to our estimates.
Our temperature estimates are similar to those calculated for
other Deschutes Formation dacite and rhyolite units (880-929°C)
using magnetite and ilmenite data from the literature (Conrey,
1991; Eungard, 2012). Deschutes Formation oxide temperatures
tend to be relatively high compared to Quaternary Cascades
volcanic rocks of similar composition; dacites range between
the 74™ and 99™ percentile and rhyolites range between the
5274 and 87™ percentile compared to the Quaternary Cascades
(Fig. 9).

Most Deschutes Formation dacites and rhyolites are relatively
reduced (NNO to NNO-0.25) compared to High Cascades felsic
rocks which mostly range between NNO and NNO+ 1.5 (Fig. 9)
(Blundy et al., 2008; Pallister et al, 2008; Gross, 2012; Wright
et al, 2012; Waters & Lange, 2013). Deschutes data from the
literature tend to be even more reduced (NNO to NNO-1)
(Conrey, 1991; Hill, 1992; Aubin, 2000; Eungard, 2012). Using
the method of Andersen & Lindsley (1988) gives slightly lower
temperatures (882-922°C) and more reduced conditions (NNO-0.1
to NNO-0.4).

Zircon saturation temperatures of dacites and rhyolites, esti-
mated using glass compositions and the thermometer of Watson
& Harrison (1983) are between 790 and 980°C (Appendix 2), and
thus corroborate the relatively high temperatures determined
by Fe-Ti oxide thermometry (Fig.9). However, these are mini-
mum estimates if zircon was not saturated. Using the method of
Boehnke et al. (2013) gives temperatures of 730 to 980°C and using
the thermometer of Gervasoni et al. (2016) gives a wider range of
705 to 1033°C.

Two-pyroxene thermometry is less precise, with a reported
uncertainty of +56°C (Putirka, 2008), and largely overlaps the
range determined by Fe-Ti oxides. Temperatures tend to be
slightly higher than estimates of the other thermometers, with a
total range between 940 and 1060°C (Fig. 9). Mean temperatures
for individual units range from 965 to 1023°C. Lower mean
temperatures tend to be from pyroxene pairs from rhyolite
pumice (e.g. Fly Creek Tuff=968°C), although some rhyolite
pumice clasts have pyroxene temperatures that are higher than
many of the dacite pumice clasts (e.g. Lower Bridge Tuff, LBTT-
156 =1009°C).

Using glass compositions and a range of fO, conditions sug-
gested by Fe-Ti oxides (NNO-0.5 to NNO), the rhyolite-MELTS geo-
barometer suggests that the melts were in equilibrium with the
observed major phase assemblage of plagioclase + orthopyroxene
+ magnetite + ilmenite at pressures predominantly between
100 and 250 MPa (Fig. 10, Appendix 7). More reduced conditions
(NNO-0.5) give 30-70 MPa shallower equilibration pressures than
more oxidized conditions (NNO) for the same glass composition.
Pressure uncertainty resulting from EMP analytical uncertainty
were estimated to be +34 MPa (20), using the approach discussed
in the methods section above. Some degree of hydration of 5-
6 Ma pumice glass may be expected, which would likely affect
the Na,O and K,O contents of the glass, in turn affecting the
pressure estimates returned by the rhyolite-MELTS geobarometer.
However, two previous studies have suggested that moderate
alkali exchange during glass hydration would cause glass com-
positions to fail to converge on multiple saturation pressures by
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Fig. 7. Pb isotopes of Deschutes Formation (gray circles) compared to Quaternary High Cascades, Siletz Terrane basalts (Phillips et al., 2017), local
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Deschutes Formation data (see text).

the geobarometer (Bégué et al., 2014; Pamukcu et al., 2015). In
other words, if K,O and Na,O values are significantly altered
from natural magmatic values, the rhyolite-MELTS geobarometer
fails to give a pressure estimate. In our study, of the 733 model
runs that we attempted (each with different combinations of
composition and fO,), 152 failed to return pressure estimates,
and several pumice clasts did not return a single pressure from
any glass analysis, suggesting that some of these compositions
are too altered by hydration. However, the fact that most of the
rhyolite-MELTS runs did converge gives some confidence that the
compositions that did return pressures are not strongly affected
by hydration-induced alkali exchange.

Two-pyroxene barometry gives pressure estimates that range
between 60 and 1060 MPa, with a large reported uncertainty of
+320 MPa (Putirka, 2008) (Appendix 3). While the three samples of
the Lower Bridge Tuff (data from Eungard, 2012) span the whole
pressure range, pressures estimated for the other five ignimbrites
mostly range between 200 and 610 MPa. Two of the samples of
Lower Bridge tuff have bimodal pressure distributions, each with
a lower pressure group (<600 MPa) and a higher-pressure group
(650-1060 MPa); the third sample indicates only higher pressure
(775-865 MPa).

DISCUSSION

Deschutes formation rhyolites: Hot, reduced, and
‘damp’

Although they are directly associated with the Cascade arc,
Deschutes Formation silicic magmas show chemical character-
istics that are closer to those from rift and hotspot settings than
typical arc settings. In order to compare Deschutes compositions
to the Quaternary Cascades arc and the High Lava Plains, we
compiled glass and whole rock data from the GEOROC database
and references for data sources are given in the secondary
bibliography (Appendix 9). Deschutes rhyolites have trace element
signatures (e.g. high Zr, Nb, Y, and Ce) which place them within
the A-type rhyolite (Whalen et al., 1987) or within-plate granite
(Pearce et al.,, 1984) compositional fields. Unlike the Quaternary
Cascades, Deschutes Formation felsic rocks are also iron-enriched
as is typical of tholeiitic differentiation trends rather than of
more arc-typical calc-alkaline trends (Miyashiro, 1973; Grove &
Baker, 1984; Sisson & Grove, 1993). Deschutes Formation rhyolites
have compositions more akin to the Fe-rich compositions of High
Lava Plains volcanics (Fig. 4), and both plot near the tholeiitic/
calc-alkaline boundary as defined by Miyashiro (1974) (Fig. 3).
Deschutes Formation rhyolites have key attributes that group
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symbols indicate pyroxenes from banded pumice. Kernel density plots below show the distributions of the ferrosilite endmember of clinopyroxene
and orthopyroxenes. Endmember proportions were calculated for all pyroxene analyses, including the omphacite and aegirine-augite crystals,
assuming only three endmember compositions (Fs, En, and Wo).

(a) 1100 (b) 1100
o o) O High Cascades (Lit.)
@ C. Or. Cascades (Lit.) o
1050 o Deschutes Fm. (Lit.) 1050
o O This Study °
1000 o 1000 —
O 2® 8 - (@)
2 g 8 S
~— 950 950
o °El gj 9 o
5 ) i’ E %0 @ Lwor 5
£ 900 — oy 8 X 900 B
)

o ] Q o
g 180" oo e 2
850 Q o 850
£ L 8 £
() ()
800 o o 1 oo

° ch?n
o at.
750 ° ° ° ° 750
)
700 ¢ 700
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 20 60 65 70 75
log fO, (ANNO) SiO, (wt. %)

Fig. 9. (a) Magnetite-ilmenite eruption temperatures vs. log fO; (relative to the NNO buffer), calculated using the method of Ghiorso & Evans (2008), for

intermediate and felsic rocks (SiO; >60 wt.%) from the Deschutes Formation and Quaternary High Cascades . Central Oregon Cascades values are

solid circles. High Cascades data was compiled from the literature, and sources are given in the text. The boxplots on the right show the distribution of

two-pyroxene temperatures estimated using Putirka (2008) and zircon saturation temperatures calculated using the method of Watson & Harrison

(1983) for Deschutes Formation rhyolite glass compositions (SiOy >72 wt.%). Zircon saturation temperatures underestimate magmatic temperatures if

zircon is not saturated. See text for discussion.
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Fig. 10. Equilibration (storage) pressures calculated using the
rhyolite-MELTS geobarometer for three different redox conditions.
Pressure uncertainty (2o) resulting from analytical error is shown in the
upper right. Note the distinct difference in equilibrium pressures
between rhyolites (SiO; >72 wt.%), rhyodacites (68-72 wt.% SiO»), and
more intermediate compositions (60-68 wt.% SiO»). Pressures of zero
indicate that there was no point of multiple saturations and thus a
pressure could not be calculated for that glass composition.

them with hot-dry-reduced rhyolites as described for the Taupo
Volcanic Zone by Deering et al. (2008, 2010), including that they
are crystal poor (<10%) with an anhydrous mineral assemblage
(i.e. two pyroxenes), and have low Sr, but high FeOx/MgO, Y, Zr,
Eu/Eux, and MREE. In contrast, cold-wet-oxidized rhyolites tend
to be crystal-rich (up to 45%), contain dominant hydrous phases
(amphibole + biotite), have high Sr, but low FeOx/MgO, Y, Zr,
Eu/Eux, and MREE (Deering et al.,, 2008, 2011). In the following
paragraphs, we discuss evidence of the hot, reduced, and then
damp nature of the Deschutes Formation rhyolites, and we
summarize these observations for the Deschutes Formation,
Quaternary Cascades, and High Lava Plains in Table 2.

Fe-Ti oxide temperatures of Deschutes formation dacites and
rhyolites (902-1007°C) tend to be hotter (5279 to 99 percentile)
than most High Cascades samples of similar compositions (750
1000°C) and are corroborated by zircon saturation temperatures
(see section 4.3), between 790 and 980°C (Fig. 9). Zircon was not
saturated in most of these magmas, and thus these the zircon
saturation temperatures likely underestimate the true magmatic
temperature (Watson & Harrison, 1983; Boehnke et al., 2013).
Undersaturation is evidenced by the rarity of zircon observed in
the matrix glass; whole rock Zr (Hill, 1992; Aubin, 2000; Conrey et
al., 2004) tends to be lower than glass Zr from the same eruption
and Zr of glass from all ignimbrites increases with SiO, up to
72 wt. %. At higher SiO, Zr decreases, indicating zircon saturation
only at high silica.

Evidence of the relatively reduced nature of Deschutes Forma-
tion felsic magmas comes from Fe-Ti oxide oxybarometry that
yields fO, that predominantly fall just below the NNO buffer
(Fig. 9). Rhyolite and dacite data from the literature for eight
Quaternary High Cascades centers are relatively oxidized, mostly
plotting between NNO and NNO+1 (Fig. 9) (Conrey, 1991; Hill,
1992; Blundy et al., 2008; Eungard, 2012; Gross, 2012; Wright et
al., 2012; Waters & Lange, 2013; Waters et al., 2021). Furthermore,
mineral phases that are stable in oxidizing conditions, such as
magnetite are rare in Deschutes Formation ignimbrites.
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Table 1: Plagioclase §'80 data

Unit Sample Yield 5180 Average
(nmol/mg) s180

Six Creek-Black DB-006-1 12.64 6.04

Six Creek-Black DB-006-3 10.64 6.10

Six Creek-Black DB-006-4 11.58 5.57

Six Creek-Black DB-006-2 13.13 5.58 5.82

Six Creek-Dark Gray DB-005-1 10.91 5.45

Six Creek-Dark Gray DB-005-2 11.93 5.68 5.56

Six Creek-White DB-177A-1 11.27 5.77

Six Creek-White DB-177A-2 10.70 5.73 5.75

Fly Creek DB-019-1 12.47 5.83

Fly Creek DB-019-2 12.54 5.87 5.85

Meadow Creek-Light DB-163A-1 11.41 5.88

Gray

Meadow Creek-Light DB-163A-2 11.91 5.87 5.88

Gray

Meadow Creek-Dark DB-163C-1 10.33 5.98

Gray

Meadow Creek-Dark DB-163C-2 11.23 5.90 5.94

Gray

Chinook DB-187-W-1  11.52 5.97

Chinook DB-187-W-4  10.87 5.96

Chinook DB-187-W-3  10.94 6.04 5.99

Osborn Canyon DB-061-1 11.19 5.61

Osborn Canyon DB-061-2 9.52 571 5.66

Peninsula DB-070B-1 11.64 5.97

Peninsula DB-070B-2 10.79 5.99 5.98

Steelhead Falls Unit DB-083-1 9.54 6.02

(Fly Creek Tuff)

Steelhead Falls Unit DB-083-2 10.38 6.02 6.02

(Fly Creek Tuff)

Lower Bridge LBTP-185-1  9.32 6.27

Lower Bridge LBTP-185-3 5.86

Lower Bridge LBTP-185-2  9.13 6.11 6.08

McKenzie Canyon-Unit MCTA-W-1 5.75

A-White

McKenzie Canyon-Unit MCTA-W-3 11.44 5.54

A-White

McKenzie Canyon-Unit MCTA-W-2 11.76 5.58 5.67

A-White

McKenzie Canyon-Unit MCTB-B-1 11.71 5.28

B-Black

McKenzie Canyon-Unit MCTB-B-2 12.63 5.31 5.29

B-Black

McKenzie MCTL-W-1 12.15 5.08

Canyon-Lower

Unit-White

McKenzie MCTL-W-2 12.09 5.01 5.04

Canyon-Lower

Unit-White

Simtustus Formation 1  DB-209-1 13.01 5.30

Simtustus Formation 1  DB-209-2 12.46 5.37 5.33

Simtustus Formation 2 DB-210-1 10.84 5.28

Simtustus Formation 2 DB-210-2 11.97 5.27 5.27

In addition, Deschutes Formation pyroxenes tend to be more
Fe-rich than pyroxenes from the High Cascades. While 60% of
Deschutes Formation orthopyroxenes from dacites and rhyolites
have Xps >0.35, less than 5% of Quaternary High Cascades
orthopyroxenes (compiled from the literature using the GEOROC
database: https://georoc.eu/) have higher Xp; content (Fig. 8).
Deschutes Formation clinopyroxenes from felsic samples also
tend to be more Fe-rich: 75% have Xgs >0.15, compared to only
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Fig. 11. Boxplots of Y (ppm), Eu/Eux (%), and Dy/Dyx (%) for rhyolites (>68 wt.% SiO,) from HLP, Deschutes Formation, Quaternary High Cascades,
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1984; Conrey, 1985, 1991; Yogodzinski, 1985; Smith, 1986; McDannel, 1989; Dill, 1992; Aubin, 2000; Conrey et al., 2004); 4GEOROC database (Appendix 9);

>du Bray and John (2011).

35% of Cascades felsic clinopyroxenes (Fig. 8). However, it should
be noted that pyroxenes from the HLP and Yellowstone/Snake
River Plain (also downloaded from the GEOROC database) tend to
be much more Fe-rich than those from the Deschutes Formation
reflecting their overall higher bulk-rock Fe concentration at given
silica.

One line of evidence for low water in the genesis of the
Deschutes tuffs is the absence of amphibole in the rocks, as well
as high Y, which is consistent with absence of amphibole as a
crystal fractionate or melting residuum (Fig. 11). Furthermore,
Dy/Dy* and Dy/Yb for the Deschutes Formation are relatively
high for both glass and whole-rock compositions indicating that
pyroxene rather than amphibole was stable during crystallization
or residual during melting (Davidson et al., 2013). In contrast, the
Quaternary Cascades are much more depleted in Y and MREE,
indicating residual amphibole (Fig. 11).

A second line of evidence for low-water magmatic conditions
of Deschutes Formation rhyolites is that REE concentrations are
generally high but have a pronounced negative Eu/Eux anomaly
in glass compositions (‘seagull-shaped’ pattern; Glazner et al.,
2008), (Fig.5), consistent with plagioclase fractionation. In con-
trast, the High Cascades rhyolites have more arc-typical, cold-
wet-oxidizing ‘U-shaped’ REE pattern (Glazner et al., 2008), with
a less pronounced Eu/Eux anomaly because of the suppression of
plagioclase crystallization in the presence of water (e.g. Sisson &
Grove, 1993; Bachmann & Bergantz, 2008) and lower compatibility
of Eu in plagioclase in oxidized magmas due to higher Eu?*/Eu*+
(Sun et al, 1974; Drake, 1975; Freund et al,, 2013). In addition,
Deschutes Formation felsic rocks have high Zr/Sr contents (>2),
that are more similar to silicic magmas of the HLP, Iceland, and
Miocene Colorado Rift (Miller, 2014), compared to the low Zr/Sr
(<<1) of the High Cascades (Fig. 12), where lower temperatures
allow for earlier zircon saturation and water inhibits plagioclase
crystallization (Deering et al., 2010; Miller, 2014).

Although Deschutes Formation tuffs lack hydrous mineral
phases such as amphibole or biotite and major and trace
element patterns that suggest a relatively dry lineage, they are
not entirely anhydrous. Estimated water contents of rhyolite
magmas generally range between 2-4 wt.%, using plagioclase

rim An content and the plagioclase-liquid hygrometer of Waters
& Lange (2015) for the range of temperatures determined by oxide
thermometry (Fig. 13). Note that there is little to no interior-to-rim
changes in An content observed in most plagioclase, so calculated
water contents likely represent pre-eruptive conditions and not
syn-eruptive equilibration during ascent. Such water contents are
slightly lower than those estimated using the same hygrometer
for dacites and rhyolites from the rear-arc Medicine Lake volcano,
which has water contents mostly between 3.8 to 5.3 wt.% (Waters
& Lange, 2013, 2016).

We also used the GEOROC database to compile direct measure-
ments of H,O content in melt inclusion glass from the Quater-
nary High Cascades to compare against the Deschutes Formation
hygrometer estimates (Bacon et al., 1992; Blundy & Cashman,
2005; Kent et al., 2007; Mandeville et al., 2009; Koleszar et al.,
2012). Although water in the glass of felsic melt inclusions ranges
between 0 to 7 wt.% H,O, lower values may not represent true
magmatic water contents because H,O can be lost by diffusion
or rupture of an inclusion (Wallace, 2005). Thus, a common strat-
egy is to assume that the highest H,O content measured for
a sample represents the best estimate of initial magmatic H,O
(Plank et al, 2013). For much of the literature metadata, it is
unclear which inclusions are from the same sample. So, for each
study, we take the maximum melt inclusion H,O content for each
interval of 2 wt.% SiO,. We find that most of these magmatic H,O
contents were higher than 3 wt.% H,0, and over half had water
contents greater than 4.6 wt.% (Fig. 13). Although relatively crude,
this comparison suggests that either the Deschutes Formation
rhyolites had lower H,O contents than most Quaternary High
Cascade felsic magmas, or if all magmas were H,O-saturated,
that the Deschutes Formation rhyolites were not only hotter,
but stored at shallower depths. It should be noted, however,
that because melt inclusions are located within interiors of host
minerals, they may represent earlier, possibly deeper magmatic
conditions.

Influence of decompression mantle melting

The compositions and volumes of felsic magma erupted in the
Deschutes Formation ignimbrite flare-up suggests an unusually
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Fig. 12. Zr/Sr vs. SiO; for felsic volcanic rocks (=68 wt.% SiO,) of the Deschutes Formation, High Lava Plains (Ford, 2012 and references therein), and
Quaternary High Cascades (literature). All compositions are whole rock analyses except open black circles. Quaternary Central Oregon Cascades rocks
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Fig. 13. Estimates of magmatic water content vs. SiO, for Deschutes Formation Tuffs compared with estimates for Quaternary high Cascades
volcanoes. We used the plagioclase-liquid hygrometer of Waters & Lange (2015), using glass compositions, plagioclase rim compositions, and
temperature estimates from both Fe-Ti oxide thermometer and zircon saturation thermometer. Water contents estimated using the same hygrometer
for Quaternary Medicine Lake (Waters & Lange, 2016) and South Sister (Waters et al., 2021) volcanoes are also shown. Note that the latter study used
whole-rock and not glass compositions. We also show H,O in melt inclusions from the GEOROC database (small dots). Since H,O loss can occur in
melt inclusions, bars indicate the maximum H,O content at 2 wt.% SiO, intervals for each study. See text for discussion.

high basaltic flux into the crust, (Till et al., 2019; Pitcher et al.,
2021). Although hydrous fluxing of the mantle is a primary driver
of melting in arc magmatic systems, decompression melting is
also widely recognized as important (e.g. Cameron et al., 2003;
Till, 2017), and the abundance of low-K tholeiites in the Deschutes
Formation suggests that decompression melting played a critical
role in producing the high magmatic flux into the crust during
this time. Inasmuch as basalts serve as either the thermal or
material parent for felsic magmatism (Hildreth, 1981; Grunder,
1995; Castro et al., 1999; Till et al., 2019), we briefly consider the
basaltic influence in the Cascades.

Compositional heterogeneity of Quaternary Cascades primitive
basalts along-arc and even within a given volcano have been
recognized by many authors and bear witness to the composition

and melting processes of the sub-arc mantle (Leeman et al., 1990,
2005; Bacon et al., 1997; Conrey et al., 1997; Schmidt et al., 2008;
Rowe et al., 2009; Phillips et al., 2017; Pitcher & Kent, 2019). Three
main primitive basalt types occur in the Cascade arc: low-K
tholeiites (LKTs, also known as high-alumina olivine tholeiites),
calc-alkaline basalts (CABs), and intraplate-type basalts (IPBs, also
known as HFSE-type and ocean island basalt, OIB-types) (Leeman
et al., 1990; Schmidt et al., 2008; Mullen et al., 2017; Pitcher &
Kent, 2019). In general, CABs have higher Al,0s, K,0, LILE, LREE,
and melt inclusion water content, but lower FeO, HFSE and HREE,
indicative of their production primarily by fluid-flux melting of
the mantle (Grove et al., 2002; Mullen et al., 2017). In contrast, LKTs
have lower K,O and trace element compositions similar to N-
MORB, but with slightly higher LILE, and are generally associated
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Table 2: Comparison of compositions and estimated parameters for felsic (>68 wt.% SiO,) magmas from the Deschutes Formation,

Central Oregon High Cascades, the entire Quaternary arc, and the High Lava Plains

High Lava Plains

Deschutes Formation

Quaternary C. Oregon
High Cascades

Whole Quaternary
Cascades arc

Dominant rock type

Bimodal: basalts and

Bimodal: basalts and

erupted rhyolites dacites to rhyolites
Primitive lavas: 80% vs. 10% 74% vs. 26%
LKT vs. CAB
Tholeiitic vs. calc-alkaline Mostly tholeiitic Transitional, mostly
tholeiitic
Na-enrichment Yes Yes
Felsic Y (ppm) 45 (28-79) WR: 40 (38-42)
Med. (Q1-Q3) Glass: 42 (32-58)
Dy/Dys 0.64 (0.57-0.71) WR: 0.78 (0.77-0.79)
G: 0.67 (0.61-0.75)
Eu/Eux 0.57 (0.36-0.75) WR: 0.85 (0.81-0.88)
G: 0.56 (0.45-0.68)
[La/Yb]en 4.4 (3.5-5.6) WR: 5.3 (4.8-5.4)
G: 4.2 (3.8-4.4)
Zr/St 3.2 (1.1-6.6) 2.9 (2.0-3.9)
Est. H,0 N/A 3.6 (3.1-3.8)
fO, (ANNO) N/A Reduced: 0 to 1
Eruption Temp N/A 904 (896-913)
8180 (%o) 6.5 (6.0-6.9) 5.8 (5.4-6.0)

Basaltic andesite; some
basalts and rhyolites
20% vs. 45%

Calc-alkaline > tholeiitic

Yes (rear-arc)
16 (15-20)

0.56 (0.54-0.69)
0.92 (0.68-0.96)
6.8 (6.7-7.7)

1.0 (0.8-1.3)
N/A

More ox: —1to 1

863 (834-869)
6.0 (5.8-6.3)

Basaltic andesite through
dacite
41% vs. 44%

Predominantly
calc-alkaline
No

25 (18-35)

0.54 (0.42-0.57)
0.63 (0.58-0.71)
6.8 (6.6-7.5)
0.8 (0.6-1.1)
4.6 (3.2-5.3)
Oxidized: 0 to 1

869 (848-898)
6.4 (5.9-6.9)

Deschutes data includes whole-rock (‘WR’) and glass (‘G’), while all other data is whole-rock. CN indicates value is normalized to C1 chondrite (McDonough
and Sun, 1995). §180 values are from plagioclase, whole rock, or glass analyses only. For geochemical data the median is given followed by the interquartile

range in parentheses.

with decompression mantle melting that has minor subduction
influence (Schmidt et al.,, 2008; Mullen et al., 2017). IPBs tend to
be enriched in LILE and LREE, similar to, or greater than CABs,
with no HFSE-depletion, and tend to be associated with low
degree melting of enriched mantle with little to no slab influence
(Mullen et al., 2017). Pitcher & Kent (2019) suggest that changes in
along-arc proportions of these endmembers result from mantle
flow from the rear-arc, upper crustal tectonics (i.e. extension vs.
compression), and slab geometry (e.g. roll-back, depth of slab, age
of slab, slab windows).

To evaluate the occurrence of LKT during the Deschutes flare-
up, we estimate proportions of primitive basalt types erupted in
the Cascades through time. We compiled primitive basalt major
and trace element data from the literature for the Deschutes
Formation (Jay, 1982; Conrey, 1985, 1991; Yogodzinski, 1985; Smith,
1987; Dill, 1992; Conrey et al., 2002, 2004; Pitcher et al., 2021),
Quaternary High Cascades (Pitcher & Kent, 2019, and references
therein) and the Middle Eocene-Late Miocene Western Cascades
(du Bray & John, 2011). In all, we compiled data from 1224 prim-
itive basalt samples (MgO >7 wt.% and Mg# >57.5; ca. Schmidt
et al, 2008) and references for data sources are given in the
secondary bibliography (Appendix 9) We divided these into the
three endmember primitive basalt types using the criteria of
Pitcher & Kent (2019), which were modified from those of Leeman
et al. (2005) and Schmidt et al. (2008) Table 3 For the following
summary, we acknowledge that the number of analyses does not
directly reflect physical proportions.

Our compilation demonstrates that LKTs were the most com-
mon Deschutes Formation primitive basalt type (74%), rivaled
only in the HLP (80% LKT) (Fig. 14). These LKT lavas lack the
high subduction fluid signature (e.g. high Ba/Nb, low Sr/Y) that
is typical of arcs (Leeman et al., 2005; Pearce & Stern, 2006). This is
quite different from the predominantly CAB compositions erupted
in central Oregon arc as represented by late Western Cascades or
the Quaternary High Cascades (the latter of which also has 35%

Table 3: Criteria used to classify primitive basalts from the
literature

K,0 K,O/TiO, Sr/Y Ba/Nb  Al,03/ Nb/Zr
(wt.%) TiO,
LKT <0.5 <0.4 <20 <20 <11 <0.15
CAB >0.5 >0.5 >15 >20 >9 <0.09
IPB >0.5 0.4-0.6 <20 <20 <11 >0.09

IPBs). Quaternary Newberry Volcano, located 60 km east of the
central Oregon Cascades arc (Fig. 1), is transitional in its basalt
proportions between the Cascades and the HLP (51% LKTs; 34%
CABs), consistent with the greater influence of decompression
melting within the rear-arc (e.g. Till et al., 2013).

The similarity of Deschutes LKTs with those of the HLP indicate
they were derived by near-dry decompression melting of a man-
tle source significantly less modified by subduction fluids than
Cascades CABs (Elkins Tanton et al., 2001; Grove et al., 2002; Till et
al., 2013). The LKT basalts have much lower water contents. For
example, olivine-hosted melt inclusions from Quaternary High
Cascades LKT lavas range from 0.04 to 0.2 wt.% H,O (Sisson &
Layne, 1993; Le Voyer et al.,, 2010), compared to central Oregon
Cascades CABs that contain 1.7-3.6 wt.% H,O (Ruscitto et al., 2010).
LKT lavas from the Cascades and HLP have been suggested to
be the product of 6-30% partial melting of dry spinel lherzolite
(Baker, 1991) at high temperatures (1300°C) and shallow depths
(11 kbar) (Bartels et al., 1991; Till et al., 2013; Till, 2017), consistent
with decompression, rather than flux-melting.

Mantle upwelling into the region behind and into the arc is
attributed to subduction-induced corner flow related to slab roll-
back and steepening (Elkins Tanton et al., 2001; Grove et al., 2002;
Long et al., 2012; Ford et al., 2013; Till et al., 2013; Humphreys &
Grunder, 2022). The abundance of LKTs in the Deschutes Forma-
tion is related in space and time to this tectonism. We posit that
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the onset of intra-arc extension during Deschutes time (Conrey et
al., 2002) focused the same decompression melts that fed the LKT
volcanism in the HLP (Pitcher et al, 2021) and in turn drove the
ignimbrite flare up. We discuss this further in section 5.5.

Diverse magmatic processes and complex
storage

Deschutes Formation ignimbrites contain abundant evidence for
complex storage of diverse magmas evolved through distinct
magmatic processes. Many ignimbrites contain several pumice
populations with distinct, albeit limited, glass and plagioclase
elemental and isotopic compositions, and such compositional
variability is even observed in single ‘banded’ pumice clasts. Here
we discuss intra- and inter-ignimbrite differences in composi-
tions, oxygen isotopes, oxygen fugacity, temperatures, and stor-
age pressures that indicate complex storage of distinct magmas,
each with different processes and extents of crustal melting and
magma mixing.

Diverse magma mixing processes

Deschutes Formation ignimbrites record variable degrees of
magma mingling and mixing, from none to co-eruption of distinct
magmas as distinct clasts or banded clasts, to cryptic mixing and
homogenization at the pumice scale.

Ignimbrites roughly fall into three distinct categories defined
by Conrey (1985), based on their pumice populations: ‘silicic’,
‘andesitic’, ‘black-knocker’ (here referred to as black-scoria), as
well as a ‘lithic-rich’ type. Silicic-type ignimbrites contain only
white, crystal-poor (<5% crystals) homogeneous rhyolite pumice
clasts, and a single plagioclase population with a small range in
An content (~Anyoso) (e.g. Chinook and Osborne Canyon Tuffs,
Fig. 15). The high SiO, homogeneous glass and plagioclase com-
positions and low variability in Pb and O isotopes of these pumice
indicate a lack of magma mixing.

Other ignimbrites contain multiple pumice populations, often
with a large gap in glass compositions between them, but with
plagioclase populations that are each homogeneous and unzoned.
This is common in the black-scoria-type ignimbrites, which con-
tain large, nearly-aphyric, microlite-rich black scoria and crystal-
poor white pumice (Conrey, 1985). The middle flow unit of the
McKenzie Canyon Tuff is a black-scoria-type ignimbrite, which
contains black pumice (55-58 wt.% SiO,) with unzoned Anug so

plagioclase and white pumice (71-73 wt.% SiO,) with unzoned
Anys_»g plagioclase (Fig. 15, McKenzie Canyon sample ‘A209’, pop-
ulations ‘M-B’ and ‘M-W’, respectively). Such modality of two
homogeneous pumice glass and plagioclase populations indicates
separate storage of spatially distinct magmas that are co-erupted
with little or no mingling during ascent.

In some ignimbrites, however, the andesite to dacite com-
position pumice clasts have multiple plagioclase populations,
but homogeneous glass compositions. We refer to these pumice
clasts as those that have undergone cryptic mixing. This occurs
more commonly in ‘andesitic-type’ ignimbrites, which have a
population of gray, moderately crystalline (5-15%) pumice, often
rich in plagioclase glomerocrysts. For example, despite having
restricted glass compositions (SiO, = 67-69 wt.%), the gray pumice
clasts in Meadow Creek Tuff have three plagioclase populations:
Anyo_gs, Ansp 70, and Ansg 4y, with single-crystal An ranges of up
to 15 mol.% (Fig. 15, sample 163A). These compositionally distinct
plagioclase populations also differ texturally. For example, while
the low-An plagioclase crystals are unzoned but have a resorbed
rim—indicating late-stage disequilibrium. In contrast, the high-
An plagioclase have boxy cellular and coarsely sieved interiors,
but faint low-amplitude oscillatory zoning and euhedral rims—
indicating earlier-stage disequilibrium (Ginibre et al., 2002; Streck,
2008). Hodge & Jellinek (2020) suggest that if mafic and felsic mag-
mas mix, the rapidly solidifying mafic magma will break up at the
crystal-scale, rapidly creating a texturally homogeneous dacitic
magma but with heterogenous crystal populations. Since the
three plagioclase populations have disparate rim compositions,
this suggests that three distinct magmas were mixed with enough
time to homogenize the melt but not enough time to crystallize
homogeneous rim compositions. It is also possible that one (or
more) of the distinct populations of crystals were incorporated
into a homogeneous melt by assimilating antecrysts from earlier
crystallized, likely cognate, magma. The latter hypothesis is con-
sistent with the high abundance of glomerocrysts (plagioclase +
orthopyroxene + oxides) in these andesitic-type ignimbrites, and
the resorbed rims of the low-An plagioclase crystals.

Although all of the more-evolved rhyolite pumice clasts
from all types of ignimbrites have homogeneous glass (SiO,
range <2.5 wt.%), some intermediate composition pumice clasts
have a range in SiO, as great as 15 wt.%. Many of these mingled
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Fig. 15. Plagioclase An (mol.%) compositions, shown in rank-order of core An, for each pumice population of each ignimbrite unit. Core and rim
compositions are shown as circles and the total An range of each plagioclase is represented by the vertical bar, with red bars indicating rim values that
are at least 3 mol.% higher than core An (reverse zoning). Heavy gray dashed lines divide ignimbrite units, and light gray vertical lines show individual
pumice populations within each ignimbrite unit. The sample name and abbreviations for the visual description of each pumice population are given
below. ("W’ =white, ‘G’ = gray, ‘B’ =black, ‘BA’ =banded; ‘L’ =lower flow unit, ‘M’ =middle, ‘U’ =upper). Ignimbrite units are organized in chronologic
order, with older units on the left. Abbreviations: OCT, Osborne Canyon Tuff; BRT, Balanced Rocks Tuff; SHF, Steelhead Falls Tuff, demonstrated by
Pitcher et al., 2021 to be correlated to FCT, Fly Creek Tuff; Pen., Peninsula Tuff. Mean and total range of glass SiO, of each pumice population is
arranged in the same order above to directly compare glass and plagioclase compositions and within-pumice variability.

magma clasts have compositional banding that can be observed
at the hand-sample scale. In virtually all cases, banded pumice
clasts have one endmember that has similar glass and mineral
compositions to homogeneous rhyolite pumice clasts found
within the same ignimbrite. For example, a banded pumice from
Balanced Rocks Tuff (DB-011) has bimodal glass and mineral
compositions; while one endmember has intermediate glass
(62 wt.% SiO,) and plagioclase (Ango-70), the other endmember has
felsic glass (70 wt.% SiO,) and unzoned plagioclase (Anss_s;) that
are similar to the white homogeneous rhyodacite pumice clasts
found within the same eruption. These banded pumice clasts
indicate mingling between two distinct magmas shortly before or
during eruption, to cause mechanical stirring and mingling, but
to not the degree of full compositional mixing and hybridization
(Bacon, 1986; Andrews & Manga, 2014). Further evidence that
mingling occurred just prior to eruption and from magmas
that were stored in distinct conditions is borne out by bimodal
calculated temperatures and oxygen fugacity based on Fe-Ti
oxides in the banded pumice from Balanced Rocks Tuff, DB-011.
This single pumice clast has two populations of glomerocryst Fe-
Ti oxides: one glomerocryst contains partially resorbed magnetite

and ilmenite that have higher calculated temperatures and
fO, (1011-1018°C and NNO+0.55 to NNO + 0.68, n=4 touching
pairs) and one population of euhedral oxides that have lower
temperature and reduced conditions (934-943°C and NNO-0.22 to
NNO-0.24, n =2 touching pairs) that are similar to those found for
other Deschutes Formation rhyodacite to rhyolite pumice. Lack
of time to equilibrate, suggests juxtaposition of the two magmas
within hours or days prior to eruption (Venezky & Rutherford,
1999; van Orman & Crispin, 2010; Tomiya et al., 2013; Hou et al,,
2021).

Complex magma storage

The common occurrence of co-eruption or mingling of two or
more distinct magmas within Deschutes Formation ignimbrites,
often with a considerable compositional gap, suggests that these
magmas were stored independently prior to mingling. Rhyolite-
MELTS geobarometry results are consistent with a system of
complex storage over a wide range of upper crustal depths ranging
between 50 and 300 MPa (Fig. 10). Two-pyroxene geobarometry
estimates an even larger pressure range of 200-610 MPa for five
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of the six ignimbrite units (Fig. 16). In addition, two flow units
within the Lower Bridge Tuff (data from Eungard, 2012), have a
bimodal pressure distribution, with a lower pressure group (60—
570 MPa) similar to the other five ignimbrites, and a higher-
pressure group (650-1060 MPa). This further suggests complex
storage and crystallization at a range of depths and possibly that
pyroxene crystallization occurred primarily at greater depths and
was incorporated into felsic magmas being stored at shallower
depths. However, it should be noted that the reported pressure
uncertainty for this geobarometer of +320 MPa is quite large
(Putirka, 2008). Although these two-pyroxene pressures are only
from pyroxene pairs that are in equilibrium according to the Fe-
Mg Kd test from Putirka (2008), many of the pyroxenes from this
study are contained within glomerocrysts within compositionally
banded pumice clasts, and many are highly resorbed, displaying
disequilibrium between minerals and magma compositions that
were mingled prior to eruption. The lack of compositional zon-
ing observed in most pyroxenes within compositionally banded
pumice clasts means that this mingling must have occurred just
prior to eruption such that pyroxenes did not grow rims reflecting
the new melt composition.

Complex storage is also illustrated by intra-ignimbrite variabil-
ity in oxygen isotopes. For example, the McKenzie Canyon Tuff has
two rhyolite pumice populations (both ~70 wt.% SiO,), one from
the lower flow unit with approximately normal-§'80 (5.54-5.75%),
and one from the middle flow unit with low-§'0 (5.28-5.31%).
Furthermore, a single banded pumice from Six Creek Tuff (DB-006)
contains two populations of plagioclase with respect to anorthite
content as well as oxygen isotopes; two analyses gave normal
880 (6.04, 6.10%0) and two gave low- 880 (5.58, 5.57%0) (Fig. 6,
green circles marked with asterisks). Since our laser fluorination
technique involves averaging, of a 1-1.5 mg sample of many
plagioclase grains (>10 crystals), the persistence of variable §¥0
values implies even more significant true variability in §80 of
individual plagioclase crystals in this sample. This single-pumice
variation of more than 0.45%o is larger than analytical uncertainty
(0.1%o). Duplicate analyses of most other samples are within 0.04
per mil of each other. Furthermore, we collected §¥0 data for this
sample on two days, and on each day, we found both a high- 6§80
and a low- 880. Thus, we suggest that the inter-ignimbrite and

intra-ignimbrite §'¥0 variability provide evidence of a complex
magmatic system which allowed for simultaneous storage of
magmas undergoing diverse open-system processes within the
shallow crust. We discuss further evidence of these open-system
processes in the next section.

There is a clear difference in equilibrium pressures between
the homogeneous rhyolites (>72 wt.% SiO,), which tend to have
deeper storage pressures, between 175 and 250 MPa (assuming
NNO-0.5), the rhyodacites (68-72 wt.% SiO,) with more variable
plagioclase compositions and pressures of 100 to 175 MPa,
and the intermediate mixed magma compositions (60-68 wt.%
Si0,) with consistently shallower pressures (Fig. 10). These
intermediate mixed magmas either all experienced very shallow
storage prior to eruption or they experienced syn-eruptive re-
equilibration during ascent, which may have been possible in
these less viscous (lower silica) melt compositions with higher
diffusivity. This could also simply be the result of disequilibrium
in these mixed magmas, as many contain multiple populations of
plagioclase that have rim compositions that are not in equilibrium
with each other and contain heavily resorbed mafic glomero-
crysts (plagioclase + orthopyroxene =+ clinopyroxene + Fe-Ti
oxides).

Nevertheless, there is a clear distinction between dacite to
rhyodacite magmas (63-72 wt.% SiO,) and rhyolite magmas
(>72 wt.% SiOy), that we suggest implies two evolution trends.
At 72 wt.% SiO,, there is a marked change in the trends of several
major and trace elements, such as Na,O, K,0, FeO/MgO, Nb,
Zr, and Eu/Eux vs. SiO,, which is mirrored by similar kinks in
whole rock data (~68 wt.% SiO,). Importantly, over one-third
of rhyolite glass compositions do not lie on a straight mixing
line extended from the intermediate glass compositions (e.g. low
Nb, high K,O, Fig 17), precluding formation of the rhyodacites
with multiple plagioclase populations by mixing between these
rhyolite compositions and the intermediate dacites. (Fig. 17). We
suggest that the dacite to rhyodacite compositions, with multiple
plagioclase populations, are the result of mixing between mafic
magmas and a least-evolved, low-silica rhyolite endmember with
approximately 72 wt.% SiO,, and that the high-silica rhyolites
(>72 wt.% SiO,), with homogeneous low-An plagioclase, are the
result of simple fractionation of this endmember. We suggest
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below that the least evolved rhyolite endmember is the result of
crustal melting.

Evidence for crustal melting and shallow storage

The hot-dry-reduced Deschutes Formation rhyolites could have
been produced by either fractional crystallization (FC) of a tholei-
itic (LKT) basalt along a dry and reduced liquid line of descent
(e.g. Bachmann & Bergantz, 2008) or by melting mafic crust within
a hot-dry-reduced environment (i.e. tholeiitic basalt as the ther-
mal driver) (Beard, 1995; Streck, 2002; Hart et al., 2004; Sisson
et al., 2005). Although a combination of both FC and melting or
assimilation processes is likely to occur during the generation of
most felsic magma, discerning the dominant processes remain
the subject of wide debate (Borg & Clynne, 1998; Grove et al.,
2003; Bachmann & Bergantz, 2004; Vigneresse, 2004; Annen et al.,
2006). Elucidating the relative contributions of these processes
is made especially difficult in settings such as the Cascades,
where the crust is predominantly young and mafic, and therefore
geochemically and isotopically similar to the basalts that intrude
it (Mullen et al., 2017).

In the following subsections, we first present MELTS modeling
results that indicate pure FC of Deschutes Formation basalts is
unlikely to produce the observed rhyolite compositions and then
discuss geochemical differences between co-erupted mafic and
felsic pumice that further suggests open-system behavior. We
provide evidence that crustal melting played a significant role in
their production and then suggest, based on oxygen isotopes, trace
elements, and two geobarometers, that storage and assimilation
occurred at relatively shallow depths in the crust.

Crustal melting rather than simple fractionation

Volcanic rocks of the Deschutes Formation are bimodal in com-
position, with basalt and basaltic andesite lava flows (49-59 wt.%
Si0,, whole-rock) and dacite to rhyolite ignimbrites, mostly 65—
73 wt.% SiO, (68-74 wt.%, glass); intermediate compositions, par-
ticularly those with 60-65 wt.% SiO, (whole-rock) are uncom-
mon (Fig. 2). In addition, as discussed above, several individual
Deschutes ignimbrites have bimodal compositions of pumice (e.g.
Six Creek Tuff, McKenzie Canyon Tuff), lacking intermediate glass
compositions (~62-67 wt.% SiO,), and many contain composition-
ally banded clasts. Thus, some whole rock compositions presented
in previous studies (Hill, 1992; Aubin, 2000; Conrey et al., 2004) are
averages of two or more endmember glass compositions, and thus
obscure melt bimodality.

Bimodal volcanism is common in many extensional settings
and numerous authors suggest that crustal melting is the most
viable mechanism for rhyolite production (Orozco-Esquivel et al.,
2002; Jonasson, 2007; Streck & Grunder, 2008). Fractional crys-
tallization would produce a continuum of compositions unless a
physical process, such as selective mush storage conditions, were
to prevent eruption of intermediate compositions (Bachmann &
Bergantz, 2008). Experiments by Beard (1995) conclude that the
bimodal magmatic compositions and relatively high incompatible
trace elements observed at several island arcs, similar to that
observed in Deschutes Formation tuffs, are more easily explained
by relatively dry dehydration batch melting over Raleigh Fraction-
ation models. If incremental assimilation + fractional crystalliza-
tion (AFC) processes were entirely responsible for rhyolite magma
generation from basalt, we also expect to see a full compositional
range.

Deschutes Formation rhyolites are primarily partial melts of
mafic protoliths, though we do not exclude crystal fractionation

among rhyolites and modest crustal assimilation (see below).
Least evolved rhyolites of the Deschutes Formation (~72 wt.%
Si0y), like those of the HLP, have major element compositions
consistent with experimental dehydration melts of 5-15% from
mafic protoliths (Beard & Lofgren, 1991; Rapp & Watson, 1995;
Streck, 2002; Streck & Grunder, 2008). Furthermore, Ba/Rb and
La/Yb of least evolved rhyolites match best to mafic protoliths
that are compositionally akin to LKT (Streck, 2002). Trace element
modeling of the McKenzie Canyon Tuff by Eungard (2012) is con-
sistent with partial melting of a mafic protolith with some post-
melt mixing and fractionation to make intermediates and more
evolved rhyolites, respectively. Aubin (2000) also argues for the
importance of partial melting based on trace element modeling
and suggests that the incorporation of greater than 20% partial
melts of an LKT+ biotite gneiss mixture best matches the trace
element characteristics of several northern Deschutes Formation
felsic ignimbrites.

We have tested these ideas further by using rhyolite-MELTS
thermodynamic modeling to test whether the Fe-rich rhyolites
of the Deschutes Formation could be reproduced using simple
fractional crystallization (FC). We tested 45 different combina-
tions of pressure (50-500 MPa), initial H,O content (0-4 wt.%), and
fO, buffer (NNO, FMQ, FMQ-1), for each of three primitive basalts
from the Deschutes Formation (LKT, CAB, and a 50% LKT +50%
CAB mixture) (Appendix 8). We found that none of these models
adequately fit all Deschutes Formation compositional trends. The
conditions that came the closest were a CAB with 2 wt.% H,0,
at FMQ and 100 or 200 MPa, or an LKT with 1 wt.% H,0, at
FMQ and 100 or 250 MPa. However, CABs failed to reproduce the
high FeO vs CaO trend, LKTs could not reproduce high Al,O5 for
felsic compositions, and no experiments could reproduce high
FeOx/MgO. Thus, our test indicates that simple FC is not likely to
be entirely responsible for the production of Deschutes Formation
felsic magmas, and other processes, such as crustal melting or
assimilation, must play a role.

An important distinction in the potential efficacy of FC in
hot-dry versus cold-wet rhyolites from basalts is that hot, dry,
reducing conditions require a much larger amount of FC, leaving
much smaller portions of rhyolite melt because of the delayed
crystallization of Fe-Ti oxides. For example, using rhyolite-MELTS,
we find that to reach 72 wt.% SiO, requires approximately 86—
94% fractionation of a primitive Deschutes Formation basalt in
reducing conditions (~NNO-0.5), thus leaving only 6-14 mass %
rhyolite melt, depending on H,0 and pressure. Although this does
not necessarily prove that Deschutes Formation rhyolites could
not be produced by pure FC, it suggests that it would be an inef-
ficient process, requiring 1500 to 5500 km? of cumulate residue
to produce the estimated 210-330 km? (DRE) of crystal-poor felsic
ignimbrites (Pitcher et al., 2021) of the Deschutes Formation.

Trace element trends within individual Deschutes Formation
ignimbrites also indicate that simple FC processes are unlikely to
produce the rhyolite compositions. The ratio of equally incompat-
ible elements, such as Rb/Th or Nb/Zr, should not vary during FC,
since such processes would cause both elements to increase at the
same rate (Conrey et al., 2001). Rubidium is highly incompatible
except in biotite and alkali feldspar, but neither of these phases
are found within any Deschutes Formation units. However, for
example, the McKenzie Canyon tuff has more than a 50% decrease
in Rb/Th in mafic to felsic glass compositions, and the Fly Creek
tuff has a 40% decrease in whole rock Nb/Zr. A decrease in Nb/Zr
could not be the result of removal of zircon, since that would
cause the ratio to increase, thus suggesting that the mafic and
felsic magmas co-erupted in these units could not be genetically
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related by fractionation and that open system processes must
be involved. Furthermore, we would expect that a dry rhyolite
melt produced by FC would have extensive evidence of plagioclase
fractionation. However, whole-rock Eu/Eux ranges from 0.8 to 1.0
with no significant change from mafic to felsic compositions,
suggesting little to no fractionation of plagioclase to form the bulk
rhyolite; glass compositions from these same rhyolite units have
large negative Eu anomalies, mostly between 0.4 and 0.7, showing
evidence of late-stage plagioclase crystallization (Fig. 11).

And finally, further evidence against FC being the dominant
process comes from plagioclase compositions. If a relatively dry
tholeiitic basalt were to fractionate to a rhyolite, we would expect
plagioclase to become stable early during differentiation, and
to record significant changes in anorthite (An) content over its
history (Villiger et al., 2006; Deering et al., 2011; Mandler et al., 2014).
This is especially true if the magma resided at shallow depths.
However, 79% of the 148 plagioclase cores that we analyzed from
rhyolite pumice have An contents between 20 and 40 mol.%
(Fig. 15). Furthermore, 82% of plagioclase from rhyolite pumice
have a total An range of less than 10 mol.%; almost all crystals
are monotonously zoned, with very minor oscillatory zoning,
and disequilibrium textures are almost entirely absent. Although
higher An plagioclase, reflective of more mafic or intermediate
compositions could have been removed from the magmas during
fractionation, whole rock compositions (Jay, 1982; Cannon, 1984;
Conrey, 1985, 1991; Yogodzinski, 1985; Smith, 1986; McDannel,
1989; Dill, 1992; Aubin, 2000; Conrey et al., 2004) of most felsic
pumice lack a large Eu anomaly indicating that this is unlikely.
Instead, low An plagioclase with very little compositional or tex-
tural variability indicates that crystallization took place entirely
within rhyolite magmas, suggesting a felsic origin by partial melt-
ing rather than crystal fractionation.

Potential crustal melting sources

Although we demonstrate above that Deschutes rhyolites require
a crustal melting origin, it is much harder to constrain the compo-
sition of the protolith that was melted. The lack of high- §'80 val-
ues in any Deschutes Formation unit precludes wholesale melting
of sedimentary protoliths as suggested by Aubin (2000) and Con-
rey (1991) (Bindeman, 2008). The low incompatible element con-
centrations are most consistent with the melting of a mafic pro-
tolith, as suggested by Eungard (2012). The potential crustal pro-
toliths that could have been partially melted to produce the rhyo-
lites are: greenschist to amphibolite faces metabasalts of oceanic
crust (MORB-like) origin (Stanley et al., 1990; Conrey et al., 2001),
metabasalts from the oceanic Siletz Terrane (a large igneous
basalt province with within-plate OIB-like affinities) (Wells et
al., 2014; Phillips et al., 2017), or co-genetic mafic precursors of
Deschutes-age (LKTs). Bulk compositions of Deschutes rhyolites
are good matches for experimental dehydration melts (~ 5-15%)
of metabasite akin to LKTs (Beard & Lofgren, 1991; Rapp & Watson,
1995; Sisson et al., 2005) with likely a modest amount of crustal
contamination to account for elevated potassium, as argued by
Streck (2002) for similar HLP rhyolites. Wet partial melts are too
aluminous (Blatter et al., 2013).

Deschutes Formation ignimbrites from near Green Ridge have
87Sr/%6Sr compositions of 0.7035-0.7036 (Conrey, 1991), similar to
Quaternary Cascade basalts (Schmidt et al., 2008; Mullen et al.,
2017; Pitcher & Kent, 2019). This is consistent with the melting
source being young and isotopically primitive basalts and their
intrusive equivalents, like the regional LKT. The Deschutes For-
mation volcanic sources represent the initial stages of volcanism
along the modern High Cascades axis (Smith, 1986; Priest, 1990;
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Conrey et al., 2002, 2004), so the crustal melting source is less likely
to be older plutons (~40-7 Ma) related to the ancestral Western
Cascades, which lie to the west (Smith, 1986; Priest, 1990; Conrey
et al., 2002, 2004). Potential basaltic protoliths of the Paleocene
OIB-like Siletz terrane would not produce the high field strength
depletions or light rare earth element enrichments observed in
the rhyolites. Deschutes rhyolites also lack the lower Pb iso-
topic ratios (?*/Pb/?%Pb =0.80205-0.82546, 206Pb/2%Pb = 20.00645~
2.04024, Phillips et al., 2017) that are distinctive of Siletzia (Fig. 7)
and are isotopically similar to the LKT. We suggest that the most
important process in the production of the rhyolites was partial
melting of LKT precursors of similar origin to those erupted
within the Deschutes Formation. Based on Os isotope systematics,
Schmidtetal. (2013) document growth of an LKT-like underplate in
the crust beneath the arc at nearby North Sister Volcano, which
could have acted as a partial melting source for the Deschutes
rhyolites.

While our compositional data suggest that a relatively young,
mafic crustal rock is the most likely partial melting protolith, it
is beyond the scope of this study to directly constrain the depth
of the crustal melting. Stanley et al. (1990) used magnetotelluric,
seismic refraction, heat flow, and geochemical data to suggest a
crustal structure beneath the Cascades that consists of: a brittle
zone that extends to ~12-15 km, followed by a dehydrating zone
of amphibolite (~15-30 km), then a mafic granulite facies zone
(~30-40 km) with mafic underplates at the Moho. Conrey et al.
(2002) and Conrey (1991) suggest that active rifting during the
Deschutes Formation and the repeated injection of basalt into
the mid-crustal region could have allowed for crustal melting
at mid-crustal depths, which would be less efficient within
the post-rift modern geotherm. We suggest that the relatively
high Y, MREE, Dy/Dyx, and HREE composition of Deschutes
Formation rhyolites (Figs. 5 and 11) require that the residuum
after melting must not contain amphibole or garnet and is thus
inconsistent with an amphibolite or eclogite residuum. This
does not preclude dehydration melting of mid to lower crustal
amphibolite with clinopyroxene as the residual phase, as long
as a relatively dry basalt is causing the melting so as to not
become too aluminous. Since the lower crust in this region
may be too shallow for garnet stability (Mercer & Johnston,
2008), partial melting within the lower crust also cannot be
ruled out. Although final storage must have occurred in the
shallow crust, a subset of our rhyolite two-pyroxene geobarometry
results (650-1050 MPa, +320 MPa) could be consistent with a
deeper origin (~20-35 km) (Fig. 16). An omphacite xenocryst
found within a relatively homogeneous high-silica rhyolite
(72-74 wt.%) may provide further evidence of deeper crustal
genesis.

Temporal changes in crustal melting

Consistent temporal trends in incompatible elements suggest
that crustal melting fertility may have decreased as the ignimbrite
flare-up progressed. In felsic pumice glass, concentrations of
incompatible trace elements, such as Rb, Th, Nb, and Cs, con-
sistently decrease in both glass and whole-rock analyses from
6 Ma to the end of the flare-up around 5.45 Ma. For example, Rb
concentrations in felsic glass (=68 wt.% SiO,) decrease steadily
from 50-90 ppm in earlier ignimbrites (5.9-6.0 Ma) to 15-40 ppm
in later ignimbrites (5.45-5.55 Ma), and this trend is mirrored
by whole-rock values (Fig. 18), as first pointed out for a subset
of ignimbrite units by Aubin (2000). However, no clear decreas-
ing trend is observed in the mafic pumice from this study or
lavas from the literature (Conrey, 1991; Conrey et al.,, 2002, 2004;
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McClaughry et al.,, 2021), although trace element data for older
lavas are sparse. This suggests that the depletion in incompatible
elements does not primarily result from a change in the mantle
source or melting conditions, but rather, that the crustal source
rock became successively depleted.

This is consistent with the pattern of the frequency of
Deschutes Formation silicic eruptions, calculated by Pitcher et
al. (2021), such that eruptions increased significantly after 6 Ma,
reached a peak around 5.7 Ma, and then slowly decreased until
graben formation cut off the Deschutes Basin from ignimbrite
supply around 5.35 Ma (Fig. 18). We suggest that with progressive
partial melting and continuous injection of mafic magma, the
crustal source became more refractory and basalts and their
differentiates diluted the incompatible element enriched signal
of the initial partial melts, a process that has been referred to
as ‘basaltification’ (Streck & Grunder, 2012; Ford et al., 2013;
Bindeman et al., 2019).

Overall temporal trends in SiO, and in plagioclase composi-
tions also seem to corroborate this basaltification. There is a
decrease in the proportion of true rhyolite glass through time;
while early ignimbrites (6.25 to 5.75 Ma) commonly have a pop-
ulation of pumice with glass SiO, of 73-76 wt.%, later ignimbrites
(5.6 to 5.45 Ma) rarely exceed 73 wt.% (Fig. 18A). A similar trend

is observed with the whole rock data from the literature (Conrey,
1985, 1991; Dill, 1992; Hill, 1992; Aubin, 2000; Conrey et al., 2004).
Since plagioclase core compositions also record a concurrent pro-
gressive trend of increasing anorthite, from Anyg 30 to Ansg o, and
plagioclase rarely records a major change in anorthite (Fig. 15),
increased late-stage mixing with more mafic magmas is unlikely
to be the primary cause of the temporary trends in felsic melt
compositions. Instead, the overall decrease in incompatible ele-
ments and SiO, observed within glass and whole rock data for
felsic pumice and a concomitant increase in plagioclase core An
content is consistent with a decrease in crustal melting efficiency
as the crustal source became less fertile during basaltification.
These patterns of geochemistry and eruption frequency (Pitcher
et al.,, 2021) are also consistent with thermodynamic modeling of
Karakas & Dufek (2015), who show that within an extending crust,
the peak crustal melting efficiency is reached approximately 1.2—-
1.8 Myr after initiation of basalt injection, and wanes thereafter
due to this basaltification process. In the Deschutes Formation,
initial ignimbrite eruptions began 1.2 Myr after the first eruption
of LKT lavas (7.50+0.22; Smith et al.,, 1987), rhyolite glass and
plagioclase compositions become more variable and less evolved
after 1.5 Myr, and the peak eruption rate occurred 1.7 Myr after
initial LKT eruptions (Fig. 18).
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Shallow storage and assimilation

Plagioclase oxygen isotope data from numerous Deschutes
Formation ignimbrites suggest shallow assimilation of crust
or crustal melts. Oxygen isotope 8180p1ag1-odase values range
between 5.01 and 6.27%0, which would be in equilibrium with
melts between 5.14 and 6.47%. (Fig.6). Rhyolite melt values
of 6.1-7.5%0 (Troch et al, 2020) may be achieved by crystal
fractionation from basalts with mantle values (5.5-5.9%0; e.g.
Bindeman, 2008), so pure FC is precluded by the low range of
some of the Deschutes formation samples. Approximately 40% of
Deschutes Formation analyses, from basaltic andesite to rhyolite,
have §Ope: values lower than the ‘normal array’, and thus
could not be explained by closed system fractionation (Fig. 6),
and therefore require melting and assimilation of rocks that
have been hydrothermally altered by meteoric water at high
temperature (>400°C) (Taylor, 1977; Balsley & Gregory, 1998;
Bindeman, 2008; Troch et al., 2020). Low 80 silicic magmas
tend to occur in locations characterized by caldera activity (e.g.
Yellowstone, Calabozos) and/or extension (e.g. Iceland), such
that extensive and deep hydrothermal alteration of the crust
can occur (Taylor, 1977; Larson & Taylor, 1986; Grunder et al.,
1987; Bacon et al., 1989; Bindeman, 2008; Bucholz et al., 2017;
Troch et al., 2020).

Crustal extension within the central Oregon Cascades (Wells
et al., 1998; Conrey et al., 2002; Wells & McCaffrey, 2013) could
provide an efficient mechanism to produce fractures that would
act as pathways for meteoric water to hydrothermally alter the
uppermost mafic crust. Evidence of intense hydrothermal fluid
circulation and high heat flow in the modern central Oregon
portion of the Cascades is demonstrated by Ingebritsen & Mariner
(2010) (Fig. 1). Subsequent shallow assimilation of this altered
crust by Deschutes Formation magmas could produce the lower
8'80mere values observed in Deschutes pumice clasts ranging from
basaltic andesite to rhyolite. Stanley et al. (1990) suggest that an
impermeable zone exists at the brittle-plastic transition zone,
~12 km beneath the Oregon High Cascades, below which fracture
permeability is limited and therefore hydrothermal alteration by
hot meteoric water is unlikely to occur (Hart et al., 2004). Studies of
fossilized hydrothermal systems from extensional environments
suggest that most hydrothermal alteration occurs shallower than
7 km (Criss & Taylor, 1983; Balsley & Gregory, 1998). This sug-
gests that the crustal melting and assimilation of hydrothermally
altered mafic crust that produced the low-§80 signature in some
of the Deschutes Formation ignimbrites must have occurred at
depths at least shallower than 12 km, and probably shallower
than 7 km. A similar process of re-melting hydrothermally altered,
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young, co-genetic mafic precursors has been proposed for the
Timber Mountain/Oasis Valley caldera complex in Nevada (Binde-
man et al., 2006) and for rhyolites of the High Lava Plains (Streck
& Grunder, 2008, 2012).

We suggest that the low-§'80 assimilant source rock is unlikely
to be deeper, older rocks that were altered and subsequently
buried, for several reasons. First, magmatism of the Ancestral
Cascades (~40-7.5 Ma) was predominantly focused to the west
of the High Cascades axis from which the Deschutes magmas
were erupted (Priest, 1990; du Bray & John, 2011) and thus sig-
nificant burial is unlikely to have occurred in the region during
that time. In addition, because convergence of the Juan de Fuca
plate became increasingly more oblique and the rate decreased
four-fold during the 30 Ma prior to the Deschutes Formation
(Verplanck & Duncan, 1987), significant prior normal faulting is
unlikely. There is also evidence from fossil equid teeth from east-
ern Oregon that meteoric §'80 decreased by approximately 2%o

between 27-8 Ma (Kohn et al., 2002), suggesting that if hydrother-
mal alteration of older rocks had occurred it would have been
less effective at reducing the §'80 of the altered rock (Troch et al.,
2020). Shallow residence and assimilation by Deschutes Forma-
tion magmas is also supported by the observation of sanidinite-
facies, potassically-altered tuff xenoliths found within the Bal-
anced Rocks Tuff (Conrey et al., 2002).

Based on the rhyolite-MELTS geobarometer, Deschutes felsic
magmas were last stored at shallow pressures, primarily between
100 and 250 MPa (approximately 3.5-8.5 km), consistent with
880 evidence of shallow crustal melting and assimilation. In all
MELTS runs, the quartz saturation surface was at much lower
temperatures (>100°C) than those of the observed phases (plagio-
clase, pyroxene, oxides) at pressures less than 400 MPa, suggesting
that magmas would need to have been stored much deeper than
400 MPa for quartz to be saturated at low crystallinity (<10%).
Since Deschutes Formation ignimbrites do not contain quartz,
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this is consistent with a relatively shallow storage. Furthermore,
a minimum storage pressure of 50-100 MPa is implied by appli-
cation of the plagioclase-liquid hygrometer of Waters and Lange
(2015) to plagioclase rim compositions. It should be noted that
these represent the pressures at which these magmas would
reach water-saturation and would thus underestimate storage
pressures of undersaturated magmas.

Possible tectonic implications

If the Oregon forearc has been steadily rotating clockwise since at
least the mid Miocene (Wells & Heller, 1988; Wells & McCaffrey,
2013), then why was the influence of extension on central Oregon
Cascades arc magmatism so much greater during Deschutes time
than during the Quaternary? Conrey et al. (2002, 2004) suggest that
the Deschutes Formation may be the initial expression of a north-
ward propagating intra-arc rift, which produced a northward-
younging trend of LKT lavas and smaller phases of pyroclastic
volcanism. However, since the High Cascades graben is so narrow
(~30 km wide) and extension rates are relatively low (Wells et al.,
1998; Conrey et al.,, 2002) intra-arc rifting alone, via shallowing
of the lithosphere-asthenosphere boundary, is unlikely to pro-
duce the observed flux of decompression melts (LKTs) evident
during Deschutes time. We suggest that this is more likely to
have been the result of larger-scale mantle upwelling related to
the High Lava Plains, and that extension in this region provided
pathways for these melts into the shallow crust beneath the
newly formed axis of arc activity (Pitcher et al., 2021). It should
also be noted that the amount of extension accommodated by
magmatism in this region has yet to be estimated, and that the
structural record may not adequately describe magmatic exten-
sion.

The bimodal High Lava Plains of central and eastern Oregon are
suggested to be the result of high magmatic flux of decompression
mantle melts resulting from mantle flow due to either slab-
rollback (Long et al., 2012; Ford et al., 2013; Till et al., 2013) or
the Yellowstone Plume (Camp & Ross, 2004; Jordan et al., 2004;
Camp, 2019). Although LKT basalts were commonly erupted in
the HLP over the last ~15 Ma, an unusually large pulse occurred
~7.8 to 7.5 Ma, in which LKTs were erupted across the entire
province, including the central Oregon Cascades rear-arc (Jordan
et al., 2004), and a strong pulse of rhyolite volcanism in the HLP
followed, between 7.7 and 5.1 Ma (Swenton et al., 2022). At nearly
the same time (7.5 Ma, Smith., 1986), LKT basalts, which are
unusual for the ancestral Cascades arc, began to erupt from a
new eastward arc location. These nearly simultaneous events also
occurred just after Basin and Range extension reached central
Oregon (Meigs et al., 2009; Scarberry et al., 2010) and faulting along
the Brothers Fault Zone, which extends to the central Oregon arc,
began (Swenton et al., 2022). Pitcher et al. (2021) suggest that the
timing of these LKT pulses and arrival of extension in central
Oregon is unlikely to be a coincidence, and suggest that the
mantle flow and decompression that fed the HLP pulse was also
focused into the crust beneath the new arc location by extension,
thereby producing the high flux of hot basalt needed to fuel the
unusual ignimbrite flare-up. Analogue experiments suggest that
moderate crustal extension (1.7 mm/a) above slab-induced man-
tle flow produces orders-of-magnitude higher thermal anomalies
(Druken et al., 2011; Long et al., 2012). The Deschutes Formation
also has a similar predominance of LKT primitive lavas to the
HLP, which is consistent with mantle decompression driving both
systems. Furthermore, we have also demonstrated that there are
geochemical similarities between Deschutes Formation and HLP
rhyolites, which both exemplify hot-dry-reduced characteristics
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compared to the compositions erupted in the central Oregon
Cascades before and after the Deschutes Formation. Swenton et
al. (2022) suggest that rhyolite pulses within the HLP, including
one that occurred between 7.7 and 5.1 Ma, are the result of
the commencement of regional extensional faulting (i.e. Basin
and Range and the Brothers Fault Zone) which drives increased
basaltic flux into the crust and subsequent crustal melting. We
suggest that similar contemporaneous processes in the central
Oregon arc drove the generation of the Deschutes Formation
silicic flare-up.

In this model, the mantle flow and subsequent decompres-
sion melts responsible for the widely distributed pulse of LKT
eruptions across the entire HLP province also provided a flux of
basaltic magmas that caused partial melting in the crust beneath
the newly formed central Oregon High Cascades. Troch et al. (2020)
demonstrate that hot and dry basalts release the most energy
and therefore are most efficient for causing crustal melting and
assimilation. This flux of hot and dry basalts appears to have over-
whelmed the ‘background’ contribution from colder and wetter
calc-alkaline primitive magmas produced by flux melting under
the arc, as evident by the higher proportion of LKTs compared
to CABs during Deschutes time. However, this mantle upwelling
may have then reached a steady-state, providing a reduction
in flux of decompression melts, and eventually allowing for re-
establishment of fluid flux melting as a more dominant process
after the cessation of Deschutes Formation volcanism. In addition,
a decrease in basaltic flux may have made it more difficult for
basalt to ascend to the upper, less-dense crust, thereby leading
to the establishment of a deeper magmatic system characterized
by more wet and oxidizing conditions. This allowed amphibole to
become a stable phase, thereby explaining the change to steeper
REE and a depletion in MREE, Y, and Zr/Sr. Continued crustal
extension within the region does continue to affect the geochem-
istry of the arc magmas in the Quaternary central Oregon High
Cascades, which exhibit some drier trends compared to the rest
of the arc (Mcleod et al.,, 2021; Waters et al., 2021) (Table 2), but
these effects are far weaker than they were during Deschutes
Formation time.

CONCLUSIONS

Ignimbrite volcanism was unusually abundant in the Cascade arc
during the 4.5-7.5 Ma flare-up event recorded in the Deschutes
Formation of the Oregon Cascades. The tuffs are mainly crystal
poor, amphibole-free rhyolites with high Fe, Na, Y, MREE, Zr/Sr,
and low Eu and Sr and are atypical of arcs, including the Cascades
arc, in that they are hot, dry, and reducing. Ilmenite-magnetite
thermometry and oxybarometry range from 900-1000°C and NNO
to NNO-0.25, respectively. Instead, the compositions are more
similar to rhyolites erupted within the High Lava Plains of central
and eastern Oregon.

Rhyolite-MELTS geobarometry indicates shallow storage of
these magmas (100-250 MPa), which is corroborated by shallow
REE trends and plagioclase-liquid hygrometry. In addition, low
880 values from a majority of units suggest melting and
assimilation of hydrothermally altered rock, which further
implies shallow storage. The rhyolites are not derived by crystal
fractionation from contemporaneous low-K tholeiites based on
Rhyolite-MELTS thermodynamic modelling and on oxygen isotope
values (8180 of 5 to 6%) that are too low. Instead, the least-evolved
rhyolites are the result of partial melting of LKT basalt precursors
in the mid to deep crust and act as both the parent to more evolved
rhyolites and as the mixing endmember to produce mingled

£20z Jaquiaydag zo uo Jasn Ajisianiun aiels uobalQ Aq g0zeez2/850peba/g/y9/o10nue/ABojosad/woo dno-olwapede)/:sdiy woly papeojumoq



24 | Journal of Petrology, 2023, Vol. 64, No. 8

dacites and rhyodacites. At least some shallow-level assimilation
of hydrothermally altered crust is required.

Ignimbrites often contain several compositionally distinct
pumice populations and single pumice clasts often contain
multiple populations of compositionally distinct plagioclase,
indicating complex storage and mingling of discrete magma
bodies. Banded pumice clasts provide further evidence of magma
mingling just prior to eruption. A marked kink in the trends
of several major and trace elements vs. SiO, indicates that
intermediate magmas, which often have multiple plagioclase
populations, could be created by mixing with the least evolved
rhyolite (~72 wt.% SiO,), but not with more evolved rhyolites.

In addition to the rhyolitic ignimbrites, large volumes of basalt
to basaltic andesite lavas were erupted during deposition of the
Deschutes Formation. They mark a time of abundant low-K tholei-
ite (LKT) activity unlike pre- Deschutes time when calc-alkaline
basalts predominate (ancestral Western Cascades). These rhyo-
lites and LKTs of the Deschutes Formation are akin to the bimodal
High Lava Plains in central and eastern Oregon. The LKTs form by
hot and dry decompression melting of upwelling depleted mantle
above a steepening slab with subduction induced corner flow.
The Deschutes period of high flux of LKT lavas is contempora-
neous with a pulse of LKTs that occurred across the entire HLP
province. We suggest that the same decompression melts were
tapped by the Deschutes Formation volcanic sources, which were
established within a region of newly extending crust related to
propagation of the Basin and Range extension into the central
Oregon arc.

We propose a petrogenetic model (Fig. 19) for the earliest Ore-
gon High Cascades (Deschutes Formation) in which crustal exten-
sion provided the mechanism to focus decompression melts into
the arc and thereby providing a mafic protolith. After a thermal
maturation period, the high flux of basalt into the middle to lower
crust led to a period of enhanced crustal melting (Pitcher et al.,
2021) and assisted in the production of the large volumes of hot-
dry-reduced rhyolites of the Deschutes Formation. Extensional
stresses allowed for complex storage of discreet magma bodies
within the upper crust, which underwent complex open system
processes. Furthermore, extensional faulting in the upper crust
established a robust hydrothermal system (Ingebritsen & Mariner,
2010), and partial melting of these shallow hydrothermally altered
rocks lead to the eruption of low-§0 felsic magmas.

Successive depletion of the protolith is recorded by ignimbrites
that are successively less silicic, more depleted in incompatible
elements, and contain more mafic pumice populations through
time. This attests to a process of ‘basaltification’ and depletion
of the once fertile crust beneath the newly established arc. Over
time, more arc-typical hydrous melting was re-established as the
dominant mantle melting process and magmatic differentiation
occurred in more cold-wet-oxidizing conditions.
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