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Abstract. We report new cosmogenic 2!Ne-in-quartz exposure ages from 18 samples on three distinct moraines deposited in
the Lost Creek drainage, approximately 3—7 km down-valley from Lassen Peak in Lassen Volcanic National Park. Although
measuring **Ne in quartz is generally straightforward, accurate ?’Ne exposure dating of deposits of late Pleistocene-age is
rarely possible due to the significant quantities of non-cosmogenic ?!Ne present in most lithologies. Young quartz-bearing
volcanic rocks have been observed to be an exception. We take advantage of moraine boulders sourced from the ~28 ka
dacite of Lassen Peak to generate a chronology of alpine deglaciation in Lassen Volcanic National Park. Ages from three
distinct moraines are in stratigraphic order, ranging ~22—15 ka, and generally agree with other terminal and some recessional
moraine ages across the Cascades and Sierra Nevada Range of the western United States. To date, these are among the
youngest surfaces ever dated using cosmogenic 2!Ne and provide a cost-effective proof-of-concept approach to dating

moraines where applicable.

1 Introduction

Moraines deposited on the landscape from past alpine glaciers mark the culmination of glacier advances and, when carefully
mapped and dated, can record the magnitude and timing of these advances. One of the most effective tools for dating
moraines is cosmogenic-nuclide exposure dating because 1) it provides a direct age constraint on the landform, and 2) in
many alpine glacier settings, glaciers can be highly erosive. Glacial erosion and transport are important processes that act to
both remove cosmogenic nuclides from previously exposed surfaces and expose previously shielded rocks and sediments to
the cosmic ray flux at Earth’s surface (Balco, 2011). For late Pleistocene-age glaciations, the common target cosmogenic
nuclide has been °Be for several reasons; 1) it is produced in quartz (which is easily isolated from other minerals and
relatively common), 2) its geologically short half-life limits the amount of background °Be in fresh rock surfaces, 3) the
production of 1°Be on Earth is almost exclusively through cosmic radiation (Gosse and Philips, 2001), and 4) it can reliably
be measured at low concentrations. However, °Be analyses require time-consuming wet chemical dissolution under clean

lab conditions, and costly analytical measurements via Accelerator Mass Spectrometry. In some cases, other cosmogenic
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nuclides — particularly noble gas cosmogenic nuclides like Ne and 3He — can be used as time-saving and cost-effective

alternatives.

During glacial periods throughout the late Pleistocene, alpine glaciers and ice caps flowed from numerous high mountain
centers in the western United States and deposited detailed sequences of moraines (Palacios et al., 2020). Glacial geologists
have extensively dated these moraines in the western US using surface-exposure dating; to date, more than 2100 samples
have been analyzed in 85 publications (data pulled from ICE-D, www.ice-d.org; last access 09/20/2023). Moraines deposited
during the latest global glacial interval, termed the Last Glacial Maximum (LGM; 26-19 ka, Clark et al., 2009) and
subsequent last deglaciation (19-11 ka; Clark et al., 2012) have been thoroughly investigated in several regions in the
western US (see Laabs et al., 2020 and references therein). Moraines dated primarily with surface-exposure dating have
linked alpine glacial patterns to local and regional climate mechanisms inferred from other climate proxies — including
enhanced precipitation inferred from pluvial lakes (Laabs et al., 2009; Quirk et al., 2020), Laurentide Ice Sheet-atmosphere
dynamics (Tulenko et al., 2020), and global climate drivers such as atmospheric CO, (Shakun et al., 2015). These
observations of past glacier advances, and their linkages to climate change, provide important context for current and future

climate and glacier change.

The Cascades Volcanic Arc, located on the western North American margin, is the product of active subduction of the Juan
de Fuca plate below the North American Plate. The arc hosts numerous volcanoes, and volcanism has been active throughout
the Pleistocene and Holocene (O’Hara et al., 2020). The detailed history of the Lassen Volcanic Center (herein the LVC) in
Northeastern California (Figs. 1 and 2) — the southernmost active volcano system in the arc — is well documented
(Christiansen et al., 2002; Clynne and Muffler, 2010). The most important volcanic deposit for our study is referred to as the
dacite of Lassen Peak (further described below), which is the result of the emplacement of a volcanic dome at 28.3 £ 2.7 ka
(Turrin et al., 1998). The dome was likely glaciated during the LGM as several drainages flowing radially outward from the
LVC contain well-preserved sequences of moraines comprised of till dominated by dacite of Lassen Peak (Fig. 2). For this
study, we focus on moraines deposited 3—7 km down-valley on the northern side of Lassen Peak in the Lost Creek drainage
(Figs. 2 and 3).
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Figure 1. Map of the Cascades and Sierra Nevada region
with small stars of other previously investigated sites with
glacier chronologies. Wallowa Mountains, OR; Licciardi et
al., 2004, White Branch Fault Zone; Alexander et al. (2022),
Klamath Lake Fault Zone, OR; Speth et al. (2018), Lake
Tahoe Region, CA; Pierce et al. (2017), central Sierra
Nevada Range, CA; Rood et al. (2011a, 2011b), southeast
Sierra Nevada Range, CA; Benn et al. (2006), Amos et al.
(2010). The large yellow star denotes the location of our
study site in Lassen Volcanic National Park. Inset: Map of
the US and portions of Canada with overlain limits of LGM
glaciation in North America from Dalton et al. (2020)
outlined and filled in semi-transparent white polygons.

This paper presents 18 cosmogenic 2!Ne-in-quartz

exposure ages from large boulders situated atop three

distinct moraines in the Lost Creek drainage of Lassen
Volcanic National Park. Although measurements of
cosmogenic *Ne in quartz by noble gas mass
spectrometry are generally straightforward, >*Ne is rarely
used for exposure-dating of LGM-age deposits for two
reasons. First, neon extracted from quartz is a mixture of
atmospheric and in-situ cosmogenic neon (Niedermann
1993, 2002). Although the two are easily distinguished by
their distinct isotopic compositions (see section 3.3), the
presence of large amounts of atmospheric neon decreases
the precision with which the cosmogenic neon inventory
can be measured. For example, concentrations of
atmospherically derived 2'Ne in quartz are commonly in
the range 50-100 Matoms/g. For a sample with an LGM 4 . SE Sierra

i Nevada
exposure age and 1 Matom/g of cosmogenic 2!Ne, this \! ﬂ ;
means that only 1-2% of the total 2!Ne released is cosmogenic; even if the Ne isotope rat

ios used to deconvolve atmospheric
and cosmogenic inventories are measured with 1% precision, this still leads to a 50% uncertainty on the amount of
cosmogenic 2!Ne. Second, quartz in most lithologies contains significant quantities of nucleogenic neon produced as a
byproduct of decay of naturally occurring trace U and Th (Niedermann 2002), which, unlike atmospheric neon, cannot be
distinguished from cosmogenic neon using the isotopes of neon (*°Ne, #!Ne, and ?Ne). Nucleogenic ?!Ne concentrations in
quartz of 1-10 Matoms/g are commonly observed in lithologies with cooling ages of more than a few million years (e.g.,
Balco et al., 2019); at the latitude and altitude of the samples in this study, these concentrations would be equivalent to

exposure ages of tens to hundreds of thousands of years. Thus, it is rarely possible to accurately quantify the amount of
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cosmogenic 2!Ne produced since the LGM in the presence of a commonly substantially larger nucleogenic and atmospheric
background. For this reason, cosmogenic *!Ne exposure dating has been most applied to deposits with exposure ages of
hundreds of thousands to millions of years (Dunai et al., 2005; Balter-Kenney et al., 2020; Spector and Balco, 2021).

Although accurate 2*Ne-in-quartz exposure-dating of LGM-age samples is difficult in nearly all rocks, young quartz-bearing
volcanic rocks can be an exception, in certain cases. Because the concentration of nucleogenic ?!Ne scales with the cooling
age of the rock, nucleogenic 2!Ne concentrations in quartz are expected to be essentially negligible in late Pleistocene
volcanics. In addition, quartz in extrusive volcanic rocks has been observed to have low concentrations of included
atmospheric neon compared to most rocks (e.g., Phillips et al., 1998; Libarkin et al., 2002; Goethals et al., 2009). Although
this observation is largely empirical, it is most likely explained by rapid cooling of eruptive rocks from magmatic
temperatures (at which neon is diffusively lost from quartz within minutes) to ambient surface temperatures (at which neon
is effectively diffusively immobile). In addition, residence of quartz at magmatic temperatures immediately prior to eruption
makes the presence of any trapped magmatic neon with unusual isotopic composition extremely unlikely (Niedermann,
2002). Thus, obstacles to 2!Ne exposure dating that are present in most lithologies are minimized for quartz in late

Pleistocene eruptive volcanics.

For this study, the young age, rapid eruptive nature, and lithology of the Lassen Peak dome provide a unique opportunity to
exposure-date young surfaces with cosmogenic ?*Ne. Even though measurement precision for 2!Ne concentrations and
resulting ages on LGM deposits are still not as good as for °Be ages reported on contemporary moraines deposited in other
sites in the Cascades and Sierra Nevada Range, our ages broadly align with these other sites, suggesting we captured the
general timing of moraine emplacements in the region, and opening the door for future work dating late Pleistocene

moraines with #Ne.

2 Background and Setting

The landscape surrounding Lassen Volcanic National Park is dominated by complex volcanic eruptive sequences ranging in
age from 3.5 Ma to present (Clynne and Muffler, 2010; Muffler and Clynne, 2015; Clynne and Muffler, 2017). The latest
sequences of volcanic activity, which formed the LVC, began ~825 ka. Since then, there have been three eruptive episodes.
The youngest of these episodes, referred to here as the Lassen domefield, began ~315 ka and is currently active. The latest
activity occurred in 1914-1917 when a vent at the top of Lassen Peak erupted. The Lassen domefield is further subdivided by
both age and lithology (see Fig. 8 in Muffler and Clynne, 2015); we focus on the Eagle Peak sequence (~115 ka — present;
Germa et al., 2019) during which Lassen Peak formed. The Eagle Peak sequence describes geologic units from eight distinct
eruptions in the park, and one of the youngest and most prominent geologic units is the dacite of Lassen Peak (unit dl in

Clynne and Muffler, 2010). Outcrops of the dacite of Lassen Peak in the park are generally restricted to areas near Lassen
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Peak, but boulders, blocks and debris of the dacite are incorporated into expansive surficial deposits, including the
pyroclastic and debris flows associated with the eruption at Lassen Peak in 1915, late Pleistocene glacial tills draped over the
landscape near Lassen Peak, and glacial outwash in nearby valleys far down (at least 30 km) from Lassen Peak. Radiometric
Ar/Ar dating of the unit indicates that the dacite of Lassen Peak was erupted at 28.3 + 2.7 ka (Turrin et al., 1998). Several
lines of evidence show that the dome was glaciated during the LGM as well (Turrin et al., 1998; Clynne and Muffler, 2010;
Fig. 2). Such lines of evidence include abundant moraines and other glacial deposits incorporating sediments and blocks
derived from the dacite of Lassen Peak, and evidence that the mantle of hot, prismatically jointed talus blocks that formed

the eruptive carapace on Lassen Peak was almost completely stripped by glaciation (Clynne and Muffler, 2010).

The dacite of Lassen Peak is a dome and lithic pyroclastic-flow deposit. The lava dome is a porphyritic dacite with 30%
phenocrysts of quartz (up to 10%), plagioclase, hornblende, and biotite in a glassy to aphanitic, weakly magnetic
groundmass. The rock also contains small amounts of clinopyroxene and olivine derived from disaggregated mafic
inclusions. It is the combination of abundant quartz and clinopyroxene that makes dacite of Lassen Peak distinctive among

other dacites in the Lassen domefield.

Zircon dating and trace-element analysis suggests that the quartz must have been stored at a sub-liquidus temperature in a
‘crystal mush’ phase between ~190 ka and the eruption of Lassen Peak at 28.3 + 2.7 ka (Klemetti and Clynne, 2014), and
that the periodic infusion of mafic magma caused the dome eruption and other recent volcanic activity. Given the relatively
young age of the dacite of Lassen Peak, the volcanic and glacial setting of the LVC, and the abundant availability of quartz
phenocrysts, we hypothesized that the dacite of Lassen Peak might be a good target for surface-exposure dating of late

Pleistocene surficial deposits using cosmogenic ?!Ne.

Prior to, and following the LVC dome eruption at ~28 ka, it is likely that large ice caps smothered the surrounding landscape
(Fig. 2; Turrin et al., 1998) as global climate transitioned to glacial periods during, for example, Marine Isotope Stage 6 and
2 (MIS 6; 191-130 ka; MIS 2; 29-11 ka; Lisiecki and Raymo, 2005). Whereas there are no absolute ages on glacial deposits
in and around the LVC, Clynne and Muffler (2010) summarize previous mapping efforts and subdivide glacial deposits into
‘older’ and ‘younger’ tills, where the older tills correlate to the regionally identified Tahoe Glaciation (likely MIS 6; Laabs et
al., 2020) and the younger tills correlate to the Tioga Glaciation (constrained to MIS 2), known locally as the Anklin
Meadows glaciation (Turrin et al., 1998). Moraines in several drainages around Lassen Peak have been identified and
mapped (Turrin et al., 1998; Christiansen et al., 2002), and Anklin Meadows moraines have been subdivided largely by their
elevation, stratigraphic position, and the presence/absence of known age lithologies comprising the sediments and blocks
embedded in the moraines.
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Figure 2. Map of Lassen Volcanic National Park and vicinity. Dot-dot-dash lines are park boundary, light blue transparent shade
is the proposed limit of LGM glaciation in the region (adapted from Clynne and Muffler, 2010). Basemap and hillshade are from
the 1/3 arc-second digital elevation model made available through the USGS National Map 3D Elevation Program
(https://www.usgs.gov/programs/national-geospatial-program/national-map date of last access; Feb 1, 2024).

Turrin et al. (1998, and later updated in Clynne and Muffler, 2010), described several sets of Anklin Meadows moraine units
in Lost Creek drainage (Fig. 3); we targeted moraines mapped from the two oldest units, Anklin Meadows Al and A2. The
oldest and lowest-elevation moraines (Anklin Meadows A1) are found around 1600-1700 m asl in Lost Creek drainage.
Anklin Meadows A2 moraines were deposited around 1950 m asl. Below, we describe two moraines mapped within the Al
unit (Lost Creek Moraine 1 and Lost Creek Moraine 2; Fig. 3A and 3B), and one moraine mapped within the A2 unit (Lost
Creek Moraine 3; Fig. 3A and 3C). All moraines in the Lost Creek drainage contain abundant boulders up to 4 m in diameter
of dacite of Lassen Peak transported by ice that flowed from Lassen Peak down-valley. In the Lost Creek drainage, large

avalanche and debris flow deposits from the 1915 eruption (which include entrained massive blocks sourced from the dacite
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of Lassen Peak) follow the center of the drainage, but these deposits did not override the moraines that we targeted for

exposure dating (Christiansen et al., 2002).
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Figure 3. Lost Creek drainage north of Lassen Peak. A). A: Complete Lost Creek drainage with sample locations highlighted for
each moraine (Lost Creek 1, 2 and 3). B: Zoom in on Lost Creek 1 and Lost Creek 2 (A1) moraines. Samples listed with calculated
ages and internal uncertainties. Average moraine ages in orange text. C: Zoom in on Lost Creek moraine 3 (A2) up-valley from
Lost Creek moraines 1 and 2. Individual ages and moraine ages reported in the same way as panel B. Note the multiple aliquots
measured for samples 22LAS-08, 22LLAS-11 and 22L.AS-12. Location of the large block entrained in the 1915 avalanche and debris
flow used to procure a shielded sample noted in panel C. Basemap and hillshade are sourced from post-processed, Lidar-based
digital elevation model products available through the USGS National Map 3D Elevation Program
(https://www.usgs.gov/programs/national-geospatial-program/national-map date of last access; Feb 1, 2024).
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3 Materials and methods
3.1 Sample collection and processing

We collected surface samples for cosmogenic 2!Ne exposure dating from 15 boulders sourced from the dacite of Lassen Peak
on the crests of three distinct moraines in the Lost Creek drainage in summer 2022. We sampled five boulders on each
moraine. We targeted large (1-2 m tall; Fig. 4; see_www.ice-d.org for all field sample photos) tabular boulders with low-
sloping top surfaces to limit the impact of surface erosion. In addition to reduced snow cover from wind-sweeping, the tops
of large boulders are also better shielded from forest fire activity, which has the potential to heat surfaces to the point where
2INe can diffuse out of quartz (Shuster and Farley, 2005). We extracted approximately 1 kg of sample from the surface of

each boulder using a carbide tipped power drill, steel wedges, and a hammer. We recorded longitude and latitude using a

handheld GPS and calculated topographic- and self-shielding corrections using in-field measurements with a smartphone app
clinometer and the shielding correction calculator from the online exposure age calculator website
(https://hess.ess.washington.edu/).
Table 1. Field observations and analytical measurements for sampled boulders
Sample name Latitu Longit Elevatio | Sample Shielding | quartz Ne-21 TOT | Ne-21 Ne-21 [Ne-21 Ne-21
de ude n(m thickness Correctio | weight (atoms excess excess excess] exposure
(DD) (DD) a.s.l) (cm) n (9) 1076) (atoms (%) (atoms/g age (ka)
106) 10°6)
Lost Creek
Moraine 1
22LAS-16 40.56 - 1718 10 1.00000 | 0.2952 | 1.14%0.08 | 0.517£0.09 | 454 175+0306 | 27.2:47
015 | 121.51 0
479
22LAS-17 40.56 - 1713 1.0 1.00000 | 0.4647 | 2.53+0.15 0.552 £ 219 | 1.187£0.392 | 1856.1
150 | 121.51 0 0.182
450
22LAS-18 40.56 - 1711 2.0 1.00000 | 0.3992 | 186+0.12 | 045£0.137 | 242 | 1.127£0.344 | 17.8%54
234 | 121.51 0
382
22LAS-19 40.56 - 1713 15 1.00000 | 04933 | 2.27+0.13 0.669 £ 294 | 1.356£0.314 | 21.2:49
235 121.51 0 0.155
363
22LAS-20 40.56 - 1712 2.0 1.00000 | 0.2757 | 245+0.15 0483 £ 197 | 1.751£0628 | 27.1£9.7
243 | 121.51 0 0.173
358
Lost Creek
Moraine 2
22LAS-01 40.55 - 1767 25 1.00000 | 04990 | 2.15£0.11 0615+ 285 | 1.232£0.252 | 19.0:3.9
251 | 121.50 0 0.126
780
22LAS-02 40.55 - 1768 2.0 1.00000 | 04131 | 1.68£0.11 0627 £ 374 | 1517£0296 | 22845
272 | 121.50 0 0.122
785
22LAS22 40.55 - 1764 2.0 1.00000 | 04417 | 1.33+0.09 0613+ 462 | 13870231 | 23.2:39
292 | 121.50 0 0.102
816
22LAS23 40.55 - 1754 2.0 1.00000 | 0.2638 | 1.16+0.08 | 0.298£0.09 | 256 | 1.129£0.343 | 17.6%54
364 | 121.50 0
880
22LAS24 40.55 - 1753 2.0 1.00000 | 0.4711 | 6.9+0.34 0.487 £ 71 1.0330.919 163+
379 | 121.50 0 0.433 145
892
Lost Creek
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Moraine 3
22LAS-08 (a) 40.52 - 1950 3.0 0.99256 0.4085 1.61+0.11 0.457 £ 28.4 1.12 £ 0.308 15.5+4.3
369 121.48 8 0.126
016
22LAS-08 (b) - - - - 0.4240 1.33+0.07 0.378 £ 28.4 0.892 + 0.182 12225
0.077
22LAS-09 40.52 - 1950 1.0 0.99256 0.5300 1.73+0.1 0.535 + 30.9 1.009 + 0.212 13.8+2.9
376 121.48 8 0.112
004
22LAS-10 40.52 - 1941 1.5 0.99256 0.4875 | 3.16+0.19 0.359 £ 1.4 0.736 £ 0.476 9.9+6.4
318 121.47 8 0.232
945
22LAS-11 (a) 40.52 - 1939 1.5 0.99256 0.4462 | 2.41+0.15 0.524 + 21.8 1.174 £ 0.396 20.1+6.4
319 121.47 8 0.177
965
22LAS-11 (b) - - - - 0.4282 3.7+0.11 0.668 £ 0.14 18.1 1.561 + 0.326 20.9+4.4
22LAS-12 (a) 40.52 - 1942 2.0 0.99256 0.3804 1.59+0.1 0.49+0.113 30.8 1.287 £ 0.298 17.6+4.1
316 121.47 8
933
22LAS-12 (b) - - - - - 0.4063 1.81£0.08 0.582 32.2 1.433+£0.228 19.4%3.1
0.093
dacite of Lassen
Peak Shielded
Sample
22LAS-SH3 - - - - - 0.4567 4.02+0.21 not detected not not detected
detecte
d

Notes: all samples are sourced from the dacite of Lassen Peak, thus sample density assumed to be 2.80 g/cm?®for all samples. Three
samples (22LAS-08, 22LAS-11, and 22LAS-12) that have two aliquots measured on each are labeled with (a) and (b) to distinguish
aliquots. All additional neon measurements and analyses are reported in the supplementary table S1.

We also procured a sample from the underside of a large (>5m tall) block of dacite of Lassen Peak entrained in the 1915
avalanche and debris flow in the Lost Creek drainage, for the purpose of constraining the nucleogenic component of 2*Ne-
excess (see below). The upward-facing surface of the large tabular block displayed evidence of glacial sculpting (Fig. 4; e.g.,
striations), so we interpret that the top of the block was exposed after deglaciation, plucked, and entrained in the avalanche
and debris flow during the 1915 eruption and deposited glacially sculpted side up. Thus, it is likely that the underside of the
block where we sampled was completely shielded from the cosmic-ray flux following formation and through the eruption,
plucking, and deposition process.
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17.6 + 5.4 kalis
(22LAS-18) :

21/20: 2.94 + 0.07 (10- )]
= 22/20: 10.2 £0.17

Lassen Dacite Shielded Sample ’

.

Figure 4. Example field sample photos, one per moraine. Clockwise from top left: Three samples clustered nearby on the
outermost LGM moraine, Lost Creek 1, one boulder embedded in the Lost Creek 2 moraine, the large block sourced from the
dacite of Lassen Peak that was entrained in the 1915 avalanche and debris flow with approximate location of underside sample

215 collection noted, and one boulder with two aliquots measured from the collected surface sample on the Lost Creek 3 moraine.
Moraine boulders are shown with calculated ages and internal uncertainties.

We prepared all samples, including the ‘shielded’ sample, at the Berkeley Geochronology Center rock preparation lab and
then the University at Buffalo cosmogenic isotope lab. We crushed sample fractions of approximately 150 g from each total
sample (sample thicknesses reported here are the thicknesses of the sample fractions that were crushed) using a mortar and

220 pestle and sieved to 300-600 microns. We rinsed this target fraction and separated magnetic minerals using a Frantz
magnetic separator, leaving quartz and plagioclase. To isolate quartz from plagioclase, we used the froth flotation method
(see Corbett et al., 2016) before etching the quartz-rich fractions in low-concentration HF to remove any remaining
plagioclase and the outside of the quartz grains that may have been enriched in nucleogenic #Ne derived from alpha
implantation through U/Th decay in adjacent minerals or glass (see Niedermann, 2002 for more details).

10
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3.2 Analytical measurements

We measured all three neon isotopes (*°Ne, ?!Ne, #Ne) in purified quartz on the “Ohio" noble gas mass spectrometer
(NGMS) system at the Berkeley Geochronology Center. The NGMS system consists of a MAP-215 sector field mass
spectrometer with modernized ion-counting electronics coupled to a fully automated gas extraction system. We encapsulated
~0.4 g aliquots of quartz in tantalum packets and heated them under vacuum using a 150W, 810 nm diode laser, in two
heating steps at 950° C and 1200° C. Reactive gases were removed by exposure to a SAES Getter, remaining noble gases
were frozen to an activated charcoal trap at 33 K, non-adsorbed gases (presumably mostly He) were pumped away, and Ne

was released to the mass spectrometer at 75 K.

All three isotopes of neon were measured by ion-counting, with corrections for CO,** on mass 22 and “°Ar** on mass 20
made using an 3°Ar spike (Balco and Shuster, 2009). Absolute Ne concentrations are determined by peak height comparison
with an air standard measured several times daily. Mass discrimination corrections are also based on the air standard.
Reported uncertainties include counting uncertainties on all masses (including those used for correction of isobars),
correction for an extraction line “cold” blank measured without any introduction of sample, and the reproducibility of the air
standard. “Hot” blanks that included heating of empty metal packets released small amounts of neon with atmospheric
isotope composition, so this contribution is accounted for in the calculation of excess ?!Ne and a separate hot blank
correction was not made. The amount and isotopic composition of neon released in all 1200° C steps was indistinguishable
from that released in the hot blanks, so we conclude that the samples were fully degassed at 950° C, and report only the
results of the first heating steps. Three aliquots of the CRONUS-A standard analyzed during the period of this study yielded
excess 2!Ne concentrations of 336.1 + 8.1 Matoms/g. This is slightly more than the nominal value for this standard of 320
Matoms/g (Vermeesch et al., 2015). Although in Table 1 we report data as measured, excess ?!Ne concentrations are

renormalized to the nominal value of 320 when calculating exposure ages, as described below.

3.3 Cosmogenic 2!Ne measurements and age calculations

From the measured neon isotope results we then calculated excess >*Ne as follows:

Where ?!Neys is excess 2!Ne relative to atmosphere, Razizo is the atmospheric 2Ne/?°Ne ratio (0.002959), *!Ney is total
measured ?Ne, and ?°Ney is total measured ?°Ne. As shown below in the results (and in the supplementary table), excess
2INe in the shielded sample was indistinguishable from zero, so we take excess *’Ne to be equivalent to cosmogenic 2'Ne.
We then computed cosmogenic 2*Ne exposure ages using version 3 of the online exposure age calculator described by Balco
et al. (2008) and subsequently updated, with the LSDn scaling method (Lifton et al., 2014, 2016) and production rate
calibration data from the SPICE project in Arizona, USA (Fenton et al., 2019). As mentioned above, exposure-age

calculations in the online calculator include normalization to the nominal value of 320 Matoms/g for CRONUS-A. Further,
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we assume negligible post-depositional boulder surface erosion and snow cover as a common community practice, which

means that all ages presented here are minimum exposure ages.

4 Results

As hypothesized, quartz in the dacite of Lassen Peak has an undetectable amount of nucleogenic Ne and unusually low
concentrations of atmospheric neon. First, 2Ne/?’Ne and ??Ne/?*°Ne ratios in the shielded sample are 0.00294 + 0.0007 and
0.1025 + 0.0017, respectively, which are indistinguishable from atmosphere (Figure 5). This implies that nucleogenic ?*Ne in
quartz in this lithology is negligible and, in addition, provides no evidence for the presence of any trapped magmatic neon.
Thus, as noted above, we calculated excess ?!Ne to be equivalent to cosmogenic ?!Ne. Second, concentrations of
atmospheric neon in quartz in this lithology, expressed as ?*Ne, are 4.4 + 3.0 Matoms/g Ne (mean and standard deviation of
all samples), which, although still greater than concentrations of cosmogenic ?!Ne in the 0.75-1.5 Matoms/g range, are
substantially lower than in most other measured rocks to date.

0.13

[ IErratic boulders
0.125 - [ IShielded sample

012

0.115

011}

0.105

22Ne/ONe

0.095

0.09 |

0.085 -

0.08 | | | | |
2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7

21 Ne/ZONe ><107:3

Figure 5. Neon three-isotope plot for all 950° C heating steps. The black dot is the composition of atmospheric neon, and the black
line is the atmospheric-cosmogenic mixing line. The ellipses are 68% confidence regions. The isotope composition of neon in the
shielded sample is indistinguishable from atmosphere, indicating a negligible concentration of nucleogenic or magmatic neon. All
other data lie on or near the atmospheric-cosmogenic mixing line within uncertainty.
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Cosmogenic ?!Ne concentrations in moraine boulder samples in the Lost Creek drainage range from ~0.736 — 1.751

275 Matoms/g and account for ~27 + 9% of the total measured ?!Ne in each sample (Table 1), with the remaining fraction being
attributable to atmospheric ?Ne. Calculated ?*Ne exposure ages for all samples range from 27.1 + 9.7 ka to 9.9 + 6.4 ka
(Table 1; Figure 6). Ages from each moraine comprise single populations. On the outermost terminal LGM moraine (LC-1),
5 ages from 5 boulders average 22.1 + 3.8 ka (moraine ages reported here and throughout are the arithmetic mean and one
standard deviation, without propagating an additional production rate uncertainty). A few hundred meters up-valley, 5 ages

280 from 5 boulders on the next dated moraine (LC-2) average 20.2 £ 2.3 ka. Finally, 4 km up-valley from LC-1 and LC-2, 8
ages from 5 boulders (with replicate measurements on 22LAS-08, 22LAS-11, and 22LAS-12) from the innermost
recessional moraine dated in the Lost Creek Drainage (LC-3) average 15.3 + 3.4 ka. Thus, ages for the three moraines are in
stratigraphic order.

285

Figure 6. Individual probability Age (ka)
density functions (pdfs) for each
sample (green) and summed pdfs for 0 10 20 30 40 50
each moraineage(black). |ndividua| ||||1|||||||||||||1||||||||||||||||||||||||||||||||||||||||
290 pdfs are based on the calculated age LC-1
and internal uncertainty for each
sample. Blue bars indicate the mean 221+ 3.8 ka
and 1 standard deviation of the ages n=5
on each moraine.

295 5 Discussion

LC-2
20.2 £ 2.3 ka
n=>5

We now assess 1) the efficacy of
the dating method itself for late
Pleistocene deposits and 2) the

power of resolving local glacial and

Relative Probability

300 climate histories based on the f
LC-3

15.3 £ 3.4 ka
n=28

results.

5.1 Cosmogenic 2!Ne exposure
dating of the dacite of Lassen
Peak

305 Our initial hypothesis, that due to

the relatively young age and rapid Age (ka)
rate of cooling of the dacite of
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Lassen Peak the nucleogenic and atmospheric 2*Ne concentrations in this lithology are relatively low, is supported by the

measurements. This demonstrates that the dacite of Lassen Peak is a favorable target for !Ne exposure dating.

Although this is not the first study to take advantage of the low 2*Ne background in young quartz-bearing volcanic rocks (for
example, see work on the Bandelier Tuff in New Mexico, USA by Phillips et al., 1998), to the best of our knowledge, the
moraines described here are the youngest landforms successfully exposure-dated using ?!Ne to date in any published study.
However, although the dacite of Lassen Peak is among the best-case scenarios for dating recently exposed surfaces with
cosmogenic 2!Ne, we still find that a majority of the total 2!Ne inventory is non-cosmogenic (Table 1), which limits the
precision of the dating method. This is especially true in comparison with °Be measurements that produce uncertainties up
to an order of magnitude lower than those reported here, 2-3% versus ~20-30%. However, considering the total cost of
analyses and preparation time for 1°Be measurements — which can be up to an order of magnitude more expensive —
cosmogenic 2!Ne, in unique situations like these, might be a suitable avenue to efficiently test broad generalized hypotheses

and provide a proof-of-concept for further, more detailed investigation with higher-precision techniques.

5.2 Deglacial history of the LVC in the context of the broader Cascades and Sierra Nevada Range region

Moraine ages in Lost Creek indicate that the LGM may have culminated in LVNP ca. 22 ka (LC-1), with ice remaining near
the maximum extent for another ~2 kyr, to emplace a recessional moraine (LC-2) ca. 20 ka. There are additional moraines
and hummaocky terrain just inboard of the LC-2 moraine that have not yet been sampled, but an additional dated recessional

moraine (LC-3) ~4 km up-valley indicates ~4 km of modest recession, then deposition of a moraine at ca. 15 ka.

We next compare our record of deglaciation in LVVNP with a subset of all other sites (n = 13) around the Cascades and Sierra
Nevada Range, summarized in Figure 7. All data extracted for this comparison come from the ICE-D database (www.ice-
d.org; last access: 09/01/2023; citations to the original data generators noted in each figure panel). Sites were identified
specifically as moraines in the region with a minimum of four ages per moraine to increase the likelihood that ages compared
reflect a true glacier termination and not other processes (e.g., boulder exhumation/moraine degradation). For each moraine,
we systematically identified extreme values/outliers by calculating the 2 statistic assuming a normal distribution. If the
calculated p value — based on the y? statistic and degrees of freedom per moraine — was below 0.1, we systematically pruned
the individual sample with the most extreme individual %2 value until the dataset satisfied the criteria for a normal

distribution. Then we simply calculated the mean and standard deviation to estimate the moraine age and uncertainty.
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18 ka, conforming with our
2INe-based moraine ages, within error. Moreover, a handful of the other sites around the region contain dated recessional
moraines ranging ~20 to 19 ka that also conform well with our LC-2 moraine. Thus, it is possible that whatever regional
climatic controls acted on alpine glacial patterns in other sites across the region were also acting on the glaciers in the LVC.
However, additional late Pleistocene recessional moraines to compare with the inner recessional moraine dated in Lost Creek
drainage (LC-3) are not currently observed in the region. It is unclear whether this dearth is due to climatic forcing inhibiting
moraine deposition at other sites during this time, the lack of preservation of similar recessional moraines in other valleys, or

a lack of surveying and sampling, all of which currently remain unresolved. It is notable, however, that in other parts of the
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western US, such as the central Colorado Rockies (e.g., Schweinsberg et al., 2020) and the Pioneer Mountains in SW
Montana (Schoenemann et al., 2023), there is evidence of moraine deposition ca. ~15-16 ka, coinciding with timing of LC-3
moraine deposition at our site. Whether this is a result of regional climate or local factors in the LVC, higher-precision
measurements and further investigation at our study site are required to resolve these new questions.

6 Conclusions

We present 18 new cosmogenic **Ne exposure ages on three distinct, inset moraines in Lassen Volcanic National Park, NE
California that average 22.1 = 3.8 ka (n = 5), 20.2 £ 2.3 ka (n = 5), and 15.3 + 3.4 ka (n = 8) on each respective moraine.
Although the precision of our 2*Ne exposure ages is approximately an order of magnitude lower than ages from other sites in
the region, individual moraine ages that we measured are distinguishable and in stratigraphic order. The moraine ages
indicate that the LGM may have culminated in LVNP in-step with other glaciated valleys across the Cascades and Sierra
Nevada Range, with a notable exception for the youngest moraine, LC-3, that appears to be unique to the LVC when
compared to other sites in the Cascades and Sierra Nevada Range region. The results from this study present an example of
an efficient and cost-effective means of estimating moraine ages using ?!Ne in quartz that could be further applied in the
LVC and in other - likely limited - glaciated regions where quartz-bearing late Pleistocene-age volcanic rocks are present.
Going forward, this approach may be employed - when targeting glaciated, young volcanic lithologies - as an initial

surveying step in the process of generating precise deglacial records useful for reconstructing glacial and climate processes.
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