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a b s t r a c t

Lakes and bogs in northeastern North America preserve tephra deposits sourced from multiple volcanic
systems in the Northern Hemisphere. However, most studies of these deposits focus on specific Holocene
intervals and the latest Pleistocene, providing snapshots rather than a full picture. We combine new data
with previous work, supplemented by a broad review of the characteristics and ages of potential source
regions and volcanoes, to develop the first composite tephrostratigraphic framework covering the last
~14,000 years for this region. We report new cryptotephra records from three ombrotrophic peat
bogsdIrwin Smith (Michigan), Bloomingdale (New York), and Sidney Bog (Maine)das well as new an-
alyses and age models from previously reported sites, Nordan's Pond Bog (Newfoundland) and Thin-Ice
Pond (Nova Scotia). A new tephra (Iliinsky) from the NGRIP and GRIP ice cores is also presented as it can
be correlated to new data from these terrestrial records and helps validate radiocarbon age models. We
identify 21 new tephra in addition to the 15 already known, several of which cover the entire region e

the White River Ash east, Newberry Pumice, Ruppert (NDN-230), and Mazama. For the first time we find
Mount St. Helens Yn (ca. 3660 cal yr BP) and a set P tephra (~3000e2550 cal yr BP), and confirm the
presence of Jala Pumice from Volcan Ceboruco, Mexico, and KS1 from Ksudach volcano, Kamchatka. We
describe new “ultra-distal” tephra, including the early Holocene KS2 eruption, and propose correlations
to volcanoes Iliinsky and Shiveluch of Kamchatka, and Ushishir of the Kurile Islands. Not all of these
tephra represent large eruptions, with several plausible correlations to sub-Plinian events. Using
Bayesian age-modeling, we present new age estimates for the newly described tephra, for tephra with
previously poor age control, and for several proximal correlatives. Overall, we demonstrate northeastern
North America's importance for providing transcontinental linkages between paleoenvironmental re-
cords and providing insights into ash distribution from different styles and sizes of eruptions.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
).
iversity of Cambridge, Cam-

Ltd. This is an open access article u
1. Introduction

The use of tephra to date and correlate depositional
sequencesdcommonly referred to as tephrochronology or
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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tephrostratigraphydhas a long history in North America, with
important developmental research and discoveries being published
as early as the 1960s (e.g., Powers and Wilcox, 1964; Stuiver et al.,
1964; Wilcox, 1965; Theisen et al., 1968; Westgate and Dreimanis,
1967; Smith and Westgate, 1968). However, the application of
tephrochronology has largely been limited to the west, where
tephra are visible, abundant, and relatively proximal to their vol-
canic sources (e.g., Westgate, 1977; Porter, 1978; Riehle, 1985;
Sarna-Wojcicki et al., 1987; Mullineaux, 1996; Preece et al., 1999;
Lakeman et al., 2008; Kuehn et al., 2009; Jensen et al., 2013; Foit
and Mehringer, 2016). In contrast, in northwestern Europe, with
few proximal sources and visible deposits, the application of
tephrochronology was limited until ground-breaking work by
Persson (1966), followed by Dugmore (1989a, 1989b) and Pilcher
and Hall (1992). These studies recognized the widespread pres-
ence of cryptotephra (tephra deposits not visible to the naked eye)
across Scandinavia, Scotland and Ireland, and stimulated a flurry of
research that has resulted in the establishment of a mature and
complex tephrostratigraphic framework that reaches across
northern Europe, the north Atlantic, and Greenland (e.g., Dugmore
et al., 1995; Pilcher et al., 1995; Turney et al., 2004; Wastegård and
Davies, 2009; Davies et al., 2012, 2014; Lawson et al., 2012; Bourne
et al., 2015; Lowe et al., 2015; Plunkett and Pilcher, 2018).

In light of this research, it seemed plausible that areas of North
America outside of the region draped by visible tephra falls had
excellent potential to expand the geographical reach of teph-
rochronology. However, cryptotephra have not been widely
examined in North America, despite Zoltai (1989) clearly illus-
trating their potential in his study of tephra in central Alberta peat
bogs. The first truly systematic cryptotephra studies began almost
20 years later from peat bogs in SW and SE Alaska (Payne and
Blackford, 2008; Payne et al., 2008). It was not until Pyne-
O'Donnell et al. (2012) that the first record of cryptotephra
outside the limits of visible tephra deposition in North Americawas
reported, from Nordan's Pond Bog in Newfoundland. Being so far
from western sources and in the opposite direction of prevailing
winds from Iceland, expectations were low. However, the resulting
record was a surprisedthere were multiple tephra, none from
Iceland, all from sources to the west, and some from as far as
6000 km away, much further than previously reported in crypto-
tephra studies outside of Greenland and Antarctica. Since this
pioneering work, several additional publications have reported
cryptotephra in the north-central to north-eastern portions of
North America (Jensen et al., 2014; Mackay et al., 2016; Pyne-
O'Donnell et al., 2016; Spano et al., 2017, Rabett et al., 2019)
(Table 1). However, with the exception of Nordan's Pond Bog (Pyne-
O’Donnell et al., 2012), these published studies are limited to the
mid-to late Holocene (Mackay et al., 2016), the latest Pleistocene
and early Holocene (Pyne-O’Donnell et al., 2016), or target specific
tephra (Jensen et al., 2014; Spano et al., 2017, Rabett et al., 2019;
Monteath et al., 2019) (Table 1).

Tephra identified in this region thus far include established
marker horizons such as Mount St. Helens We (Washington; ~1482
CE), White River Ash, eastern lobe (WRAe, Alaska; 853± 1 CE),
Newberry Pumice (Oregon; 1350e1275 cal yr BP), Aniakchak CFE II
(Alaska; 3290e3510 cal yr BP), and Mazama (Oregon;
7682e7584 cal yr BP) (Egan et al., 2015; Davies et al., 2016; Mackay
et al., 2016; Toohey and Sigl, 2017). Several of these tephra are
distributed among continents and/or present in the Greenland ice
cores, includingWRAe, Aniakchak CFE II, Mazama, and Glacier Peak
G (Zdanowicz et al., 1999; Pearce et al., 2004; Coulter et al., 2012;
Jensen et al., 2014; Pyne-O’Donnell and Jensen, 2020). This region
also seems well-placed to receive tephra from far afield sources
2

such as Kamchatka, Mexico and, potentially, Japan (e.g., KS1, Jala
Pumice, FFB12-162) (Mackay et al., 2016). The abundance and di-
versity of tephra already identified in these few studies indicates
that eastern North America is a key location for building a more
developed tephrostratigraphic framework that would benefit
studies both within and well beyond this region.

Herewe take a major step in developing a composite framework
for this region. We expand the network of sites examined for
cryptotephra that covers a timespan similar to the original study at
Nordan's Pond Bog. Focusing on regionally distributed ombro-
trophic peat bogs located in Michigan, New York and Maine, we
develop three independent tephrostratigraphies that cover the past
~7000 to 8000 years. We re-examine portions of Nordan's Pond
Bog, in particular NDN-230 (Pyne-O’Donnell et al., 2012), present
new data from Thin-Ice Pond, Nova Scotia (e.g., Pyne-O’Donnell
et al., 2016), and describe a new tephra located in Greenland ice
cores that integrates into this new framework. Age models are
developed for all the new cores and updated for Nordan's Pond Bog
and Thin-Ice Pond. We also present new geochemical data and
update age constraints for several (potential) correlative deposits
that are proximal to their volcanic source.

The result is the first composite tephrostratigraphic framework
of the past ~14,000 years from the north central to eastern portion
of the USA and Canada that will facilitate both regional and
transcontinental correlations. New and updated ages for the cryp-
totephra will provide additional chronologic data points for the
region and help refine age-depth models for these and future
paleoenvironmental records. Finally, these tephrostratigraphies
also inform broader issues of tephra distribution and implications
for eruption frequency and shifting synoptic climate patterns.
2. Site localities

Atmospherically fed bogs (i.e., ombrotrophic peatlands) are
sought-after sources of paleo-drought records and vegetation
change in more humid regions of central and eastern North
America because they are particularly sensitive to moisture
changes (e.g., Booth, 2010; Booth et al., 2012a; Clifford and Booth,
2013). These peatlands preserve paleoenvironmental proxies such
as pollen, plant macrofossils, and testate amoebae, and are well
suited to tracking atmospherically transported pollutants, dust and
tephra (e.g., Aaby, 1976; Barber et al., 1994; Nichols et al., 2006;
Amesbury et al., 2012; Booth et al., 2012b; Mackay et al., 2016).
Tephra are generally easy to find and define in ombrotrophic bogs
because of the absence or low quantities of minerogenic sediment,
minimal reworking and limited vertical movement (e.g., Payne
et al., 2005; Payne and Gehrels, 2010). Therefore, ombrotrophic
bogs have been the main target in developing the tephrostrati-
graphic framework presented here.

In this study we examined cryptotephra in four new bog sites,
re-examined two previously studied sites and compared themwith
a tephra layer found in two Greenland ice cores (Fig. 1; Table 1). The
bogs we examined were initially cored to illuminate drought and
vegetation changes across the region (e.g., Booth et al., 2012a;
Clifford and Booth, 2013; LeBoeuf, 2014; Charman et al., 2015;
Mackay et al., 2021) (Fig. 1). Irwin Smith Bog (ISB) is in eastern
Michigan, Bloomingdale Bog (BB) is in the north-central Adiron-
dack Mountains in New York, and Sidney Bog (SB) is in south-
central Maine (Fig. 1). The two cores from Sidney Bog collectively
contain the most continuous sequence without hiatuses or major
accumulation changes over the past ~8000 years. We revisited the
core from Nordan's Pond Bog (NDN; Newfoundland), which was
originally examined in 5 cm intervals, to recount several sections at



Table 1
Location information all sites reporting cryptotephra in the study region. If blank the data are missing from the publication.

Site State/Province Lat Long Approximate maximum age
(cal yr BP)

Composite
depth (cm)

aCryptotephra interval (analyses
and counts)

Reference

Long Bog (LB) Wisconsin 46.001 �89.717 12,250 468 200e468 cm (~6500
e12,250 cal yr BP)

This study

Irwin Smith Bog (ISB) Michigan 45.032 �83.618 6600 177 Full record This study
Bloomingdale Bog (BB) New York 44.383 �74.138 7700 190 Full record This study
Sidney Bog (SB) core 1 Maine 44.390 �69.790 7000 404 Full record This study
Sidney Bog (SB) core 2 Maine 44.390 �69.790 10,850 750 Full record This study, Charman et al.

(2015)
Thin-Ice Pond (TI) Nova Scotia 43.908 �65.857 14,900 658 215e658 cm (~4000

e14,900 cal yr BP)
This study, Pyne-O'Donnell
et al. (2016)

Nordan's Pond Bog (NDN) Newfoundland 49.164 �53.600 9550 780 Full record This study, Pyne-O'Donnell
et al. (2012)

Veinot Lake (VL) Nova Scotia 44.736 �64.538 14,000 930 840e848 cm; 13,500e13,800 Pyne-O'Donnell et al. (2016)
Crocker Pond (CP) Maine 44.308 �70.824 14,500 1450 1368e1374; ~12,900e13,400 Pyne-O'Donnell et al. (2016)
Petite Bog (PB) Maine 45.140 �63.940 13,450 865 150e160 cm; ~1070e1240 cal yr

BP
Jensen et al. (2014)

Jeffrey's Bog (JRB) Newfoundland 48.208 �58.818 3500 395 0e130 cm; < ~1200 cal yr BP Mackay et al. (2016)
Framboise Bog (FBB) Nova Scotia 45.719 �60.552 10,200 450 0e160 cm; < ~3000 cal yr BP Mackay et al. (2016)
Villagedale Bog (VDB) Nova Scotia 43.518 �65.526 6000 455 0e180 cm; < ~2100 cal yr BP Mackay et al. (2016)
Saco Heath (SCH) Maine 43.551 �70.034 7000 515 0e210 cm; < ~2500 cal yr BP Mackay et al. (2016)
Pound Cove Bog (PCB) Newfoundland 49.268 �53.591 8000 580 30e80 cm; ~500e1500 cal yr BP Monteath et al., 2019
Baby Pond Bog (BPB) Newfoundland 47.268 �53.541 uncertain (<10 ka) 490 50e100 cm Monteath et al., (2019)
Keweenaw Bay, Lake

Superior (KB)
Michigan 47.130 �87.820 e ~800 360e530 cm Spano et al. (2017)

Isle Royale, Lake Superior
(IR)

Michigan 47.970 �88.470 e ~675 268e328 cm Spano et al. (2017)

Balsam Creek kettle lake
(BCK)

Ontario 46.476 �79.150 10,500 363 275e330 cm Rabett et al. (2019)

a some records were counted over longer intervals or the full record (e.g., Balsam Creek kettle lake), but only targeted peaks were extracted and analysed.

Fig. 1. Location of sites discussed in this study, details on all new and previously reported locations are provided in Table 1. Long Bog (LB) in Wisconsin (WI), Irwin Smith Bog (ISB) in
Michigan (MI), Bloomingdale Bog (BB) in New York (NY), and Sidney Bog (SB) in Maine (ME) are first described here. Thin-Ice Pond (TI) in southern-most Nova Scotia (NS), and
Nordan's Pond Bog (NDN) in northern Newfoundland (NFLD), have new data presented here although they were first discussed by Pyne-O’Donnell et al. (2012, 2016).
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a 1 cm resolution to clearly locate key isochrons and resample
NDN-230. We examined two additional sites, including Long Bog
(LB), Wisconsin, and the previously reported Thin-Ice Pond (TI) in
Nova Scotia (Pyne-O’Donnell et al., 2016), to delineate the record
between the Mazama (~7600 cal yr BP) and Glacier Peak tephra
(~13,700e13,400 cal yr BP). Finally, we report a tephra from
Greenland's GRIP and NGRIP ice cores that likely correlates with a
newly described tephra from Sidney Bog. Detailed summaries of
these locations, and those that have previously reported crypto-
tephra in this region, are noted in Fig. 1 and Table 1.
3

3. Methods

3.1. Tephra processing

To produce shard concentration profiles for the bogs, loss-on-
ignition residue from 1 to 3 cm3 of peat was dissolved in dilute
HCl, passed through a 20 mm sieve and mounted on slides with
glycerol. Slides were examined for glass shards (reported as shards/
cm3) using light microscopy with plane-polarized light. Sidney Bog
core 2 (SBeC2) was initially screened at 5 cm intervals, with tar-
geted 1 cm counts in certain intervals, in particular around and
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below White River Ash. Targeted recounts on Nordan's Pond Bog
were also conducted at 1 cm resolution. For Thin-Ice Pond the post-
glacial Holocene lake gyttja between 515 and 215 cm depth was
contiguously examined for the presence of cryptotephra glass
shards at 5 cm resolution. Samples were sieved between 80 mm and
25 mm, followed by heavy liquid flotation (Turney, 1998) to extract
glass shards. Sections of core with high shard concentrations were
then more closely examined at 1 cm resolution. Shard concentra-
tion profiles are available in Tables S11-S16.

Glass from shard peaks for geochemical analyses were extracted
from the peat or lake sediments by floatation, using sodium poly-
tungstate (SPT) or lithium heteropolytungstate (LST) at 2.45 g/cm3

and, as appropriate, acid digestion (detailed methods outlined in
Dugmore et al., 1992, Turney, 1998, Blockley et al., 2005; Roland
et al., 2015, Monteath et al., 2019). Both methods were applied to
separate splits of a few samples (e.g., WRAe, Newberry and
Mazama) to ensure the glass geochemistry was not affected by
acid-digestion. Extracts were mounted by pipette into acrylic pucks
placed on double-sided tape. After drying, holes with samples were
filled with epoxy (Struers SpeciFix-40 or 20), polished and carbon-
coated for electron-microprobe analysis. Tephra from NGRIP and
GRIP ice cores were located through contiguous ice core sampling
scanning for cryptotephras at 15e20 cm intervals. Samples were
mounted on glass slides with epoxy for both optical assessment and
geochemical analyses (e.g., Cook et al., 2018a).

3.2. Tephra analyses

Glass shards were analysed for major and minor element
geochemistry at three different institutes using electron micro-
probes with five wavelength dispersive spectrometers (WDS-
EMPA). All cryptotephra (except TI-323, NGRIP and GRIP tephra)
and several reference samples, were analysed at the University of
Alberta on a JEOL 8900R Superprobe or CAMECA SX100 using an
accelerating voltage of 15 KeV, 6 nA current and 10 mm beam. For
samples too small for the larger beam size, a 5 mm beam was used
with the time-dependent intensity correction methodology inte-
grated into the Probe for Windows software (e.g., Donovan et al.,
2015; Jensen et al., 2019; Foo et al., 2020). This provides a means
to correct for Na-loss and potential related increases in Si and Al
due to the more focused beam. Two secondary standardsda Lipari
obsidian (ID 3506) and Old Crow tephra (UA 1099)dwere analysed
at the start, end, and during each analytical run (e.g., Jensen et al.,
2008; Kuehn et al., 2011) to track calibration, drift, and any other
potential analytical complications. We have found that it is
important, especially when using non-standard analytical
methods, to use an additional natural glass standard that is more
similar to the tephra being analysed (e.g., secondarily hydrated Old
Crow tephra collected 1500 km from source). This standard is more
sensitive to the electron beam than the young and less hydrated
Lipari obsidian standard, and more closely tracks the behavior of
cryptotephra under analysis. NGRIP, GRIP, Thin-Ice Pond, and
selected Sidney core 2 tephra were analysed at the Tephra
Analytical Unit, School of Geosciences, University of Edinburgh, on
a CAMECA SX100 microprobe with a 15 keV accelerating voltage
and focused 3 or 5 mm beam diameter (see Hayward, 2012 for de-
tails). Secondary standards varied between analytical runs but al-
ways included the Lipari obsidian, paired with either U.S.
Geological Survey (USGS) basaltic glass BCR-2G or Old Crow stan-
dards. Thin-Ice Pond tephra TI-323 and several reference Kam-
chatkan samples were analysed at the GEOMAR Institute in Kiel on
a JEOL JXA 8200 using a 15 kV accelerating voltage, 6 nA current and
5 mm beam (detailed analytical methodology is outlined in
Portnyagin et al., 2020). Standards included Smithsonian rhyolitic
glass VG-568 and basaltic glass VG-A-99 (Jarosewich et al., 1980).
4

All glass major and minor element geochemical data presented
here are normalized to 100% on a water and volatile-free basis;
these data and all secondary standard data are available in
Tables S1, S3-S9.

Trace element geochemistry was acquired for several crypto-
tephra samples and their potential proximal equivalents. Mono
Craters reference tephra and an Irwin Smith Bog cryptotephra were
analysed at the Arctic Resources Geochemistry Laboratory, Uni-
versity of Alberta, using a Resolution ArF 193 nm excimer laser
(Applied Spectra, USA) system, with a Laurin-technic S155 2-vol
ablation cell, connected via nylon tubing to a sector-field ICPMS
Thermo Element XR (Thermo Fisher Scientific Inc., Bremen, Ger-
many). The mass spectrometer was operated in low mass resolu-
tion mode (M/DM¼ ca. 300). Mono tephra samples were analysed
with a 23 mm spot size, 5 Hz frequency, and 3 J/cm2

fluence. ISB-1
was measured using a 10 mm spot size, 5 Hz frequency, and 5 J/
cm2

fluence (see Table S2 for full analytical conditions). Calibration
was performed using NIST SRM 612 in conjunction with internal
standardization using 29Si. The mass content of Si was determined
from WDS-EPMA. All data were reduced offline using Iolite v3
(Paton et al., 2011; https://iolite-software.com/) and included
careful screening of time-resolved counts to help screen out in-
clusions and other problematic data points. The results of the
secondary standards (e.g., ATHO-G) agree with the reference values
within relative uncertainties of typically 5e10% or better at the 95%
confidence level. TI-323, TI-317 and KS2 trace elements were
measured at the Institute of Geosciences (Christian Albrecht Uni-
versity, Kiel) using a 193 nm excimer Coherent laser with a custom
built two-volume ablation cell (ETH Zurich, Fricker et al., 2011)
coupled with a quadrupole-based ICP-MS (Agilent 7500cs). Data
were collected over a number of years and the evolution of the
methods is summarized in Portnyagin et al. (2020). For samples
analysed here, ablation was performed using either a 16, 24, or
50 mm diameter laser spot with a 5 Hz frequency and fluence be-
tween 7.5 and 10 J/cm2. Rhyolite reference glass ATHO-G was used
for calibration. Concentrations were calculated using CaO as the
internal standard, with the reference value measured by WDS-
EPMA. Ti and Si concentrations (analysed as unknown) were
compared to the WDS-EPMA data for the same glass shards. Data
points were rejected when the values disagreed by 20% indicating
likely entrapment of significant amounts of crystal phases (e.g.,
pyroxene, magnetite and plagioclase) during analysis. None of the
trace element data from either lab was corrected for potential
fractionation at smaller beam sizes (generally not observed), or for
lower concentrations (�3 to �5%) observed on standards when
correcting to 29Si (e.g., Tomlinson et al., 2010). All trace element
data, standards and analytical conditions are noted in Table S2.

The number of final analyses required to define a unit as a pri-
mary tephra deposit was based on criteria including the size and
shape of the glass shard concentration peaks, morphology of the
glass, the presence or absence of multiple populations within a
sample and the repetition of a population(s) over multiple depths,
and its relationship (e.g., radiocarbon age, stratigraphy) to other
samples and potential correlatives. Also considered was the total
number of individual analyses per sample, including discards
related tomixedmineral-glass analyses, unsuccessful analyses (e.g.,
shards too small), and/or poor totals, as well as the presence/
absence of detrital and re-worked glass (i.e., howmany glass shards
can be found in a typical random sample). Detrital glass is often
visibly weathered with altered geochemistry (e.g., Table S3). Given
these considerations, it was determined that for most samples a
minimum of six or seven individual shard major-element analyses
was required to define a geochemical population that likely rep-
resents a primary deposit. If a successfully characterized primary
tephrawas not confidently correlated to a known tephra, they were

https://iolite-software.com/
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named after their location (e.g., Bloomingdale Bog¼ BB; Sidney
Bog¼ SB), and numbered from youngest to oldest (e.g., Irwin Smith
Bog¼ ISB-1, ISB-2, etc.). Tephra from Thin-Ice Pond and Nordan's
Pond Bog follow the naming conventions of the original studies and
are named by their depth in core (e.g., TI-317, NDN-230) (Table 1).
All primary tephra in this study have been accessioned within the
University of Alberta tephra database, their numbers (UA 3###) are
noted in Table S1. All point-by-point glass shard data, including
detrital glass, populations with fewer than six analyses, secondary
standard data, and some reference tephra are available in supple-
mentary data (Tables S1-S9).

3.3. Radiocarbon dating and modelling

Radiocarbon dates, some of which were previously reported
(e.g., Daley et al., 2009; Clifford and Booth, 2013; Charman et al.,
2015), constrain the ages of the bog and lake sediments
(Table S10). In total 20e28 radiocarbon dates per peat core, and
seven for the Thin-ice Pond core, were used to develop the initial
age-depth models. Typically, Sphagnum stems were selected for
dating; Thin-Ice Pond dated material is noted in Table S10.

Age-depth models assume that deeper sediments in a core are
older, allow sedimentation rate to vary with time, have matching
uncertainty at adjacent levels, and have variable uncertainty at
undated levels (i.e., levels with a known date should have smaller
uncertainty ranges than levels far from any chronological marker).
Bchron is a simple and flexible R package developed for age-depth
modeling that satisfies these criteria (Parnell et al., 2011; Parnell,
2014). Using this package, we generated three different age-depth
models for each site, all dates calibrated using IntCal20 (Reimer
et al., 2020): age model 1 is based only on the radiocarbon dates;
age model 2 was generated by incorporating the ages of the WRAe,
Mazama and Glacier Peak G (when present) into age model 1; and
age model 3 incorporated all confidently correlated tephra with
relatively well-constrained ages (e.g., layer T, Mount St. Helens set
W, Jala Pumice, Newberry Pumice, Mount St. Helens Yn) into age
model 2. The tephra ages were input into the age-depth models as
chronological control points using their calendar year ages with a
normal distribution. The goal in providing three different age-
depth models is to offer the best age estimate for tephra of un-
known origin, or of known origin but with poorly constrained age,
while allowing a critical examination of distal and cross-core cor-
relations. When a tephra appears in multiple records, we plotted
the probability densities of the estimated ages from all sites to
examine cross-core correlations and calculated a final age. The final
age was calculated by combining the predicted age distributions
from each of the cores in which the tephra were present and
defining one sigma and two sigma quantiles for that combined
distribution (Fig. 2; Table 2).

In reviewing potential correlatives, we compiled all published
radiocarbon ages for the proximal tephra deposits: North and South
Mono, Newberry Pumice, East Lake tephra, Chaos Crags, Jala
pumice, KS1, Us-Kr, and Iliinsky. These original radiocarbon dates
were recalibrated using IntCal20 (Reimer et al., 2020) andmodelled
using the Tau_Boundary Function, within an OxcCal v.4.4 Sequence
model (Blockley et al., 2008; Bronk Ramsey 2009a, 2009b). This
function is well suited to modelling tephra ages as it assesses how
radiocarbon dates would logically cluster around a boundary or
evente in this case the tephra deposition (representing a relatively
instantaneous event). It assumes that the ages above and below the
boundary would be exponentially distributed, with most of the
ages clustering around the boundary. This function allows for a
statistical assessment of the radiocarbon dates and will flag dates
that fall significantly outside the expected distribution of ages,
which provides an independent means of interrogating the dates.
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This modelling has been applied to the reassessment of several
established tephra ages in North America (e.g., Davies et al., 2016;
Jensen et al., 2019).

All new ages, previously published ages, and newly recalculated
ages for proximal deposits are reported in Table 2. All individual
radiocarbon dates (except those from Charman et al., 2015 for
Sidney Bog core 2), age-depth models, and recalculated ages are
available in supplementary data Tables S10-S17.

4. Results and discussion

4.1. Shard counts and peaks

Over 40 distinct peaks in glass shards were identified in Irwin
Smith, Bloomingdale and Sidney Bogs (Fig. 3). Additional
complexity and multiple populations were identified in the short
interval re-sampled in Nordan's Pond Bog, and three new shard
peaks were located in Thin-Ice Pond. Irwin Smith Bog presented a
challenge as there was a large background signal of detrital glass
grains in the core. Detrital glass is sometimes observable during
counting as visibly weathered grains (Fig. 4F) that are often
geochemically altered with high K2O and low Na2O and forming no
discrete populations (e.g., Tables S3-S5). Irwin Smith Bog is much
closer to midwestern aeolian deposits that contain a glass
component and is more commonly affected by wind-blown dust;
we suspect that this is the main source of this detrital glass. As a
result, we were unable to extract and analyze primary glass shards
from several peaks with high detrital glass content (e.g., 12e18 cm,
90 cm, 130 cm; Tables S3 and S11). This challenge also played a role
in our inability to collect useable data from Long Bog, Wisconsin,
which was targeted to examine the poorly represented time be-
tween ~13,500 cal yr BP and 8000 cal yr BP. Two complications for
this record include its existence as a fen (i.e., groundwater and
surface-water influenced) during this time period, and detrital
glass that dominated the signal, masking small shard peaks that
may have contained primary material and leaving us with few
unambiguous analyses. Because of these results, Long Bog will not
be discussed further. We present this as a cautionary tale for those
hoping to carry out cryptotephra studies in, and adjacent to, the
Midwest, and any other North American locale affected by loess
deposition, past (e.g., last glacial, deglacial) or present (e.g., interior
Yukon and Alaska).

Background levels of glass in Bloomingdale and Sidney Bogs
were lower and shard peakswere better defined. Volcanic glass was
successfully extracted and analysed for the majority of these peaks.
In a few cases, we were unable to extract glass or obtain enough
analyses from a sample to include in the final results (e.g., Tables 2,
S1), although all analyses are available in Tables S3-S7. A hiatus was
identified around the time of the White River Ash deposition in
both Irwin Smith and Bloomingdale Bog cores (e.g., Booth et al.,
2012a; LeBoeuf, 2014), but Sidney Bog was uninterrupted. The
composite record from both Sidney Bog cores represents an
exceptional record of tephra deposition on the east coast of North
America and a rare example of two fully counted and characterized
cores from a single site.

Nordan's Pond Bog was resampled around the original sample
NDN-230, which was linked to Augustine G, but newer proximal
data show that this correlation is incorrect (Pyne O'Donnell et al.,
2012; Blockley et al., 2015). We resampled and recounted this
core section at 1 cm resolution and identified multiple peaks,
highlighting how the initial 5-cm ‘range-finding’ masked some of
the inherent complexity of this record. Additionally, the samples
are spread across a core break and show some potential issues with
tephra reworking at the core bottom and top. A similar problem
was encountered in Irwin Smith Bog where three major tephra



Fig. 2. Probability density functions illustrating the calibrated age distribution of selected tephra. Plots on panels A to E depict modelled age ranges of tephra correlated across
different cores. All ages of correlated tephras overlap within two-sigma confidence interval, most within one-sigma confidence interval, supporting their geochemical correlations.
Note that in (B) NDN-230 straddles a core boundary and Ruppert is present in both D9 and D10. The age distributions from the other sites suggest that D9's age estimate may be too
young. Therefore, the age from D9 was not included in calculating final age estimate for Ruppert tephra. (F) BB-6 and SB-10 were initially correlated but are now considered two
tephra partly based on their disparate ages.
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units were found reworked in the top of the second drive (ISB-2, 3,
4; Supplementary data Table S1, S3, S11). Sidney Bog core 2 (orig-
inally counted in 5 cm sections) had seven intervals resampled and
recounted at 1 cm resolution to define peaks better and help link
the two cores. Unfortunately, core 2 sampled a section of peat that
experienced extensive downward movement of WRAe (similar to
what was documented in Saco Bog; Mackay et al., 2016). This
downward movement of WRAe made it challenging to identify the
tephra closely preceding this unit that had been noted in the other
cores (e.g., Newberry Pumice) as shard peaks were ambiguous and
many that were sampled were dominated by WRAe. However,
eight additional tephra horizons were successfully analysed,
including one unique deposit.

In Thin-Ice Pond, we identified a closely spaced cluster of three
cryptotephra layers in the early mid-Holocene lake gyttja within a
6

narrow stratigraphic interval of ~35 cm (350e315 cm; Table S16).
This section, which was initially sampled and counted at 5 cm in-
tervals, was reprocessed and reanalyzed at 1 cm resolution. No
other shard peaks were found between these three new tephra and
the previously reported late Pleistocene Glacier Peak B and G tephra
and Mount St. Helens J tephra (Pyne-O’Donnell et al., 2016). The
three new tephra layers were successfully extracted and
geochemically analysed. Additionally, a tephra identified from the
mid-Holocene interval in the NGRIP and GRIP ice cores was
compared to similar-aged tephra here. All shard counts are re-
ported with the age models in Tables S11-16.

Of the >40 glass peaks found at the sites; 30 distinct tephra
horizons were sufficiently characterized to categorize as primary
deposits. Previous studies describe 15 different tephra in eastern
North America, and only six of these 15 were not documented again



Table 2
Summary of all cryptotephra reported in the study region.

Tephra Locations found Modelled age, this study,
(site, age model), cal yr BP

Age of correlative or
potential correlative,
[median], cal yr BP
unless otherwise noted

Source for
confidently
correlated tephra

Probable or
speculative
source(s) and/or
tephra

Key references

SB-1 SB core 1 230 to modern (3) e e Cascades (Lassen
Peak, AD 1915?)

This study

SB-2 SB core 1 230 to modern (3) e e e This study
Layer T SB core 2, FBB 310 to modern (2) AD 1799e1800, tree-

ringa*
Mount St. Helens,
WA

e This study; Yamaguchi et al.
(1990)*; Mackay et al. (2016); Foo
et al. (2020)

Villagedale VDB, SCH e AD 1500e1750 (VDB);
AD 1572e1762 (SCH)*

e Layer T? This study, Mackay et al. (2016)*

BB-1 BB 505e205 (3) e e AA-AP This study
MSH set W(e) SB core 1 & 2,

JRB, NDN
620e385 (SB-C1, 2); 525
e265 (SB-C2, 2); 770e420
(NDN, 2)

all set W AD 1479 to
<1510, tree-ringa*

Mount St. Helens,
WA

e This study, Yamaguchi and Hoblitt
(1995)*; Pyne-O'Donnell et al.
(2012); Mackay et al. (2016)

SB-3 SB core 1 600e430 (3) 650e520 [585] e Mono-Inyo Craters
(Inyo?)

This study; Sieh and Bursik (1986)

SB-4 SB core 1 1075e1015 (2) 975e1511*; 1060
e1025, 1005e955
[995]

e Fish Lake II; Chaos
Crags, Lassen Peak

This study; Clynne et al. (2008); Foit
and Mehringer (2016)*

Jala pumice SB core 1, VDB 1075e1015 (2) 1061e820*; 1040e680
[875]a

Volcan Ceboruco,
Mexico

e This study; Sieron and Siebe (2008);
Mackay et al. (2016)*

White River Ash,
east

ISB, BB, SB core
1& 2, NDN, PB,
JRB, FBB, VDB,
SCH, PCB, BPB

1145e840 (ISB,1); 1030
e690 (BB,1); 1195e1045
(SBC1); 1210e1020
(SBC2,1); 1505e900
(NDN,1)

AD 852e854 (1098
e1096 cal yr BP), ice
corea*

Mount Churchill,
Wrangell volcanic
field, Alaska

e This study, Pyne-O'Donnell et al.
(2012); Jensen et al. (2014); Mackay
et al. (2016); Toohey and Sigl
(2017)*, Monteath et al. (2019)

Newberry Pumice ISB, BB, SB core
1, NDN

1520e1180 (ISB,2); 1370
e1150 (BB,2); 1330e1140
(SBC1,2); 1670e1190
(NDN,2)

1569e1345*; 1385
e1245 [1315]a

Newberry Volcanic
Field, OR

e This study, MacLeod et al. (1995);
Kuehn and Foit, (2000, 2006); Pyne-
O'Donnell et al. (2012)*

ISB-1, BB-2, SB-5 ISB, BB, SB core 1
& 2

1670e1305 (3, all sites) 1350e1300 [1330] e Mono-Inyo Craters
(South Mono?)

This study; Bursik et al. (2014)

BB-3 BB 2030e1565 (3) 1970e1955, 1945
e1830 [1890]

e Us-Kr, Ushishir,
Kuriles

This study, Razzhigaeva et al.
(2012); MacInnes et al. (2016)

KS1 BB, VDB 2085e1610 (3) 2005e1771*, 1705
e1590 [1652]**, 1790
e1690 [1730]

Ksudach,
Kamchatka

e This study, Mackay et al. (2016)*,
Ponomareva et al. (2017)**

Ruppert tephra ISB, BB, SB core 1
& 2, NDN

2800e2130 (3, all sites) 2321e2109*; ~2700
e2300**

e AA-AP This study, Pyne-O'Donnell et al.
(2012)*, Monteath et al. (2017)**

NDN230-2 NDN 2470e1830 (3) e e e This study
MSH set P ISB, SB core 1 2600e2080 (3) 2750e2470 and 2760

e2590*; ~3000
e2550**; 2710e2350
(upper set P)***

Mount St. Helens,
WA

Upper set P (i.e., Pu/
Py)

This study, Foit et al. (2004)*;
Pallister et al. (2017)**; Jensen et al.
(2019)***.

SB-6 SB core 2 2965e2590 (3) 3013e2794* e Shiveluch, (SHb/
SH2800?)

This study, Ponomareva et al.
(2017)*

SB-7 SB core 1 2950e2230 (3) 3212e2764* e Fish Lake III
(Medicine Lake,
CA?)

This study; Foit and Mehringer
(2016)*

FBB12-162 FBB e 3604e2643 e Japan (Tarumai
tephra Ta-c2?)

Mackay et al. (2016)

Aniakchak CFE II NDN - 3622 ± 6 a b2k
(3572 cal yr BP)*; 3545
e3425**

Aniakchak, Alaska
Peninsula, Alaska

e Vinther et al. (2006); Adolphi and
Muscheler (2016)*, Davies et al., in
review** (see notes below)

MSH Yn SB core 1 & 2 3920e3530 (SBC1,2); 3810
e3570 (SBC2,2)

3805e3535*a Mount St. Helens,
WA

e This study, Jensen et al. (2019)*

BB-4, SB-8 BB, SB core 1 4025e3395 (3, all sites) 3898e3533 e Shiveluch (SH#27/
#28?)

This study, Ponomareva et al. (2017)

ISB-5, BB-5, SB-9 ISB, BB, SB core 1 4620e4150 (3, all sites) e e e This study
BB-6 BB 5210e5080 (3) e e Glacier Peak?
SB-10 SB core 1 5550e5335 (3) e e Glacier Peak?
BB-7 BB 5940e5745 (3) 6074e5896 (5978)* e NDN 430, AA-AP? This study, Pyne-O'Donnell et al.

(2012)*
SB-11, NGRIP

950.25, GRIP
883.30

SB core 1 & 2,
NGRIP, GRIP

6070e5780 (3); 5853 ± 15
a b2k* (5803 cal yr BP)

5655e5620, 5610
e5580 [5600]

e Iliinsky, Kamchatka This study, Vinther et al. (2006);
Adolphi and Muscheler (2016)*

SB-12 SB core 1 6710e6150 6464e6244* e NDN455, AA-AP? This study, Pyne-O'Donnell et al.
(2012)*

SB-13, TI-317 SB core 1, TI 7215e6065 (3, all sites) e e AA-AP, Cascades
(Rainier?)

This study

(continued on next page)
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Table 2 (continued )

Tephra Locations found Modelled age, this study,
(site, age model), cal yr BP

Age of correlative or
potential correlative,
[median], cal yr BP
unless otherwise noted

Source for
confidently
correlated tephra

Probable or
speculative
source(s) and/or
tephra

Key references

East Lake BB, NDN 7280e6835 (3) 6809e6587*; 7430
e6555 [7130]a

Newberry Volcanic
Field, OR

e This study, MacLeod et al. (1995);
Kuehn and Foit, (2000, 2006); Pyne-
O'Donnell et al. (2012)*

KS2 TI 7185e6970 (1) 6877e6693 [6786]a* Ksudach,
Kamchatka

e This study, Ponomareva et al.
(2017)*

Mazama BB, SB core 2, TI,
KB, IR, BCK

7630e7335 (TI,1); 7465
e6600 (BB,1); 7805e7055
(NDN,1); 7820e7595
(SBC2,1)

7682e7584a* Crater Lake, OR e This study, Pyne-O'Donnell et al.
(2012); Egan et al. (2015)*; Spano
et al. (2017), Rabett et al. (2019)

BCK-325 BCK e 8710e7865 e Mount Mazama? Rabett et al. (2019)
Glacier Peak B

(minor G)
TI, VL, CP e 13,710e13,410 Glacier Peak, WA e Pyne-O'Donnell et al. (2016)

MSH set J TI, VL, CP e uncertain, <100 to
>200 years after GP G

Mount St. Helens,
WA

e Kuehn et al. (2009); Schachtman
et al. (2015); Pyne-O'Donnell et al.
(2016)

14C and GICCO5 ages for Aniakchak CFE II are difficult to reconcile so both estimates are presented (Pearce et al., 2017; Davies et al., in review.).
All ages are presented at two sigma and rounded to the nearest 5 years.
Bolded ages are newly calculated ages from published 14C dates on proximal deposits (Table S17).

a - indicates ages used in age models.

Fig. 3. Glass shard counts for the four new cores described in this study. Correlations across the sites based on geochemistry and corresponding ages are highlighted yellow.
Newberry Pumice (NP) is highlighted green to differentiate it from overlying WRAe and the underlying potential South Mono correlative. Counts for WRAe were off the scales
presented here for all cores. Shard/cm3 for each site are available in Tables S11-S16.
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at the new sites. Collectively, this has led to the identification of 36
unique tephra deposits in this region (Table 2). Results and dis-
cussion of the geochemical analyses are summarized below by
allocating the tephra to three categories: confidently correlated
tephra, tephra with probable correlations, and newly described
tephra that are not confidently correlated to any published data.
8

4.2. Confidently correlated tephra

Out of the 30 distinct tephra characterized here, twelve have
been confidently correlated to previously described units, with all
but one linked to their volcanic source (Tables 2 and 3). Confidently
correlated tephra have well defined geochemistry and compatible
ages; nine have been described in the region previously and three
are reported here for the first time.

In general, records from sites examined here were surprisingly



Fig. 4. Selected plane-light images of glass shards. (A) WRAe is composed almost entirely of highly inflated pumice; (B) MSH Yn is also predominately inflated pumice with a few
blockier shards; (C) KS2 is very distinct with pumice and blocky shards that are rich in microlites; (D) TI-317 tends to have blocky and platy shards with microlites and the occasional
brown shard; (E) Mazama's distinct morphology is largely composed of platy glass with fluted, bubble-walled and tricuspate shards; (F) Examples of weathered glass, the image on
the left is ragged and pitted but also has a haziness that is typical for altered glass, the image on the right is ragged and pitted but not hazy. Some primary shards can exhibit pitting
due to the acidic bog environment, but this generally does not alter the geochemical composition. The haziness often implies that the glass is chemically altered.
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consistent with those previously published ones e only three Ho-
locene tephra reported in other eastern North American studies
were not identified in this study (FBB12-162, Mackay et al., 2016;
Aniakchak CFE II, Pyne-O’Donnell et al., 2012; BK-325, Rabett et al.,
2019, Tables 1 and 2). We also discuss the possibility that Village-
dale tephra from Mackay et al. (2016) may, in fact, be layer T from
Mount St. Helens. Additionally, of the confidently correlated tephra,
only Mount St. Helens set P, Mount St. Helens Yn, and KS2 have not
previously been described at other sites in the region. As Mackay
et al. (2016) observe, Aniakchak CFE II was absent at all sites, sug-
gesting it is unlikely to be present south of Newfoundland (Pyne-
O’Donnell et al., 2012). This may be related to the very strongly
northward directed plume for this eruption (e.g., Beg�et et al., 1992).
FBB12-162 was a minor tephra with few analyses at the one site it
was located (Mackay et al., 2016), and our inability to relocate this
tephra suggests it is sparsely distributed in the region. The Balsam
Creek tephra, BK-325 (Tables 1 and 2), also remains enigmatic; it
was not re-located at the three localities here that contained the
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correct time interval. BK-325 is estimated to be ~600 years older
than Mazama with very similar geochemistry. Rabett et al. (2019)
argue that the character of the sediments between BK-325 and
Mazama make it unlikely that it is reworked Mazama, and that the
age difference is too great to be from the pre-cursor eruption
known as Llao Rock (e.g., Bacon et al., 2014; Foit and Mehringer,
2016). More sites will be necessary to unambiguously determine
if this is a truly unique deposit.

None of the new sites presented here has records that extended
far enough into the Pleistocene to capture Glacier Peak G and B and
Mount St. Helens J, which are present in Thin-Ice Pond, Crocker
Pond, and Veinot Lake (Pyne-O’Donnell et al., 2016, Tables 1 and 2).
4.2.1. Mount St. Helens
Perhaps unsurprisingly, Mount St. Helens (MSH), the most

active Cascade volcano during Holocene time, is the most common
single source of tephra in eastern North America, with a total of five
MSH tephra identified in this and past studies. The distal tephra



Table 3
Glass geochemical averages and standard deviations of confidently correlated tephra. Data are normalized to 100%.

Tephra SiO2 TiO2 Al2O3 FeOt MnO MgO CaO Na2O K2O P2O5 F Cl SO3 H2Odiff n

Layer T 70.18 0.50 15.66 2.94 0.07 0.82 2.90 4.94 1.90 e e 0.12 e 1.65 22
0.70 0.05 0.25 0.22 0.02 0.11 0.19 0.24 0.09 e e 0.02 e 1.05

MSH set W(e) 76.65 0.24 13.19 1.36 0.03 0.22 1.22 4.35 2.62 e e 0.13 e 4.08 30
1.23 0.05 0.77 0.15 0.02 0.06 0.30 0.32 0.16 e e 0.05 e 4.16

Jala pumice 71.24 0.30 15.91 1.92 0.11 0.36 1.30 5.31 3.43 e e 0.13 e 2.83 17
0.50 0.05 0.22 0.16 0.03 0.06 0.12 0.21 0.12 e e 0.03 e 2.56

WRAe 73.57 0.22 14.73 1.50 0.05 0.40 1.92 4.14 3.16 0.02 e 0.34 e 3.91 73
0.68 0.04 0.54 0.11 0.03 0.06 0.13 0.39 0.09 0.03 e 0.04 e 2.37

Newberry Pumice 73.34 0.23 14.55 1.93 0.07 0.16 0.86 4.71 4.02 0.00 e 0.14 e 3.50 75
0.47 0.04 0.46 0.06 0.03 0.02 0.04 0.33 0.14 0.01 e 0.03 e 1.93

KS1 73.59 0.37 14.29 2.40 0.11 0.44 1.99 5.23 1.42 e e 0.20 e 3.37 7
0.84 0.06 0.26 0.29 0.04 0.08 0.16 0.32 0.06 e e 0.07 e 4.37

Ruppert tephra 74.26 0.30 13.97 2.00 0.10 0.46 2.27 4.45 1.99 e e 0.25 e 2.27 142
0.56 0.04 0.20 0.13 0.03 0.06 0.13 0.36 0.13 e e 0.04 e 1.63

MSH set P 74.96 0.30 14.07 1.63 0.05 0.40 1.86 4.21 2.41 e e 0.15 e 3.68 15
0.73 0.03 0.33 0.27 0.03 0.07 0.27 0.25 0.19 e e 0.10 e 5.41

MSH Yn 75.70 0.15 14.31 1.18 0.05 0.33 1.77 4.26 2.13 0.07 e 0.13 e 4.74 45
0.48 0.03 0.54 0.05 0.02 0.03 0.05 0.24 0.08 0.01 e 0.04 e 2.32

East Lake 73.97 0.23 14.11 1.73 0.04 0.22 0.94 4.39 4.28 e e 0.12 e 5.59 7
0.20 0.04 0.11 0.08 0.03 0.03 0.05 0.20 0.09 e e 0.02 e 1.30

KS2 68.02 0.61 14.95 4.74 0.19 1.14 3.76 5.21 1.15 0.11 0.04 0.03 0.16 1.10 48
2.96 0.15 0.54 1.23 0.05 0.59 1.06 0.54 0.17 0.05 0.04 0.03 0.02 1.55

Mazama 72.91 0.42 14.51 1.91 0.05 0.46 1.56 5.17 2.76 0.07 e 0.19 e 2.01 106
0.81 0.04 0.43 0.18 0.02 0.06 0.25 0.43 0.13 0.02 e 0.02 e 2.12

FeOt¼ total Fe as FeO, H2Odiff is water by difference (i.e., 100-original total), n¼ number of analyses.
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from this volcano are geochemically similar, having predominantly
rhyolitic glass geochemistry with SiO2 values between ~74 and
77wt%, relatively lower K2O (~2.3e2wt%) and measurable Cl
(~0.2e0.15wt%), that are, nonetheless, subtly different from one
another (e.g., Foit et al., 2004; Mackay et al., 2016; Jensen et al.,
2019; Foo et al., 2020). The youngest MSH unit present is layer T,
the first major eruption of the 19th century Goat Rocks period
(1799e1800 CE; Yamaguchi et al., 1990) and one of the few rhyo-
dacites fromMSH (Mullineaux, 1996; Foo et al., 2020). Mackay et al.
(2016) first describe layer T at Framboise Bog, and here it is located
at 26e27 cm in core 2 of Sidney Bog (Fig. 3; Table S14). The
geochemistry and shardmorphology are consistent with previously
reported distal and proximal layer T samples (Fig. 5; Table 3;
Mackay et al., 2016; Foo et al., 2020), and its age (modern to 1650
CE; age model 2) also overlaps with that of layer T (Table S14).

Re-examining data presented in Mackay et al. (2016), we found
that the “Villagedale” tephra from Villagedale and Saco Bogs dis-
plays distinct similarities in geochemistry to layer T (Fig. 6). The
ages of Villagedale tephra as presented in Mackay et al. (2016) are
slightly too old (1517e1750 CE, 1572e1762 CE) and the number of
shards analysed is too small to assess this, but it seems possible that
the two tephra may be equivalent. Villagedale tephra exhibits
characteristics similar to MSH tephra, but the presumed age of this
tephra places it during the eruptions of set X, the Worm lava flows,
and a dome growth period when the largest eruptions were
basaltic-andesitic in composition or lithic-rich co-ignimbrite ashes
(e.g., Mullineaux,1996; Pallister et al., 2017). Tephra associatedwith
these particular events would not likely have the geochemistry or
shard morphology presented by Villagedale tephra.

The next youngest MSH unit is from “set W” (for details onwhat
comprises a “set” see Mullineaux, 1996). Careful examination of the
MSH set W tephra in Jeffrey and Nordan's Pond Bogs in
Newfoundland suggested that both were likely MSH We (Pyne-
O’Donnell et al., 2012; Mackay et al., 2016). This is the second of
the two large Plinian events, the first beingWn, that mark the onset
of set W (e.g., Mullineaux, 1996). At Sidney Bog we also find set W
tephra at 20e21 cm in core 1 and 55e60 cm in core 2, but unlike the
unit in Newfoundland, it is unclear if it belongs to any one tephra
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from set W. The tephra in Sidney Bog contains a higher percentage
of >77wt% SiO2 shards, which are less abundant in both Wn and
We than in the less voluminous tephra falls that bracket We (Wa,
Wb, Wd; Fig. 7; Table 3; Jensen, unpublished data). The correlation
to set W is consistent with the sample interval and age of the
Sidney tephra (age model 2; core 1: 1328e1557 CE; core 2:
1424e1700 CE), as all of set W was emplaced over a relatively short
period of time, from ~1479 CE for Wn, to Wd, deposited sometime
prior to 1510 CE (Yamaguchi and Hoblitt, 1995).With the samples in
sites further to the north clearly correlating to MSH We, and the
Sidney Bog sample showing geochemical characteristics more
encompassing of the set rather than a single event, it seems
possible that sites further south (and closer to MSH) may see a
signal from a few set W tephra rather than just We.

The two other MSH tephra present in the bogs are reported for
the first time in this region. The younger of the two was located
within the same interval as another known tephra (Ruppert tephra;
described in more detail below) in both Irwin Smith (68e69 cm;
2649e2046 cal yr BP) and Sidney Bog (core 1, 127e129 cm;
2887e2119 cal yr BP). This cryptotephra exhibits classic MSH
geochemistry and correlates with MSH set P, which was emplaced
~3000e2350 cal yr BP (Pallister et al., 2017; Jensen et al., 2019).
Visible tephra from this set have been reported distally in parts of
southern British Columbia (e.g., Westgate, 1977; Foit et al., 2004),
although it is unclear if they represent one or more of the multiple
eruptions that comprise this set (Pm, Ps, Pu, Py). The MSH set P
tephra reported in Westgate (1977) from Otter Creek bog, British
Columbia, was reanalyzed by Jensen et al. (2019) with some prox-
imal set P deposits and most likely represents an ‘upper’ set P
tephra (Pu or Py; 2710e2350 cal yr BP). Both the recalculated age
and these new geochemical data compare well with this crypto-
tephra (Fig. 5; Table 3; Jensen et al., 2019).

The other newly reported MSH tephra is present in both Sidney
Bog cores (core 1, 175e176 cm; core 2, 343 cm, Supplementary
Tables S13, S14). This prominent peak in shards correlates to MSH
Yn, part of set Y, which marks the Holocene reawakening of MSH
after a ~6000-year dormant period. MSH Yn is the largest Holocene
Plinian eruption fromMSH and is widely distributed acrosswestern



Fig. 5. Major-element geochemistry of confidently correlated cryptotephra (open symbols) plotted with reference data of proximal samples (closed symbols), with the reference
data further defined by dashed outlines. KS2 is excluded for ease of viewing (see Fig. 8). (A,B) Many of these tephra overlap geochemically, but do occupy distinct fields with certain
oxide-oxide plots. (C,D) A close up on more potassic tephra shows their distinctive fields, in particular for Newberry Pumice and East Lake, which are similar but can be differ-
entiated. (E, F) The Mount St. Helens tephra overlap but can generally be distinguished with K2O, CaO and SiO2. Ruppert is most similar to Mount St. Helens tephra but can be clearly
distinguished in (F). Samples of Ruppert from Nordan's Pond Bog are the crosses, while all other Ruppert cryptotephra samples are the open triangles. Some plots are presented as
ratios to minimize differences between analyses run in different laboratories over several years.
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Canada and USA as a visible deposit. The newest revised age of the
MSH Yn (3805e3535 cal yr BP; Jensen et al., 2019) overlaps very
closely with the ages of the shard peaks (core 1, 3933e3547 cal yr
BP; core 2, 3805e3577 cal yr BP). While there had previously been
some uncertainty about the geochemistry, ages, and distribution of
distal visible tephra from set Y in western Canada, a new dataset
shows that the oldest (Yb) andmajor Plinian (Yn, Ye) set Y units can
be clearly separated, both in time and geochemical space (Jensen
et al., 2019). Comparison with these geochemical data shows that
the cryptotephra in Sidney Bog correlates well to MSH Yn (Fig. 7;
Table 3), consistent with age constraints, and glass morphology
dominated by highly inflated pumice (Fig. 4).

A MSH set J tephra (ca. 13.5 ka) is also present in lake sediments
11
in Nova Scotia and Maine (Pyne-O’Donnell et al., 2016, Table 1, 2,
S16). No other records of this age range were examined in this
study, so it is unclear what the regional distribution of this tephra
is. Proximal glass geochemistry for set J is poorly defined so this
cryptotephra is not correlated to any one tephra comprising it. Set J
has at least two distally distributed tephra, which could explain
discrepancies between age estimates of MSH J tephra relative to
Glacier Peak G (as visible deposits, MSH J and GP-G are often found
together at distal sites) and complicates any cryptotephra correla-
tion (Table 2; Kuehn et al., 2009; Schachtman et al., 2015).
4.2.2. Other North American-sourced tephra
Of the remaining eight confidently correlated tephra, five are



Fig. 6. Reference MSH layer T data in comparison to “Villagedale” tephra of Mackay et al. (2016). The “Villagedale” tephra samples plots well with an expanded layer T data set (Foo
et al., 2020) although they display a much more limited geochemical range.
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from North American sources, and all five have been previously
described in northeastern North America e Newberry Pumice, East
Lake tephra, Mazama, White River Ash east and Jala Pumice.

Newberry Pumice and East Lake tephra are geochemically
similar but easily differentiated from other tephra presented in this
study (Fig. 5; Table 3). They were first identified in Nordan's Pond
Bog by Pyne-O’Donnell et al. (2012). Both were erupted from the
Newberry Volcanic Fielddthe Newberry Pumice deposited by a
Plinian eruption marking the start of the “Big Obsidian eruptive
period”, and the older East Lake tephra, a widespread tephra de-
posit overlying Mazama (e.g., MacLeod et al., 1995). Newberry
Pumice is one of the most widespread tephra in our study region,
and closely underlies the White River Ash east (WRAe) in all the
bogs. Because of a slowdown or hiatus in growth of Irwin Smith and
Bloomingdale Bogs, the two are intermingled and peaks separated
only by 2e3 cm. In Sidney Bog core 1 and Nordan's Pond Bog the
tephra are more clearly separated, reflecting their age difference
more accurately. Newberry Pumice yields one of the largest shard
concentrations after WRAe, Mazama and MSH Yn. East Lake tephra
was identified only in Sidney Bog (core 1), intermixed with SB-13
(discussed later), but is also present in Nordan's Pond Bog (Pyne-
O’Donnell et al., 2012).

Proximal ages for Newberry Pumice and East Lake tephra had
not been examined in any detail for some time; therefore, we
compiled the existing radiocarbon dates for these tephra and
derived updated Bayesian ages. The new modelled ages on the
proximal deposits are somewhat younger than previous estimates,
and in the case of Newberry Pumice, also more constrained
(Table 2; S16). These new ages are now in better agreement with
our estimated ages of the correlative tephra in the different bogs,
supporting the geochemical correlations (Table 2, S11-S15; Fig. 5).

The Mazama tephra is the product of the largest Holocene
eruption in North America, a VEI 7 event with an estimated erupted
12
volume of ~176 km3 (Buckland et al., 2020). Mazama is identified in
all cores included in this study that preserve the timeframe of its
deposition (~7680e7580 cal yr BP; Sidney Bog core 2, Bloo-
mingdale, Thin-Ice Pond). It is also widely reported in the region,
first documented in Nordan's Pond Bog (Pyne-O’Donnell et al.,
2012), as well as in cores from Lake Superior and near North Bay,
Ontario (Spano et al., 2017; Rabett et al., 2019) (Table 1). It is one of
several tephra in this study that have been reported in Greenland
ice cores and may extend into Europe (Zdanowicz et al., 1999;
Plunkett and Pilcher, 2018). Like the WRAe, discussed below,
Mazama is a seminal regional marker horizon, commonly yielding
one of the highest glass shard concentrations. Its high shard count,
age, elongated or fluted shard morphology and distinct geochem-
istry make Mazama relatively easy to identify in these sequences
(Figs. 4 and 5; Tables 2 and 3). At Thin-Ice Pond, Mazama shards
(maximum concentration of ~5150 shards/cm3) were measured for
grain size, with an average long axis of ~44 mm (s¼ 16, n¼ 125
shards measured).

The remaining two North American tephra discussed here are
from sources other than the Cascade Range. The most ubiquitous of
these is the eastern lobe of the White River Ash (WRAe), from
Mount Churchill, Alaska. To date, every site that has been sampled
from the correct time interval (ca. 1100 cal yr BP) contains this
tephra, which now has a Greenland ice-core age of 853± 1 CE
(Toohey and Sigl, 2017). Commonly the peak with the highest glass-
shard concentration derives from the White River Ash. It is a
distinct tephra both geochemically (Fig. 5; Table 3) and morpho-
logically, heavily dominated by highly inflated pumice (Fig. 4).

WRAe was deposited around the time of a hiatus (including bog
burning) in Irwin Smith and Bloomingdale Bogs, or during a
slowdown in peat accumulation rate per Sidney Bog. The hiatus
brings a number of units closely together (WRAe, Newberry Pumice
and inter-core correlated ISB-1 and BB-2) complicating the



Fig. 7. Bivariate plots showing the subtle similarities and differences among several cryptotephra and their visible correlative units. (A) Ruppert reference analyses from Ruppert
Lake (Monteath et al., 2017) are plotted with new data from NDN-230 and the three new bogs. (B) MSH Yn and Ye are very similar but can be distinguished by K2O and CaO, with the
cryptotephra showing a clear affinity to Yn. (C,D) The cryptotephra from Sidney Bog that correlates to MSH set W does not show any particular affinity to a specific event from the
set.
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stratigraphy. At Sidney Bog in core 2, we observe substantial
downward movement of WRAe, possibly related to vegetation
changes due to drying (as observed at Saco Bog by Mackay et al.,
2016). In addition, there is a distinct shard peak with WRAe
geochemistry 5 cm above themain peak at Irwin Smith. This peak is
too old to correlate with the Lena tephra (~300e400 cal yr BP;
Payne et al., 2008; Davies et al., 2019), the only Churchill eruption
post-dating WRAe. This is likely caused by reworking of WRAe due
to bog burning after its initial deposition, documented in Booth
et al. (2012a), illustrating potential complexities that can arise
even in a depositional environment as benign and simple as an
ombrotrophic bog. A similar process was documented in central
Alberta bogs after the deposition of Mazama (e.g., Zoltai, 1989;
Zoltai and Vitt, 1990; Beierle and Smith, 1998). Although concen-
trations are not entirely comparable, it highlights that high con-
centration cryptotephra (e.g., >2000 shard/cm3) can be reworked
after deposition given the right circumstances.

The second North American tephra not from the Cascades is the
Jala Pumice, from Volcan Ceboruco, Mexico. This tephra was first
identified in Villagedale Bog, NS, by Mackay et al. (2016). We
identified it in Sidney Bog (core 1), intermixed with another tephra
that is tentatively correlated to Fish Lake II - Chaos Crags (discussed
in section 4.3.2 below). Geochemically the Jala tephra is distinctive
on SiO2 and K2O plots, which differentiate it from the other tephra
presented here (Fig. 5; Table 3). The age of Jala tephra in Sidney Bog
is 1075e1015 cal yr BP. Our result is consistent with a proximal age
of Sieron and Siebe (2008) that we recalibrated and modelled to
1040e680 cal yr BP. The greater error in the new age is partially
13
because the Tau_Boundary model considers the lack of limiting
overlying ages on proximal deposits, increasing the probability that
it may be younger. However, the ages of correlative cryptotephra in
Sidney and Villagedale Bogs suggest that the eruption likely
occurred in the older end of the proximal two sigma age range
provided here (Table 2; Table S17).
4.2.3. Ksudach, Kamchatka
The source volcano of the final two confidently correlated

tephra is Ksudach, in Kamchatka. Ksudach is a volcanic complex of
the Eastern Volcanic Front in the southern portion of the Kam-
chatka Peninsula. The complex comprises five nested calderas,
three of which are Holocene (calderas III, IV and V; e.g., Volynets
et al., 1999). The two tephra deposits of interest are KS2 (caldera
IV; 6877e6693 cal yr BP) and KS1 (caldera V; 1705e1590 cal yr BP)
(Table 2; Ponomareva et al., 2017). KS2 comprises 8.9e10.5 km3 of
ejecta and blanketed the peninsula northward, forming a key
marker layer in Kamchatka (e.g., Braitseva et al., 1997; Plunkett
et al., 2015). It has also been located ‘ultra’ distally in the Arctic,
in lake sediments from Svalbard (van der Bilt et al., 2017). KS1 is the
product of the second largest Holocene eruption in Kamchatka,
comprising 20e25 km3 of ejecta and ~17 km3 of tephra fall
(Andrews et al., 2007), and is one of the most widespread markers
in the region (e.g., Braitseva et al., 1996, 1997).

KS1 was first identified in North America by Mackay et al. (2016)
in Villagedale Bog and is also present in Bloomingdale Bog. This
tephra is a distinctive rhyolite with relative proportions of SiO2,
Na2O, and K2O that distinguish it from known Cascades or Alaskan
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sources (Fig. 5; Table 3). The age estimates for KS1 from Villagedale
and Bloomingdale Bogs closely agree, but only the age from Bloo-
mingdale overlaps with most recent published proximal age esti-
mate for KS1 of 1705e1590 cal yr BP (Table 2; Ponomareva et al.,
2017). Our newly modelled proximal age for KS1 is
1790e1690 cal yr BP (Table 2, details available in Table S17), about
100 years older than that presented by Ponomareva et al. (2017)
and overlapping with both bog age estimates. We therefore sug-
gest our bog ages accurately reflect the true eruption age of KS1.

We identify KS2 for the first time in North America in Thin-Ice
Pond (TI-323). It is accompanied within a relatively narrow strati-
graphic interval (~35 cm) by two other cryptotephra; it lies above
Mazama (TI-346) and below an uncorrelated cryptotephra that is
also present in Sidney Bog (TI-317/SB-13, discussed in section 4.4.5
below).

The age estimate of KS2 from Thin-Ice Pond produced using only
radiocarbon dates (7170e6940 cal yr BP) deviates from the recent
proximal age of KS2 (6877e6693 cal yr BP; Ponomareva et al., 2017).
However, we regard ourmodel age as problematic because Thin-Ice
Pond radiocarbon dates have an age-reversal in the core right at TI-
323, and the age model shows variations in sedimentation rates
throughout this interval (Tables S10, S16). Nonetheless, indepen-
dent ages of KS2 from several lakes in Kamchatka suggest that the
age inferred in Ponomareva et al. (2017) is too young; for example,
7350e7180 and 7300e7160 cal yr BP from Plunkett et al. (2015),
and ~7200 cal yr BP from Pendea et al. (2017).

Geochemically TI-323 exhibits unique low-K consistent with a
Kamchatkan source (Fig. 8; Tables 3 and 4). TI-323 glass has a broad
compositional range (~60e72wt% SiO2) encompassing andesite to
rhyolite, though predominantly dacitic. The K2O concentration
(~0.7e1.4wt%) is characteristic of the low-K tephra from Ksudach
(e.g., Kyle et al., 2011) and in this case matches closely the reported
major element geochemistry of KS2 (Plunkett et al., 2015;
Ponomareva et al., 2017; Portnyagin et al., 2020). Trace element
analyses support the correlation (Fig. 8, Table 4). TI-323 exhibits the
unfractionated near-flat REE normalized pattern of Kamchatka
source glasses (e.g., Kyle et al., 2011; Ponomareva et al., 2013) that is
indistinguishable from KS2 tephra samples collected in Kamchatka
(Fig. 8, Tables 4, S2).

KS2 has a distinctive blocky glass morphology that is often ve-
sicular and microlitic (Fig. 4)dthe latter being a particularly
distinct feature for both the proximal and distal deposits. Although
most volcanic glass is often a pale green under glycerol, this tephra
has a notably darker greenish hue. Grain-size measurements re-
sults in an average shard size of ~40 mm (s¼ 9, n¼ 100).

4.2.4. Ruppert tephra
Pyne-O’Donnell et al. (2012) first identified Ruppert tephra in

Nordan's Pond Bog, Newfoundland, although this tephra was
originally named NDN-230. They suggested NDN-230 could
correlate to “tephra G” from Augustine volcano, Alaska, because of
geochemical similarities to Augustine tephra and the proximal age
estimate of ~2200 cal yr BP (Waitt and Beg�et, 2009). This overlaps
with the age of Ruppert tephra at 2800e2130 cal yr BP (Table 2).
However, a more comprehensive dataset of Augustine glass
geochemistry in Blockley et al. (2015) shows NDN-230 is not tephra
G, although it may originate at that volcano. More recently,
Monteath et al. (2017) describe a cryptotephra in the southern
Brooks Range of Alaska. They named it Ruppert tephra after the lake
in which it was found but inferred no regional source. Monteath
et al. (2017) did suggest that the Ruppert tephra may correlate to
NDN-230 and here we confirm that correlation, with concurrent
geochemical analyses of samples from both cores (Figs. 5 and 7;
14
Tables 2 and 3).
The Ruppert tephra is not particularly prominent in terms of

shard counts, but it is present in all three new bogs analysed in this
study. The glass concentrations in Alaska are low relative to the
Aniakchak CFE II peak in Ruppert Lake and Woody Bottom Pond in
the southern Brooks Range, but these two tephrawere also the only
ones clearly defined at those sites (Monteath et al., 2017). Cascade
Lake in the northern Brooks Range also preserves Aniakchak CFE II
and Ruppert, although concentrations here are approximately the
same (Davies et al., in review). Plunkett and Pilcher (2018) also
suggest that a small glass peak in Garry Bog (GB4-147), Ireland,
correlates to Ruppert. Despite its modest concentrations at most
sites, this is one of the most widespread units present and poten-
tially another transcontinental marker horizon.

Ruppert tephra is rhyolitic (Figs. 5 and 7; Table 3) with relatively
low K2O, and higher Cl. Its chemistry is similar to tephra from
Mount St. Helens, especially set P, with which it is intermixed at
two sites (Fig. 5; Table S1). However, its geographic distribution
fromnorth-central Alaska to the east coast excludesmore southerly
sources (e.g., Cascades), leaving Alaska, Kamchatka, the Kuriles and
Japan as the most likely sources. Examination of existing datasets
from Japan (e.g., McLean et al., 2018), Kamchatka (e.g., Portnyagin
et al., 2020) and the Kuriles (e.g., Nakagawa et al., 2008;
Razzhigaeva et al., 2016) do not reveal any tephra with similar
geochemical compositions to Ruppert. Alaska appears to be the
most likely source as Ruppert tephra falls within the geochemical
variability of Alaskan tephra, although there are no visible tephra of
its composition from numerous records in and around the Kenai
Peninsula and Cook Inlet (e.g., Riehle, 1985; Lemke, 2000; Payne
and Blackford, 2008; Zander et al., 2013, 2018; Fortin et al., 2019;
Bolton et al., 2020). However, the plume could have been deposited
in the ocean or followed a more northerly direction, similar to
Aniakchak CFE II, which is also not a visible bed in the proximal
records to the east of the arc.

4.3. Probable tephra correlations

Our study strongly suggests correlations of the following cryp-
totephra to previously described tephra and/or source volcanoes.
Nonetheless, the correlations are not certain because of one or
more unresolved factors, and we acknowledge that they may
change in the light of additional data.

4.3.1. SB-3 (600e430 cal yr BP) and ISB-1/BB-2/SB-5
(1660e1300 cal yr BP, mean 1480)dMono-Inyo Craters

SB-3 and the inter-core correlated ISB-1/BB-2/SB-5 both likely
derive from Mono-Inyo Craters, California, a volcanic field situated
in an extensional tectonic environment that runs from the north-
western corner of Long Valley caldera to Mono Lake (e.g., Bursik
and Sieh, 1989). Mono-Inyo Craters was active when these two
cryptotephra were deposited.

SB-3 coincides in time with notable eruptions from both North
Mono and Inyo Craters. The North Mono eruption is dated to
650e520 cal yr BP, a recalibrated and modelled age based on three
radiocarbon dates originally presented by Sieh and Bursik (1986)
(Table 2, S17). Shortly after (~1e10 years) the North Mono erup-
tion, Inyo Craters had several eruptions that ended around 1350 CE
(~600 cal yr BP) (Millar et al., 2006; Nawotniak and Bursik, 2010;
Bevilacqua et al., 2018). The inter-core correlated cryptotephra of
ISB-1/BB-2/SB-5 has a combined age estimate of 1670e1300 cal yr
BP. This age overlaps the interval of the Plinian eruption of South
Mono (1350e1300 cal yr BP) at the end of the penultimate period of
activity at Mono Craters, which includes eruptions at or near



Fig. 8. The top two panels compare major-element geochemistry of KS2 (Plunkett et al., 2015; Ponomareva et al., 2017; Portnyagin et al., 2020) and TI-323, the KS2 correlative in
Thin-Ice Pond. Major element geochemistry is largely indistinguishable and, somewhat surprisingly considering the winnowing of heavier mafic shards that can happen over
distance, contains some shards comprising the lower SiO2 portion of the tephra. The lower two panels compare average trace element geochemistry that is also largely indis-
tinguishable despite some scatter that exists in the TI-323 data due to the analyses of small shards with the smaller laser spot, particularly in lower concentrations elements. Ta was
measured but is excluded in this diagram due to its concentrations near detection limits (see Table S2 for individual analyses).
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Northwest Coulee of Mono Craters (1628e1520 cal yr BP) and
Wilson Butte of Inyo Craters (1611e1710 cal yr BP) (e.g., Wood,
1977; Sieh and Bursik, 1986; Bursik and Sieh, 2013; Bursik et al.,
2014).

The major element geochemical characteristics of both crypto-
tephra share some similarities (e.g., high K2O and low CaO wt%),
with SB-3 exhibiting a greater SiO2 range. Overall, they are distin-
guishable from one another but generally plot on trend (Fig. 9;
Table 5). Trace-element data collected from ISB-1 show a unique
trace-element profile with extremely low Ba and Sr, atypical of
subduction related (arc) rhyolites (Fig. 9; Table 4).

New proximal major-element geochemistry was collected from
NorthMono (UA 3323e3325) and SouthMono tephra (UA 3322), as
well as a deposit directly underlying the main South Mono tephra
deposit near its source vent (UA 2789). These data were compared
with limited published data from Inyo Craters (Bursik, 2014), distal
Mono and Inyo tephra (Osborn, 1989), and the two cryptotephra
(Fig. 9; Table 4, S2, S8). Previous research has suggested that the
high SiO2 tephra and domes from Mono Craters have a more ho-
mogeneous major-element geochemistry and pronounced Sr and
Ba anomalies compared to Inyo Craters (e.g., Wood, 1977; Sampson
and Cameron, 1987; Higgins and Meilleur 2007; Bursik, 2014). Data
from our proximal samples are consistent with these reports and
show that tephra unit UA 2789, initially thought to represent a
basal fall deposit of the South Mono eruption, is more likely the
Wilson Butte tephra that commonly underlies the South Mono
tephra near its source vents (see Fig. 13 in Bursik et al., 2014, sample
number 095011). Although the Wilson Butte dome has long been
noted to be ofMono affinity (Sampson and Cameron,1987; Kelleher
and Cameron, 1990), some of the proximal Wilson Butte pyroclastic
15
products are now known to be of Inyo affinity (Bursik, 2014, and
references therein).

Themajor-element geochemistry of the older cryptotephra (ISB-
1/BB-2/SB-5), a much more homogeneous high-SiO2 rhyolite,
shows a clear affinity to Mono Craters (Fig. 9). The correlation be-
tween the older cryptotephra and the South Mono eruption (UA
3322) is strongly re-enforced by the trace element geochemistry
(Fig. 9; Table 4, S2). Both ISB-1 and the SouthMono tephra show the
distinct trace element profile with anomalously low concentrations
of Sr and Ba, as has been reported before, most significantly by
Wood (1977) for his equivalent “Tephra 2”. While the small laser
diameter (10 mm) and very low concentrations cause more scatter
in the data, ISB-1 clearly shows the same trace element charac-
teristics as the proximal Mono crater ejecta (Fig. 9). While it seems
most likely that this older cryptotephra unit correlates to the South
Mono eruption (as the larger andmorewidespread event), wemust
note that there are no glass geochemical data for unequivocal de-
posits from the Wilson Butte and Northwest Coulee eruptions.

Proximal North Mono tephra (650e520 cal yr BP) is largely
indistinguishable by trace and major element geochemistry from
the older South Mono tephra. This homogeneity has been observed
in Mono Craters tephra deposited through the late Pleistocene,
with those only being distinguished by their FeeTi oxides (e.g.,
Marcaida et al., 2014). The homogeneity also excludes North Mono
as the source for SB-3. However, the glass chemistry of SB-3 does
plot closely to the more heterogenous composition of UA 2789 (the
potential Wilson Butte correlative), and the limited data published
for Inyo Craters (Fig. 9), suggesting that SB-3 is from Inyo Craters.
Nonetheless, the uncertain origin of UA 2789, the limited
geochemical data for tephra from the younger Inyo eruptions, and
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the lack of trace element geochemistry for these samples means
further work is required to confirm these potential correlations.

To test another potential correlation, we collected major and
trace element data on samples comprising part of the large erup-
tion of Opala volcano at ~1400 cal yr BP (Andrews et al., 2018),
similar in timing to ISB-1/BB-2/SB-5 and identified as a crypto-
tephra in Cascade Lake, Alaska (Davies et al., in review). Opala 1.4 ka
is also a high-silica rhyolite with high K2O and low CaO and FeOt.
Both the trace element data, which shows amore typical arc profile,
and the major element data lead us to discount this potential cor-
relation (Fig. 9).

4.3.2. SB-4 (1075e1015 cal yr BP)d Fish Lake II, Chaos Crags,
Lassen Volcanic Center

SB-4 is a minor tephra constituent in the same interval as Jala
Pumice in Sidney Bog core 1. It is a high-SiO2 rhyolite with relatively
low FeO, CaO and Al2O3 (Fig. 10). Although only 6e7 shards make
up this population, the age of the event and its geochemistry sug-
gest it is a primary tephra fall event. Unfortunately, SB-4 is partially
obscured because of overlap with the Jala Pumice, lower resolution
counting intervals (2e3 cm), and the relatively large volume of peat
(between 42 and 44 cm) used to extract sufficient glass for analyses.

SB-4 chemistry mirrors major-element geochemical data
collected from Fish Lake II tephra, which has a broad age range of
1511e975 cal yr BP (recalibrated from Foit and Mehringer, 2016)
(Tables 2 and 5; Fig, 8). Fish Lake, in southern Oregon, has a record
of six visible tephra (Fish Lake I-VI) that Foit and Mehringer (2016)
correlate to their sources in the Cascades and northern California.
Fish Lake II tephra was correlated to the most recent eruption of
Chaos Crags, part of the Lassen Volcanic Center, northern California,
using reference material from that eruption. We do not have
proximal material from that event to analyze, and no point-by-
point glass geochemical data are available in the published litera-
ture for comparison. However, numerous radiocarbon ages re-
ported by Clynne et al. (2008) from a series of pyroclastic flows
associated with the eruption agree very closely with the age of SB-4
(Table 2, S17). Further analyses of Chaos Crags reference material
would be required to confirm this correlation.

4.3.3. SB-7 (2950e2230 cal yr BP)d Fish Lake III, Medicine Lake, CA
(?)

Sidney Bog's SB-7 is a relatively high alkaline rhyolite that is
distinct from any other tephra described here. This tephra appears
to correlate to the Fish Lake III tephra, with a published age-range of
3212e2764 cal yr BP (recalibrated with IntCal, 2020, Tables 2 and 5;
Fig. 10). The best age estimate for SB-7 (2950e2230 cal yr BP)
overlapswith this published age, but only on the younger end of the
age range. However, this is not unexpected because Fish Lake age
results (e.g., Fish Lake II) are consistently somewhat older than their
correlatives (Foit and Mehringer, 2016).

Fish Lake III has been correlated to Medicine Lake volcano,
California, but this secondary correlation is uncertain (Foit and
Mehringer, 2016). Medicine Lake volcano is a large composite vol-
cano surrounded by numerous voluminous lava flows that lies in
the rear-arc of the Cascades. It comprises the largest volume of
erupted material in the arc, with the possible exception of the
Newberry volcanic field, another rear-arc center (e.g., Donnelly-
Nolan et al., 2016). Foit and Mehringer (2016) correlated Fish Lake
III to Medicine Lake based on a sample provided by Andrei Sarna-
Wojcicki of the “youngest airfall pumice” from the north flank of
Glass Mountain. However, this pumice must then be associated
with the youngest period of rhyolitic activity from the Medicine
Lake complex that occurred between ~1200 and 900 cal yr BP
(Donnelly-Nolan et al., 2016), significantly younger than SB-7 and
Fish Lake III. There is documented activity from Medicine Lake



B.J.L. Jensen, L.J. Davies, C. Nolan et al. Quaternary Science Reviews 272 (2021) 107242
around the time of the deposition of Fish Lake III tephra, but it is
limited to the extrusion of basaltic and basaltic-andesitic lava flows
(Donnelly-Nolan et al., 2016). Therefore, while we are fairly confi-
dent of the correlation to the Fish Lake III tephra based on the
distinct major element geochemistry and age agreement, the cor-
relation to Medicine Lake volcano is less certain.

4.3.4. BB-3 (2030e1565 cal yr BP)d Us-Kr, Ushishir, Kuriles
BB-3 is a unique tephra in Bloomingdale Bog distinguished by its

notably low K2O (~1.2wt%), and relatively high CaO and FeOt for a
high-SiO2 rhyolite (~77.5wt%) (Table 5; Fig. 11). This distinctive
geochemistry, along with its estimated age, suggests a correlation
to the central Kuriles, specifically the Us-Kr tephra (e.g., Nakagawa
et al., 2008). Us-Kr has been linked to the latest caldera forming
eruption of Ushishir volcano on Yankich Island, one of two main
islands that comprise the Ushishir Islands (e.g., Razzhigaeva et al.,
2012; Bondarenko and Rashidov, 2018). There is little published
literature that clarifies how the Us-Kr tephra was correlated to
Ushishir, as sites where the tephra are described are on other
islands to the north (Razzhigaeva et al., 2012; MacInnes et al., 2016;
Bondarenko and Rashidov, 2018). The attribution seems to come
from an unpublished report by Nakagawa et al. (2008) that origi-
nates from a research cruise led by the Kuril Biocomplexity Project.
They documented ~20 cm thick occurrences of the tephra on
Ryponkich Island, just north of Yankich Island, and argued that
these deposits originated from the caldera on Yankich Island based
on ages, geochemistry, and tephra dispersal.

The glass geochemistry of Us-Kr reported by Nakagawa et al.
(2008) is very similar to BB-3 (Fig. 11). The oxide data match very
well, although BB-3 has on average, slightly lower SiO2. However,
BB-3 also has slightly higher Na2O, which together with the slight
deviation to lower SiO2 values, suggests this offset might be caused
by some Na-loss in the Japanese dataset. This hypothesis needs to
be confirmed by re-analyses of the samples.

Radiocarbon dates reported by Razzhigaeva et al. (2012) and
MacInnes et al. (2016) were used to recalculate a calibrated age for
Us-Kr. The two radiocarbon ages reported by Nakagawa et al.
(2008) were excluded since it was not clear whether they were
from above or below the deposit (Table S17). The recalculated age
has a bimodal distribution of 1970e1955 and 1945e1830 cal yr BP,
with a median of 1890 cal yr BP, which agrees well with the
modelled age of BB-3 of 2030e1565 cal yr BP (Table 2).

4.3.5. SB-6 (2965e2590 cal yr BP) and BB-4/SB-8
(4025e3395 cal yr BP)dShiveluch

Shiveluch volcano is one of the most active, studied and
geochemically characterized volcanoes in Kamchatka (e.g.,
Ponomareva et al., 2007, 2015, 2017). Rhyolitic glass compositions
from Shiveluch tephra tend to be very similar to one another,
consistently medium K2O between ~2.5 and 3wt%, with SiO2
ranging between ~73 and 77wt% (Fig. 11, Table 5; e.g., Ponomareva
et al., 2017; Portnyagin et al., 2020). SB-6 and the inter-core
correlated BB-4/SB-8 have geochemistry typical of Shiveluch,
plotting well within the field of Holocene Shiveluch rhyolitic
tephra. No geochemically similar tephra are known from other
sources, except a vague similarity to tephra from Redoubt (e.g.,
Bolton et al., 2020). Overall, it is likely that these tephra correlate to
Shiveluch, but not entirely clear what specific event(s) they
represent.

Shiveluch erupted several times within the timeframes of
SB-6 and BB-4/SB-4. Possible Shiveluch tephra matches fit three
criteriadsimilar geochemistry (Fig. 11), overlapping timeframes
(Table 2), and widespread regional distributions (e.g., Ponomareva
et al., 2017). The strongest correlation is SB-6 to SHb (also referred
to as SH2800). The Shb tephra is widespread, especially to the
17
southeast (Kyle et al., 2011; Ponomareva et al., 2017). It dates at
3013e2794 cal yr BP and has a broader geochemical range than
some other rhyolitic Shiveluch eruptions. Our SB-6 sample exhibits
the same geochemical trend and is similar in age (2965e2590 cal yr
BP) to SHb.

The identity of the BB-4/SB-8 cryptotephra (4025e3395 cal yr
BP) is less certain, but Shiveluch tephras SH#27 (3898e3533 cal yr
BP) and SH#32a (4240e3990 cal yr BP), with similar age and
chemistry, are candidates. SB#27 likely represents a large eruption
but with distribution to the north-northeast from Shiveluch into a
poorly studied area, it is not as well documented. SH#32a is a
prominent unit in the northeast portion of a region mapped by
Ponomareva et al. (2017). The age of SH#27 agrees better with that
of our cryptotephra than that of SH#32a. Nonetheless, the limited
available geochemistry of both SH#27 and SH#32 are consistent
with that of our cryptotephra (Fig. 11).

Shiveluch tephra are rarely identified outside of Kamchatka,
perhaps because source eruptions are VEI 5 or less; nonetheless,
two of our cryptotephra appear to come from that volcano. Other
Shiveluch tephra identified beyond Kamchatka include SH#12
(1374e1295 cal yr BP) reported from Japan (Chen et al., 2019), and a
potential “ultra-distal” Shiveluch correlation from Ireland (SLU14-
60) to SH#34 (SHdv; 4700 cal yr BP; Ponomareva et al., 2017;
Plunkett and Pilcher, 2018). These are intriguing potential correla-
tions since until now transcontinental correlations have been
limited to tephra from eruptions that are either caldera-forming or
have estimated VEI greater than 5. Unfortunately, eruption char-
acteristics have not been calculated for events related to SHb,
SH#27 or SH#32a, but it appears that their source eruptions are not
as voluminous or as explosive as eruptions that have generated
other ‘ultra-distal’ tephra (e.g., Ponomareva et al., 2015, 2017). This
example, like that of Mono-Inyo Craters, suggests that factors other
than eruptionmagnitude and intensity can influence distribution of
far-traveled tephra (e.g., Crocitti et al., 2018).

4.3.6. SB-11 (5960e5670 cal yr BP, mean 5890) and Greenland
(5853± 15 a b2k¼ 5903± 15 cal yr BP)dIliinsky

Tephra SB-11 from Sidney Bog has rhyolitic glass, with
~73e76wt% SiO2, plus lower K2O and higher CaO than other tephra
with similar SiO2. This geochemistry matches that of a new tephra
discovered in both NGRIP (NGRIP 950.25m) and GRIP (GRIP
883.30m) ice cores from Greenland (Fig. 11, Table 2, 5, S1). The ice
core age, 5853± 15 a b2k (5903± 15 cal yr BP), derived from
Adolphi and Muscheler (2016) corrected GICC05 timescale (Vinther
et al., 2006), also matches our calibrated age for SB-11. Further-
more, the major-element geochemistry of both SB-11 and
Greenland samples correlates well with a similarly aged tephra
sourced from Iliinsky volcano in Kamchatka (Fig. 11; Tables S1, S8)

Iliinsky is a relatively small (1578m) conical volcano located in
the southernmost part of the Kamchatka Peninsula. It sits at the rim
of the ~8.4 ka Kurile Lake caldera in a depression that may be the
collapse crater of an older volcanic edifice (Ponomareva et al.,
2004). Iliinsky deposits are compositionally related to and overlie
the KO ignimbrite that erupted from the 8.4-ka caldera. Iliinsky
products are low-to medium-K basalts, andesites and dacites; its
most recent eruption took place in 1901.

A prominent bed of yellow pumice bombs and lapilli, informally
called “upper coconuts”, originated from one of the strongest
Iliinsky eruptions. Initially attributed to the neighboring Zheltovsky
volcano and coded ZLT (Braitseva et al., 1997), it is now known as
the IL tephra (Zaretskaya et al., 2007). Ash-fall from this eruption
blew northeast and a large proportion of it fell into the ocean,
limiting estimates of its volume. The IL tephra bed contains char-
coal and overlies a thick, well-developed, organic-rich paleosol
(Ponomareva et al., 2001). Radiocarbon dates associated with the IL



Fig. 9. Glass geochemistry of new and previously reported Mono-Inyo Craters compared with potential correlative cryptotephra. (A) Trace element geochemistry of ISB-1 shows the
same characteristic trace element pattern as proximal South Mono tephra. (B) North Mono shows the same pattern including the Ba and Sr anomalies, which are also one of the
main differentiating features from Opala 1.4 ka. (C,D) Opala 1.4 ka is also clearly differentiated from the cryptotephra with K2O and CaO. (C,D,E,F) Major element geochemistry of the
cryptotephra in comparison to data from proximal samples collected here, distal tephra from the Toiyabe Range, Nevada (Osborn, 1989), and Inyo lavas (Sampson and Cameron,
1987; Bursik, 2014). The published Inyo data and UA 2789 (potential Wilson Butte sample) are most similar to SB-3.
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tephra range from 4570± 70 to 5840± 150 14C yr (Zaretskaya et al.,
2007), likely reflecting the heterogeneous nature of organic matter
in a long-lived paleosol. These dates resulted in a roughly estimated
eruption age of 4800 14C yr. We recalibrated and modelled Zelenin
et al. (2020) radiocarbon dates on proximal deposits to obtain a
new age for the IL tephra (Table 2; S17). The resulting age has a
bimodal two-sigma distribution of 5655e5620 and
5610e5580 cal yr BP, with a median age of 5600 cal yr BPdabout
two hundred years younger than SB-11 and the Greenland ice core
tephra (whose ages agree well; Table 2). The geochemistry of the
Iliinsky IL tephra matches well to that of cryptotephra from
Greenland and Maine, but the age mismatch requires further
investigation before the correlation can be verified. However, if this
correlation holds, it continues a trend seen in this study and others
(e.g., Cook et al., 2018b), whereby proximal Kamchatkan dates tend
18
to be younger than the estimated ages of the cryptotephra.

4.4. Unknown tephra

The geochemical data and ages of these cryptotephra do not
permit correlations to any one event or volcano. Nonetheless,
careful comparison of the characteristics of these unknowns to the
published literature does reveal, in some cases, potential relation-
ships to specific volcanic regions that will require further
exploration.

4.4.1. SB-1 and SB-2 (230 cal yr BP to modern)
SB-1 and SB-2 tephra were located in the top 2e3 cm in Sidney

Bog core 1. Both share similar geochemical characteristicsdthey
are high Si rhyolites (>76.5wt%), with relatively low FeOt and CaO



Table 5
Glass geochemical averages and standard deviations of tephra with potential correlations. Data are normalized to 100%.

Tephra Potential correlation SiO2 TiO2 Al2O3 FeOt MnO MgO CaO Na2O K2O P2O5 Cl H2Odiff n

SB-3 Mono-Inyo Craters (Inyo?) 74.15 0.14 14.06 1.42 0.06 0.08 0.69 4.10 5.24 e 0.08 3.11 15
1.41 0.06 0.62 0.26 0.02 0.04 0.10 0.33 0.17 e 0.01 1.10

SB-4 Fish Lake II; Chaos Crags, Lassen Peak 78.31 0.16 12.17 0.71 0.04 0.12 0.69 3.48 4.21 e 0.12 4.77 7
1.16 0.03 0.57 0.13 0.03 0.03 0.08 0.29 0.38 e 0.03 2.75

ISB-1, BB-2, SB-5 Mono-Inyo Craters (South Mono?) 77.02 0.07 12.86 0.93 0.04 0.03 0.54 3.76 4.67 0.00 0.09 4.96 40
0.29 0.03 0.13 0.10 0.03 0.02 0.04 0.21 0.13 0.00 0.02 1.12

BB-3 Us-Kr, Ushishir, Kuriles 77.41 0.20 12.90 1.43 0.12 0.35 2.16 4.00 1.20 e 0.21 7.29 7
0.24 0.05 0.35 0.11 0.02 0.04 0.10 0.27 0.06 e 0.04 6.90

SB-6 Shiveluch, (SHb/SH2800?) 74.30 0.27 14.15 1.40 0.05 0.39 1.53 4.91 2.86 e 0.16 4.58 9
0.44 0.02 0.21 0.10 0.01 0.04 0.16 0.24 0.05 e 0.07 1.88

SB-7 Fish Lake III (Medicine Lake?) 74.55 0.29 13.92 1.64 0.04 0.29 1.26 3.67 4.28 e 0.08 4.09 8
0.38 0.05 0.13 0.10 0.03 0.05 0.10 0.14 0.13 e 0.02 1.04

BB-4, SB-8 Shiveluch (SH#27/#28?) 75.67 0.27 13.62 1.14 0.03 0.29 1.16 4.75 2.95 e 0.16 4.06 19
0.53 0.04 0.33 0.07 0.02 0.04 0.18 0.26 0.11 e 0.04 3.43

SB-11, NGRIP 950.25m, GRIP 883.30m Iliinsky 74.07 0.30 14.09 1.95 0.08 0.46 2.30 4.72 1.92 0.05 0.15 3.63 35
0.67 0.05 0.34 0.18 0.02 0.05 0.23 0.29 0.09 0.01 0.02 4.08

FeOt¼ total Fe as FeO, H2Odiff is water by difference (i.e., 100-original total), n¼ number of analyses.

Fig. 10. Geochemical relationships between Fish Lake II and III and potential correla-
tives SB-4 and SB-7. SB-1 is included because it displays some on-trend behaviour with
Fish Lake II (see Fig. 12 and section 4.4.1 for more details).
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and high alkalis, in particular K2O (Fig. 12; Table 6). Opala, Khangar
and Ichinsky volcanos from Kamchatka, Mono-Inyo Craters, and
some Mexican and Central American volcanoes (e.g., Schindlbeck
19
et al., 2016, 2018; Portnyagin et al., 2020) produce tephra with
similar geochemistry.

SB-1 was compared to published and newly collected data from
several high SiO2 and K2O tephra, and shares similarities to a few,
most notably SB-4 and Fish Lake II (Chaos Crags) (Figs. 10 and 12).
Lassen Peak had a series of eruptions between 1914 and 1917. The
most significant event occurred on May 22, 1915, which produced
an eruption column ~9 km high and had reported ash fall as far
afield as Elko, Nevada, about 500 km to the east (e.g., Eppler and
Malin, 1989; Miller, 1989). However, the lack of reported
geochemistry for this relatively small eruption and the poorly
constrained age of SB-1, make any correlation highly speculative.

SB-2 has very low FeOt and CaO (<0.5wt%) and relatively high
Al2O3 (~13.4wt%) that sets it apart from the other high silica and
alkali tephra it was compared to here (e.g., Fig. 12, Table 6). Overall,
the geochemical characteristics of SB-2 do not show any affiliation
to tephra from any specific region.
4.4.2. ISB-5/BB-5/SB-9 (4620-4150 cal yr BP) and NDN-230-2
(2288-1830 cal yr BP)

Inter-core correlated ISB-5/BB-5/SB-5 from Irwin Smith, Bloo-
mingdale and Sidney Bogs and NDN-230-2 fromNordan's Pond Bog
are also high SiO2 and alkali cryptotephra with relatively low FeOt
(<1wt%) and CaO (<0.5wt%). We discriminate NDN-230-2 cryp-
totephra as a unique population in the resampled section of Nor-
dan's Pond Bog that also contains Ruppert tephra. NDN-230-2 has
extremely low CaO (~0.2 wt%) and is unlike anything else described
here (Fig. 12, Table 6). The only published tephra geochemistry
having similar composition are from the Izu Islands in Japan, such
as the Izu-Kozushima-Tenjosan (Iz-Kt) eruption of 838 CE (e.g.,
McLean et al., 2018). At present Izu Island eruptions are not docu-
mented when NDN-230-2 was deposited.

Cryptotephra ISB-5/BB-5/SB-9 is outwardly similar to tephra
from Ichinsky, Opala, and Mono Craters (Fig. 10). Ichinsky erupted
during the same timeframe as this cryptotephra, and while there
are reports of an older eruption with timing similar to that of Opala
(OPtr; Braitseva et al., 1997), new data show that OPtr is not from
Opala but from the Chasha Crater, 17.5 km northeast of Opala. There
are limited glass geochemical data for the ~4.7 ka Ichinsky eruption
and “OPtr”, with the latter showing distinctly lowK2O and high CaO
contents that exclude a correlation (Portnyagin et al., 2020).
Ichinsky and the 1.4 ka Opala tephra have some geochemical sim-
ilarity to the cryptotephra, suggesting it could be sourced from
Kamchatka. However, the cryptotephra geochemistry plots more
closely with that of North and South Mono tephra (Fig. 12).



Fig. 11. Major element geochemistry illustrating possible new correlations to Kamchatkan and Kurile eruptions. Top left plot shows all potential correlatives together. Glass
geochemical data for Shiveluch reference material is from Ponomareva et al. (2017) and the TephraKam database of Portnyagin et al. (2020).
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Unfortunately, the exact chronology of middle Holocene eruptions
from Mono Craters is not fully understood. Bursik and Sieh (2013)
compiled radiocarbon dates from proximal eruptions that suggest
a gap in activity at this time; between Episode 2 (~5310-5050 cal yr
BP) and Episode 3 (~3700-3140 cal yr BP), recalibrated here.
Conversely, Sarna-Wojcicki et al. (1988) report Mono Craters-
derived tephra of similar age to the cryptotephra from Walker
Lake, Nevada. However, if the interval between Episode 2 and
Episode 3 is analogous to that between the North and South Mono
eruptions at Walker Lake, then these may be spurious tephra that
were in-washed and not primary (Bursik et al., 2014).
4.4.3. BB-6 (5210e5080 cal yr BP) and SB-10 (5550e5335 cal yr
BP)

Cryptotephra SB-10 and BB-6 from Sidney Bog and Bloo-
mingdale Bog were initially thought to correlate, but their inde-
pendently derived ages do not overlap (Fig. 2F). This age offset and
subtle differences in geochemical composition suggest that they are
two separate events (Tables 2 and 6; Fig. 13). Geochemically, both
tephra are very similar to the late Pleistocene Glacier Peak tephra
(G/B; Fig. 13), indicating Glacier Peak as a possible source. Cali-
brated ages of BB-6 and SB-10 overlap within two standard de-
viations the youngest existing age for mid-Holocene activity at
Glacier Peak known as set D and ‘Dusty Creek’ (~6800e5300 cal yr
BP; Beg�et, 1982,1984; Vallance et al., 2015). This period of activity is
defined by a series of tephra-producing eruptions, pyroclastic flows
and lahars (e.g., Beg�et, 1982; Vallance et al., 2015). Visible tephra
from the Dusty Creek assemblage are present as far as British
Columbia and geochemical averages reported from them suggest
20
they can be differentiated from their widespread Pleistocene
Glacier Peak counterparts (e.g., Hallett et al., 2001; Foit et al., 2004).
New proximal geochemical data from the Dusty Creek assemblage
confirm they are distinct from the Pleistocene Glacier Peak tephra
and the two cryptotephra (Fig. 13, Table S8). Therefore, unless there
was an eruption late in the Dusty Creek sequence that had a
geochemical signature more like that of the older Pleistocene
events, these new data challenge the Glacier Peak correlation. The
unknown cryptotephra also fall within the geochemical variation
seen in some Alaskan tephra (Fig. 13).

Higher levels of hydration indicated by lower totals also char-
acterize BB-6 and SB-10. Careful point by point re-analyses show
that these results were not caused by poor analyses on very small
grains. The average hydration of these cryptotephra is greater than
that of any other tephra discussed here, including potential cor-
relatives. Greater levels of hydration could suggest that the shards
are reworked from older deposits; however, this hypothesis seems
extremely unlikely given that these cryptotephra have well defined
peaks (e.g., no tails in shards, multiple peaks or other signs of
reworking) and a distinct and homogeneous geochemistry not
found in any other sample. Lower totals of these cryptotephra are
likely characteristic of the tephra rather than an indication of age.
4.4.4. BB-1 (505-205 cal yr BP), BB-7 (5940-5745 cal yr BP), SB-12
(6690-6150 cal yr BP)

These three tephra from Bloomingdale and Sidney Bogs are
geochemically distinct and differ in age but are grouped together
because they share geochemical similarities to tephra from the
Aleutian Arc-Alaska Peninsula. However, we cannot discount that



Fig. 13. SB-10 and BB-6 are most similar to Pleistocene Glacier Peak tephra B and G, but are geochemically offset from Glacier Peak's mid-Holocene eruptions (Dusty Creek; DC).
Compounding the uncertainty, these tephra also plot within the fields defined by some Alaskan tephra, with Katmai 1912 and Redoubt data plotted here to illustrate this point.

Fig. 12. High SiO2 rhyolites with relatively high K2O and low CaO and FeOt plotted with reference material of proximal samples of similar composition. SB-1 tends to plot with the
cluster formed by Opala, Ichinsky and Fish Lake II. However, it is clearly offset from the former two in K2O and CaO, while remains relatively on trend with Fish Lake II. SB-2 does not
share a geochemical affinity to any tephra examined here, with both it and NDN-230-2 clearly separated out by FeOt and CaO (C). However, ISB-5/BB-5/SB-9 tends to plot closely
with the North and South Mono tephra with only minor offsets most obvious in (B).
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they may originate from elsewhere.
BB-1 is a distinct rhyodacite with a high Cl content averaging

around 0.30wt% (Table 6). Higher Cl is a characteristic of some
sources in Alaska, and BB-1 plots well with a cryptotephra first
identified on the Kenai Peninsula (MP10b; Payne and Blackford,
2008), as well as a previously undescribed tephra from Alaska
(UA 3467; 310-155 cal yr BP) (Fig. 14; Table S8). Chlorine was not
measured for MP10b (which is also too young with an estimated
age of ~1875 CE) and the Cl for BB-1 is too high for it to correlate to
UA 3467. The high Cl in BB-1 does not appear to be an analytical
artifact as the standards do not suggest that Cl was high during
these analyses, but we were unable to reanalyse this sample to test
this. Aniakchak also had a major eruption during this timeframe
(e.g., Kaufman et al., 2012; Bacon et al., 2014), but Aniakchak tephra
are clearly differentiated from BB-1 by TiO2 content (Fig. 14).

BB-7 (5940e5745 cal yr BP) and SB-12 (6690e6150 cal yr BP)
share some similar characteristics, but can be differentiated by CaO,
FeOt and MgO (Fig. 14). Tephra with comparable geochemistry
come from more recently active volcanoes in Alaska, such as
Redoubt and Aniakchak (Fig. 14; e.g., Bolton et al., 2020), and
samples attributed to Iliamna by Lemke (2000). BB-7 and SB-12 are
most similar to Redoubt and Iliamna tephra but offset in CaO and
FeOt (Fig. 14). They have no clear correlations, but their geochem-
istry does fall within the geochemical variability seen in Aleutian-
Arc Alaska-Peninsula tephra. These two cryptotephra may also
match analyses in Pyne-O’Donnell et al. (2012). In that study,
several samples were comprised of mixed glass, i.e., two or more
unrelated geochemical populations that had too few analyses to
make any firm conclusions. Two of those samples, NDN-433 and
NDN-455, contain several shards with geochemistry that overlaps
BB-7 and SB-12, respectively (Fig. 15). The overlap in age estimates
lends some credence to the potential linkages between these
samples (Table 2), and suggest these cryptotephra, although minor,
may be widely distributed.

4.4.5. SB-13 and TI-317 (combined age 7215e6065 cal yr BP)
Two tephra, one found in Thin-Ice Pond and the other in Sidney

Bog, both overlie Mazama and likely correlate to each other. SB-13
(7238e6826 cal yr BP) forms a notable peak with a concentration of
56 shards/cm3 in core 1. This peak contains both SB-13 and East
Lake tephra, but SB-13 is the dominant geochemical population. TI-
317 in Thin-Ice Pond forms a discrete horizon with a maximum
Table 6
Glass geochemical averages and standard deviations of unknown tephra. Data are norm

Tephra SiO2 TiO2 Al2O3 FeOt MnO MgO

SB-1 77.80 0.10 12.77 0.75 0.06 0.14
0.29 0.02 0.21 0.05 0.03 0.02

SB-2 76.90 0.06 13.40 0.45 0.05 0.02
0.34 0.02 0.22 0.07 0.05 0.01

BB-1 68.58 0.52 15.75 3.79 0.11 0.92
0.83 0.05 0.28 0.32 0.04 0.14

NDN-230-2 78.64 0.28 11.70 0.98 0.05 0.11
0.36 0.03 0.24 0.11 0.02 0.02

ISB-5/BB-5/SB-9 77.25 0.06 12.76 0.85 0.05 0.02
0.30 0.03 0.12 0.08 0.02 0.01

BB-6 77.71 0.20 12.41 1.10 0.07 0.23
0.25 0.06 0.10 0.14 0.03 0.04

SB-10 78.06 0.19 12.35 1.04 0.08 0.23
0.21 0.03 0.21 0.04 0.03 0.03

BB-7 73.29 0.46 14.45 1.95 0.05 0.53
1.48 0.05 0.62 0.17 0.02 0.14

SB-12 73.45 0.35 13.90 2.53 0.08 0.31
0.48 0.03 0.27 0.06 0.02 0.02

T-317/SB-13 69.66 1.07 13.98 3.97 0.07 0.91
0.92 0.07 0.49 0.22 0.03 0.10

FeOt¼ total Fe as FeO, H2Odiff is water by difference (i.e., 100eoriginal total), n¼ numb
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concentration of ~80 shards/cm3 and an average shard size of
~60 mm (s¼ 14, n¼ 20). Their ages overlap, although the age range
of TI-317 increases significantly (from 7087 to 6558 to
7001e5970 cal yr BP) when the age model includes the proximal
age of KS2, which closely underlies TI-317 (Fig. 2E; Table S16). Glass
in both TI-317 and SB-13 is largely colourless with some brown
shards, many of which contain moderate quantities of microlites.
Shards have a similar blocky morphology, but pumice is more
common in SB-13 (Fig. 4), although this pumice may be from East
Lake, which is present in the same sample. Geochemically the two
tephra are nearly identical although SB-13 has slightly higher SiO2
than TI-317 (e.g., Figs. 14 and 15). Similar morphology, stratigraphic
position, age, and high shard concentrations strongly suggest that
these units are the same tephra or two closely spaced eruptions
from the same source. If SB-13 and TI-317 are the same tephra, the
geochemical variation could be explained by varying wind direc-
tion over the course of the eruption (e.g., Jensen et al., 2011), but not
by processing methods. SB-13 was bulk mounted, while TI-317 was
density separated; the lower SiO2 average in TI-317 is the opposite
as what would be expected if processing were to be implicated (i.e.,
density separating can cause removal of lower SiO2 shards).

Comparisons with the University of Alberta tephra geochemical
database revealed some superficial geochemical similarities to
Pleistocene tephra from Alaska, but nothing with the distinctive
SiO2 to TiO2 ratio this unit shows (Fig. 14B). However, a younger
tephra from Cabin Lake in south-central Alaska (CU1152;
~1200 cal yr BP; Zander et al., 2013), which correlates to a
geochemical sub-population in a sample from the interior of Alaska
(UA 3465), is very similar to this cryptotephra (Fig. 14A,B,F;
Table S8). They do not correlate temporally but the geochemical
similarity indicates that the cryptotephra could originate from
Alaska.

Alternatively, the geochemistry, age, and shard morphology of
this cryptotephra are consistent with those of tephra from Mount
Rainier. The cryptotephra plot well with tephra fromMount Rainier,
even though these data are from units less than ~2600 cal yr BP in
age (Figs. 14 and 15; Sisson and Vallance, 2008). In addition, two
tephra units from Mount Rainier known as layers D and L erupted
during intervals that overlap deposition of this cryptotephra (e.g.,
Mullineaux, 1974; Sisson and Vallance, 2008). Layers D and L are
more voluminous than any other Holocene tephra units from
Mount Rainier except layer C tephra (~2200 cal yr BP) and have
alized to 100%.

CaO Na2O K2O P2O5 Cl H2Odiff n

0.92 3.64 3.70 e 0.09 5.46 9
0.04 0.36 0.15 e 0.02 3.48
0.48 3.96 4.59 e 0.06 7.16 11
0.02 0.39 0.16 e 0.02 5.09
3.06 4.27 2.75 e 0.31 1.89 14
0.27 0.12 0.09 e 0.04 1.15
0.40 3.55 4.18 e 0.17 4.09 6
0.29 0.21 0.30 e 0.04 2.05
0.51 3.88 4.53 e 0.11 5.74 30
0.03 0.23 0.17 e 0.02 2.25
1.42 3.55 3.09 e 0.26 6.56 11
0.15 0.14 0.16 e 0.04 1.66
1.29 3.39 3.16 e 0.25 6.22 13
0.05 0.12 0.13 e 0.02 1.06
1.58 4.70 2.77 e 0.23 5.30 9
0.21 0.62 0.19 e 0.04 4.88
1.60 4.97 2.64 e 0.20 2.69 11
0.06 0.27 0.07 e 0.02 1.16
2.64 4.34 3.15 0.28 0.16 2.41 69
0.39 0.26 0.20 0.10 0.03 1.68

er of analyses.



Fig. 14. Glass geochemistry of uncorrelated tephra compared with proximal samples of potential source regions. (A,B) The unknowns and the proximal material fall along two main
trends with TI-317 and SB-13 clearly separated by Al2O3 and TiO2. The high TiO2:SiO2 of these two tephra is not seen in any published records, with the exception of one Alaskan
tephra CU1152 (Zander et al., 2013) and a series of mid to late Holocene tephra from Rainier (Sisson and Vallance, 2008). (C,D) BB-1, BB-7 and SB-12 are variable but generally plot on
trends defined collectively by the Redoubt, “Iliamna” and Aniakchak tephra. (E) BB-7 and SB-12 are geochemically similar to these active Alaskan volcanoes but do not consistently
plot with them with the greatest offset in CaO. (F) BB-1, MP10B, UA 3467 and a lower SiO2 Aniakchak population plot together on most oxides except TiO2, which clearly dif-
ferentiates Aniakchak.
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been traced as far as 40 km downwind (Vallance, unpublished
data). However, both are inferred to be products of sub-Plinian
eruptions and are less voluminous than the other tephra dis-
cussed here (Table 7). The only published glass geochemical data
for these two units are reported as averages and standard de-
viations (Donoghue et al., 2007), and the comparison is inconclu-
sive (Fig. 15C and D).
5. Summary and conclusions

Screening for cryptotephra in three ombrotrophic peat bogs
from Michigan, New York and Maine, in combination with resam-
pling at Thin-Ice Pond, Nova Scotia, and Nordan's Pond Bog
23
Newfoundland, reveals 30 well-defined cryptotephra deposits. Of
these, twelve are confidently correlated to previously described
units (11 of 12 to their source volcano), while eight are tentatively
correlated with a tephra or source volcano. The remaining ten
tephra are of unknown origin although some do have potential
source regions or volcanoes. Combining our dataset with that of
previous studies, we have developed a composite tephrostratig-
raphy of up to 36 unique tephra spanning from ~14.0 ka to present
(Fig. 16). This work presents the current state of knowledge for
tephra distribution in northeastern North America, which is likely
to be much more complex than presented here given the low
density of sites, and the limited glass geochemical data and erup-
tion histories from potential source regions and volcanoes.



Fig. 15. Glass geochemistry of unknowns. (A,B) Comparison to glass shards in two samples from Nordan's Pond Bog to two unknowns from Bloomingdale and Sidney. (C,D) Averages
and standard deviations (two sigma) of layer D and L from Mount Rainier (Donoghue et al., 2007) compared to TI-317 and SB-13, and younger Rainier and Alaskan tephra of similar
composition.

Table 7
Available data on eruption characteristics of tephra discussed in this study.

Tephra VEI Volume (tephra,
km3)

Volume (DRE,
km3)

Column height
(km)

Mass discharge (kg/
s)

references

MSH layer T 4
e5

1.5, 0.1e0.3 0.4, 0.031e0.089 16, 23 1, 4x10^7 Carey et al. (1995); Gardner et al. (1998); Nathenson (2017)

MSH We 4
e5

1.5, 0.15e0.80 0.4, 0.039e0.21 21, 30 2.5x10^7, 1x10^8 Carey et al. (1995); Gardner et al. (1998); Nathenson (2017)

North Mono 4 0.181e0.183 0.0728 e e Bursik et al. (2014)
Inyo (SD,OF,GC) 3 0.01e0.1 e ~8e21 e Nawotniak and Bursik (2010)
Jala Pumicea 6 10e11.4 2.9e3.7 22e30 1e8x10 7̂ Gardner and Tait (2000)
WRAe 6 ~50 e e e Lerbekmo (2008)
Newberry

Pumice
4 0.4, 0.39 0.1, 0.12 21, 22 2.8x10^7 Gardner et al. (1998); Nathenson (2017)

South Mono 4 0.171e0.195 0.0732 e e Bursik et al. (2014)
KS1 6 20e25 8e9 30e36 2e6x10 8̂ Andrews et al. (2007)
MSH Pu 3

e4
0.8, 0.03e0.18 0.2, 0.008e0.047 15, 24 5x10^6, 5x10̂ 7 Carey et al. (1995); Gardner et al. (1998); Nathenson (2017)

MSH Yn 5
e6

15.3, 3e8.8 4, 0.78e2.3 31,34 1, 2x10^8 Carey et al. (1995); Gardner et al. (1998); Nathenson (2017)

Iliinskyb e 2.5 0.7 e e recalculated from Kyle et al. (2011), isopachs and Ponomareva et al.
(2017)

Rainer D 3 0.075, 0.041 0.013 e e Mullineaux (1974), Nathenson (2017)
Rainer L 3 0.05, 0.017 0.0054 e e Mullineaux (1974), Nathenson (2017)
KS2 5 8.9e10.5 2.5e2.9 e e recalculated from Kyle et al. (2011), isopachs and Ponomareva et al.

(2017)
Mazama 7 176 e e Buckland et al. (2020)
Glacier Peak G 5 6.0, 1.8e9.4 1.9, 0.57e3.0 32,37 1.4, 2x10 8̂ Gardner et al. (1998); Nathenson (2017)
Glacier Peak B 5 6.5, 1.9e9.4 2.1, 0.6e3.0 31, 35 1.3, 2x10 8̂ Gardner et al. (1998); Nathenson (2017)

Note that tephra with multiple values for volume corresponded to different estimates provided by the references cited.
a Values are additive or ranges for the different fall units comprising Jala (P1eP4).
b A minimum estimate as much of the tephra fall went into the ocean.
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However, the results do show that northeastern North America is a
major catchment for tephra from a variety of volcanic sources
within and outside of North America. Despite the span of our sites
across thousands of kilometers, there is surprising consistency in
tephrostratigraphy with MSH set W, WRAe, Newberry, Ruppert,
East Lake and Mazama distributed across the entire region. Mid-
western records (Irwin Smith and Long Bog) were complicated by
redeposited material, but there is considerable promise for the
application of cryptotephra further east and north. Currently there
are major gaps in the region, with no detailed studies, for example,
Fig. 16. All tephra found in the study region plotted by age and organized by (A,B) known o
differentiated from confidently correlated tephra using a dotted line. Tephra of unknown o
source region. If there is more than one possible source (e.g., SB-13/TI-317) they are marke
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in all of Qu�ebec. Linkages with the Pacific rim, Greenland and
Europe have been established and are likely to increase as further
work is done.

Key observations of our cryptotephra study include:

� A similar or greater abundance of Kamchatkan than Alaskan
tephra, or at least identifiable Alaskan tephra. Poorly mapped
and geochemically characterized Alaskan tephra outside the
Cook Inlet area may explain this anomalous finding, and many
r probable source region; and (C) tephra of unknown source. Probable tephra (A,B) are
rigin (C) are colour coded for possible source if their data strongly suggest a specific
d as unknown (grey).
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may go unrecognized because they are deposited into the Bering
Sea or Gulf of Alaska.

� Scarcity of Japanese and Kurile Island tephra. Mackay et al.
(2016) identified the only potential Japanese unit in the study
area, andwe add one potential Kurile Island event (Us-Kr). There
is also a dearth of tephra identified in Holocene sections of
Greenland ice cores from these sources. Several Japanese events
have been located in Pleistocene ice-core sections (Abbott and
Davies, 2012; Bourne et al., 2016), while tephra from the Kur-
iles are completely missing from the Greenland records. How-
ever, it should be noted that tephra from the Changbaishan
“Millennium eruption” (BTm; 941± 1 CE) of North Korea/China
has been identified in Greenland (Sun et al., 2014). It is not clear
why there may be a lack of tephra from sources in these regions
e the results presented here are not sufficient to determine why
this might be the case. We suggest the further examination of
Holocene tephra records from eastern North America and
Greenland could shed more light on this question.

� Growing numbers of observations that help delineate dispersal
limits. For example, Aniakchak CFE II is not present at any site
south of Newfoundland. South Mono, as well as MSH set P
tephra, have not been found in more northerly sites and quickly
tail off towards the east. Katmai 1912, which has been reported
in Greenland and northern Alberta (Coulter et al., 2012; Davies
et al., 2018), was not identified in any site reported here.
Recent research illustrates how cryptotephra are important
components of the “missing” ash volume problem (first defined
by Walker, 1980 and Fierstein and Nathenson, 1992), thus
improved dispersal limits and cryptotephra concentrations are
key to calculating accurate total volume estimates (Cashman
and Rust, 2020).

� There is a potential gap in tephra deposition between Glacier
Peak tephra and Mazama. Although sites covering this full age
range are limited (Table 1; Fig. 16), there is an apparent lack of
tephra deposition in this region between ~14,000 and 8000
years. Currently there are too few sites covering this time range
to determine if this is the result of taphonomic bias and, if not,
what is causing this gap in deposition (e.g., major atmospheric
shifts associated with collapse of Laurentide Ice Sheet? Quies-
cence in main source regions?).

� Factors other than magnitude that influence how far tephra
travel. With the right synoptic or meteorological conditions
(caught in jet stream? site weather during deposition and
eruption?), tephra from small to moderate eruptions can be
distributed great distances and deposited in high enough con-
centrations to be preserved in the geologic record. Table 7 lists
the available data on the size of various eruptions that have, or
potentially have, deposited tephra in this region. For example,
the voluminous MSH Yn is high concentration cryptotephra, but
is present only in Sidney Bog, while the much less voluminous
potential South Mono correlative is present at all three bogs
sampled for this study.

� The vagary of (crypto)tephra deposition and preservation. The
absence of a tephra in one core does not preclude its presence at
a sitedthere is value in examining more than one core per site if
possible. Volcanic glass is widespread and commonly deposited
in concentrations high enough to be identified and analysed.
More often than not, the tephra also have a distinct geochemical
signature that makes them uniquely identifiable. Uncorrelated
tephra might be the result of un-analysed proximal tephra or
simply previously unidentified explosive eruptions. Together
these records are important in complementing other records of
explosive volcanism, particularly in assessments of volcanic
hazards, frequency, and potential impacts on climate.
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� Dynamic tephra depositional environments that require a
careful assessment of stringent criteria to confidently define and
identify a primary deposit. Issues that complicate in-
terpretations are many and include vertical reworking, a back-
ground signal of remobilised glass (e.g., detrital glass within
incoming sediment), and multiple glass populations. Discrimi-
nating what comprises a primary deposit often evolves over the
course of a project as a specific site's characteristics become
clearer but is a necessary consideration.

� Proximal ages for Kamchatkan tephra that are often slightly
younger (~100e200 years) compared to ages from distal sites.
This discrepancy was noted by Cook et al. (2018b) in their dis-
covery of Kamchatkan tephra KHG in Greenland, and Plunkett
et al. (2015) for KS2 in lake sediments. The validity of this
observation will need to be tested by confirming the probable
correlations, but in every single case there is an offset between
the cryptotephra age and the proximal age with the crypto-
tephra age older. The discrepancy likely results from old bulk
carbon dates and a lack of new AMS dates on proximal deposits.

Overall, our research highlights significant gaps in the present
understanding of tephra dispersal and presents considerable ave-
nues for future research. Many of these avenues go beyond the
classic correlation and dating applications of tephra to the utility of
cryptotephra research to the volcanological community. However,
the types of data most useful for those using tephra to understand
and model, for example, ash dispersal, vary from the data often
reported in more typical tephra-based studies. For the past seven
years there has been concerted effort by the tephrochronological
and volcanological communities to establish a series of best prac-
tices that would make data collected during tephra research useful
to both communities (Wallace et al., in review). A series of rec-
ommendations and template spreadsheets that outline funda-
mental information that should be collected and published to
benefit all those interested in tephra are available at https://
earthchem.org/communities/tephra/.

A major component of ensuring the future applicability of
tephra research is the release of the individual geochemical ana-
lyses for the reported tephra and secondary reference materials
used as quality controls. These data are fundamental in ensuring
the future utility of a tephra study for all researchers. For this study
we document all the geochemical data for the reference materials
and cryptotephra, including data that were ultimately determined
to be of limited use in the publication itself (weathered shards,
populations ~<6 shards). All methods and data-processing steps are
also clearly outlined to assist interlaboratory comparisons as much
as possible. We have also reported all available detail on the cores
collected, depths, core sections, the counts and age models to assist
in reproducibility and more detailed (and potentially higher-
resolution) cross-study comparisons. More specifically for the
volcanological community, future cryptotephra studies should aim
for more consistency in recording grain-size and morphology, if
possible. The widespread adoption of these best practices will be a
great service to the research community (Wallace et al., in review).
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