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Abstract Marine fallout ash beds can provide continuous, time‐precise records of highly explosive arc
volcanism that can be linked with the climate record. An evaluation of revised Plio‐Pleistocene (0–4 Myr)
tephrostratigraphies from Ocean Drilling Program Sites 881, 882, and 884 confirms cyclicity of the Kamchatka‐
Kurile arc volcanism and a marked increase just after the intensification of the Northern Hemisphere glaciation
at 2.73Ma. The compositional constancy of the Kamchatka‐Kurile volcano‐magma systems through time points
to external modulation of volcanic cyclicity and frequency. The stacked tephra record reveals periodic peaks in
arc volcanicity at ∼0.3, ∼1.0, ∼1.6, ∼2.5, and ∼3.8 Myr that coincide with maxima of the global ice volume
variability that have been linked with the amplitude modulation of the precession (0.3, 1.0 Myr) and obliquity
(1.6, 2.5 and 3.8 Myr) bands. A simple model of a decreasing obliquity variance across the mid‐Pleistocene
Transition at constant precession variance produces an excellent correlation of ash bed cycles with the
variability of global benthic δ18O (r2 = 0.75), which implies that climate, and not direct orbital forcing,
modulates Kamchatka‐Kurile arc volcanism. The rising influence of precession variance in the Kamchatka‐
Kurile ash bed record after the mid‐Pleistocene Transition contrasts with the dominant 100 kyr signal in the
benthic δ18O global ice volume variability, which may either reflect limitations of the ash bed record or an
regional rather than global influence of ice volume variability. Our results indicate that climate influences the
Kamchatka‐Kurile arc volcanism, which may influence climate only by feedback.

Plain Language Summary Volcanic ash and dust produced during catastrophic explosive volcanic
eruptions, such as those of Mount Pinatubo or El Chichón, can cause short‐term global cooling on the scale of a
few years. It has long been speculated whether the Earth's long‐term cooling over the past few million years has
been augmented by an increase in explosive volcanism about 2.58 million years ago. In order to investigate
causal links between the climate evolution and volcanism during the past 4 million years, we obtained a time‐
precise and temporally highly resolved record of the Kamchatka‐Kurile arc volcanism from the centimeter‐thick
ash beds that were embedded in marine sediments after large eruptions downwind the volcanic sources. When
the ash bed record is compared to climate evolution, it clearly shows that explosive volcanic eruptions—
regardless of their short‐term effects—do not contribute directly to the long‐term global cooling. Instead, the
variations of the Earth's powerful climate system modulate these explosive volcanic eruptions, as the periodic
waxing and waning of the large ice shields affect the magma‐producing systems deep in the Earth's interior.
However, climate‐active gases and particles produced during periods with more vigorous arc volcanism may
still enhance the ice cycles.

1. Introduction
There has been a long‐standing discussion about causal links between volcanism and Plio‐Pleistocene climate
evolution (e.g., Huybers & Langmuir, 2009; Kennett & Thunell, 1977; Kutterolf et al., 2013). The debate started
with the discovery of a marked increase in the frequency of marine fallout ash bed sediments at the Plio‐
Pleistocene boundary [=Matuyama‐Gauss reversal] about ∼2.58 million years ago in the wake of the Deep
Sea Drilling Project (Kennett & Thunell, 1977). The increase in tephra bed frequency in the Pleistocene was
subsequently confirmed as a robust global‐scale feature by studies that utilized the improved core quality and
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recovery of the Ocean Drilling Program (ODP), the Integrated ODP and the International Ocean Discovery
Program (IODP) (e.g., Cambray et al., 1993; Mahony et al., 2016; Pank et al., 2023; Prueher & Rea, 1998;
Straub & Schmincke, 1998). With improved core recovery, it also became evident that the Plio‐Pleistocene ash
bed record can display cyclic patterns that are independent of compositional variations that could link them to
volcanic or tectonic evolution (Cao et al., 1995; Ponomareva et al., 2023; Schindlbeck, Jegen, et al., 2018;
Schindlbeck, Kutterolf, et al., 2018). Because marine fallout ash beds document explosive volcanism over
millions of years with far better resolution, precision and completeness than any subaerial record, several studies
have tested ash bed time series for the presence of orbital‐related cyclicities that modulate climate (Kutterolf
et al., 2013, 2019; Kutterolf et al., 2019; Paterne et al., 1988; Schindlbeck, Jegen, et al., 2018; Zelenin et al., 2024).
However, it became quickly evident that truly suitable tephrostratigraphies are difficult to obtain (e.g., Kutterolf
et al., 2019; Mahony et al., 2016). Ideally, such tephrostratigraphies build on 100% recovery of datable sediment
cores that are interspersed with abundant tephra beds. The sedimentation environment must have been reasonably
stable to minimize syn‐ and post‐depositional modification or destruction of ash beds (and host sediment) by
bottom currents, erosion, faulting, slumping, and bioturbation (e.g., Bubenshchikova et al., 2024; Freundt
et al., 2021). Preferably, the ash should originate from a single source region so as to eliminate magma‐producing
disparities among different arcs and to allow for estimating the eruptive magnitudes from known sources as well
as covering several million years of climate evolution with a sufficient resolution. In reality, these conditions
rarely converge. Current studies of marine tephra bed series are mostly limited to the last∼1 to∼1.1 million years
(e.g., Kutterolf et al., 2019; Longman et al., 2024; Schindlbeck, Jegen, et al., 2018). However, only one study from
a single drill hole gave a clear 100 kyr orbital signal (Schindlbeck, Jegen, et al., 2018). A single study encom-
passing the last 6 million years failed to discover orbital‐scale cyclicities (Zelenin et al., 2024). There are also
limitations due to inherent uncertainties of the data compilation, where the sheer mass of the data commonly
prohibits screening of individual ash beds for misidentification or provenance and forces the use of preliminary
shipboard age models (Kutterolf et al., 2013; Mahony et al., 2020; Straub & Schmincke, 1998). These problems
perpetuate through the subsequent statistical analyses of tephra bed time series (Kutterolf et al., 2013, 2019;
Longman et al., 2024). While there are indications of cyclicities, the analyses remain tantalizingly inconclusive
with respect to a potential climate connection and its causes. To overcome these problems, we searched for
datable, complete tephrostratigraphies that cover the entire Plio‐ to Pleistocene global cooling trend, and found
them at ODP Sites 881, 882, and 884 in the northwest Pacific Ocean.

2. Geological Setting and Samples: The Ash Bed Record
ODP Sites 882 and 884 are located on the Detroit Seamount at the northern Emperor Seamount Chain. Site 882
(50.35°N 167.58°E) was drilled in 3,244 m water depth on a plateau of the southern Detroit Seamount (Rea
et al., 1993). Site 884 (51.45°N, 168.33°E) was drilled ∼133 km to the northeast of Site 882 in 3,825 m water
depth on the northeast flank of the Detroit seamount. Site 881 (47.10°N, 61.48°E) was drilled ∼575 km to the
southwest of Site 882 (Figure 1) in 5,531 m water depth on the abyssal plain. The sediments are a mixture of non‐
calcareous biogenic (clayey diatom ooze, diatom ooze, radiolarian/diatom ooze) and terrigenous components, the
latter comprising eolian dust, volcanic ash and ice‐rafted debris (IRD). After ∼2.75 Ma, the biogenic component
decreased, while the terrigenous flux increased and discrete (macroscopically visible) ash beds became more
frequent (e.g., Bailey et al., 2011; Rea et al., 1993). Discrete volcanic ash beds, while frequent, contribute only
∼2% to the total sediment thickness.

The volcanic ash beds at Sites 881–884 have been described in detail by Rea et al. (1993), Cao et al. (1995), and
Ponomareva et al. (2023). Thus, only a few salient points are summarized here. The volcanic ash is mostly
concentrated in centimeter‐thick and sometimes decimeter‐thick layers, and occasionally in centimeter ‐sized ash
pods and burrows (Figures S1 and S2, https://doi.org/10.60520/IEDA/113223). Most of the ash is light‐colored.
Thinner (<1 cm) beds of light‐colored ash are very rare, presumably because they are destroyed by the pervasive
bioturbation, which visibly disintegrates ash beds and can create intervals with dispersed, mm‐sized streaks and
pods of light‐colored ash. The rarer dark ash beds are usually thinner, and seem more resistant to bioturbation.
Fully formed ash beds exhibit the typical characteristics of fallout emplacement of airborne ash from explosive
eruptions, which include sharp bases, normal grading and a transitional top. Fallout origin is consistent with the
prevalence of well‐sorted, colorless glass shards that include sharply pointed bubble wall glass fragments to
pumiceous and round and tubular glass fragments. Typical accessory phases are plagioclase, and rarely pyroxene,
Fe‐Ti oxides, biotite, and amphibole (Cao et al., 1995; Ponomareva et al., 2023; Rea et al., 1993). The tephra is
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exclusively ash‐sized (<2,000 μm), except for very rare pumice lapilli that are unrelated to the ash beds, and likely
dropped from a pumice raft or an iceberg (Ponomareva et al., 2023; Rea et al., 1993) and that do not represent a
single explosive volcanic event.

3. Tephrostratigraphies of Site 881, 882, and 884
Site 881–884 sediments are well‐dated despite being deposited below the Plio‐Pleistocene calcite compensation
depth. Sediment ages were obtained from high‐quality magnetostratigraphy, which is supported by diatom and
radiolaria biostratigraphy (Barron et al., 1995). Ponomareva et al. (2023) refined sediment ages for Hole 882A
and Hole 884B through a revision of published magnetostratigraphic ages (Rea et al., 1993; Weeks et al., 1995),
and correlation with the <1.1 Myr ash bed record of a 45 m giant piston core (MD01‐2416) that was taken be-
tween Sites 882 and 884 in shallower water depth of 2,317 mbsl, and which was dated by a combination of
magneto‐ and δ18O stratigraphy. While the stratigraphies of Holes 882A and 884B are solid, they still have coring
gaps of up to several meters in length (Rea et al., 1993). Coring gaps, however, are eliminated for a splice of Holes
882A and 882B (“Site 882AB‐splice”), for which an astronomically calibrated stratigraphy was manufactured
based on magnetostratigraphy and fine tuning of GRAPE (gamma ray attenuation porosity evaluator) density
oscillations in the orbital precession band to the summer insolation at 65°N (Tiedemann & Haug, 1995). The
tuned stratigraphy compares within an error limit of a few thousand years to other tuned paleo‐oceanographic and
climate records, and arguably presents a complete sediment record free from hiati and coring gaps until 4.16 Ma
(297.13 mbsf).

A primary target of this study was to build a complete, 0–4Ma tephrostratigraphy, “882AB‐splice.” The “882AB‐
splice” was complemented by a revised tephrostratigraphy of Site 881, which was built from Holes 881B and

Figure 1. Northwestern Pacific volcanic arcs in relation to Leg 145 drill sites. All arc volcanoes (red triangles) shown have geochemical data (Straub, 2017). Eruptive
magnitudes (white circles) are from the LaMEVE database (Crosweller et al., 2012). Thick yellow lines—indicate plate movement of site for 4 Ma (∼300–330 km).
Stippled white lines—prevailing stratospheric wind direction for the entire north Pacific.
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881D, and which provides the longest Pleistocene record closest to the Kamchatka‐Kurile arc (Figure 1).
Together, the Site 881 and 882 tephrostratigraphies should represent the Plio‐Pleistocene volcanism of the
Kamchatka‐Kurile arc. In addition, we included the recently published tephrostratigraphies of Hole 882A and
Hole 884B (Ponomareva et al., 2023) in order to assess the robustness of the tephrostratigraphies and the existence
of communal cyclicities. Detailed descriptions of the revised tephrostratigraphies are given in Text S2 in Sup-
porting Information S1. The ash bed series of Sites 881–844 are summarized in Table 1.

4. Compositional Data of Site 881, 882, and 884 Ash Beds
Major and trace element compositions of Site 881, 882 and 884 glass shards and bulk tephra have been reported
by Cao et al. (1995) and Ponomareva et al. (2023). Additionally, Cao et al. (1995) reported Sr‐Nd isotope ratios of
19 bulk tephras from Sites 881 and 882. In this study, we report additional major and trace element glass shard
data for the ash beds of the Site 882AB‐splice in order to (a) assess the validity of the Site 882AB‐splice through
Hole A‐B tephra bed correlation; (b) safely combine ash beds from both holes for having sufficient ash material
for “bulk tephra” analyses (see Text S2 in Supporting Information S1), and (c) provide a complete compositional
profile for the last 4 Ma. Because glass shards of some tephra beds were too small for laser‐ablation ICP‐MS
analysis, we obtained trace elements by solution ICP‐MS from separated fresh volcanic particles (glass shards,
scoria = “bulk tephra,” see Text S2 in Supporting Information S1) of 17 ash beds. We also report Pb‐Nd isotope
ratios for 50 “bulk tephra” samples of the Site 882AB‐splice for their potential to verify ash provenance and assess
temporal variations. The details of preparation and analytical methods are given in Text S2 in Supporting In-
formation S1. All analytical data are compiled in Tables S3–S6, https://doi.org/10.60520/IEDA/113223.

5. Results: Constraints From Ash Bed Composition and Thickness
Ash bed composition and thickness provide key insights into ash provenance, eruptive magnitude and temporal
evolution of the ash‐producing magmatic systems of the Site 881–884 Plio‐Pleistocene tephrostratigraphies that
form the basis for evaluating a climate signal.

5.1. Tephra Provenance From the Kamchatka‐Kurile Arc

Characteristic major and trace element variations of the Site 881–884 ash beds clearly identify them as arc‐
derived (Cao et al., 1995; Ponomareva et al., 2023, this study). Moreover, land‐sea correlation studies
confirmed ash provenance from the Kamchatka‐Kurile arc for many ash beds younger than 450 ka (Cao
et al., 1995; Ponomareva et al., 2018, 2023). Here, the new Pb isotope data for the Site 882AB splice confirm for
the first time that the Kamchatka‐Kurile arc is the dominant source of the ash since at least 3.9 Ma (Figure 2), as
all 50 ashes analyzed have the characteristic Pb isotope ratios of the Kamchatka‐Kurile arc. This includes all
thicker, rhyolitic ash beds for which sufficient material for isotope analysis was easily obtained, as well as many
of the thinner, dark‐colored andesitic ash beds. Most ash beds can be linked to the Kamchatka segment; only a few
tephra beds have the higher 206Pb/204Pb (>18.40) suggestive of a Kurile arc origin. To date, there is no confirmed
input from the Aleutian and Honshu arcs, even if such origin cannot be ruled out with certainty for thin and/or
poorly formed tephra beds for which no Pb isotope data could be obtained.

Table 1
Summary of Hole Used for Time Series 0–4.21 Ma

No. ash beds ≤4.3 Ma No ash beds per Ma

882AB splice Tiedemann and Haug (1995) Astronomicala 75 18

882AB splice Tiedemann and Haug (1995) Paleomagneticsb 77 18

Hole 882A Ponomareva et al. (2023) Ash bed correlation (<1.1 Ma); paleomagnetics 60 14

Hole 884B Ponomareva et al. (2023) Ash bed correlation (<1.1 Ma); paleomagnetics 58 13

Hole 881B/D Barron et al. (1995) Paleomagnetics 147 37
aAstronomical time scale of Tiedemann and Haug (1995) (“882 cycle ages”). bPaleomagnetic time scale of Tiedemann and Haug (1995) (“882 pmag ages”).
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A Kamchatka‐Kurile origin for the Site 882 ash beds implies a similar origin for ash beds at Sites 881 and 884,
which lie in the same zone of prevailing westerly winds. Thirty‐four ash beds with ages between 42 ka and 3.8 Ma
can be correlated between Sites 882 and 884 (Ponomareva et al., 2023); 21 of these 34 ash beds have Kamchatka‐

Figure 2. (a) 206Pb/204Pb versus 208Pb/204Pb, and (b) 206Pb/204Pb versus Δ8/4, where Δ8/
4 = [(208Pb/204Pb) − (1.209 × 206Pb/204Pb + 15.6270)] (Dupre & Allegre, 1983) is a measure of mantle source enrichment,
which distinguishes the Kamchatka‐Kurile from the Aleutians and Honshu arc. Western versus Eastern Aleutians separated
at 170°W. Arc compositional data from Straub (2017).
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Kurile‐type Pb isotope data. No Pb isotope data exist for Site 881 ash beds, but that Site is closest to the
Kamchatka‐Kurile arc. Site 881 may receive more Kurile than Kamchatka ash, even if the thickest ash bed, the
55 cm thick Pauzhetka ash at ∼423 ka, originates from southern Kamchatka (Ponomareva et al., 2018).

The Pb‐Nd isotope ratios and trace element data show that the typical spectrum of low‐K to high‐K melts pro-
duced in the Kamchatka‐Kurile arc is well represented by the distal ash beds, even if the ash is more silicic than
the mafic lavas in the source area (Figure 3).

5.2. A Cyclic Record of Large Magnitude Explosive Eruptions

It is well‐known that only large explosive eruptions with eruption magnitudes of Mv ≥ 5 form marine ash beds
(e.g., Kutterolf et al., 2018; Mahony et al., 2016; Schindlbeck, Kutterolf, et al., 2018). Minimum eruption
magnitudes of marine ash beds from single holes are usually calculated after Legros (2000) and Pyle (1995) as a
function of ash bed thickness, distance to source, and an assumed (minimum) dispersal area (see Text S2 in
Supporting Information S1 for calculation of Mv). Unsurprisingly, minimum eruption magnitudes of Mv∼5 to∼7
are obtained for all Site 881–884 ash beds (Figure 4, Ponomareva et al., 2023, this study). The calculation includes
a correction for the distance to source and plate movement toward the Kamchatka‐Kurile arc, and thus smooths
out differences in ash bed thickness, which decrease with increasing distance to source. Similar Mv's are
calculated for each site, suggesting that the Site 881–884 ash beds record only cataclysmic, large‐magnitude
eruptions of the Kamchatka‐Kurile arc, which compare in size to the historic eruptions of Vesuvius 79
(Mv = 5), Pinatubo 1991 (Mv = 6) or Mt. Tambora 1815 (Mv = 7).

The fact that eruptions with Mv ∼5 to 7 form the Site 881–884 ash bed record does not imply the absence of
smaller eruptions with Mv < 5, which are typically far more frequent than the larger eruptions given the inverse
correlation of the eruption magnitude and frequency (Deligne et al., 2010; Mason et al., 2004). This simply means
that the smaller eruptions do not produce sufficient ash flux to form discrete marine tephra beds, and that ash

Figure 3. K2O wt% versus SiO2 wt% of glass shards (gray) from the Site 882AB‐splice compared to Kamchatka‐Kurile arc
volcanic rocks (Straub, 2017). Filled red circles mark the 50 (out of the 77) “bulk tephras” analyzed for Pb‐Nd isotopes and
trace elements. Open red circles denote ash beds for which only trace element data have been obtained. Sites 881 and 884
glass shards display the same range in the K2O versus SiO2 space (Cao et al., 1995; Ponomareva et al., 2023) but are not
plotted for clarity.
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instead accumulates as an invisible, cryptic component in the sediment. It is also possible that the Site 881–884
ash bed record hides super‐eruptions with Mv ≥ 8 which can impact the global climate for decades (e.g., Brenna
et al., 2020). However, super‐eruptions are rare (on the order of 4–22 events per million year worldwide, Mason
et al., 2004) and they can only be identified from a larger number of well‐distributed cores. The largest eruption
thus far identified (the Pauzhetka eruption of southern Kamchatka at ∼423 ka) has an eruption magnitude of
∼7.60–7.65 and was found at all three drill sites (Ponomareva et al., 2018, 2023).

The minimum Mv calculated lacks any unidirectional trends with time (Figure 4). However, at all sites, there are
peaks in ash count and thickness at ∼0.2 to 0.4 Ma, at ∼1–1.2 Myr during the MPT, and also prior to the MPT,
where the ash record of the more distant Sites 882 and 884 may be less complete during the larger distance to
source. These peaks are not carved out by variations in the sedimentation rate, which overall decreases at Sites
882 and 884, but increases at Site 881 in the Pleistocene. An effect of plate movement can also be ruled out, as the
ash bed count and thickness at Site 881–884 show parallel fluctuations despite their different distances to source
(Figure 1). Overall, these observations indicate that the explosive Mv ∼5 to ∼7 eruptions become periodically
larger and more frequent, which supports observations of Pleistocene cyclicity of the ash bed count made pre-
viously by Cao et al. (1995) and Ponomareva et al. (2023).

5.3. Temporal Constancy of the Kamchatka‐Kurile Arc Volcanism

An important result is that the ash bed composition and thickness provide no evidence for a temporal change in the
Kamchatka‐Kurile arc explosive volcanism. The compositional constancy is illustrated by selected variables for
the 882AB‐splice for which the data set is most complete (Figures 5 and 6). The SiO2, K70 and Cl70 (K2O and Cl
normalized to a SiO2 value of 70 wt%) (from glass shards), and 206Pb/204Pb, 143Nd/144Nd, Nd/La and Nd/Pb
ratios (from “bulk tephra”) are sensitive to mantle source composition but also to crustal processing (e.g., Bryant
et al., 1999; Bryant et al., 2003; Straub, 2003; Straub et al., 2015). 206Pb/204Pb and 143Nd/144Nd, which can only
be changed by melt mixing, are entirely within the range of Kamchatka‐Kuriles volcanic rocks (Straub, 2017), and

Figure 4. Ash bed thickness and calculated eruptive magnitude (Mv) versus time for Ocean Drilling Program Sites 881, 882, and 884. See Text S2 in Supporting
Information S1 for calculation eruptive magnitude (Mv). Ash bed thicknesses at Site 884 may be somewhat compromised by post‐depositional thickening, ocean bottom
currents (Ponomareva et al., 2023), or drilling disturbance and lower core recovery >1600 years. MPT—Mid‐Pleistocene Transition; M/G—Matuyama/Gauss reversal
at 2.58 Ma; iNHG—intensification of the Northern Hemisphere Glaciation at 2.73 Ma. Green dots denote the tephra layer of Site 884, which was likely artificially
thickened by ocean currents (Ponomareva et al., 2023), and for which Mv was calculated with corrected thickness (see Text S2 in Supporting Information S1).
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the Nd/La and Nd/Pb ratios are identical to the ratios measured in the onland tephra deposits on Kamchatka
(Figure 6) (Portnyagin et al., 2020). No time‐progressive trends or shifts are apparent despite some fluctuations.
The SiO2 glass spectrum occasionally widens to include andesitic glasses (e.g., ∼400 ka or ∼2,000 ka), but there
is not co‐variation with incompatible elements and element ratios, which pointed to a change in the compositions
of the mantle melts. The only outlier of the overall trends is a single, Cl‐rich tephra bed (KK110, 882B‐9H4‐66‐
73) at 1.8 Myr that is inconspicuous in the major element oxides. This tephra could originate from a Cl‐rich
eruption from the Kamchatka‐Kurile arc, but its provenance remains uncertain due to the lack of trace element
or isotope data.

5.4. Increase in Tephra Bed Frequency at the Matuyama‐Gauss Reversal

Prueher and Rea (1998) stated that the ash bed frequency increased after a rapid climate change recorded in the
subarctic Pacific sediments at the Matuyama‐Gauss reversal, where biogenic sediments abruptly transition to
glacial‐type sediments rich in IRD, dust and ash (Rea et al., 1995). Later, detailed studies of this transition using
the 882AB splice confirmed a rapid change to a cooler climate just prior to the Matuyama‐Gauss reversal. A
fourfold decrease of the biogenic opal accumulation rate at 2.73 Ma coupled with an increase of the Magnetic
susceptibility (MS) (Haug et al., 1999, 2005) and the near‐doubling of the sedimentary δ15Nbulk (Sigman
et al., 2004) were linked to the rapid development of strong subarctic halocline, which was caused by the
intensification of the NHG (iNHG) at 2.73 Ma, and the development of extensive ice shields in the Northern
hemisphere (Haug et al., 1999; McClymont et al., 2023).

Figure 5. (a) SiO2 wt%, (b) K70 wt%, and (c) Cl70 μg/g versus paleomagnetic ages of the 882AB‐splice. K70 and Cl70 are K2O
and Cl wt% normalized to SiO2= 70 wt%, using equations K2Owt%= SiO2 wt%× 0.05–1.75 and Cl μg/g= SiO2 wt%× 40–
1700, in order to highlight their range at a given SiO2 concentration. MPT—Mid‐Pleistocene Transition. M/G—Matuyama/
Gauss reversal.
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Because the revised tephrostratigraphies contain only ∼1/3 of the ash beds detected by Prueher and Rea (2001),
who falsely identified a larger number of ash beds from core photographs, we re‐visited the order of events at the
Matuyama‐Gauss reversal (Figures 7 and 8). The order of events is clear at the most proximal Site 881, located
∼770 km east of the Kamchatka‐Kurile arc at 2.6 Myr, where the ash bed frequency increases right at 2.6 Myr and
follows an incipient increase in the MS—a proxy to IRD but also sensitive to ash and eolian dust (Bailey
et al., 2011)—starting earlier the iNHG at 2.73 Ma. The order of events is less clear at Sites 882 and 884, where
discrete ash beds are rarer at the respective large paleodistances of ∼920 and ∼860 km east of the Kamchatka‐
Kurile arc at 2.6 Ma. Nevertheless, at each site, the MS increases noticeably after (882) or around (884) the
iNHG (2.73 Ma) and prior to the appearance of discrete ash beds. The later appearance of the discrete ash beds is
tell‐tale, because at the large paleodistances they mark very powerful large Kamchatka‐Kurile eruptions that
occurred just after the iNHG. Thus, the central conclusion of Prueher and Rea (1998) remains that climate change
precedes the increase in ash bed frequency, and that therefore climate change must influence volcanism, and not
vice versa.

6. Discussion: Establishing a Volcanism‐Climate Link
In summary, the information collected for the Site 881–884 ash bed series is straightforward: The ash beds record
large‐magnitude cataclysmic explosive eruptions (Mv > 5 to 7) of the Kamchatka‐Kurile arc. There is no indi-
cation from the tephra composition that the Kamchatka‐Kurile “volcano‐magma systems” —which means the
entire magma‐producing system from melt‐production in the mantle to crustal melt processing prior to explosive
eruption—have changed since 4 Ma. All the same, the explosive Kamchatka‐Kurile arc volcanism is charac-
terized by alternating cycles of activity and repose, which increase in frequency at the Matuyama‐Gauss reversal.

Figure 6. Temporal variations of “bulk tephra” (a) 206Pb/204Pb, (b) 143Nd/144Nd, (c) Nb/La, and (d) Nd/Pb versus paleomagnetic ages of 882AB‐splice. Kamchatka‐
Kurile arc range and average for isotope ratios are from Straub (2017); trace element ratios average from subaerial Kamchatka tephra (n = 788 data points) from
Portnyagin et al. (2020); average of mid‐ocean ridge basalts from Gale et al. (2013).
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The question is whether the variations in eruptive frequency could be externally modulated by the co‐eval global
Plio‐Pleistocene climate change, given the coincidence and the sequence of timing between volcanic events and
key events of the Plio‐Pleistocene climate evolution around theMatuyama‐Gauss reversal and the iNGH? In order
to test for possible climate links, we compare the ash bed frequency to climate and/or orbital cycles as follows.

6.1. Evidence for Long‐Period Trends of Precession and Obliquity Modulation

With only ∼13 to 37 ash beds per million years (Table 1), dependencies on the high‐frequency Milankovich
orbital cycles (precession, obliquity, and eccentricity) cannot be reliably detected at the given age precision of the
ODP Site 881–884 tephrostratigraphies (e.g., Zelenin et al., 2024). Moreover, the mere identification of the high‐
frequency cycles does not provide clear insight into the mechanisms of how the Earth's climate and volcanic
systems interact. Instead, the >4 Ma length of the North Pacific records allows us to study processes that operate
on hundreds of kyr and longer timescales. At some level, these may be the timescales of greatest interest in these
records. While there are no trends in compositional data over this time, tephra layer occurrence and thickness
show clear trends indicating long‐period variation in arc explosive magnitude.

In order to assess these trends, we performed time series analyses with tephra count and thickness, with the former
being a volcanic proxy tracking the relative frequency of all Mv > ∼5 equally, and the latter representing a
volcanic proxy effectively weighing for the more robust record of larger‐magnitude eruptions in each time
window (Figure 9). For our analysis, we use a moving window of 250 kyr to capture sufficient resolution but also
be long enough to capture ∼6 obliquity (41 kyr) and ∼11 precession (19–23 kyr) cycles. Studying these longer
timescales also provides robustness to age model uncertainty, as even low‐resolution magnetostratigraphic age
models are constrained on average, although unevenly spaced in time, by one reversal every 267 kyr over the last
4Myr. This timescale also provides robustness to slight differences in tephra bed number and thickness among the
four Sites 881–884 tephrostratigraphies (Figure 9).

Figure 7. Magnetic susceptibility (MS, blue line) in c.g.s, 10‐point running mean of measurements spaced 5 cm apart. Site 881 and 884 MS data from https://web.iodp.
tamu.edu/OVERVIEW/?&set=1; Site 882 MS data are from Haug et al. (1999). The MS ages are calculated using the same age models as the tephra bed series. Gray
horizontal lines indicate ash beds. MPT—Mid‐Pleistocene Transition. M/G—Matuyama/Gauss reversal. iNHG—intensification of Northern hemisphere glaciation.
The LR04 benthic δ18O is from Lisiecki and Raymo (Lisiecki & Raymo, 2005). At the Matuyama‐Gauss reversal, the number of ash beds per 1 million years increases
from 9 to 53 ash beds at Site 881; from 5 to 28 ash beds in the 882AB‐splice; from 4 to 22 ash beds in Hole 882A; and from 5 to 20 at Hole 884B (see also Figure 8).
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We compare both the total tephra layer count and the summed tephra thickness in each 250 kyr window in
Figure 9. At this scale, the signal is quite robust. In comparing independently counted tephra layers at Site 882
between this study and Ponomareva et al. (2023), we find excellent agreement in the summed tephra thickness.
There is good agreement between the total tephra counts in each window. However, our study counts more layers
between 1.5 and 2.1 Ma, indicating that we counted more thin layers that do not significantly contribute to the
summed tephra thickness. There is also excellent replication of the summed tephra thickness between the three
sites for the last 1.8 Ma (“Kamchatka‐Kurile Tephra Stack”), indicating the robustness of this proxy to capture
regional volcanic changes (Figure 9, right bottom panel).

The records are characterized by times of frequent and thick tephra layers centered at ∼0.3, 1.0, and 1.6 Ma and
minimal tephra deposition at ∼0.6, 1.3, and 1.9 Ma. Before 1.8 Ma, the records are not as coherent, which can be
attributed to less continuous recovery (see Site 884 record in Figure 7) or increased distance from the volcanic arc.
At this time, the tephra records of the more distal Detroit Sites 882 and 884 (Figures 4–7) become sparse and the
record of the more proximal Site 881 may be the most reliable one. Nevertheless, Sites 882 and 881 both show an
interval of high summed tephra thickness centered at ∼2.5 Ma and Sites 882 and 884 show a period of increased
tephra deposition centered at ∼3.8 Ma (Figure 9h, right bottom panel).

The timescales associated with the variability in Kamchatka‐Kurile explosive volcanism captured by our 250 kyr
binned tephra thickness records are similar to the timescales of the amplitude modulation of orbital variations that
are important for Pliocene‐Pleistocene climate evolution (e.g., the ∼400 kyr eccentricity cycle that modulates
precession and the ∼1.2 Ma amplitude modulation of Earth's obliquity, Figures 10a and 10b, Laskar et al., 2004).
The global Earth system response to these orbital variations can be traced using δ18O measured in benthic
foraminifera, which traces global ice volume and deep‐sea temperature and displays a clear trend toward larger
variability in glacial/interglacial cycles throughout the Plio‐Pleistocene (Figures 10c and 10d, Lisiecki &
Raymo, 2005; Shackleton, 1967). Much of this increase in variance is thought to have occurred in the absence of
direct orbital forcing and can be attributed to the establishment of significant bipolar glaciation during the iNGH

Figure 8. Enlargement of 2.9 to 2.6 Ma, Magnetic susceptibility (MS, blue line) as in Figure 7. M/G—Matuyama/Gauss reversal and iNHG—intensification of Northern
hemisphere glaciation. The LR04 benthic δ18O is from Lisiecki and Raymo (2005).
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and rise of variance at the ∼100 kyr eccentricity period during the MPT after ∼1.25 Ma (Figures 10d, Clark
et al., 2006; Lisiecki & Raymo, 2007).

However, over the last 5 Myr, there is a more proportional response of benthic δ18O to the amplitude modulation
of orbital forcing in the obliquity frequency band (1/38–1/41 kyr− 1) prior to the MPT and in the precession
frequency band (1/18–1/25 kyr− 1) after the MPT [Figures 10e and 10f; analysis after Lisiecki and Raymo (2007)
and Reilly et al. (2021); see Text S2 in Supporting Information S1]. Over the last 4 Ma, the highest variability of
benthic δ18O in the precession frequency band occurs at ∼0.2 and 1.0 Ma, associated with peaks in the 400 kyr
eccentricity cycle that modulate precession at the same time (Figure 10e). The highest variability in benthic δ18O
at in the obliquity frequency band occurred at ∼1.4, 2.5, and 3.7 Ma, associated with peak amplitude modulation
of Earth's obliquity (Figure 10f). Interestingly, these ages are all within ∼100 kyr of where we identified peaks in
binned tephra thickness at Sites 882, 884, and 881, occurring at ∼0.3, 1.0, 1.6, 2.5, and 3.8 Ma (Figure 9, right
bottom panel).

6.2. Simulating the Volcanic Signal With the Components of Variance in Global Ice Volume

To further demonstrate the similarity between North Pacific Kamchatka‐Kurile tephra thickness and variability of
benthic δ18O at these timescales, we developed a simple model where variance at the precession and obliquity
frequency bands can be used to predict variability in binned tephra thickness over the last 4 Ma. To do so, we

Figure 9. Comparison of Sites 882 (red; dashed black), 884 (dashed magenta), and 881 (blue) total tephra counts (left) and summed tephra thickness (right) per 250 kyr
window. Site 882 allows comparison of independently derived tephra records between this study and that of Ponomareva et al. (2023). Black curve in the bottom panels
is a stacked record to capture the common signal of all three sites. Yellow shading indicates time intervals of frequent and high magnitude Kamchatka‐Kurile eruptions
defined by multiple sites.
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develop scaling factors for the power in each frequency band so that vari-
ability at the precession timescale is held constant, while the influence at the
obliquity timescale becomes less important in the late Pleistocene
(Figure 10h). This allows for a rise in variance in the precession band
observed in benthic δ18O (Figure 10e) and decreases the influence of variance
at the obliquity timescale after the MPT. This simple model provides an
excellent fit to the observations (r2= 0.75; Figure 10i). Similarly, good fits by
this metric can be found by alternative models that keep the scaling between
obliquity and precession constant as long as precession is weighted highly
enough, as the correlation is largely driven by the precession variation after
1.4 Ma (Text S2 in Supporting Information S1). However, in the latter model,
smaller features do not fit as well, such as the smaller Pliocene rise in
explosive volcanism around 3.8 Ma.

This correlation provides a direct link between Kamchatka‐Kurile arc
volcanism and Pliocene‐Pleistocene global ice volume, indicating that times
with greater frequency and magnitude in volcanic eruptions occurred when
there was more significant variability in the amplitude of global ice volume
changes at <100 kyr timescales. Because the correlation of these signals
occurs on timescales of hundreds of thousands of years, it is robust to orbital
scale age model uncertainties that might challenge the phase and frequency
analysis of individual tephra layers. Moreover, the origin of the amplitude
modulation in global ice volume within the precession and obliquity fre-
quency bands (as traced by benthic δ18O) are well documented to be a direct
response to the amplitude modulation of orbital forcing (Lisiecki &
Raymo, 2007). We can be confident that climate is the primary control on arc
volcanism and not direct orbital forcing itself, as we observe a transition from
obliquity to precession at theMPT, which cannot be attributed to direct orbital
forcing. As typical for the benthic δ18O signal of the ice volume changes, the
volcanism also increases at 0.2 and 1.0 Ma, but does not increase at the
∼0.6 Ma 400 kyr eccentricity cycle peak. Thus, the imprint of this climate
signal of the Kamchatka‐Kurile tephra record could be considered a
“fingerprint” of the mechanism driving this relationship and provides strong
support that ice volume, as controlled by changes in Earth's orbit, is a primary
driver of the Kamchatka‐Kurile arc's Pliocene‐Pleistocene evolution and not
vice versa. Thus, this “mechanistic fingerprint” is the second indication that
volcanism follows climate.

6.3. Linking Glacial Variability and Arc Explosivity: An Outlook

Our study confirms that climate modifies arc volcanicity, and not vice versa.
A physical mechanism of how ice volume variability influences volcanism
has been outlined by Huybers and Langmuir (2009), who propose that the
climate‐forced redistribution of ice and water on Earth modulates the melting
rate in the mantle. Lower pressure on a given mantle region (e.g., absence of
an ice cap on land, or low sea‐levels during glacial periods in the ocean)
promotes melting, while higher pressure suppresses melt production.
Volcanicity may be particularly high at the glacial‐interglacial transitions
when large stress changes in the Earth's lithosphere facilitated melt ascent.
Subsequent studies confirmed that the eruptive activity of single arc vol-
canoes appears to increase with increased crustal stress, such as because of
seawater unloading during glaciation (Satow et al., 2021) or glacial unloading
during deglaciation (Rawson et al., 2016).

We propose that changes in the Earth's lithospheric stress field are also responsible for modulating the
Kamchatka‐Kurile arc volcanism. However, an important difference from previous studies is that the Kamchatka‐

Figure 10. Comparison of the Kamchatka‐Kurile tephra thickness record to
variability of global ice volume over the last 4 Ma. (a–b) Orbital solutions
highlighting the amplitude envelope for climatic precession (blue) and
obliquity (red) (Laskar et al., 2004). (c) The LR04 benthic δ18O stack which
tracks the evolution of global ice volume and deep sea temperature
(Lisiecki & Raymo, 2005). (d) Total variance of the LR04 stack in a moving
250 kyr window. (e–f) Power in the precession (blue; 1/18–1/25 kyr− 1) and
obliquity (red; 1/38–1/43 kyr− 1) bands for the LR04 stack (solid lines) and
orbital solution (dashed lines) in a moving 250 kyr window (g) The
Kamchatka‐Kurile tephra thickness stack (Figure 9). (h–i) A simple model
that uses the time evolution of benthic δ18O variability at precession and
obliquity timescales to explain the time evolution of high magnitude
explosive eruptions from the Kamchatka‐Kurile volcanic arc. Benthic δ18O
variability at precession timescales dominates the correlation during and
after the MPT, while variability at obliquity timescales dominates the
correlation prior to the MPT.
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Kurile tephra stack does not record the responses to the ice‐water redistribution at individual glacial‐interglacial
transitions. Instead, the tephra patterns recorded longer periods of ∼300 kyr that span several ice cycles
(Figure 10) and concurred with the cyclic maxima of the precession and obliquity amplitudes. We proposed that
during such maxima the lithospheric stress is augmented, thus promoting larger and more frequent eruptions on
top of a “normal” background volcanic signal that may or may not be modulated by the ice cycles.

At first look, the mostly dacitic‐rhyolitic composition of the ash beds may suggest that the variability in ice
volume triggered melt release from crustal rather than mantle reservoirs. However, it is not possible to thermally
sustain silicic crustal reservoirs over several 100 kyrs without adding new heat from recharging mantle melts. The
similarity of Pb and Nd isotopes and incompatible element ratios of the mafic and silicic Kamchatka‐Kurile melts
support a common origin of mafic and evolved magmas from similar mantle sources. Thus, the magmatic flux of
the Kurile‐Kamchatka volcano‐magma systems is ultimately controlled by mantle melting which in turn is
modulated by the global variability in ice volume.

A notable feature of the ash bed record is that it has an obliquity variance signal prior to the MPT when obliquity
dominates with total global ice volume variability as tracked by benthic δ18O records. However, following the
MPT, the signal of Site 881–884 ash beds is dominated by the eccentricity‐modulated precession variance when
total global ice volume variability as tracked by benthic δ18O records is dominated by variability at longer 100‐kyr
timescales.

We cannot exclude the possibility that a 100 kyr signal may be hidden in the Site 881–884 ash bed record.
Currently, only two reliable ash bed records with orbital‐scale climate signals exist, which are either from this
study or from the IODP Hole 1437B in the oceanic Izu Bonin arc (Schindlbeck, Jegen, et al., 2018). The Hole
1437B record exhibits a solid 100 kyr orbital signal for the last 1.1 Ma, which is carved out by the high count of
ash beds per Ma (147 per Myr) that are dated by δ18O stratigraphy. Due to the high sedimentation rate of 120 m/
Myr, many thin ash beds are preserved and contribute to the high count. In contrast, thin ash beds at ODP Sites
881–884 ash beds are rare, presumably having been destroyed by bioturbation at the lower sedimentation rates
(35–70 m/Myr). The lower tephra bed count of 13–37 ash beds per Myr, combined with the paleomagnetic
method of dating, may simply not allow for resolving a 100 kyr signal in the marine record in contrast to long‐
period signals (see also, Zelenin et al., 2024).

Alternatively, if the 100‐kyr signal is truly absent in the Sites 881–884 ash bed record, other causes are indicated.
For example, such absence could be attributed to the sensitivity of the Kamchatka‐Kurile volcano‐magma sys-
tems to the dynamics of the smaller glaciated regions, whereas the larger ice sheets have a larger control on
benthic δ18O. Glacial reconstructions over longer timescales indicate repeated Kamchatka‐Kurile glaciations
through the Pleistocene but with maximum ice extents at different times than the North American and European
glacial maximums (Barr & Clark, 2012; Batchelor et al., 2019; Nürnberg et al., 2011). Regional divergence could
be due to the sensitivity of regional glaciation to moisture availability influenced byWestern European Ice Sheets,
and to local insolation forcing (Krinner et al., 2011). Thus, it is possible that regional ice mass changes varied on
the shorter obliquity and precession timescales discussed here, and did not experience the 100‐kyr ice sheet
variability that often characterizes the post‐MPT world. Another cause for the missing 100 kyr signal could be a
lesser amplitude of pressure change associated with the glacial loading/unloading on the 100 kyr‐scale. The
Kamchatka‐Kurile arc crust, located at some distance from the large North American and Western European ice
sheets, may not experience similarly large pressure changes on the crust and peripheral bulge associated with the
100 kyr ice cycles. In this scenario, the Kamchatka‐Kurile arc volcano‐magma system is less, possibly negligibly,
sensitive to the global 100 kyr ice sheet variability, whereas the 100 kyr signal in the oceanic Izu Bonin arc system
might have been controlled by the variability of hydrostatic pressure linked to global sea level variations rather
than to a regional glacial load.

While such details of time‐cause relationships between ice volume variability and solid Earth must await further
testing, our study supports the conclusion that arc volcanism can be modulated as a consequence of the estab-
lishment of Plio‐Pleistocene ice cycles (e.g., Huybers & Langmuir, 2009; Prueher & Rea, 1998). This opens up
the possibility that volcanic feedback may help shape the glacial world either by loading the atmosphere with
climatically active gases or by increasing the flux of volcaniclastic material to the ocean‐atmosphere system. The
latter may increase the consumption of CO2 by increasing oceanic bioproductivity (e.g., Duggen et al., 2010) or
by enhanced weathering of the rapidly growing and decaying unstable volcanic terrains.
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7. Conclusions
The conclusions of this study are:

• Plio‐Pleistocene Kamchatka‐Kurile explosive arc volcanism is sensitive to the variability of the global ice
volume;

• Maxima in the Kamchatka‐Kurile explosive arc volcanism (∼0.3, ∼1.0, ∼1.6, ∼2.5, and 3.8 Myr) coincide
with maxima of global ice volume variability that have been linked with the amplitude modulation of the
precession (0.3, 1.0 Myr) and obliquity (1.6, 2.5, and 3.8 Myr) bands;

• The periodicity of the Kamchatka‐Kurile explosive arc volcanism can be reproduced by a model of decreasing
obliquity variance across the mid‐Pleistocene Transition at constant precession variance, implying its forcing
by climate.

• The increase in global ice volume at the iNHG accelerates Kamchatka‐Kurile arc volcanism;
• The lack of a direct 100 kyr eccentricity signal in the post MPT ash bed series at Site 881–884 reflects either
the comparatively low resolution of the ash bed record at these sites or a possibly regional rather than global
influence of ice volume variability.

• Our results support the hypothesis that explosive arc volcanism can respond to global climate variations but
not vice versa, except for possible feedbacks.
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