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Volcanic activity and low ocean oxygen events linked to climate
warming and rapid ice melt during last ice age, study finds
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Oregon State University

A chemical analysis of sediment cores from the North Pacific Ocean show a consistent pairing of

volcanic ash and hypoxia, a low ocean oxygen interval spanning thousands of years, during

times of rapid climate warming at the end of the last ice age, new research shows.

FULL STORY

A chemical analysis of sediment cores from the North Pacific Ocean show a consistent

pairing of volcanic ash and hypoxia, a low ocean oxygen interval spanning thousands

of years, during times of rapid climate warming at the end of the last ice age, new

research shows.

Understanding the relationship between volcanic activity, hypoxia and ice melt due to warming temperatures

during the last ice age, which ended about 18,000 years ago, raises important questions about what might

occur as the planet warms today.

"It is unknown right now whether volcanic eruptions will increase as the climate warms," said the study's lead

author, Jianghui Du of ETH Zurich in Switzerland, who conducted the research as a doctoral student at Oregon

State University's College of Earth, Ocean, and Atmospheric Sciences.

"But we know that the remaining glaciers on volcanoes in the Pacific Ocean ring of fire are melting fast, and it

will be important to include this ice loss in predictions of future eruptions, which would be risky for populated

regions and could also make emerging hypoxic dead zones in the North Pacific worse."

The study was published today in the journal Nature. The findings point to a systematic relationship between

climate, glacier retreat, volcanic activity, biological productivity and deoxygenation of the ocean, said Alan Mix,

an oceanographer and paleoclimatologist at Oregon State and a co-author of the paper.

"These surprising linkages between parts of the Earth we usually think of as separate highlight how

interconnected the whole system really is," he said. "Solving environmental problems, such as those we face in

the ongoing climate crisis, demands that we look with open minds at the whole linked system and not just at

isolated parts."

The volcanic region in the Pacific Ocean is known as the ring of fire in part because it is one of the most active

tectonic and volcanic regions of the world.

The timing of volcanic events in relation to the retreat of the Cordilleran Ice Sheet, which once covered large

portions of western North America, suggests that the rapid melting of ice covering volcanoes in the region
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induced increased volcanic activity, Mix said.

"Ice cover to volcanoes is like a cork in a champagne bottle. Remove the icy cork and boom, the eruptions

begin," he said.

Past research had shown a few ash layers in sediment in the region, but Du's chemical study, using deep-sea

sediment cores from the Gulf of Alaska, revealed more traces of ash that were not visible to the eye.

Du catalogued and compared volcanic eruptions from areas that were covered in ice against those areas that

were not ice-covered during the last ice age.

"We found a distinct pattern of many eruptions during warming and ice retreat in the areas where glaciers were

present, and much less change in the frequency of eruptions outside the ice-covered zone, particularly in

western North America," Du said. "That provides strong evidence for the volcanic response to warming and ice

retreat."

The chemical fingerprints also showed a consistent pairing of volcanic ash and hypoxic events. The increase in

volcanic ash likely fueled ocean productivity that ultimately created low-oxygen conditions.

Co-authors from Texas A&M University, Christina Belanger and Sharon, who uses only one name, examined a

species of seafloor organisms called foraminifera and found that they closely tracked the volcanic ash input

from the Gulf of Alaska. These organisms thrive under highly productive waters and can tolerate low oxygen

conditions.

"Volcanic ash includes important trace nutrients for plankton, especially iron," said co-author Brian Haley, a

research professor at Oregon State.

"When the ash hits the ocean, the plant plankton gobble up that iron and bloom. This fertilization effect

underscores a practical application of our work. Some have proposed fertilizing the North Pacific with iron to

capture excess carbon dioxide from the atmosphere," he said. "We show that the real world has effectively run

that experiment in the past with volcanic iron, and the fertilization effect works and exports carbon to the deep

sea. That's good news. But there are some dangerous consequences because when that excess organic

matter decomposes as it falls to the ocean depths, it consumes oxygen and creates dead zones."
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Photosynthesis converts carbon dioxide 
into organic matter, generating oxygen as 
a by-product. The reverse process, in which 
organic matter decays (remineralizes), con-
sumes oxygen and releases CO2. Rapid mixing 
and intricate biogeochemical feedback mech-
anisms stabilize the concentration of oxygen 
in the atmosphere, but marine oxygen levels 
vary markedly between regions1 — with dire 
consequences for ocean-dwelling organisms 
that rely on oxygen to live. On page 74, Du et al.2 
suggest that the melting of a huge ice sheet 
several thousand years ago triggered a cascade 
of events that removed all the oxygen from the 
intermediate-depth waters of the northeast-
ern Pacific Ocean.

The variability of marine oxygen levels can 

be understood by dividing the ocean into three 
zones. Light penetrates the 100–200 metres 
of water closest to the surface, where 
wind-induced turbulence, photosynthesis 
and gas exchange with the atmosphere sustain 
high oxygen concentrations. Photo synthesis 
also generates new organic material, result-
ing in a constant rain of organic matter that 
is exported to the underlying zone of the 
intermediate waters. The sinking organic 
matter decays, thus consuming oxygen in the 
surrounding waters. 

However, unlike the surface waters, the 
intermediate waters have not been in contact 
with the atmosphere for decades, and, as a 
result, oxygen levels fall. The oxygen concen-
tration in this ‘oxygen minimum zone’ (around 

200–1,000 metres below sea level) is therefore 
strongly affected by changes in the delivery 
rate of organic matter relative to how fast the 
intermediate waters are replaced. Because 
almost all the sinking organic matter decays 
before reaching the underlying deep waters, 
oxygen concentrations are higher there than 
they are in the intermediate waters.

Although oxygen minimum zones are wide-
spread in today’s oceans, the complete loss of 
oxygen is rarely observed. However, during the 
last deglacial warming (19,000–9,000 years 
ago), the northeastern Pacific Ocean hosted 
large, oxygen-free dead zones. Du et al. sug-
gest that the development of these dead zones 
could have been driven by volcanoes that were 
triggered by the retreat of the Cordilleran Ice 
Sheet, which covered parts of North America 
during the Last Glacial Maximum (around 
20,000 years ago). 

The Cordilleran Ice Sheet reached a thick-
ness of approximately two kilometres, similar 
to the ice sheet that covers Greenland (Fig. 1). 
The weight of such large ice sheets can cause 
the underlying crustal rocks to sink deeper 
into the mantle, often to the point that the sur-
face of the land is below sea level. When the 
ice sheet starts to melt, the crust rises again, 
and the subsequent reorganization of stress 
and pressure in the rocks can trigger volcanic 
eruptions3. The resulting ash layers decrease 
the reflectivity of the remaining ice fields and 
thus absorb more solar radiation. This, in turn, 
accelerates the melting, increasing volcanic 
activity further.

Climate science

Glacier-sparked volcanism 
harmed ocean health
Weiqi Yao & Ulrich G. Wortmann

Sediment records from Alaska, spanning the past 
20,000 years, suggest that melting glaciers triggered volcanic 
episodes that removed oxygen in the northeastern Pacific 
Ocean, explaining ‘dead zones’ that lasted millennia. See p.74

Figure 1 | Deoxygenation through increased volcanism triggered by 
melting glaciers. a, The weight of the Cordilleran Ice Sheet, which covered 
parts of North America during past glacial periods, caused the underlying 
rocks to sink deeper into the mantle. b, When the ice sheet began to 
retreat, the reorganization of stress and pressure in the rocks triggered 
volcanic eruptions. This released ash that accelerated melting by boosting 
the absorption of solar radiation, and thus increased volcanism even 

further. Du and colleagues’ study2 suggests that this process produced enough 
iron-rich ash to act as a fertilizer, accelerating the production of organic 
matter in the northeastern Pacific. The authors argue that the sinking organic 
matter consumed most of the small amount of oxygen that was previously 
found in the northeastern Pacific waters at intermediate depths, resulting in 
‘dead zones’ that remained inhospitable to complex life forms for millennia. 
(Adapted from Fig. 4b of ref. 2.)
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The northeastern Pacific Ocean provides the 
perfect example of this feedback mechanism, 
because it lies adjacent to the seismically active 
belt known as the ‘ring of fire’ and contains large 
amounts of ice. Du et al. hypothesized that 
the iron-rich ash resulting from the increased 
volcanism acted as a fertilizer — supercharging 
the production of organic matter in the surface 
waters, which, in turn, exhausted all the oxygen 
in the underlying intermediate waters when it 
was remineralized. 

Conceptually, the authors’ idea is 
straightforward. But, as is often the case in 
geosciences, even simple ideas are difficult 
to prove, because high-resolution chronolo-
gies are hard to obtain. In this respect, Du and 
colleagues’ study is an exception: through a 
combination of dating approaches, the 
authors constructed a precise timescale, 
spanning the past 20,000 years, for sediment 
samples that they acquired from two sites in 
the Gulf of Alaska. These data show that the 
melting of the Cordilleran Ice Sheet coincided 
with volcanic phases that occurred at the same 
time as periods of complete oxygen loss in the 
northeastern Pacific intermediate waters. 
Although correlation does not equal causa-
tion, the authors’ idea provides an elegant 
explanation for the data. 

The link between ice-sheet retreat, volcan-
ism and regional ocean deoxygenation is com-
pelling; however, its global relevance remains 
unclear. Future research will need to look for 
similar correlations in other places and at 
different times. Crucially, however, Du and col-
leagues’ work implies that short periods of iron 
fertilization can lead to long-lasting oxygen 
deficiencies in marine ecosystems. This is a key 
observation in the emerging discussion of how 
global warming will reduce the oxygen content 
of the ocean, and suggests that, once waters 
are entirely devoid of dissolved oxygen, the 
resulting marine dead zones could affect fish-
eries for millennia. As a corollary, the authors’ 
findings highlight the potential side effects of 
large-scale geoengineering ideas, such as the 
use of iron fertilization to increase the amount 
of organic matter that sinks from the surface 
and thus boost carbon sequestration to reduce 
atmospheric CO2 concentrations4.

Our planet is currently experiencing unprec-
edented challenges as a result of global warm-
ing. During the past 50 years alone, the total 
area of oxygen minimum zones has increased 
fourfold (see go.nature.com/3fqmazr), and 
ocean models predict that this trend will 
continue. Although there is some uncer-
tainty as to how much warming we will see in 
the near future, geological data suggest that 
oxygen-free waters might become widespread 
in a warming world5. The loss of oxygen from 
the ocean affects the world’s most-extensive 
and least-explored eco systems, with unknown 
consequences for food security6. Du and col-
leagues’ work therefore points to the urgent 

need for improved understanding of how 
biogeochemical feedbacks affect the health 
of oceans across the globe. 

Weiqi Yao is in the Department of Ocean 
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University of Science and Technology, 
Shenzhen, Guangdong 518055 China. 
Ulrich G. Wortmann is in the Department of 
Earth Sciences, University of Toronto, Toronto, 
Ontario M5S 3B1, Canada. 
e-mail: yaowq@sustech.edu.cn

Our collective imagination tends to picture a 
palaeontologist as an intrepid character sim-
ilar to the fictional explorer Indiana Jones, 
searching for ancient material in remote 
places. But what comes after specimen gather-
ing is frequently ignored. Tałanda et al.1 show 
on page 99 that finding a fossil is just the start 
of the journey. Their discovery, a block of rock 
exposing a few delicate bones on its surface, 
was hiding a surprise that only modern imag-
ing techniques could reveal. The sample con-
tained an almost complete skeleton of a tiny 
lizard, with most of its bones in contact in 
their original anatomical position (partially 
articulated). The findings could help to answer 
questions about the first steps in the evolution 
of squamates, a group of reptiles that includes 
lizards and snakes.

The history of Tałanda and colleagues’ find-
ing starts with the description in 1998 of the 
first identified specimens of this lizard, called 
Bellairsia, at a site in Kirtlington, UK, and dated 
to around 167 million years ago2. These speci-
mens belong to one of the oldest known fossil 
assemblages of lizards, but the fragmentary 
and disarticulated bones prevented recogni-
tion of Bellairsia as having a form similar to that 
of ancestral early squamates. Years later, newly 
uncovered lizard fossils of a similar geological 
age, including the block studied by Tałanda and 
colleagues, were found on the Isle of Skye, UK. 

After their discovery, some specimens 
must undergo lengthy mechanical prepara-
tion in the laboratory to be properly exposed 
for study. Occasionally, however, the bones 

are too small or too delicate to be prepared 
mechanically, and an imaging method called 
computed tomography (CT) is instead used to 
generate 3D digital models that can be stud-
ied without harming the fossils. Although 
CT has long been used in palaeontology, 
scanning small specimens requires special 
instrumentation to achieve high-resolution 
imaging. Tałanda et  al. used a combina-
tion of high-resolution X-ray micro-CT and 
phase-contrast synchrotron X-ray micro-CT 
to generate 3D models of all of the elements 
contained in the block, including those hid-
den beneath the surface.

By a great stroke of luck, the unveiled com-
plete skeleton was a mind-blowing finding 
when compared with squamate fossils of a 
similar age. But the authors were not done 
yet with their discoveries. This fossil, identi-
fied as the most complete and only articulated 
specimen of the enigmatic lizard Bellairsia 
found so far, enabled the authors to investi-
gate the animal’s evolutionary relationships 
to other reptiles for the first time, using an 
approach called phylo genetic morphologi-
cal analysis. But before they could begin this 
assessment, Tałanda et al. had to check a pre-
assembled list of hundreds of morphological 
characters describing features of bones that 
would serve as input data for their analyses.

Squamates are astonishingly diverse, with 
thousands of species adapted to a large array 
of environments. However, little is known 
about the initial stages in the evolution of this 
group, and fossils that record the transition 

Palaeontology

An exceptional fossil lizard 
from the Jurassic period
Arnau Bolet

Lizards and snakes belong to the highly successful group of 
reptiles called squamates, but a poor fossil record has obscured 
their early evolutionary history. A discovery now sheds light 
on this enigmatic portion of the tree of life. See p.99
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Volcanic trigger of ocean deoxygenation 
during Cordilleran ice sheet retreat

Jianghui Du1,2 ✉, Alan C. Mix1, Brian A. Haley1, Christina L. Belanger3 & Sharon3

North Pacific deoxygenation events during the last deglaciation were sustained over 
millennia by high export productivity, but the triggering mechanisms and their links 
to deglacial warming remain uncertain1–3. Here we find that initial deoxygenation in 
the North Pacific immediately after the Cordilleran ice sheet (CIS) retreat4 was 
associated with increased volcanic ash in seafloor sediments. Timing of volcanic 
inputs relative to CIS retreat suggests that regional explosive volcanism was initiated 
by ice unloading5,6. We posit that iron fertilization by volcanic ash7–9 during CIS retreat 
fuelled ocean productivity in this otherwise iron-limited region, and tipped the 
marine system towards sustained deoxygenation. We also identify older 
deoxygenation events linked to CIS retreat over the past approximately 50,000 years 
(ref. 4). Our findings suggest that the apparent coupling between the atmosphere, 
ocean, cryosphere and solid-Earth systems occurs on relatively short timescales and 
can act as an important driver for ocean biogeochemical change.

Reduction of dissolved oxygen (known as deoxygenation) in the sub-
surface ocean is underway and projected to worsen if modern warm-
ing trends persist10. This deoxygenation will have strong impacts on 
marine ecosystems, especially in regions that have low-oxygen back-
grounds, such as the oxygen minimum zones (OMZs) of the North and 
East Pacific11. Identification of the mechanisms that trigger and sustain 
long-term deoxygenation is problematic in short modern observa-
tional records because of interannual-to-decadal variability10, which 
provides impetus for study of the mechanism driving past sustained 
ocean deoxygenation. Among the best known of such occurrences 
are the deoxygenation events of the Northeast Pacific during the last 
deglacial warming (19–9 thousand years ago, hereafter ka). These 
events, sustained for centuries to millennia, provide a well-constrained  
climate context that allows investigation into the triggers and impacts 
of deoxygenation1–3.

The initial causes of deglacial deoxygenation events have been 
hypothetically linked to high-latitude warming that reduced oxygen 
solubility and increased metabolic oxygen demand and productivity1.  
However, warming alone is not sufficient to drive the entire water col-
umn to deoxygenation12. Alternative hypotheses have linked deoxy-
genation to slowing subsurface circulation, increasing stratification 
and northward advection of low-oxygen Pacific Equatorial Water13–15; 
however, deglacial circulation probably accelerated in the abyssal 
Pacific, whereas no marked change of ventilation has been found at the 
intermediate depths associated with deoxygenation events16,17. Another 
class of hypotheses implicates shelf iron cycling related to sea-level rise 
as fuel for increased productivity in the iron-limited North Pacific3,18. 
Although productivity and iron feedbacks may have helped to sustain 
deoxygenation1,12,19, the initial triggers remain unclear.

Here we document the potential role of solid-Earth processes in 
triggering the deglacial deoxygenation. The solid Earth is coupled 
to the atmosphere–ocean system through the intermediary of the 

cryosphere on glacial–interglacial timescales; loss of ice cover can 
trigger explosive volcanism5. Modern volcanic ash deposition can lead 
to surface phytoplankton blooms in iron-limited regions, including the 
subarctic Pacific7,8. We thus suggest that deoxygenation events in the 
Northeast Pacific were triggered by increasing volcanism as the CIS 
retreated during the deglacial warming.

To test this hypothesis, we generated high-resolution multi-tracer 
records of sediment oxygenation at two sites in the Gulf of Alaska 
(GOA), Northeast Pacific. Our study sites lie within the high-nutrient, 
low-chlorophyll (HNLC) region, in which surface water is nitrate-replete 
but primary production is iron-limited (Fig. 1, Extended Data Fig. 1 
and Methods). The sites are uniquely positioned at the intersection of 
the volcanically active Pacific ‘Ring of Fire’, CIS and the North Pacific 
HNLC and OMZ, and are thus well suited to monitor the interactions 
between volcanism, the cryosphere and ocean biogeochemistry. 
Intermediate-depth site EW0408-85JC and co-located IODP Site 
U1419 (59.6° N, 144.2° W, 682 m water depth) sit in the upper reaches 
of the modern OMZ and underlies North Pacific Intermediate Water. 
Abyssal site EW0408-87JC and co-located IODP Site U1418 (58.8° N, 
144.5° W, 3,680 m water depth) are at present bathed by relatively 
well-oxygenated Pacific deep water that is ventilated by Southern Ocean 
waters16. The contrast in oceanographic background at these two sites 
provides a further constraint on mechanisms driving deoxygenation.

Published highly resolved radiocarbon-based chronologies are 
updated using the Marine20 calibration curve4,20,21 (Methods and 
Extended Data Fig. 2). We measured authigenic enrichment of a 
suite of established redox-sensitive metals (Re, U, Cd and Mo) in 
sediments at sample spacing of about 90 and about 225 years for the 
intermediate-depth and abyssal sites, respectively. The exceptionally 
high sedimentation rate (10–1,000 cm kyr−1) at both sites4,20 diminishes 
the potential for age offsets between authigenic accumulation and the 
hosting sediments to a few decades to centuries (Methods). The oxygen 
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thresholds for the enrichment of these metals roughly follow the order 
of Re, U, Cd and Mo (ref. 22). As oxygen falls, the accumulations of Re 
and U increase under suboxic conditions. The enrichments of Cd and 
Mo often require sulphidic conditions22. The use of this metal suite 
thus allows identification of the various degrees of deoxygenation. 
The geochemical observations are complemented by the study of the 
oxygen gradients inferred from benthic foraminifera12,23. Faunal species 
are classified as dysoxic, suboxic and weakly hypoxic-to-oxic, based on 
literature reports of their modern oxygen thresholds and multivariate 
ordination analysis with the redox-sensitive metals (Methods).

To reconstruct the local volcanic input, we measured a suite of major 
and trace elements at the intermediate-depth site, based on total sedi-
ment digestion (Methods). Volcanic fractions were quantified by statis-
tical inversion of the geochemical data24 and independently supported 
by bulk-sediment radiogenic Nd isotope (εNd) evidence for sediment 
provenance16 (Extended Data Figs. 3–5). Dispersed ash accounts for 
a substantial portion of total ash input into marine sediments24. Our 
geochemical sensing thus provides a more complete and continuous 
record of volcanism than is possible from visual inspection of discrete 
tephra layers. Because our reconstructions of volcanic fraction, redox 
and published palaeo-temperature1,19 are from the same samples, the 
stratigraphic order of warming, volcanism and deoxygenation that we 
establish is independent of the age model.

We present a new compilation of regional and global records of 
well-dated volcanic eruptions based mainly on terrestrial tephra 
records (Methods), to assess the linkage between our geochemical 

measures of volcanism from marine sediments and documented erup-
tions. We calculate the time-varying ratio of the eruptive frequency of 
glaciated to unglaciated volcanoes5 normalized to the Last Glacial Maxi-
mum (LGM) mean as a proxy for volcanism triggered by ice unloading 
(Extended Data Fig. 6). We then compare the links between deoxygena-
tion and volcanism to ice sheet dynamics using well-dated records of 
CIS chronology, including stratigraphically co-registered sedimento-
logical evidence at the study sites4 and regional surface-exposure dates 
(Methods). Finally, we analysed the CIS histories reconstructed in two 
glacial isostatic adjustment (GIA) models, the global ICE-7G (VM7)25 
and the Northern Hemisphere-only LW-6 (ref. 26), and a high-resolution 
three-dimensional physical ice sheet model of the CIS based on the 
Parallel Ice Sheet Model (PISM)27.

Timing and extent of deoxygenation
The redox-sensitive metals show coherent temporal patterns of degla-
cial deoxygenation, but with systematic differences in the degree of 
oxygenation between the intermediate-depth and abyssal sites (Fig. 2). 
The enrichments of Cd and Mo (Fig. 2e,f) coincide with sediment lami-
nation3, indicating sulphidic conditions at the intermediate-depth 
site during the early Bølling–Allerød (15–13.5 ka) and early Holocene 
(11.7–11 ka) warming intervals1,3,28. Enrichments of Re and U (Fig. 2c,d) 
show that partial deoxygenation was initiated gradually starting around 
17 ka, before the severe deoxygenation of Bølling warming, but after the 
early initial warming at about 21 ka indicated by regional sea-surface 
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Fig. 1 | Geology and oceanography background. a, Modern land topography 
and ocean bathymetry in the Northeast Pacific48. Circles mark the intermediate- 
depth site EW0408-85JC/IODP-U1419 and the abyssal site EW0408-87JC/IODP- 
U1418. b, Modern global surface ocean nitrate concentration49. c,d, Modern 
global ocean oxygen concentration49 at the 700-m (c) and 3,500-m (d) depths, 

respectively. In all panels, red triangles indicate Quaternary volcanoes50.  
The three main regional volcanic fields adjacent to the Northeast Pacific are 
indicated in a. White fields show the LGM ice extent based on regional 
reconstruction41 (a) and the global ICE-7G model25 (b–d). The study region is 
indicated on the global maps by the black boxes.
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temperature (SST)1,19 (Fig. 2a,b). Moreover, Re data show persistent 
suboxic conditions at the intermediate-depth site throughout the 
deglaciation (that is, 17–10 ka) (Fig. 2c) and again intermittently during 
Holocene times, showing a greater duration of partial deoxygenation 
than previously thought1,3,28. By contrast, the lack of Mo enrichment 
and weak Cd enrichment suggests that sulphidic conditions did not 
reach the abyssal site during the deglaciation (Fig. 2e,f). Rather, the 
enrichment of Re and U suggest that suboxic conditions dominated at 
the abyssal site, similarly to the intermediate-depth site (Fig. 2c,d). The 
initiation of the deoxygenation is essentially synchronous at both sites.

The oxygen gradients indicated by the redox-sensitive metals 
are supported by benthic foraminiferal species assemblages12,23. 
Dysoxia-tolerant benthic foraminifera capture the most severe deoxy-
genation at the intermediate-depth site corresponding to the sulphidic 
conditions indicated by Mo and Cd (Fig. 2h). Owing to the low-oxygen 
background at the intermediate-depth site, suboxia-tolerant spe-
cies are abundant except during severe deoxygenation, when they 
are replaced by dysoxia-tolerant species (Fig. 2g). The abyssal site 
lacks dysoxia-tolerant species, whereas increasing abundance of 
suboxia-tolerant species is consistent with Re and U enrichments in 
showing the initiation of partial deoxygenation at about 17 ka (Fig. 2g). 
Redox-sensitive metals and faunal assemblages agree with each other 
and suggest that the development of deoxygenation are coeval at both 
sites. This multiproxy and multilocation consistency suggests that 
age offsets between authigenic metals and the hosting sediments are 

negligible and that the timing of the deoxygenation events are well 
captured.

We also find a tight coupling between deoxygenation, phytoplankton 
community and surface-ocean productivity exported to the seafloor 
based on several productivity proxies (Extended Data Fig. 7), which we 
summarize using two principal components (PCs, Fig. 2i and Methods). 
High PC2 scores indicate an early productivity increase associated with 
an increase in calcareous plankton19,28 at about 17 ka corresponding to 
the initiation of mild deoxygenation. High PC1 scores show a change 
in the character of productivity that occurred around 15 ka with high 
diatom export as opal and elevated δ15N associated with the severe 
deoxygenation28. We suggest that an early (17–15 ka) improvement of 
the availability of surface-ocean nutrients was exploited by phytoplank-
ton groups that require warming but have modest nutrient require-
ments. Such an early increase in productivity could have contributed to 
limited deoxygenation, releasing sediment-sourced nutrients into the 
water column and making them available to the biota1. A subsequently 
nutrient-replete surface ocean could then host diatom blooms, which 
are exported more efficiently to the underlying sediments to sustain 
severe deoxygenation.

The initiation of deoxygenation at about 17 ka is markedly earlier 
than the onset of sulphidic conditions at about 15 ka. Benthic radiocar-
bon data indicate that deoxygenation is not associated with slowing 
of the subsurface circulation4 (Extended Data Fig. 8b). A sea-surface 
salinity reconstruction also discounts an association of meltwater and 
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stratification with deoxygenation29 (Extended Data Fig. 8c). Deglacial 
meltwater was probably mostly trapped by the Alaska Coastal Current 
and transported alongshore to the northwest, as it is today30 (Extended 
Data Fig. 1d). Global eustatic sea-level rise is also unlikely to explain 
the initiation of deoxygenation3,18, as the relative sea level fell in the 
northern GOA during the deglaciation because of isostatic rebound 
and tectonic movement6,31 (Extended Data Fig. 8d).

The early stages of deoxygenation (17–15 ka) coincided with the 
minimum strength of the Atlantic Meridional Overturning Circulation 
(AMOC)32 (Extended Data Fig. 8e). This timing precludes a hypoth-
esis linking reduction in North Pacific subsurface circulation rates to 
acceleration of the AMOC15, adding to growing evidence that North 
Pacific variability is not a passive responder to the North Atlantic 
but has its own dynamics4,29. Mineral dust transported from Asian 
deserts to the subpolar North Pacific remained constant during the 
initiation of deoxygenation, whereas it decreased during the severe 

deoxygenation33 (Extended Data Fig. 8f), so we can reject a hypothesis 
that mineral dust from Asia was a primary driver of productivity and 
deoxygenation.

Greater volcanism following CIS retreat
At the intermediate-depth site, the εNd of lithogenic sediment increased 
rapidly, starting at about 17 ka, and relatively positive values persisted 
through the deglaciation (Fig. 3b). As volcanic materials have higher 
εNd (approximately +6 to +10)34 than regional terrigenous sediments  
(about −2)35, more positive values of εNd indicate greater volcanic contri-
butions concurrent with the initiation and development of deoxygenation.

Statistical inversion of a broader suite of geochemical data further 
shows that the volcanic fractions in sediments are dominated by dis-
persed rhyolitic ash probably sourced from the eastern Aleutian Arc 
and/or Wrangell Volcanic Field36 (Fig. 1a and Extended Data Fig. 5). 
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The volcanic ash fraction exceeded background levels at about 17 ka 
(Fig. 3c) and reached peak values at the beginning (about 16 ka and 
about 12 ka) of the severe deoxygenation intervals. We calculate 
the excess volcanic ash mass accumulation rate (MAR) to be about 
5–100 g m−2 year−1 (Fig. 3d) and find that it was comparable with or 
exceeded the highest atmospheric mineral dust fluxes in the modern 
ocean37. Given that volcanic ash has similar iron solubility to mineral 
dust9, such elevated volcanic ash flux during the deglacial interval 
could have relieved iron limitation and fuelled biological production 
in the Northeast Pacific.

Increasing deglacial volcanism on the Northeast Pacific margin is 
also supported by our new compilation of regional and global explosive 
volcanism. We find that previously glaciated volcanoes in the study 
region experienced a roughly sixfold increase in activity during the 
deglaciation relative to the LGM, substantially more than the appar-
ent approximately twofold increase in other glaciated volcanoes from 

elsewhere in the world (Fig. 3e and Extended Data Fig. 6). The timing 
of increased volcanism based on the eruption frequency ratio (binned 
in 2-kyr intervals) is consistent with the high-resolution geochemical 
record of dispersed ash at the intermediate-depth site. Assuming that 
terrestrial deposition of tephra can only be preserved after the ice 
cover was gone, enhanced deglacial volcanism could have occurred 
even earlier than our terrestrial compilation indicates.

A mechanism often used to explain the increase in volcanism during 
glacial retreat links ice-mass unloading to reduced crustal pressure and 
stress, and their influence on magma production and storage5,38. Our 
records indicate that regional volcanism began to increase at around 
17 ka, soon after the CIS started to disintegrate. Ice-rafted debris (IRD) 
at the intermediate-depth site shows that the last major discharge 
event, Siku Event 1, occurred 18–17 ka (Fig. 3f), after which the bulk of 
the CIS permanently retreated away from the southern Alaska margin4. 
Terrestrial 10Be exposure dating shows that CIS retreat was underway 
19–17 ka on the southern Alaska margin39, and glacial retreat in the 
Alaska Range began 21–18 ka, with accelerating pace 17–16 ka (ref. 40) 
(Fig. 3g). Radiocarbon-based chronologies41 document an early degla-
ciation of the Aleutian Arc (19–17 ka) and a later (15–12 ka) rapid ice loss 
in the Aleutian and Wrangell volcanic regions (Extended Data Fig. 9a).

Two GIA-based models, ICE-7G25 and LW-6 (ref. 26), estimate that most 
of the CIS mass loss happened 15–13 ka (Fig. 3h). In ICE-7G, ice removal 
first started 19–17 ka in the northwestern part of the CIS covering the 
Aleutian and Wrangell regions, as indicated by the radiocarbon chronol-
ogy (Extended Data Fig. 9), consistent with our geochemical inference 
that these regions were the probable initial source of increasing volcan-
ism. In LW-6, the earliest CIS deglaciation started 17–15 ka (Fig. 3h). This 
later date probably results from the model domain of LW-6 excluding 
the northwestern part of the CIS26.

In the dynamic ice sheet model PISM27, notable CIS retreat could have 
started well before 17 ka, depending on which surface-temperature 
forcing is applied (Extended Data Fig. 10). Sensitivity experiments 
under various temperature forcings show high sensitivity of ice loss 
to local warming (−1.2 ± 0.2 m of sea-level equivalent per °C) with a 
short time-lag (360 ± 213 year). Given this sensitivity, we predicted the 
CIS volume change when the GOA SST is applied as forcing. A regional 
warming trend starting as early as around 21 ka predicts a much greater 
CIS mass loss in the interval 21–17 ka and 17–15 ka (Fig. 3a,h) than sug-
gested by the GIA-based models, which have limited local sea-level 
data constraints, particularly from the northwestern side of the CIS. 
The local SST-based prediction of early ice loss agrees well with the 
10Be-constrained CIS chronology (Fig. 3g).

Thus volcanism increased rapidly (around 17 ka) with little time-lag 
(<4 kyr) following the beginning of CIS unloading (starting as early 
as around 21 ka), consistent with the detailed case studies of Mount 
Edgecumbe in southeast Alaska6 and modelling of the responses of 
magma chambers to ice unloading38.

A coupled system
Our results establish close links between surface warming, ice sheet 
retreat, volcanism, marine productivity and ocean deoxygenation 
during the last deglaciation on the Northeast Pacific margin (Fig. 4). 
These linkages imply much tighter coupling of the atmosphere, ocean, 
cryosphere and solid-Earth systems, on shorter timescales than previ-
ously thought.

Increasing summer insolation42 may have initiated the observed 
regional warming and ice sheet retreat early in the deglacial sequence 
around 21 ka (Fig. 3a). If ice unloading induced greater volcanic activity, 
extensive volcanic ash may in turn have accelerated ice sheet melting 
through the albedo effects on ice ablation zones43, yielding further 
unloading and volcanism. Greater volcanic ash input to the surface 
ocean, regardless of the transport mechanism (airfall, water or sea-ice 
transported), would have constituted an increased flux of iron and other 
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the intermediate-depth and abyssal sites.
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nutrients sufficient to stimulate phytoplankton productivity about 
17 ka. With sufficient deoxygenation at the seafloor, iron and nutrient 
release from reducing sediments delivered to the upper-ocean biota 
by vertical mixing would have fuelled further productivity and sus-
tained deoxygenation around 15 ka (ref. 1). Diagenetic mobilization of 
sedimentary iron in the severe deoxygenation intervals is evidenced by 
anomalously low palaeo-magnetic intensity at the intermediate-depth 
site20,44. Modern ocean studies have documented that local marginal 
sources of sedimentary iron can be transported through the subsurface 
and intermediate water circulation on basinal scales throughout the 
subpolar North Pacific, stimulating productivity and deoxygenation 
in the far field45. This coupled Earth system thus provides a mechanism 
to explain the onset and long duration of deglacial deoxygenation 
events found across the North Pacific at sites that have low-oxygen 
backgrounds1,46 (Fig. 1c). Our results thus give impetus to the creation 
of coupled system models with interactive cryosphere and solid-Earth 
components to simulate ocean biogeochemical changes on orbital and 
millennial timescales.

To assess whether such events are unique to major deglaciation or 
happened frequently in the past, we examined longer records from the 
same sites and found redox-sensitive metal and benthic faunal evidence 
for brief deoxygenation events associated with earlier glacial retreats 
documented in IRD records4 back to about 50 ka (Fig. 5). These older 
deoxygenation events typically lasted a few centuries. Such transient 
events suggest a high sensitivity of ocean oxygenation to perturbations 
to the coupled system on the Northeast Pacific margin.

Do the solid Earth to ocean biogeochemistry linkages that we identify 
here also apply to the future? Much of the Cordilleran ice is gone, limit-
ing the power of deglaciation to trigger volcanism, but the remaining ice 
on the high-elevation stratovolcanoes and other mountainous regions 
of the Northeast Pacific margin is still substantial and melting is acceler-
ating today47. Moreover, modern global warming is putting this region 
in a precarious near-hypoxic state10, such that even a modest increase 
in export productivity fuelled by volcanic iron input could amplify 
thermal deoxygenation. It is an open question whether increased vol-
canism might follow from future ice losses, and if so, whether it would 
suffice to cross deoxygenation thresholds as it did during the deglacia-
tion or whether future deoxygenation will be strong enough to trigger 
sustaining feedback mechanisms. Nevertheless, the linkages we have 
identified in the past suggest that the coupling between solid Earth 
and marine biogeochemical processes can operate relatively quickly 
and tipping-point behaviours exist that can sustain deoxygenation for 
millennia, a potential concern for the future.
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Methods

Modern biogeochemistry
The modern offshore GOA is part of the HNLC region of the subpolar 
North Pacific, where moderately high surface primary production 
leads to incomplete use of macronutrients such as nitrate because of 
iron limitation52 (Extended Data Fig. 1a–c). By contrast, the southern 
Alaska coastal water is a highly productive ecosystem that is iron replete 
but nitrate limited53. These two ecological regimes are separated by 
the shelf break and the two study sites, 85JC/U1419 on the upper slope 
and 87JC/U1418 on the abyssal plain, both lie within the HNLC region 
(Extended Data Fig. 1a).

Removal of coastal sources of Fe on the shelf is a plausible reason 
for low surface Fe concentrations in the HNLC GOA53–55 (Extended 
Data Fig. 1b). Near the coast, glacial meltwater delivers Fe dominantly 
in particulate forms, which is rapidly removed within the inner and  
middle shelf, trapped by the Alaska Coastal Current56. The fate of glacial 
meltwater is seen in the distribution of surface salinity during the 
summer season (Extended Data Fig. 1d). The Alaska Coastal Current 
traps the meltwater and transports it alongshore to the north and west, 
rather than offshore30. Through shelf-cycling, particulate Fe sustains a 
relatively uniform concentration of dissolved Fe of a few nanomolars 
in the surface waters on the shelf, but the concentration decreases 
quickly approaching the shelf break55 (Extended Data Fig. 1b). This 
creates a clear biogeochemical boundary between the iron-replete 
coast/shelf waters and iron-limited HNLC open ocean. Limited off-
shore transport of shelf-sourced Fe mainly happens by means of two 
pathways. First, mesoscale eddies impinging on the shelf can deliver 
shelf waters to the open ocean sporadically57. Second, through mix-
ing, shelf-sourced Fe can enter the subsurface or even intermediate 
waters, which are more capable of long-distance transport, but this 
requires diffusive upwelling to finally reach the surface of the HNLC 
regions45,53,58.

Low atmospheric Fe deposition is another reason for low surface Fe 
concentration in the GOA. Low dissolved Al concentration (<1 nM) in 
surface waters seaward of the shelf break in the GOA is an indication of 
low atmospheric input to the HNLC region59. Prevailing westerly winds 
dictate that the main mineral dust source to the subpolar North Pacific 
is the Asian continent, with decreasing deposition rate eastward33. 
Despite this, glacial mineral dust is considered a main source of Fe to 
the HNLC region, as shelf Fe cannot directly reach the open ocean60.

Fertilization by volcanic ash has also been observed in the modern 
HNLC subpolar North Pacific7,61. Using an average modern mineral 
dust flux of 1–2 g m−2 year−1 (ref. 33), the total mineral dust flux into 
the subpolar North Pacific (north of 45° N, total area 1.02 × 1013 m2) is 
10–20 × 1015 g kyr−1. In comparison, the long-term average of volcanic 
ash deposition into this region from surrounding subduction arcs 
(including Kuril, Kamchatka, Aleutian and Alaska) is estimated to be 
29–44 × 1015 g kyr−1 (ref. 9). Given similar soluble Fe content9, this implies 
a comparable or greater Fe source from volcanic ash than mineral dust 
in this region, on timescales averaged over millennia or longer.

Age models
The age model of the intermediate-depth site was built on 255 foraminif-
eral 14C dates in the past 55 kyr (ref. 4). The 85JC 14C data were mapped 
onto the CCSF-B depth scale of U1419 using gamma-ray-attenuation 
bulk density (GRA) and magnetic susceptibility (MS) (Extended Data 
Fig. 2). We update the depth conversion in ref. 4 to improve the align-
ment of records. To test the robustness of this alignment, we deviate 
from our chosen depth conversion and compute the resulting root 
mean square error (RMSE) misfits of GRA and MS between the two 
sites. The RMSEs of GRA and MS are normalized by scaling to their 
respective ranges and summed given equal weights. The results show 
that deviation of more than 1 cm will increase the misfits of GRA and 
MS, proving that our alignment is optimal. The surface reservoir ages 

of samples that have paired benthic–planktic 14C dates were estimated 
using a vertical advection–diffusion box model4, producing a transient 
time series of ΔR that averages to 120 ± 220 years on the Marine20 
timescale. This average value was then applied to the planktic dates that 
have no benthic pairs. Benthic dates were calibrated using a fixed ΔR 
of 860 ± 330 years. Beyond 45 ka, 14C measurements have large errors 
and, to extend the age model, the IRD record of U1419 was tuned to the 
North Atlantic IRD stack assuming a Pacific lead of 1,400 years based 
on the time-lag analysis after 45 ka (ref. 4).

The age model of the abyssal site is anchored by 38 planktic 14C 
dates in the past 45 kyr (ref. 20). The 87JC 14C data were mapped onto 
the CCSF-B depth scale of U1418 using MS20. The robustness of the 
alignment is tested as described for the intermediate-depth site and 
the results similarly show that our alignment is optimal (Extended Data 
Fig. 2). Surface reservoir ages were estimated following the result at 
the intermediate-depth site.

The final Bayesian age models at both sites were produced using 
Bchron62. We refer to refs. 4,20 for details of the age model reconstruc-
tion. During the deglaciation (19–9 ka), the 1σ age model uncer-
tainty is 52 years (median; interquartile range is 47–61 years) at the 
intermediate-depth site and 53 years (median; interquartile range is 
34–87 years) at the abyssal site. Between 19 and 55 ka, the 1σ age model 
uncertainty is 151 years (median; interquartile range is 117–217 years) 
at the intermediate-depth site.

Geochemical measurements
Bulk sediment samples were digested in a CEM MARS 6 microwave using 
HCl-HNO3-HF. Major and trace element concentrations were measured 
using inductively coupled plasma atomic emission spectroscopy and 
quadrupole inductively coupled plasma mass spectrometry, respec-
tively, in the W.M. Keck Collaboratory for Plasma Spectrometry of 
Oregon State University following established procedures34,63. Internal 
standards were used to correct instrumental drifts for the trace metals. 
Long-term (over 3 years) reproducibility was typically about 2% and 
always <10%, monitored by repeated digestion of an in-house marine 
sediment standard. Further quality control was done by repeated diges-
tion of the sediment reference material PACS-2 and U.S. Geological 
Survey rock reference materials AGV-1, BHVO-1 and BHVO-2, which 
agree well with the literature results23,34.

Redox-sensitive metals
Redox zonation and remobilization in marine sediments can potentially 
cause depth, and thus age, offsets between the location of preserved 
metal enrichment and the original sediment–water interface (SWI) 
when the initial enrichment happened22. To rule out such offsets, we 
use several redox-sensitive metals, which should be affected differ-
entially by redox zonation and remobilization64. We further compare 
the metal proxies with benthic faunal proxies, which are not affected 
by such offsets12,23. The result that the timings of deoxygenation are 
the same indicated by different metals and benthic faunas confirms 
that zonation and remobilization are not important at the study sites. 
Offsets in age are minimized by high sedimentation rates at both sites, 
which vary from 10 to 1,000 cm kyr−1 in the past 55 kyr and are among 
the highest reported at similar water depths4,20. Previous studies have 
shown that Re enrichment is around 1 cm offset from the SWI in suboxic 
and sulphidic sediments, whereas the Mo enrichment is about 0.2 cm 
offset from the SWI in sulphidic sediments65. Such depth offsets cor-
respond to <100-year age offsets at our study sites. High sedimentation 
rates not only reduce age offset owing to zonation but also prevent 
remobilization by reducing oxygen exposure time64. Rhenium is prob-
ably the most sensitive to reoxidation64, but the strong correlation to 
other redox metals and the benthic faunas rules out remobilization as 
an important process at the study sites. Moreover, enrichment of these 
metals in sediment can happen owing to non-redox-related processes, 
for example, being carried by Fe–Mn oxides and biogenic materials to 
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sediments22. The use of several metals together with the benthic faunas 
thus helps minimize such potential biases.

On the basis of the age models, our deglacial (19–9-ka) redox-sensitive 
metal sample spacing is 90 years (median; interquartile range is 
53–151 years) at the intermediate-depth site and 225 years (median; 
interquartile range is 73–360 years) at the abyssal site. Between 19 
and 55 ka, the sample spacing is 112 years (median; interquartile range 
is 55–200 years) at the intermediate-depth site. Considering the high 
sampling resolutions, low age model uncertainties and small age off-
sets, we argue that the redox-sensitive metals can constrain the timing 
of deoxygenation events to about 100 years at the study sites during 
the deglaciation and a few centuries during the glacial period.

Benthic foraminifera assemblages
Benthic foraminifera data have been published previously, in which spe-
cies were classified as dysoxic (O2 < 0.5 ml l−1), suboxic (0.5–1 ml l−1) and 
weakly hypoxic-to-oxic (>1 ml l−1) based on literature values of oxygen 
thresholds and multivariate ordination analysis12,23. The dysoxic species 
dominate under the sulphidic conditions of Mo and Cd enrichment, 
the suboxic species are prevalent under the mildly reducing condition 
of Re and U enrichment, whereas the weakly hypoxic-to-oxic species 
represent the low-oxygen background that is not sufficient to cause 
authigenic metal enrichment.

SSTs
Published SSTs reconstructed using UK′

37 at the intermediate-depth 
site 85JC1 and U1419 (ref. 19) are here placed on the unified and updated 
Marine20-based age model4,21. The deglacial UK′

37 records from the 
two sites are offset following a relationship of UK′

37 (85JC) = 0.94 × UK′
37 

(U1419) − 0.01 (r = 0.9, P ≪ 0.05), probably reflecting inter-laboratory 
offsets. We corrected the published U1419 record to be consistent with 
that of 85JC and converted UK′

37 to SST using the calibration program 
BAYSPLINE66. The analytical UK′

37 offset of 0.03 (1σ = 0.01) between 
85JC and U1419 is equivalent to a SST difference of 0.75 °C (1σ = 0.19 °C) 
using this calibration, which is smaller than the 1.35-°C (1σ) uncertainty 
of the calibration itself.

Productivity proxies
Ocean and sedimentary processes can potentially cause productivity 
proxies to not accurately record palaeo-productivity signals, including 
poor preservation, overprinting of other environmental factors and 
differing responses of phytoplankton communities67,68. We thus adopt a 
multiproxy approach to provide a more complete picture of productivity 
change at the study sites during the deglaciation (Extended Data Fig. 7).

High CaCO3 concentrations at the intermediate-depth site are found 
during the mild deoxygenation intervals, but not the severe deoxygena-
tion intervals (Extended Data Fig. 7a). Sediment Sr/Al ratios (Extended 
Data Fig. 7b) are correlated to CaCO3 concentrations and thus can be 
used as a proxy for CaCO3 in the study region. It shows that the patterns 
of CaCO3 variations at the intermediate-depth and abyssal sites are 
similar, with the productivity increase beginning at about 17 ka. The 
correlation of CaCO3 concentration with coccolith counts (Extended 
Data Fig. 7c) suggests that the increase in productivity during the mild 
deoxygenation intervals were partly driven by calcareous plankton. 
Sediment CaCO3 may be affected by dissolution. A previous study found 
evidence of enhanced dissolution at the intermediate-depth site during 
the severe deoxygenation intervals but not during the mild deoxygena-
tion intervals69. Carbonate dissolution is expected to be stronger at the 
abyssal site and thus the increase in calcareous productivity indicated 
here is probably underestimated.

High total organic carbon (TOC) and biogenic opal concentrations 
at the intermediate-depth site indicate high productivity during 
the severe deoxygenation intervals (Extended Data Fig. 7d,e). How-
ever, during the onset of deoxygenation at 17–15 ka, TOC and opal 
may not record the moderate productivity increase because of poor 

preservation, dilution by lithogenic sediments or because diatoms 
require nutrient-replete conditions, which were probably not prevalent 
until the productivity–deoxygenation feedback is fully established in 
the severe deoxygenation intervals.

The bulk sediment organic matter δ15N at the intermediate-depth 
site was corrected for terrestrial organic input to indicate marine 
organic matter δ15N (ref. 28) (Extended Data Fig. 7f). High δ15N indicates 
greater surface-ocean nutrient use or sediment denitrification during 
the severe deoxygenation intervals, and the initial increase at around 
17 ka is consistent with the early increase in productivity corresponding 
to the early onset of deoxygenation indicated by Re.

Sediment Ba/Al ratios at the intermediate-depth site are correlated 
to opal concentrations, reflecting the high productivity during the 
severe deoxygenation intervals (Extended Data Fig. 7g). However, 
barite is undersaturated in the water column at intermediate depths 
in the North Pacific70 and barite dissolution in sediments may happen 
at suboxic conditions and strongly so under sulphidic conditions71. 
Biogenic Ba to carbon ratios also increase with water depth72. Thus Ba/
Al ratios at the intermediate-depth site are lower than at the abyssal 
site in the subpolar North Pacific67, and probably only record the very 
high diatom-dominated productivity during the severe deoxygenation 
intervals but not the moderate increase in productivity during the onset 
of deoxygenation. The abyssal site Ba/Al ratio is probably less affected 
by undersaturation and diagenesis, and captures the increase of pro-
ductivity at around 17 ka, as well as throughout the deoxygenation, 
consistent with the increase in suboxic benthic foraminiferal species.

Increases in the abundance of benthic foraminiferal species linked to 
organic detritus indicates the initial increase of productivity 17–15 ka 
(Extended Data Fig. 7h). The benthic species we show are Islandiella 
norcrossi at the intermediate-depth site and Elphidium batialis at the 
abyssal site. Islandiella norcrossi thrives under highly productive waters 
near seasonal sea ice margin73. However, it is a shallow-water species 
that is normally not found in deep-sea sediments. Elphidium batialis is 
phytophagous74 and only found at the abyssal site. Both species became 
the most abundant taxon at their respective sites 17–15 ka but are out-
competed when more severe deoxygenation prevails.

We summarized the productivity proxies using principal component 
analysis75,76. The coccolith counts are excluded in principal component 
analysis because of low sample resolution. PC1 (34%) and PC2 (30%) 
account for most of the total variance in the proxy data (Fig. 2i). PC1 has 
high loadings on opal, TOC and Ba/Al ratio from the intermediate-depth 
site, with its high scores indicating diatom-driven high productivity 
during severe deoxygenation. PC2 has high loadings on CaCO3 and Sr/
Al ratio from both sites, with its high scores indicating the moderately 
high productivity increase during the mild deoxygenation intervals, 
probably driven by calcareous phytoplankton growth.

Geochemical provenance analysis
The GOA is surrounded by three major volcanic fields: the Aleutian Arc 
(AA), the Wrangell Volcanic Field (WVF) and the North Cordilleran Vol-
canic Field (NCVF), as well as many other small volcanic centres (Fig. 1a). 
To estimate the volcanic fraction in sediments at the intermediate-depth 
site, we first identify the volcanic endmembers. Because volcanic mate-
rials from different volcanoes often overlap in geochemistry, and the 
erupted materials of the same volcano often evolve geochemically 
over time, we do not seek to fingerprint the individual volcanoes that 
produced the volcanic materials found at our sites but instead we seek 
endmembers that are clearly defined by geochemistry24.

We derive geochemical endmembers by analysing the Alaska Vol-
cano Observatory (AVO)77 and the GEOROC databases (https://georoc.
eu/georoc/new-start.asp). The AVO is a comprehensive collection of 
Quaternary volcanic samples in the State of Alaska, USA. The AA and 
the WVF are represented in this database. The GEOROC is a collection 
of global igneous rock samples. We used the samples from Yukon and 
British Columbia, Canada, in the precompiled North American Cordillera 
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(Cenozoic to Quaternary) sub-database78, including samples from the 
NCVF. We extracted major and trace element data of volcanic materials, 
including glass (tephra) and whole-rock analyses. We performed cluster 
analysis using the following set of elements: SiO2, TiO2, Al2O3, FeOT, MnO, 
MgO, CaO, Na2O, K2O, Rb, Ba, Sr, La, Ce, Nd, Eu, Tb, Ho, Yb, Zr and Nb, 
as a reasonable compromise to maximize both the number of samples 
and the number of elements (most samples only have limited numbers 
of the elements reported). In total, 2,273 unique samples were included. 
We performed hierarchical cluster analysis using the complete-linkage 
method79 with the Aitchison distance80 (equivalent to using the Euclidean  
distance on isometric logratio-transformed data), which is ideal for 
compositional data analysis because it resolves the ‘closure problem’.

We identified five major volcanic clusters (rare clusters smaller than 2% 
of the total samples were ignored) and the geochemical distinctions are 
shown in a total alkali-silica diagram, a rare-earth element (REE) pattern 
and a trace element spidergram (Extended Data Fig. 3). The clusters are 
defined as (in order of decreasing size): basalt–andesite–dacite; basalt  
(tholeiitic); basalt (alkaline); rhyolite (adakite) and rhyolite (typical 
arc). Although the clusters are not unique to any specific volcanoes, 
general correspondence does exist: (1) Quaternary tephra samples in 
Alaska mainly fall into the rhyolite clusters, which are separated into a 
‘typical arc’ cluster and an adakite cluster, with the latter characterized 
by greater light REE enrichment. These two clusters are commonly 
known as the type I and type II ashes in Alaska tephrochronology81,82. 
The typical arc cluster mostly originates from the central AA, whereas 
the adakite cluster mostly comes from the WVF and the Alaska Peninsula 
(the eastern AA). (2) The basalt–andesite–dacite cluster represents the 
main volcanic rock and lava series of the AA, although it is common 
elsewhere too. Some deglacial terrestrial and marine tephra found 
on the southern Alaska margin belong to this cluster6,83. (3) The basalt 
(alkaline) cluster is mainly found in the NCVF84, as well as some volcanic 
centres in the Bering Sea. We calculated the geometric means of each 
cluster and used them as the final geochemical endmembers of volcanic 
materials for purposes of linear mixing modelling later.

Next we define the terrigenous endmembers. Provenance studies 
based on thermochronology85–87, zircon geochemistry85 and heavy 
minerals88 show that the Pleistocene terrigenous sediments at the 
intermediate-depth and abyssal sites are mainly delivered by the 
Bagley-Bering Glacier system, which brings eroded materials from 
the Cretaceous–Eocene accretionary complex of the Chugach–Prince 
William terrane89. The Chugach–Prince William terrane includes the 
Valdez and Orca groups, consisting mainly of metasedimentary rocks 
and minor metabasite rocks, with increasing degree of metamorphism 
towards the Chugach Metamorphic Complex eastward in the Saint Elias 
Mountains. These terranes are intruded by the Palaeocene–Eocene 
Sanak–Baranof plutonic belt.

We compiled published major and trace element data of these terres-
trial geological endmembers90–96. We calculated the Aitchison distances 
between the geological endmembers and the Holocene (<10 ka) and 
Glacial (22–17 ka) sediment samples at the intermediate-depth site 
(outside the intervals of deglacial deoxygenation) using the following 
set of elements: TiO2, Al2O3, FeOT, MnO, MgO, Na2O, K2O, La, Ce, Nd, 
Eu, Tb, Yb and Zr, representing a compromise between maximizing 
the number of samples and the number of elements included. Poten-
tially biogenic elements in marine sediments (Si, Ca, Ba and Sr) were 
not included. The Aitchison distance helps to identify the similarity 
between GOA sediments and the potential terrigenous endmembers.

Previous studies found that the terrigenous sediment provenance on 
the southern Alaska margin has been stable since the Pleistocene85–88. 
This is borne out by the statistically indistinguishable bulk sediment 
εNd at the intermediate-depth site between the Glacial and Holocene 
samples (Fig. 3b), suggesting that the geochemical changes during 
the deglaciation were not driven by changes in terrigenous sediment 
provenance but instead reflect changes in other lithogenic inputs 
(that is, volcanic ash). Consistently, the major and trace element data 

(Extended Data Fig. 4) show that Glacial and Holocene sediments at 
the intermediate-depth site lie within the geochemical space spanned 
by the potential terrigenous endmembers and that internal differ-
ences between the Glacial and Holocene sediments are negligible when 
compared with the differences between the GOA sediments and the 
potential terrigenous endmembers. This finding indicates stability 
of background terrigenous sediment provenance despite the changes 
in sedimentation and erosion rates from the LGM to the Holocene4.

We are interested in the relative partitioning of volcanic and terri-
genous sediments. The stability of the terrigenous sediment provenance  
implies that the terrigenous sediments can be effectively treated as a 
near-constant mixture, consistent in Holocene and Glacial sediments. 
Thus we take the compositions of the Holocene and Glacial sediments 
as heuristic terrigenous endmembers. This approach allows us to par-
tition terrigenous sediments relative to volcanic sediments within 
reasonable uncertainties without a comprehensive partitioning of the 
terrigenous provenance (the endmembers of which are less geochemi-
cally constrained).

Geochemical data inversion
The distinct geochemistry of volcanic endmembers and the apparent 
stability of the terrigenous sediment provenance allow us to quantify 
their contributions to marine sediments at the intermediate-depth 
site using geochemical inversion24. We interpret the inversion results 
based on the well-established geochemical characterization of volcanic, 
particularly ash, sources in the Alaska tephrochronology81,82.

The geochemical provenance analysis at the intermediate-depth 
site is formulated as the inverse problem of a constrained linear mix-
ing model:

δAx b x xMinimise ( − )/ , subject to Σ = 1 and ≥ 0 (1)2

Here A is the matrix consisting of multidimensional elemental con-
centrations of the endmembers, in which each column is an endmem-
ber and each row is an element, b is the elemental concentrations of a 
sediment sample and x is the mixing fractions of the endmembers to 
be solved, which are non-negative and sum to one. δ is the weighting 
vector consisting of the external standard deviations of the elements 
resulting from repeated digestion and analysis of the reference mate-
rials. In total, 26 elements (Al2O3, MgO, Na2O, K2O, FeOT, MnO, TiO2, 
Cr, Cu, Ni, Zn, all 14 REEs and Zr) were used. Bulk sediment εNd was not 
used in the mixing model but it serves as an independent check on the 
reconstruction of volcanic fraction.

Elemental concentrations of sediment samples were first normalized 
to a 100% lithogenic fraction basis. Biogenic (organic matter, carbon-
ate and opal) and lithogenic fractions at the intermediate-depth site 
were previously measured on selected samples28. From these data, we 
derived a multiple linear regression to estimate the lithogenic frac-
tions using density, Al, Ca and Ba concentrations as predictors (r2 = 0.9, 
P ≪ 0.05). Sediments on the southern Alaska margin are predominantly 
lithogenic97 and, at the intermediate-depth site, the lithogenic frac-
tions varied little since the LGM (90 ± 3 wt%)28, making this correction 
minor. Finally, the results of the inversion give the weight fractions 
of the volcanic and terrigenous endmembers within lithogenic sedi-
ments, which are then converted back to weight fractions within the 
total sediments. We solved problem (1) using a linear least-squares 
algorithm with non-negativity constraint98.

The rhyolite (adakite), rhyolite (typical arc) and basalt (alkaline) end-
members all had their greatest relative abundance during the degla-
ciation (Extended Data Fig. 5). The dominance of the two rhyolite ash 
endmembers is consistent with the depositional patterns of ash plumes 
during modern eruptions99 and in agreement with the dominance of 
these two clusters in the Quaternary terrestrial tephrochronology of 
Alaska81,82. The implication is that the eastern portion of the AA and the 
WVF were more active during the deglaciation. The minor increase in the 
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basalt (alkaline) endmember may be attributed to greater input from the 
NCVF or the volcanic centres in the Bering Sea. The lack of correlation 
between ash abundance and sediment MAR shows that the variation of 
the ash fraction was not compromised by a dilution effect (Extended 
Data Fig. 5b). The constancy of the volcanic ash fraction between the 
LGM and the Holocene, despite changes in sediment MAR, suggests a 
‘background ash’ fraction of roughly 7%. We then calculated the excess 
volcanic ash fractions and fluxes after removing this background.

Global and regional records of deglacial volcanism
We compiled published global and regional records of volcanic erup-
tions since the LGM. Our compilation includes the Global Volcanism 
Program (GVP) database50, the Bryson et al. radiocarbon database100, 
the Watt et al. selected volcanic arc database101, the Large Magnitude 
Explosive Volcanic Eruptions (LaMEVE) database102, the Alaska Volcano 
Observatory eruption database77 and other recent studies in Alaska6,83,103.  
The previous global compilation of Huybers and Langmuir5 was based 
on Bryson et al. and an older version of the GVP. Our new compilation 
updated the GVP and also included the LaMEVE and AVO as well as other 
recent data, which increased the deglacial coverage. We removed dupli-
cates among the databases, standardized the volcano names and added 
the unique volcano numbers following the GVP convention. This makes 
the compilation traceable and easier for future extension. In Huybers  
and Langmuir5, small-magnitude eruptions (volcanic explosivity 
index ≤ 2) in the GVP were removed, but we chose to keep all eruptions 
in our compilation for the sake of consistency, as eruption magnitudes 
were rarely reported. In total, there are 12,403 events reported since 
24 ka. Following Huybers and Langmuir5, we assigned a standard devia-
tion equal to 10% of the reported age when age errors were not available 
(excluding historical observations that were assumed to be precisely 
dated). We recalibrated radiocarbon dates using Bchron62 with IntCal20 
(ref. 104) whenever raw dates were available.

We identify glaciated volcanoes using the modern ice volume bal-
ance following Huybers and Langmuir5, who assumed that previously 
glaciated regions probably have less negative ice volume balance today. 
The modern ice volume balance is calculated using the NCEP/NCAR 
reanalysis of precipitation and temperature105, and volcanoes that 
have a modern ice volume balance >−9 m year−1 are considered glaci-
ated, like in Huybers and Langmuir5. Eruption events were binned into 
2-kyr intervals (Extended Data Fig. 6). Like Huybers and Langmuir5, we 
assumed that the temporal sampling biases of eruption events in the 
glaciated and unglaciated volcano datasets are the same. Thus the erup-
tion frequency ratio of the glaciated volcanoes to the unglaciated ones 
may remove this bias and can be used as a proxy for glaciation-induced 
volcanism. Finally, we normalized the eruption frequency ratio relative 
to the LGM mean ratio (22–24 ka), which diverged from Huybers and 
Langmuir5, who chose to normalize to the past 2 kyr. We believe that 
the LGM normalization is probably a less biased normalizer because, 
although the numbers of eruption events during the LGM and deglacial 
are within one order of magnitude (Extended Data Fig. 6), two orders of 
magnitude more eruptions are recorded in the past 2 kyr. The difference 
in sampling bias between the LGM and the deglaciation is presumably 
smaller than between them and the past 2 kyr. Our results thus address 
the question “Was deglacial volcanism more active than that of the 
LGM?” rather than the question “Was deglacial volcanism more active 
than that of the past 2 kyr”, as originally investigated by Huybers and 
Langmuir5. Regardless, the choice of normalization will affect the abso-
lute magnitude, but not the relative change, of the eruption frequency 
ratio. To evaluate the impact of dating uncertainties, binning and ratio-
ing was performed 1,000 times in Monte Carlo simulations, including 
Gaussian distributions of ages for each eruption event.

10Be exposure dates
We compiled published 10Be exposure dates from the regions that were 
previously covered by the northern part of the CIS (north of 55° N) 

surrounding the GOA, including the southern Alaska margin39,106–108, the 
Alaska Range40,109,110 and the interior of the CIS111,112. We calculated the 
weighted average and standard deviation of 10Be age at each sample site. 
We then computed the probability density of the age distribution at each 
of the three regions using kernel density estimation113, giving equal weight 
to each sample site within the same region. Finally, we summed the prob-
ability density of all three regions, giving equal weight to each region.

The CIS in PISM sensitivity experiments
We analysed the sensitivity of the CIS volume to the surface tempera-
ture forcing in the PISM experiments performed by Seguinot et al.27,114 
(https://zenodo.org/record/3606536). Lacking regional surface tem-
perature records suitable for CIS experiments, Seguinot et al. applied 
hypothetical surface temperature forcing scaled to other tempera-
ture records, including the Greenland Ice Core Project (GRIP)115 and 
the North Greenland Ice Core Project (NGRIP)116 ice core records, the 
Antarctic EPICA117 and VOSTOK118 ice core records and SST records 
from the California margin sites ODP 1012 and ODP 1020 (ref. 119). The  
temperature records were scaled to anomalies that have average 
glacial (22–32 ka) temperature 6–7 °C lower than today27 (Extended 
Data Fig. 10a). We identified the deglacial time-lag of the ice volume 
response to temperature forcing by computing the cross-correlation 
of the 0–26-ka part of the ice volume and temperature time series  
(except for the sensitivity experiment using the ODP 1012 SST forcing, 
which has a much earlier deglaciation, and we thus used the 6–32-ka 
part of the time series) (Extended Data Fig. 10d). The average time- 
lag is 468 ± 362 years (1σ) when including all eight sensitivity experi-
ments. However, the experiments using the ODP 1012 SST forcing 
appear to be outliers, as the ice volume response is inconsistent with  
ice sheet reconstructions27. Excluding these outliers, the average 
time-lag is 360 ± 213 years (1σ). Linear regression between ice volume 
and lagged temperature gives a sensitivity of an ice loss of 1.2 ± 0.2 
(1σ) metres of sea-level equivalent per 1 °C of warming (Extended Data 
Fig. 10e).

On the basis of the ice volume–temperature relationship in the sen-
sitivity experiments, we estimated the CIS volume response had the 
GOA SST record been used as the temperature forcing (Extended Data 
Fig. 10f). The GOA SST record is scaled to have a glacial temperature 
anomaly of −6 °C, consistent with the sensitivity experiments. We then 
predict the CIS response to GOA SST forcing using the time-lagged 
linear regression results from the sensitivity experiments (Extended 
Data Fig. 10e). We perform 10,000 Monte Carlo samplings to propagate 
errors, including the errors of the SST calibration and the uncertainties 
of the time-lag and ice sheet response in the PISM sensitivity experi-
ments (Fig. 3h and Extended Data Fig. 10f).

Data availability
The geochemical datasets generated by this study and the data com-
pilations are publicly available at Zenodo (https://doi.org/10.5281/
zenodo.6770650) and Pangea (https://doi.org/10.1594/PANGAEA. 
947051; https://doi.org/10.1594/PANGAEA.947052). Source data are 
provided with this paper.

Code availability
Computer codes used in the study are publicly available (https://doi.
org/10.5281/zenodo.6770650). 
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Extended Data Fig. 1 | Modern biogeochemistry of the GOA. a, Net primary 
production, based on the Vertically Generalized Production Model and the 
Moderate Resolution Imaging Spectroradiometer satellite results120, 
integrated over the euphotic zone and averaged over the spring and summer 
months (April to September) from 2002 to 2020. b, Surface water dissolved Fe 
concentrations, measured53–55,121–123 (triangles, averaged over 0–100 m) and 
from a high-resolution regional hind-cast model124 (background colour, 
averaged over 0–100 m and the spring and summer months from 1980 to 2013). 

The colour bar is in log scale. c, Surface NO3
− climatology (μM, 1-degree grid) 

from the World Ocean Atlas 2018 (ref. 125), averaged over 0–100 m and the 
spring and summer months. d, Surface salinity climatology (0.25-degree grid) 
from the World Ocean Atlas 2018 (ref. 126), at 0 m and averaged over the summer 
months. The three black lines in a–c are the isobaths of 300 m, indicating the 
depth of the shelf break; 680 m, the depth of site 85JC/U1419; and 3,680 m, the 
depth of site 87JC/U1418. The three black lines in d are the isohalines of 30, 31 
and 32. The white arrow in d indicates the Alaska Coastal Current.
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Extended Data Fig. 2 | Bchron62 Bayesian age models. a–f, Age model 
construction for the intermediate-depth site4,17. a, Radiocarbon dates (points) 
calibrated using the Marine20 curve21 and the modelled depth–age 
relationship (median line with 1σ range). b, Sedimentation rate (median line 
with 1σ range). c, The depth conversion used to align 85JC to U1419. d, The 
normalized and weighted RMSE of GRA and MS misfits as a function of the 
deviation from the depth conversion in c. e, Aligned magnetic susceptibility 

records. f, Aligned GRA density records. g–k, Age model construction for the 
abyssal site20. Only MS was used for alignment in this case. g, Radiocarbon 
dates (points) calibrated using the Marine20 curve21 and the modelled depth–
age relationship (median line with 1σ range). h, Sedimentation rate (median line 
with 1σ range). i, The depth conversion used to align 87JC to U1418. j, The 
normalized RMSE of MS misfit as a function of the deviation from the depth 
conversion in i. k, Aligned magnetic susceptibility records.
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Extended Data Fig. 3 | Geochemistry of the volcanic endmembers 
identified by cluster analysis. a, Total alkali-silica diagram127. Each point 
represents a sample and the 1σ confidence ellipses of the clusters are shown.  
b, Chondrite128 normalized REE patterns. c, Primitive mantle128 normalized 
trace element patterns. The shaded intervals indicate the 1σ ranges (geometric 

mean and standard deviation) of the endmembers. d, Locations of volcanic 
samples. The location markers are jittered to reduce overlap on the plot. 
Unfilled circles indicate lava (whole rock) samples. Filled circles indicate tephra 
(volcanic glass) samples. The locations of the tephra samples are the locations 
at which they were deposited.
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Extended Data Fig. 4 | Geochemistry of the potential terrigenous sediment 
endmembers compared with sediments at the intermediate-depth site.  
a–c, Bi-element plots showing the relationships between GOA Holocene and 
LGM (H&L) sediments and the terrigenous endmembers90–96. d, Aitchison 
distances among the GOA Holocene and LGM sediments, and between them 
and the terrigenous endmembers90–96. Distances are calculated for all possible 

sample pairs. The y-axis is sorted in the order of increasing median distance. 
The results are summarized using violin plots. The first row in d indicates the 
internal differences among the GOA Holocene and LGM samples, whereas the 
other rows indicate external differences between the GOA samples and 
terrigenous endmembers.
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Extended Data Fig. 5 | Geochemical data inversion at the intermediate- 
depth site. a, Weight fractions of the volcanic endmembers and the terrigenous  
fractions. b, Total volcanic fraction versus total sediment MAR4. Lines and 
shaded intervals (95% CI) indicate linear regression (P > 0.5). c, Box plots of 

weighted residuals of the elements in the solution of the geochemical inverse 
problem. Boxes indicate the interquartile range; thick lines indicate the 
medians; whiskers extend to 1.5 times the interquartile range away from the 
boxes.
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Extended Data Fig. 6 | Records of volcanism since the LGM compiled by this 
study compared with that of ref. 5. a, Eruption frequencies of volcanoes 
binned at 2-kyr intervals. For glaciated volcanoes, the total frequency, as well  
as the frequency of regional glaciated volcanoes from the Northeast Pacific 
margin and the rest of the world, are shown. b, The ratios of the eruption 
frequency of the glaciated volcanoes (global total, from the Northeast Pacific 
margin or elsewhere) to that of the global unglaciated volcanoes, normalized 

to the mean ratios during the LGM, used as proxies for glacially induced 
volcanism. The ribbons indicate interquartile ranges. The eruption frequency 
ratio increases between 12 and 6 ka in Huybers and Langmuir5, much later than 
our new compilation (17–11 ka). However, this is because the eruptions of 
unglaciated volcanoes were under-sampled in Huybers and Langmuir5 during 
the deglaciation because their database was smaller (a). With greater data 
coverage, this issue of under-sampling seems resolved in our new compilation.
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Extended Data Fig. 7 | Northeast Pacific productivity proxies. a, CaCO3 
content19,28. b, Sediment Sr/Al ratio. c, Counts of coccolith per field of view19.  
d, TOC content28. e, Opal content28. f, Bulk sediment δ15N, corrected for 
terrestrial organic matter input28. g, Sediment Ba/Al ratio. The y-axis scales are 

different between the intermediate-depth and abyssal sites. h, Abundances of 
productivity-related benthic foraminifera species Islandiella norcrossi from 
the intermediate-depth site and Elphidium batialis from the abyssal site12,23. 
The colour legends in a–h are the same.
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Extended Data Fig. 8 | Records of Northeast Pacific deoxygenation 
compared with other regional and global climate proxies. a, Re/Al ratios 
from the GOA sites. b, Benthic–planktonic radiocarbon age difference (with 1σ 
uncertainty) at the intermediate-depth site4,17, a proxy for intermediate water 
ventilation. c, δ18O (with 1σ uncertainty) of surface seawater in the Northeast 
Pacific after removing global ice volume effect29, a proxy for surface salinity.  

d, Relative sea level in the northern GOA31 (points with smoothed lines and 
95% CI). e, 231Pa/230Th (with 1σ uncertainty) from the North Atlantic32, a proxy  
for the overturning strength of the AMOC. e, Terrestrial 4He flux (with 1σ 
uncertainty) from the subpolar North Pacific33, a proxy for mineral dust flux 
that is not affected by volcanic ash input.



Extended Data Fig. 9 | Histories of the CIS. a, Radiocarbon-based ice sheet extent reconstruction from 20 ka to 12 ka (ref. 41). b, Changes of ice thickness in the 
ICE-7G model from 20 ka to 12 ka (ref. 25). Red colour indicates ice loss, whereas blue colour indicates ice accumulation.
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Extended Data Fig. 10 | Sensitivity of the CIS volume to the surface 
temperature forcing in the PISM model27. a, Temperature forcing used in  
the sensitivity experiments (relative to the modern mean) derived from the 
following temperature records: EPICA117, GRIP115, NGRIP116, VOSTOK118, ODP 1012  
and 1020 (ref. 119). b, Modelled CIS volume in terms of sea-level equivalent.  
In the EPICA and GRIP experiments, both 5-km and 10-km spatial resolutions 
were used, whereas in other experiments, only 10-km resolution was used27.  
c, Rate of CIS volume change (500-year binned averages). d, Lead–lag between 
the ice volume response and the temperature forcing. Estimated time-lags are 
indicated by the vertical lines according to the highest negative cross-correlation 

and the results are shown in the legends inside brackets. e, Sensitivity of the  
CIS volume to the temperature forcing. Linear regression (lines, r2 between 
0.82 and 0.94, P ≪ 0.05) were performed after shifting the temperature forcing 
by the time-lags estimated in c. Estimated sensitivities in metres of sea-level 
equivalent per 1 °C are shown in the legends inside brackets. f, Predicted rates 
of CIS volume change (median values) if the GOA SST record is used as the 
temperature forcing. The results were estimated using the ice volume–
temperature relationship in each sensitivity experiment. The final estimate  
in Fig. 3h incorporates all the sensitivity experiments and uncertainties.


