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North Pacific deoxygenation events during the last deglaciation were sustained over 10 

millennia by high export productivity, but the triggering mechanisms and their links to 11 

deglacial warming remain uncertain1–3. Here we find that initial deoxygenation in the 12 

North Pacific immediately after the Cordilleran Ice Sheet (CIS) retreat4 was associated 13 

with increased volcanic ash in seafloor sediments. Timing of volcanic inputs relative to CIS 14 

retreat suggests that regional explosive volcanism was initiated by ice unloading5,6. We 15 

posit that iron fertilisation by volcanic ash7–9 during CIS retreat fuelled ocean productivity 16 

in this otherwise iron-limited region, and tipped the marine system toward sustained 17 

deoxygenation. We also identify older deoxygenation events linked to CIS retreat over the 18 

past ~50,000 years4. Our findings suggest that the apparent coupling between the 19 

atmosphere, ocean, cryosphere and solid earth systems occurs on relatively short timescales 20 

and can act as an important driver for ocean biogeochemical change. 21 

Reduction of dissolved oxygen (i.e., deoxygenation) in the subsurface ocean is underway and 22 

projected to worsen if modern warming trends persist10. This deoxygenation will have strong 23 

impacts on marine ecosystems, especially in regions that have low-oxygen backgrounds such as 24 

the Oxygen Minimum Zones (OMZs) of the North and East Pacific11. Identification of the 25 

mechanisms that trigger and sustain long-term deoxygenation is problematic in short modern 26 

observational records because of interannual-to-decadal variability10, which provides impetus for 27 

study of mechanism driving past sustained ocean deoxygenation. Among the best known of such 28 



occurrences are the deoxygenation events of the Northeast Pacific during the last deglacial 29 

warming (19–9 thousand years ago, hereafter ka). These events, sustained for centuries-to-30 

millennia, provide a well-constrained climate context that allows investigation into the triggers 31 

and impacts of deoxygenation1–3.  32 

The initial causes of deglacial deoxygenation events have been hypothetically linked to high-33 

latitude warming that reduced oxygen solubility, and increased metabolic oxygen demand and 34 

productivity1. However, warming alone is not sufficient to drive the entire water column to 35 

deoxygenation12. Alternative hypotheses have linked deoxygenation to slowing subsurface 36 

circulation, increasing stratification, and northward advection of low-oxygen Pacific Equatorial 37 

Water13–15; however, deglacial circulation likely accelerated in the abyssal Pacific, while no 38 

significant change of ventilation has been found at the intermediate-depths associated with 39 

deoxygenation events16,17. Another class of hypotheses implicates shelf iron cycling related to 40 

sea-level rise as fuel for increased productivity in the iron-limited North Pacific3,18. While 41 

productivity and iron feedbacks may have helped to sustain deoxygenation1,12,19, the initial 42 

triggers remain unclear.  43 

Here we document the potential role of solid earth processes in triggering the deglacial 44 

deoxygenation. The solid earth is coupled to the atmosphere-ocean system through the 45 

intermediary of the cryosphere on glacial-interglacial timescales; loss of ice cover can trigger 46 

explosive volcanism5. Modern volcanic ash deposition can lead to surface phytoplankton blooms 47 

in iron-limited regions including the subarctic Pacific7,8. We thus hypothesise that deoxygenation 48 

events in the Northeast Pacific were triggered by increasing volcanism as the Cordilleran Ice 49 

Sheet (CIS) retreated during the deglacial warming. 50 

To test this hypothesis, we generated high-resolution multi-tracer records of sediment 51 

oxygenation at two sites in the Gulf of Alaska (GOA), Northeast Pacific. Our study sites lie 52 

within the high nutrient, low chlorophyll (HNLC) region where surface water is nitrate-replete 53 

but primary production is iron-limited (Fig. 1, Extended Data Fig. 1, Methods). The sites are 54 

uniquely positioned at the intersection of the volcanically active Pacific “Ring of Fire”, CIS, and 55 

the North Pacific HNLC and OMZ, and are thus well-suited to monitor the interactions between 56 

volcanism, the cryosphere and ocean biogeochemistry. Intermediate-depth site EW0408-85JC 57 

and co-located IODP Site U1419 (59.6°N, 144.2°W, 682 m water depth) sit in the upper reaches 58 



of the modern OMZ and underlies North Pacific Intermediate Water. Abyssal site EW0408-87JC 59 

and co-located IODP Site U1418 (58.8°N, 144.5°W, 3,680 m water depth) are presently bathed 60 

by relatively well-oxygenated Pacific Deep Water that is ventilated by Southern Ocean waters16. 61 

The contrast in oceanographic background at these two sites provides an additional constraint on 62 

mechanisms driving deoxygenation.  63 

Published highly-resolved radiocarbon-based chronologies are updated using the Marine20 64 

calibration curve4,20,21 (Methods, Extended Data Fig. 2). We measured authigenic enrichment of 65 

a suite of established redox-sensitive metals (Re, U, Cd, and Mo) in sediments at sample spacing 66 

of ~90 and ~225 years for the intermediate-depth and abyssal sites respectively. The 67 

exceptionally high sedimentation rate (10–1000 cm/kyr) at both sites4,20 diminishes the potential 68 

for age offsets between authigenic accumulation and the hosting sediments to a few decades to 69 

centuries (Methods). The oxygen thresholds for the enrichment of these metals roughly follow 70 

the order of Re, U, Cd, and Mo22. As oxygen falls, the accumulations of Re and U increase under 71 

suboxic conditions. The enrichments of Cd and Mo often require sulphidic conditions22. The use 72 

of this metal suite thus allows identification of the various degrees of deoxygenation. The 73 

geochemical observations are complemented by the study of the oxygen gradients inferred from 74 

benthic foraminifera12,23. Faunal species are classified as dysoxic, suboxic, and weakly hypoxic-75 

to-oxic, based on literature reports of their modern oxygen thresholds and multivariate ordination 76 

analysis with the redox-sensitive metals (Methods).  77 

To reconstruct the local volcanic input, we measured a suite of major and trace elements at the 78 

intermediate-depth site, based on total sediment digestion (Methods). Volcanic fractions were 79 

quantified by statistical inversion of the geochemical data24 and independently supported by 80 

bulk-sediment radiogenic Nd isotope (εNd) evidence for sediment provenance16 (Extended Data 81 

Fig. 3–5). Dispersed ash accounts for a significant portion of total ash input into marine 82 

sediments24. Our geochemical sensing thus provides a more complete and continuous record of 83 

volcanism than is possible from visual inspection of discrete tephra layers. Because our 84 

reconstructions of volcanic fraction, redox, and published paleo-temperature1,19 are from the 85 

same samples, the stratigraphic order of warming, volcanism, and deoxygenation that we 86 

establish is independent of the age model. 87 



We present a new compilation of regional and global records of well-dated volcanic eruptions 88 

based mainly on terrestrial tephra records (Methods), to assess the linkage between our 89 

geochemical measures of volcanism from marine sediments and documented eruptions. We 90 

calculate the time-varying ratio of eruptive frequency of glaciated to unglaciated volcanoes5 91 

normalised to the Last Glacial Maximum (LGM) mean as a proxy for volcanism triggered by ice 92 

unloading (Extended Data Fig. 6). We then compare the links between deoxygenation and 93 

volcanism to ice sheet dynamics using well-dated records of CIS chronology, including 94 

stratigraphically co-registered sedimentological evidence at the study sites4 and regional surface 95 

exposure dates (Methods). Finally, we analysed the CIS histories reconstructed in two Glacial 96 

Isostatic Adjustment (GIA) models, the global ICE-7G (VM7)25 and the Northern Hemisphere 97 

only LW-626, and a high-resolution three-dimensional physical ice sheet model of CIS based on 98 

the Parallel Ice Sheet Model (PISM)27. 99 

Timing and extent of deoxygenation 100 

The redox-sensitive metals reveal coherent temporal patterns of deglacial deoxygenation, but 101 

with systematic differences in the degree of oxygenation between the intermediate-depth and 102 

abyssal sites (Fig. 2). The enrichments of Mo and Cd (Fig. 2e–f) coincide with sediment 103 

lamination3, indicating sulphidic conditions at the intermediate-depth site during the early 104 

Bølling–Allerød (15–13.5 ka) and early Holocene (11.7–11 ka) warming intervals1,3,28. 105 

Enrichments of Re and U (Fig. 2c–d) show that partial deoxygenation was initiated gradually 106 

starting ~17 ka, before the severe deoxygenation of Bølling warming, but after the early initial 107 

warming ~21 ka indicated by regional Sea-surface temperature (SST)1,19 (Fig. 2a–b). Moreover, 108 

Re data show persistent suboxic conditions at the intermediate-depth site throughout the 109 

deglaciation (i.e., 17–10 ka) (Fig. 2c), and again intermittently during Holocene times, revealing 110 

a greater duration of partial deoxygenation than previously thought1,3,28. In contrast, the lack of 111 

Mo enrichment and weak Cd enrichment suggests that sulphidic conditions did not reach the 112 

abyssal site during the deglaciation (Fig. 2e–f). Rather, the enrichment of Re and U suggest that 113 

suboxic conditions dominated at the abyssal site similarly to the intermediate-depth site (Fig. 2c–114 

d). The initiation of the deoxygenation is essentially synchronous at both sites. 115 

The oxygen gradients indicated by the redox-sensitive metals are supported by benthic 116 

foraminiferal species assemblages12,23. Dysoxia-tolerant benthic foraminifera capture the most 117 



severe deoxygenation at the intermediate-depth site corresponding to the sulphidic conditions 118 

indicated by Mo and Cd (Fig. 2h). Due to the low-oxygen background at the intermediate-depth 119 

site, suboxia-tolerant species are abundant except during severe deoxygenation when they are 120 

replaced by dysoxia-tolerant species (Fig. 2g). The abyssal site lacks dysoxia-tolerant species, 121 

while increasing abundance of suboxia-tolerant species is consistent with Re and U enrichments 122 

in revealing the initiation of partial deoxygenation at ~17 ka (Fig. 2g). Redox-sensitivity metals 123 

and faunal assemblages agree with each other and suggest that the development of 124 

deoxygenation are coeval at both sites. This multi-proxy and multi-location consistency suggests 125 

that age offsets between authigenic metals and the hosting sediments are negligible and that the 126 

timing of the deoxygenation events are well captured. 127 

We also find a tight coupling between deoxygenation, phytoplankton community, and surface-128 

ocean productivity exported to the seafloor based on multiple productivity proxies (Extended 129 

Data Fig. 7), which we summarise using two principal components (PCs, Fig. 2i, Methods). High 130 

PC2 scores indicate an early productivity increase associated with a rise in calcareous 131 

plankton19,28 ~17 ka corresponding to the initiation of mild deoxygenation. High PC1 scores 132 

show a change in the character of productivity occurred ~15 ka with high diatom export as opal 133 

and elevated δ15N associated with the severe deoxygenation28. We suggest that an early (17–15 134 

ka) improvement of the availability of surface-ocean nutrients was exploited by phytoplankton 135 

groups that require warming but have modest nutrient requirements. Such an early increase in 136 

productivity could have contributed to limited deoxygenation, releasing sediment-sourced 137 

nutrients into the water column and making them available to the biota1. A subsequently 138 

nutrient-replete surface ocean could then host diatom blooms, which are exported more 139 

efficiently to the underlying sediments to sustain severe deoxygenation. 140 

The initiation of deoxygenation at ~17 ka is significantly earlier than the onset of sulphidic 141 

conditions at ~15 ka. Benthic radiocarbon data indicate that deoxygenation is not associated with 142 

slowing of the subsurface circulation4 (Extended Data Fig. 8b). A sea-surface salinity 143 

reconstruction also discounts an association of meltwater and stratification with deoxygenation29 144 

(Extended Data Fig. 8c). Deglacial meltwater was likely mostly trapped by the Alaska Coastal 145 

Current and transported alongshore to the northwest, as it is today30 (Extended Data Fig. 1d). 146 

Global eustatic sea-level rise is also unlikely to explain the initiation of deoxygenation3,18, as 147 



relative sea-level fell in the northern GOA during the deglaciation because of isostatic rebound 148 

and tectonic movement6,31 (Extended Data Fig. 8d).  149 

The early stages of deoxygenation (17–15 ka) coincided with the minimum strength of the 150 

Atlantic Meridional Overturning Circulation (AMOC)32 (Extended Data Fig. 8e). This timing 151 

precludes a hypothesis linking reduction in North Pacific subsurface circulation rates to 152 

acceleration of AMOC15, adding to growing evidence that North Pacific variability is not a 153 

passive responder to the North Atlantic but has its own dynamics4,29. Mineral dust transported 154 

from Asian deserts to the subpolar North Pacific remained constant during the initiation of 155 

deoxygenation while decreased during the severe deoxygenation33 (Extended Data Fig. 8f), so 156 

we can reject a hypothesis that mineral dust from Asia was a primary drivers of productivity and 157 

deoxygenation.  158 

Greater Volcanism following CIS retreat  159 

At the intermediate-depth site, the εNd of lithogenic sediment increased rapidly starting at ~17 ka, 160 

and relatively positive values persisted through the deglaciation (Fig. 3b). As volcanic materials 161 

have higher εNd (+6~+10)34 than regional terrigenous sediments (~ –2)35, more positive values of 162 

εNd indicate greater volcanic contributions concurrent with the initiation and development of 163 

deoxygenation. 164 

Statistical inversion of a broader suite of geochemical data further shows that the volcanic 165 

fractions in sediments are dominated by dispersed rhyolitic ash likely sourced from the eastern 166 

Aleutian Arc and/or Wrangell Volcanic Field36 (Fig. 1a, Extended Data Fig. 5). The volcanic ash 167 

fraction exceeded background levels at ~17 ka (Fig. 3c) and reached peak values at the beginning 168 

(~16 ka and ~12 ka) of the severe deoxygenation intervals. We calculate the excess volcanic ash 169 

mass accumulation rate (MAR) to be 5~100 g m-2 yr-1 (Fig. 3d), and find that it was comparable 170 

to or exceeding the highest atmospheric mineral dust fluxes in the modern ocean37. Given that 171 

volcanic ash has similar iron solubility to mineral dust9, such elevated volcanic ash flux during 172 

the deglacial interval could have relieved iron-limitation and fuelled biological production in the 173 

Northeast Pacific. 174 

Increasing deglacial volcanism on the Northeast Pacific margin is also supported by our new 175 

compilation of regional and global explosive volcanism. We find that previously glaciated 176 



volcanoes in the study region experienced a ~6-fold increase in activity during the deglaciation 177 

relative to the LGM, significantly more than the apparent ~2-fold increase in other glaciated 178 

volcanoes from elsewhere in the world (Fig. 3e, Extended Data Fig. 6). The timing of increased 179 

volcanism based on the eruption frequency ratio (binned in 2-kyr intervals) is consistent with the 180 

high-resolution geochemical record of dispersed ash at the intermediate-depth site. Assuming 181 

that terrestrial deposition of tephra can only be preserved after the ice cover was gone, enhanced 182 

deglacial volcanism could have occurred even earlier than our terrestrial compilation indicates.  183 

A mechanism often used to explain the increase in volcanism during glacial retreat links ice mass 184 

unloading to reduced crustal pressure and stress, and their influence on magma production and 185 

storage5,38. Our records indicate that regional volcanism began to increase at ~17 ka, soon after 186 

the CIS started to disintegrate. Ice rafted debris (IRD) at the intermediate-depth site reveals that 187 

the last major discharge event, Siku Event 1 (S1), occurred 18–17 ka (Fig. 3f), after which the 188 

bulk of the CIS permanently retreated away from the Southern Alaska margin4. Terrestrial 10Be 189 

exposure dating shows that CIS retreat was underway 19–17 ka on the Southern Alaska 190 

margin39, and glacial retreat in the Alaska Range began 21–18 ka with accelerating pace 17–16 191 

ka40 (Fig. 3g). Radiocarbon-based chronologies41 document an early deglaciation of the Aleutian 192 

Arc (19–17 ka) and a later (15–12 ka) rapid ice loss in the Aleutian and Wrangell volcanic 193 

regions (Extended Data Fig. 9a).  194 

Two GIA-based models, ICE-7G25 and LW-626, estimate that the majority of CIS mass loss 195 

happened 15–13 ka (Fig. 3h). In ICE-7G, ice removal first started 19–17 ka in the north-western 196 

part of CIS covering the Aleutian and Wrangell regions as indicated by the radiocarbon 197 

chronology (Extended Data Fig. 9), consistent with our geochemical inference that these regions 198 

were the likely initial source of increasing volcanism. In LW-6, the earliest CIS deglaciation 199 

started 17–15 ka (Fig. 3h). This later date likely results from the model domain of LW-6 200 

excluding the north-western part of the CIS26.  201 

In the dynamic ice sheet model PISM27, significant CIS retreat could have started well before 17 202 

ka, depending on which surface-temperature forcing is applied (Extended Data Fig. 10). 203 

Sensitivity experiments under various temperature forcings reveal high sensitivity of ice loss to 204 

local warming (–1.2±0.2 metre of sea level equivalent/oC) with a short time-lag (360±213 yr). 205 

Given this sensitivity, we predicted the CIS volume change when the GOA SST is applied as 206 



forcing. A regional warming trend starting as early as ~21 ka predicts a much greater CIS mass 207 

loss in the interval 21–17 ka and 17–15 ka (Fig. 3a, h) than suggested by the GIA-based models, 208 

which have limited local sea-level data constraints particularly from the north-western side of 209 

CIS. The local SST based prediction of early ice loss agrees well with the 10Be constrained CIS 210 

chronology (Fig. 3g).  211 

Thus, volcanism increased rapidly (~17 ka) with little time-lag (<4 kyr) following the beginning 212 

of CIS unloading (starting as early as ~21 ka), consistent with the detailed case studies of Mount 213 

Edgecumbe in the Southeast Alaska6 and modelling of magma chambers responses to ice 214 

unloading38.  215 

A coupled system 216 

Our results establish close links between surface warming, ice sheet retreat, volcanism, marine 217 

productivity, and ocean deoxygenation during the last deglaciation on the Northeast Pacific 218 

margin (Fig. 4). These linkages imply much tighter coupling of the atmosphere, ocean, 219 

cryosphere, and solid earth systems, on shorter time scales than previously thought.  220 

Rising summer insolation42 may have initiated the observed regional warming and ice sheet 221 

retreat early in the deglacial sequence ~21 ka (Fig. 3a). If ice unloading induced greater volcanic 222 

activity, extensive volcanic ash may in turn have accelerated ice sheet melting via the albedo 223 

effects on ice ablation zones43, yielding additional unloading and volcanism. Greater volcanic 224 

ash input to the surface-ocean, regardless of the transport mechanism (air-fall, water or sea-ice 225 

transported), would have constituted an increased flux of iron and other nutrients sufficient to 226 

stimulate phytoplankton productivity ~17 ka. With sufficient deoxygenation at the seafloor, iron 227 

and nutrient release from reducing sediments delivered to the upper-ocean biota by vertical 228 

mixing would have fuelled further productivity and sustained deoxygenation ~15 ka1. Diagenetic 229 

mobilisation of sedimentary iron in the severe deoxygenation intervals is evidenced by 230 

anomalously low paleo-magnetic intensity at the intermediate-depth site20,44. Modern ocean 231 

studies have documented that local marginal sources of sedimentary iron can be transported 232 

through the subsurface and intermediate water circulation on basinal scales throughout the 233 

subpolar North Pacific, stimulating productivity and deoxygenation far-field45. This coupled 234 

Earth system thus provides a mechanism to explain the onset and long duration of deglacial 235 

deoxygenation events found across the North Pacific at sites that have low-oxygen 236 



backgrounds1,46 (Fig. 1c). Our results thus give impetus to the creation of coupled system models 237 

with interactive cryosphere and solid earth components to simulate ocean biogeochemical 238 

changes on orbital and millennial timescales. 239 

To assess whether such events are unique to major deglaciation or happen frequently in the past, 240 

we examined longer records from the same sites and found redox-sensitive metal and benthic 241 

faunal evidence for brief deoxygenation events associated with earlier glacial retreats 242 

documented in IRD records4 back to ~50 ka (Fig. 5). These older deoxygenation events typically 243 

lasted a few centuries. Such transient events suggest a high sensitivity of ocean oxygenation to 244 

perturbations to the coupled system on the Northeast Pacific margin.  245 

Do the solid earth to ocean biogeochemistry linkages we identify here also apply to the future? 246 

Much of the Cordilleran ice is gone, limiting the power of deglaciation to trigger volcanism, but 247 

the remaining ice on the high elevation stratovolcanoes and other mountainous regions of the 248 

Northeast Pacific margin is still significant and melting is accelerating today47. Moreover, 249 

modern global warming is putting this region in a precarious near-hypoxic state10, such that even 250 

a modest increase in export productivity fuelled by volcanic iron input could amplify thermal 251 

deoxygenation. It is an open question whether increased volcanism might follow from future ice 252 

losses. And if so, whether it would suffice to cross deoxygenation thresholds as it did during the 253 

deglaciation, or whether future deoxygenation will be strong enough to trigger sustaining 254 

feedback mechanisms. Nevertheless, the linkages we have identified in the past suggest that the 255 

coupling between solid earth and marine biogeochemical processes can operate relatively 256 

quickly, and tipping-point behaviours exist that can sustain deoxygenation for millennia, a 257 

potential concern for the future.  258 
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 389 

Figure legends 390 

Fig 1. Geology and oceanography background. a, Modern land topography and ocean 391 

bathymetry in the Northeast Pacific. Circles mark the intermediate-depth site EW0408-392 

85JC/IODP-U1419 and the abyssal site EW0408-87JC/IODP-U1418. b, Modern global surface 393 

ocean nitrate concentration48. c, d, Modern global ocean oxygen concentration48 at the 700 m (c) 394 

and 3500 m (d) depths respectively. In all panels, red triangles indicate Quaternary volcanoes49. 395 

The three major regional volcanic fields adjacent to the Northeast Pacific are indicated in a. 396 

White fields show the LGM ice extent based on regional reconstruction41 (a) and the global ICE-397 

7G model25 (b–d). The study region is indicated on the global maps by the black boxes. 398 

 399 



Fig.2 | Records of deglacial deoxygenation in the Northeast Pacific. a. Greenland NGRIP ice 400 

core δ18O on the AICC2012 timescale50. b. SST at the intermediate-depth site1,19 (data points 401 

with 1σ uncertainty, and LOESS smoothed line with shaded 95% confidence interval/CI). c–f, 402 

Concentrations of redox-sensitive metals normalised to Al (with 2σ uncertainties) at the 403 

intermediate-depth and abyssal sites. g and h, Abundances of suboxic and dysoxic benthic 404 

foraminiferal species12,23. The horizontal error bars in b–h indicate the 95% CIs of age models. 405 

The same colour legend applies to b–h. i, Principal Components of the productivity proxies from 406 

the study sites; PC1 is generally associated with siliceous plankton, and PC2 with calcareous 407 

plankton (Methods). The yellow bars mark sediment lamination and severe deoxygenation, and 408 

the pink bars indicate milder but broader time spans of deoxygenation. The red bars at the top 409 

indicate Siku Event 1 (S1)4. 410 

 411 

Fig.3 | Records of deglacial volcanism and ice sheet retreat on the Northeast Pacific margin. 412 

a, SST at the intermediate-depth site1,19 (LOESS smoothed line with shaded 95% CI), and 413 

insolation on June 21th at 65oN42.  b, Bulk sediment εNd (points with 2σ uncertainty and LOESS 414 

smoothed line with shaded 95% CI, horizontal error bars indicate the 95% CIs of age model)16. c, 415 

Volcanic ash fraction (LOESS smoothed line with shaded 95% CI). d, Volcanic ash MAR in 416 

excess of the background (log scale, mean values in line with 1σ range). e, Eruption frequency 417 

ratios of glaciated volcanoes from the Northeast Pacific margin and glaciated volcanoes from 418 

elsewhere in the world. Ribbons indicate interquartile ranges. f, IRD MAR (median with 1σ 419 

range)4. g, Probability densities of 10Be age from the northern part of CIS (north of 55oN). h, The 420 

rate of CIS volume change, in terms of sea-level equivalent, in the GIA models (LW-626 and 421 

ICE-7G25), and estimated using the sensitivity results of the physical ice sheet model PISM27 and 422 

GOA SST (median with 1σ range). 423 

 424 

Fig.4 | Hypothesised links between ice sheet retreat, volcanism and deoxygenation in the 425 

Northeast Pacific. a, The glacial state, with strong mass loading by the ice sheet. Volcanism is 426 

depressed. Seafloor oxygenation is similar or slightly better than today and surface productivity 427 

is similar or slightly weaker than today12. b, The deglacial state, with increasing volcanism 428 

because of ice sheet retreat, which triggered high productivity and seafloor deoxygenation at 429 



both sites. OMZ likely expanded but probably did not reach the abyssal site. The albedo effect of 430 

volcanic ash likely accelerated ice retreat. c, The interglacial state, after ice sheet retreat, 431 

volcanism becomes weaker. Surface productivity and seafloor oxygenation return to baseline 432 

conditions typical of the modern subpolar HNLC North Pacific. The stars mark the intermediate-433 

depth and abyssal sites. 434 

 435 

Fig.5 | Records of ice sheet retreat and deoxygenation on the Northeast Pacific margin in 436 

the last 50 kyr. a. Greenland NGRIP ice core δ18O on the AICC2012 timescale50. The Heinrich 437 

Stadials are labelled. b and c, Total sediment and IRD MAR (median with 1σ range)4. The red 438 

bars indicate Siku events4. d, Standardised concentrations (z scores, means removed) of redox-439 

sensitive metals. Thin coloured dashed lines represent individual metals. Thick pink line 440 

indicates LOESS smoothing running through all metals. e, Abundance of dysoxic benthic 441 

foraminiferal species. The yellow bars mark the deoxygenation events. The age model and MAR 442 

before ~45 ka are beyond the limit of precise radiocarbon dating, and are thus uncertain4. 443 

 444 

Methods 445 

Modern biogeochemistry 446 

The modern offshore GOA is part of the HNLC region of the subpolar North Pacific, where 447 

moderately high surface primary production leads to incomplete utilisation of macronutrients 448 

such as nitrate because of iron limitation51 (Extended Data Fig.1a–c). In contrast, the Southern 449 

Alaska coastal water is a highly productive ecosystem that is iron-replete but nitrate-limited52. 450 

These two ecological regimes are separated by the shelf break, and the two study sites, 451 

85JC/U1419 on the upper slope and 87JC/U1418 on the abyssal plain, both lie within the HNLC 452 

region (Extended Data Fig.1a). 453 

Removal of coastal sources of Fe on the shelf is a plausible reason for low surface Fe 454 

concentrations in the HNLC GOA52–54 (Extended Data Fig.1b). Near the coast, glacial meltwater 455 

delivers Fe dominantly in particulate forms, which is rapidly removed within the inner and 456 

middle shelf, trapped by the Alaska Coastal Current (ACC)55. The fate of glacial meltwater is 457 

seen in the distribution of surface salinity during the summer season (Extended Data Fig.1d). The 458 



ACC traps the meltwater and transports it alongshore to the north and west, rather than 459 

offshore30. Through shelf-cycling, particulate Fe sustains a relatively uniform concentration of 460 

dissolved Fe of a few nanomolar in the surface waters on the shelf, but the concentration 461 

decreases quickly approaching the shelf break54 (Extended Data Fig.1b). This creates a clear 462 

biogeochemical boundary between the iron-replete coast/shelf waters and iron-limited HNLC 463 

open ocean. Limited offshore transport of shelf-sourced Fe mainly happens via two pathways. 464 

First, mesoscale eddies impinging on the shelf can deliver shelf waters to the open ocean 465 

sporadically56. Secondly, through mixing shelf-sourced Fe can enter the subsurface or even 466 

intermediate waters, which are more capable of long distance transport, but this requires 467 

diffusive upwelling to finally reach the surface of the HNLC regions45,52,57. 468 

Low atmospheric Fe deposition is another reason for low surface Fe concentration in the GOA. 469 

Low dissolved Al concentration (<1 nM) in surface waters seaward of the shelf break in the 470 

GOA is an indication of low atmospheric input to the HNLC region58. Prevailing westerly winds 471 

dictate that the main mineral dust source to the subpolar North Pacific is the Asian continent, 472 

with decreasing deposition rate eastward33. Despite this, glacial mineral dust is considered a 473 

main source of Fe to the HNLC region as shelf Fe cannot directly reach the open ocean59.  474 

Fertilisation by volcanic ash has also been observed in the modern HNLC subpolar North 475 

Pacific7,60. Using an average modern mineral dust flux of 1–2 g/m2/yr33, the total mineral dust 476 

flux into the subpolar North Pacific (north of 45oN, total area of 1.02×1013 m2) is 10–20×1015 477 

g/kyr. In comparison, long term average of volcanic ash deposition into this region from 478 

surrounding subduction arcs (including Kuril, Kamchatka, Aleutian and Alaska) is estimated to 479 

be 29–44×1015 g/kyr9. Given similar soluble Fe content9, this implies a comparable or greater Fe 480 

source from volcanic ash than mineral dust in this region, on time scales averaged over millennia 481 

or longer. 482 

Age models 483 

The age model of the intermediate-depth site was built upon 255 foraminiferal 14C dates in the 484 

last 55 kyr4. The 85JC 14C data were mapped onto the CCSF-B depth scale of U1419 using 485 

gamma-ray-attenuation bulk density (GRA) and magnetic susceptibility (MS) (Extended Data 486 

Fig. 2). We update the depth conversion in ref4 to improve the alignment of records. To test the 487 

robustness of this alignment, we deviate from our chosen depth conversion and compute the 488 



resulting root mean square error (RMSE) misfits of GRA and MS between the two sites. The 489 

RMSEs of GRA and MS are normalised by scaling to their respective ranges and summed given 490 

equal weights. Results show that deviation of more than 1 cm will increase the misfits of GRA 491 

and MS, proving that our alignment is optimal. The surface reservoir ages of samples that have 492 

paired benthic-planktic 14C dates were estimated using a vertical advection-diffusion box model4, 493 

producing a transient timeseries of ΔR that averages to 120±220 yr on the Marine20 timescale. 494 

This average value was then applied to the planktic dates that have no benthic pairs. Benthic 495 

dates were calibrated using a fixed ΔR of 860±330 yr. Beyond 45 ka 14C measurements have 496 

large errors, and to extend the age model the IRD record of U1419 was tuned to the North 497 

Atlantic IRD stack assuming a Pacific lead of 1400 yr based on the time-lag analysis after 45 ka4.  498 

The age model of the abyssal site is anchored by 38 planktic 14C dates in the last 45 kyr20. The 499 

87JC 14C data were mapped onto the CCSF-B depth scale of U1418 using MS20. The robustness 500 

of the alignment is tested as described for the intermediate-depth site, and the results similarly 501 

show that our alignment is optimal (Extended Data Fig. 2). Surface reservoir ages were estimated 502 

following the result at the intermediate-depth site.  503 

The final Bayesian age models at both sites were produced using Bchron61. We refer to refs4,20 504 

for the details of age model reconstruction. During the deglaciation (19–9 ka), the 1σ age model 505 

uncertainty is 52 years (median, interquartile range is 47–61 years) at the intermediate-depth site, 506 

and 53 years (median, interquartile range is 34–87 years) at the abyssal site. Between 19 and 55 507 

ka, the 1σ age model uncertainty is 151 years (median, interquartile range is 117–217 years) at 508 

the intermediate-depth site. 509 

Geochemical measurements 510 

Bulk sediment samples were digested in a CEM MARS-6 microwave using HCl-HNO3-HF. 511 

Major and trace element concentrations were measured on an ICP-OES and a quadrupole ICP-512 

MS respectively in the W.M. Keck Collaboratory for Plasma Spectrometry of Oregon State 513 

University following established procedures34,62. Internal standards were used to correct 514 

instrumental drifts for the trace metals. Long-term (over 3 years) reproducibility was typically 515 

~2% and always <10%, monitored by repeated digestion of an in-house marine sediment 516 

standard. Further quality control was done by repeated digestion of the sediment reference 517 



material PACS-2 and USGS rock reference materials AGV-1, BHVO-1 and BHVO-2, which 518 

agree well with literature results23,34.  519 

Redox-sensitive metals 520 

Redox zonation and remobilisation in marine sediments can potentially cause depth, and thus 521 

age, offsets between the location of preserved metal enrichment and the original sediment-water 522 

interface (SWI) when the initial enrichment happened22. To rule out such offsets, we use multiple 523 

redox-sensitive metals, which should be affected differentially by redox zonation and 524 

remobilisation63. We further compare the metal proxies with benthic faunal proxies, which are 525 

not affected by such offsets12,23. The result that the timings of deoxygenation are the same 526 

indicated by different metals and benthic faunas confirms that zonation and remobilisation are 527 

not important at the study sites. Offsets in age are minimised by high sedimentation rates at both 528 

sites, which vary from 10 to 1000 cm/kyr in the last 55 ka and are amongst the highest reported 529 

at similar water depths4,20. Previous studies have showed that Re enrichment is ~1 cm offset from 530 

the SWI in suboxic and sulphidic sediments, while the Mo enrichment is ~0.2 cm offset from the 531 

SWI in sulphidic sediments64. Such depth offsets correspond to <100 yr age offsets at our study 532 

sites. High sedimentation rates not only reduce age offset due to zonation, but also prevents 533 

remobilisation by reducing oxygen exposure time63. Rhenium is likely the most sensitive to 534 

reoxidation63, but the strong correlation to other redox metals and the benthic faunas rules out 535 

remobilisation as a significant process at the study sites. Moreover, enrichment of these metals in 536 

sediment can happen due to non-redox related processes, for example, being carried by Fe-Mn 537 

oxides and biogenic materials to sediments22. The use of multiple metals together with the 538 

benthic faunas thus helps minimise such potential biases.  539 

Based on the age models, our deglacial (19–9 ka) redox-sensitive metal sample spacing is 90 540 

years (median, interquartile range is 53–151 years) at the intermediate-depth site and 225 years 541 

(median, interquartile range is 73–360 years) at the abyssal site. Between 19 and 55 ka, the 542 

sample spacing is 112 years (median, interquartile range is 55–200 years) at the intermediate-543 

depth site. Considering the high sampling resolutions, low age model uncertainties and small age 544 

offsets, we argue the redox-sensitive metals can constrain the timing of deoxygenation events to 545 

~100 years at the study sites during the deglaciation and a few centuries during the glacial 546 

period. 547 



Benthic foraminifera assemblages 548 

Benthic foraminifera data have been published previously, where species were classified as 549 

dysoxic (O2<0.5 ml/L), suboxic (0.5–1 ml/L), and weakly hypoxic-to-oxic (>1 ml/L) based on 550 

literature values of oxygen thresholds and multivariate ordination analysis12,23. The dysoxic 551 

species dominate under the sulphidic conditions of Mo and Cd enrichment, the suboxic species 552 

are prevalent under the mildly reducing condition of Re and U enrichment, while the weakly 553 

hypoxic-to-oxic species represent the low-oxygen background that is not sufficient to cause 554 

authigenic metal enrichment. 555 

Sea-surface temperatures 556 

Published sea-surface temperatures reconstructed using UK′37 at the intermediate-depth site 85JC1 557 

and U141919 are here placed on the unified and updated Marine20 based age model4,21. The 558 

deglacial UK′37 records from the two sites are offset following a relationship of UK′37 (85JC) = 559 

0.94×UK′37 (U1419) – 0.01 (r=0.9, p<<0.05), likely reflecting inter-laboratory offsets. We 560 

corrected the published U1419 record to be consistent with that of 85JC, and converted UK′37 to 561 

SST using the calibration program BAYSPLINE65. The analytical UK′37 offset of 0.03 (1σ =0.01) 562 

between 85JC and U1419 is equivalent to a SST difference of 0.75oC (1σ =0.19oC) using this 563 

calibration, which is smaller than the 1.35oC (1σ) uncertainty of the calibration itself. 564 

Productivity proxies 565 

Ocean and sedimentary processes can potentially cause productivity proxies to not accurately 566 

record paleo-productivity signals, including poor preservation, overprinting of other 567 

environmental factors and differing responses of phytoplankton communities66,67. We thus adopt 568 

a multi-proxy approach to provide a more complete picture of productivity change at the study 569 

sites during the deglaciation (Extended Data Fig. 7). 570 

High CaCO3 concentrations at the intermediate-depth site are found during the mild 571 

deoxygenation intervals, but not the severe deoxygenation intervals (Extended Data Fig. 7a). 572 

Sediment Sr/Al ratios (Extended Data Fig. 7b) are correlated to CaCO3 concentrations and thus 573 

can be used as a proxy for CaCO3 in the study region. It shows that the patterns of CaCO3 574 

variations at the intermediate-depth and abyssal sites are similar, with the productivity increase 575 

beginning at ~17 ka. The correlation of CaCO3 concentration with coccolith counts (Extended 576 

Data Fig. 7c) suggests that the increase in productivity during the mild deoxygenation intervals 577 



were partly driven by calcareous plankton. Sediment CaCO3 may be affected by dissolution. A 578 

previous study found evidence of enhanced dissolution at the intermediate-depth site during the 579 

severe deoxygenation intervals but not during the mild deoxygenation intervals68. Carbonate 580 

dissolution is expected to be stronger at the abyssal site, and thus the increase in calcareous 581 

productivity indicated here is likely underestimated. 582 

High total organic carbon (TOC) and biogenic opal concentrations at the intermediate-depth site 583 

indicate high productivity during the severe deoxygenation intervals (Extended Data Fig. 7d–e). 584 

However, during the onset of deoxygenation at 17–15 ka, TOC and opal may not record the 585 

moderate productivity increase because of poor preservation, dilution by lithogenic sediments, or 586 

because diatoms require nutrient-replete conditions, which were likely not prevalent until the 587 

productivity-deoxygenation feedback is fully established in the severe deoxygenation intervals. 588 

The bulk sediment organic matter δ15N at the intermediate-depth site was corrected for terrestrial 589 

organic input to indicate marine organic matter δ15N28 (Extended Data Fig. 7f). High δ15N 590 

indicates greater surface-ocean nutrient utilisation or sediment denitrification during the severe 591 

deoxygenation intervals, and the initial increase at ~17 ka is consistent with the early increase in 592 

productivity corresponding to the early onset of deoxygenation indicated by Re.  593 

Sediment Ba/Al ratios at the intermediate-depth site are correlated to opal concentrations, 594 

reflecting the high productivity during the severe deoxygenation intervals (Extended Data Fig. 595 

7g). However, barite is under-saturated in the water column at intermediate depths in the North 596 

Pacific69, and barite dissolution in sediments may happen at suboxic conditions and strongly so 597 

under sulphidic conditions70. Biogenic Ba to carbon ratios also increase with water depth71. Thus, 598 

Ba/Al ratios at the intermediate-depth site are lower than at the abyssal site in the subpolar North 599 

Pacific66, and likely only record the very high diatom-dominated productivity during the severe 600 

deoxygenation intervals but not the moderate increase in productivity during the onset of 601 

deoxygenation. The abyssal site Ba/Al ratio is likely less affected by under-saturation and 602 

diagenesis, and captures the rise of productivity at ~17 ka as well as throughout the 603 

deoxygenation consistent with the increase in suboxic benthic foraminiferal species. 604 

Increases in the abundance of benthic foraminiferal species linked to organic detritus indicates 605 

the initial rise of productivity 17–15 ka (Extended Data Fig. 7h). The benthic species we show 606 

are Islandiella norcrossi at the intermediate-depth site and Elphidium batialis at the abyssal 607 



site. Islandiella norcrossi thrives under highly productive waters near seasonal sea ice margin72. 608 

It, however, is a shallow water species that is normally not found in deep-sea 609 

sediments. Elphidium batialis is phytophagous73 and only found at the abyssal site. Both species 610 

became the most abundant taxon at their respective sites in 17–15 ka but are outcompeted when 611 

more severe deoxygenation prevails. 612 

We summarised the productivity proxies using Principal Component Analysis (PCA)74,75. The 613 

coccolith counts are excluded in PCA because of low sample resolution. PC1 (34%) and PC2 614 

(30%) account for the majority of total variance in the proxy data (Fig. 2i). PC1 has high 615 

loadings on opal, TOC and Ba/Al ratio from the intermediate-depth site, with its high scores 616 

indicating diatom driven high productivity during severe deoxygenation. PC2 has high loadings 617 

on CaCO3 and Sr/Al ratio from both sites, with its high scores indicating the moderately high 618 

productivity increase during the mild deoxygenation intervals, likely driven my calcareous 619 

phytoplankton growth.  620 

Geochemical provenance analysis 621 

The Gulf of Alaska is surrounded by three major volcanic fields: the Aleutian Arc (AA), the 622 

Wrangell Volcanic Field (WVF) and the North Cordilleran Volcanic Field (NCVF), as well as 623 

many other small volcanic centres (Fig. 1a). To estimate the volcanic fraction in sediments at the 624 

intermediate-depth site, we first identify the volcanic endmembers. Because volcanic materials 625 

from different volcanoes often overlap in geochemistry, and the erupted materials of the same 626 

volcano often evolve geochemically over time, we do not seek to fingerprint the individual 627 

volcanoes that produced the volcanic materials found at our sites, but instead we seek 628 

endmembers that are clearly defined by geochemistry24.  629 

We derive geochemical endmembers by analysing the Alaska Volcano Observatory (AVO)76 and 630 

the GEOROC77 databases. AVO is a comprehensive collection of Quaternary volcanic samples 631 

in the State of Alaska, US. AA and WVF are represented in this database. GEOROC is a 632 

collection of global igneous rock samples. We used the samples from Yukon and British 633 

Columbia, Canada, in the precompiled North America Cordillera (Cenozoic to Quaternary) sub-634 

database, including samples from NCVF. We extracted major and trace element data of volcanic 635 

materials including glass (tephra) and whole rock analyses. We performed cluster analysis using 636 

the following set of elements: SiO2, TiO2, Al2O3, FeOT, MnO, MgO, CaO, Na2O, K2O, Rb, Ba, 637 



Sr, La, Ce, Nd, Eu, Tb, Ho, Yb, Zr, Nb, as a reasonable compromise to maximise both the 638 

number of samples and the number of elements (most samples only have limited numbers of 639 

elements reported). In total, 2273 unique samples were included. We performed hierarchical 640 

cluster analysis using the complete-linkage method78 with the Aitchison distance79 (equivalent to 641 

using the Euclidean distance on isometric-log-ratio transformed data), which is ideal for 642 

compositional data analysis because it resolves the “closure problem”.  643 

We identified 5 major volcanic clusters (rare clusters smaller than 2% of the total samples were 644 

ignored), and the geochemical distinctions are shown in a Total Alkali Silica (TAS) diagram, a 645 

Rare Earth Element (REE) pattern and a trace element spidergram (Extended Data Fig. 3). The 646 

clusters are defined as (in the order of decreasing size): basalt−andesite-dacite; basalt (tholeiitic); 647 

basalt (alkaline); rhyolite (adakite), and rhyolite (typical arc). While the clusters are not unique to 648 

any specific volcanoes, general correspondence does exist: (1) Quaternary tephra samples in 649 

Alaska mainly fall into the rhyolite clusters, which are separated into a “typical arc” cluster and 650 

an adakite cluster with the latter characterized by greater light REE enrichment. These two 651 

clusters are commonly known as the type-I and type-II ashes in Alaska tephrochronology80,81. 652 

The typical arc cluster mostly originates from the central AA, while the adakite cluster mostly 653 

comes from WVF and the Alaska Peninsula (the eastern AA). (2) The basalt−andesite-dacite 654 

cluster represents the main volcanic rock and lava series of the AA, though it is common 655 

elsewhere too. Some deglacial terrestrial and marine tephra found on the Southern Alaska margin 656 

belong to this cluster6,82. (3) The basalt (alkaline) cluster is mainly found in the NCVF83, as well 657 

as some volcanic centres in the Bering Sea. We calculated the geometric means of each cluster 658 

and used them as the final geochemical endmembers of volcanic materials for purposes of linear 659 

mixing modelling later. 660 

Next, we define the terrigenous endmembers. Provenance studies based on thermochronology84–661 
86, zircon geochemistry84 and heavy minerals87 show that the Pleistocene terrigenous sediments 662 

at the intermediate-depth and abyssal sites are mainly delivered by the Bagley-Bering Glacier 663 

system, which brings eroded materials from the Cretaceous-Eocene accretionary complex of the 664 

Chugach-Prince William (CPW) terrane88. The CPW terrane includes the Valdez and Orca 665 

groups consisted mainly of metasedimentary rocks and minor metabasite rocks, with increasing 666 

degree of metamorphism toward the Chugach Metamorphic Complex (CMC) eastward in the 667 



Saint Elias Mountains. These terranes are intruded by the Palaeocene-Eocene Sanak-Baranof 668 

Plutonic Belt (SBPB).  669 

We compiled published major and trace element data of these terrestrial geological 670 

endmembers89–95. We calculated the Aitchison distances between the geological endmembers 671 

and the Holocene (<10 ka) and Glacial (22–17 ka) sediment samples at the intermediate-depth 672 

site (outside the intervals of deglacial deoxygenation) using the following set of elements: TiO2; 673 

Al2O3; FeOT; MnO; MgO; Na2O; K2O; La; Ce; Nd; Eu; Tb; Yb; Zr, representing a compromise 674 

between maximising the number of samples and the number of elements included. Potentially 675 

biogenic elements in marine sediments (Si, Ca, Ba and Sr) were not included. The Aitchison 676 

distance helps to identify the similarity between GOA sediments and the potential terrigenous 677 

endmembers. 678 

Previous studies found that the terrigenous sediment provenance on the Southern Alaska margin 679 

has been stable since the Pleistocene84–87. This is borne out by the statistically indistinguishable 680 

bulk sediment εNd at the intermediate-depth site between the Glacial and the Holocene samples 681 

(Fig. 3b), suggesting that the geochemical changes during the deglaciation were not driven by 682 

changes in terrigenous sediment provenance, but instead reflect changes in other lithogenic 683 

inputs (i.e., volcanic ash). Consistently, the major and trace element data (Extended Data Fig. 4) 684 

show that Glacial and Holocene sediments at the intermediate-depth site lie within the 685 

geochemical space spanned by the potential terrigenous endmembers, and that internal 686 

differences between the Glacial and Holocene sediments are negligible when compared with the 687 

differences between the GOA sediments and the potential terrigenous endmembers. This finding 688 

indicates stability of background terrigenous sediment provenance despite the changes in 689 

sedimentation and erosion rates from the LGM to the Holocene4.  690 

We are interested in the relative partitioning of volcanic and terrigenous sediments. The stability 691 

of the terrigenous sediment provenance implies that the terrigenous sediments can be effectively 692 

treated as a near constant mixture, consistent in Holocene and Glacial sediments. Thus, we take 693 

the compositions of the Holocene and Glacial sediments as heuristic terrigenous endmembers. 694 

This approach allows us to partition terrigenous sediments relative to volcanic sediments within 695 

reasonable uncertainties without a comprehensive partitioning of the terrigenous provenance (the 696 

endmembers of which are less-well geochemically constrained). 697 



Geochemical data inversion 698 

The distinct geochemistry of volcanic endmembers and the apparent stability of the terrigenous 699 

sediment provenance allow us to quantify their contributions to marine sediments at the 700 

intermediate-depth site using geochemical inversion24. We interpret the inversion results based 701 

on the well-established geochemical characterisation of volcanic, particularly ash, sources in the 702 

Alaska tephrochronology80,81. 703 

The geochemical provenance analysis at the intermediate-depth site is formulated as the inverse 704 

problem of a constrained linear mixing model: 705 

Minimise ||(Ax–b)/δ||2, subject to Σx = 1 and x ≥ 0, (1) 706 

Here A is the matrix consists of multidimensional elemental concentrations of the endmembers, 707 

in which each column is an endmember and each row is an element. b is the elemental 708 

concentrations of a sediment sample, and x is the mixing fractions of the endmembers to be 709 

solved, which are non-negative and sum to one. δ is the weighting vector consists of the external 710 

standard deviations of the elements resulting from repeated digestion and analysis of the 711 

reference materials. In total, 26 elements (Al2O3, MgO, Na2O, K2O, FeOT, MnO, TiO2, Cr, Cu, 712 

Ni, Zn, all 14 REEs and Zr) were used. Bulk sediment εNd was not used in the mixing model, but 713 

it serves as an independent check on the reconstruction of volcanic fraction.  714 

Elemental concentrations of sediment samples were first normalised to a 100% lithogenic 715 

fraction basis. Biogenic (organic matter, carbonate and opal) and lithogenic fractions at the 716 

intermediate-depth site were previously measured on selected samples28. From these data, we 717 

derived a multiple linear regression to estimate the lithogenic fractions using density, Al, Ca and 718 

Ba concentrations as predictors (r2=0.9, p<<0.05). Sediments on the Southern Alaska margin are 719 

predominantly lithogenic96, and at the intermediate-depth site the lithogenic fractions varied little 720 

since the LGM (90±3 wt%)28, making this correction minor.  Finally, the results of the inversion 721 

give the weight fractions of the volcanic and terrigenous endmembers within lithogenic 722 

sediments, which are then converted back to weight fractions within the total sediments. We 723 

solved problem (1) using a linear least square algorithm with non-negativity constraint97.  724 

The rhyolite (adakite), rhyolite (typical arc) and basalt (alkaline) endmembers all had their 725 

greatest relative abundance during the deglaciation (Extended Data Fig. 5). The dominance of 726 



the two rhyolite ash endmembers is consistent with the depositional patterns of ash plumes 727 

during modern eruptions98, and in agreement with the dominance of these two clusters in the  728 

Quaternary terrestrial tephrochronology of Alaska80,81. The implication is that the eastern portion 729 

of AA and WVF were more active during the deglaciation. The minor increase in the basalt 730 

(alkaline) endmember may be attributed to greater input from the NCVF or the volcanic centres 731 

in the Bering Sea. The lack of correlation between ash abundance and sediment MAR shows that 732 

the variation of the ash fraction was not compromised by a dilution effect (Extended Data Fig. 733 

5b). The constancy of the volcanic ash fraction between the LGM and the Holocene, despite 734 

changes in sediment MAR, suggests a “background ash” fraction of ~7%. We then calculated the 735 

excess volcanic ash fractions and fluxes after removing this background. 736 

Global and regional records of deglacial volcanism 737 

We compiled published global and regional records of volcanic eruptions since the LGM. Our 738 

compilation includes the Global Volcanism Program (GVP) database49, the Bryson et al., 2006 739 

(B06) radiocarbon database99, the Watt et al., 2013 (W13) selected volcanic arc database100, the 740 

Large Magnitude Explosive volcanic Eruptions (LaMEVE) database101, the Alaska Volcano 741 

Observatory eruption database76, and other recent studies in Alaska6,82,102. The previous global 742 

compilation of Huybers and Langmuir, 2009 (HL09)5 was based on B06 and an older version of 743 

GVP. Our new compilation updated GVP while also included LaMEVE and AVO as well as 744 

other recent data, which increased the deglacial coverage. We removed duplicates among the 745 

databases, standardised the volcano names and added the unique volcano numbers following the 746 

GVP convention. This makes the compilation traceable and easier for future extension. In HL09, 747 

small magnitude eruptions (VEI≤2) in GVP were removed, but we choose to keep all eruptions 748 

in our compilation for consistency’s sake since eruption magnitudes were rarely reported. In 749 

total, there are 12,403 events reported since 24 ka. Following HP09, we assigned a standard 750 

deviation equal to 10% of the reported age when age errors were not available (excluding 751 

historical observations that were assumed to be precisely dated). We recalibrated radiocarbon 752 

dates using Bchron61 with IntCal20103 whenever raw dates were available.  753 

We identify glaciated volcanoes using the modern ice volume balance following HL09, which 754 

assumes that previously glaciated regions likely have less negative ice volume balance today. 755 

The modern ice volume balance is calculated using the NCEP/NCAR Reanalysis of precipitation 756 



and temperature104, and volcanoes that have a modern ice volume balance > −9 m/yr are 757 

considered glaciated like HL09. Eruption events were binned into 2-kyr intervals (Extended Data 758 

Fig. 6). Like HL09, we assumed that the temporal sampling biases of eruption events in the 759 

glaciated and unglaciated volcano datasets are the same. Thus, the eruption frequency ratio of the 760 

glaciated volcanoes to the unglaciated ones may remove this bias, and can be used as a proxy for 761 

glaciation-induced volcanism.  Finally, we normalised the eruption frequency ratio relative to the 762 

LGM mean ratio (22–24 ka), which diverged from HL09 who chose to normalise to the last 2 763 

kyr. We believe the LGM-normalisation is likely a less biased normaliser because while the 764 

numbers of eruption events during the LGM and deglacial are within one order of magnitude 765 

(Extended Data Fig. 6), two orders of magnitude more eruptions are recorded in the last 2 kyr. 766 

The difference in sampling bias between the LGM and the deglaciation is presumably smaller 767 

than between them and the last 2 kyr. Our results thus address the question “Was deglacial 768 

volcanism more active than that of the LGM?” rather than the question “Was deglacial 769 

volcanism more active than that of the last 2 kyr”, as originally investigated by HL09. 770 

Regardless, the choice of normalisation will affect the absolute magnitude, but not the relative 771 

change, of the eruption frequency ratio. To evaluate the impact of dating uncertainties, binning 772 

and ratioing was performed 1000 times in Monte-Carlo simulations including Gaussian 773 

distributions of ages for each eruption event. 774 

Beryllium-10 exposure dates 775 

We compiled published 10Be exposure dates from the regions that were previously covered by 776 

the northern part of the CIS (north of 55oN) surrounding the GOA, including the South Alaska 777 

margin39,105–107, the Alaska Range40,108,109 and the interior of CIS110,111. We calculated the 778 

weighted average and standard deviation of 10Be age at each sample site. We then computed the 779 

probability density of the age distribution at each of the three regions using kernel density 780 

estimation112, giving equal weight to each sample site within the same region. Finally, we 781 

summed the probability density of all three regions, giving equal weight to each region. 782 

CIS in PISM sensitivity experiments 783 

We analysed the sensitivity of CIS volume to the surface temperature forcing in the PISM 784 

experiments performed by Seguinot et al, (2016)27,113 (https://zenodo.org/record/3606536). 785 

Lacking regional surface temperature records suitable for CIS experiments, Seguinot et al 786 



applied hypothetical surface temperature forcing scaled to other temperature records, including 787 

the Greenland GRIP114 and NGRIP115 ice core records, the Antarctic EPICA116 and VOSTOK117 788 

ice core records, and SST records from the California margin sites ODP 1012 and ODP 1020118. 789 

The temperature records were scaled to anomalies that have average glacial (22–32 ka) 790 

temperature  6–7oC lower than today27 (Extended Data Fig. 10a). We identified the deglacial 791 

time-lag of the ice volume response to temperature forcing by computing the cross-correlation of 792 

the 0–26 ka part of the ice volume and temperature time-series (except for the sensitivity 793 

experiment using the ODP 1012 SST forcing, which has a much earlier deglaciation, and we thus 794 

used the 6–32 ka part of the time-series) (Extended Data Fig. 10d). The average time-lag is 795 

468±362 yr (1σ) when including all 8 sensitivity experiments. However, the experiments using 796 

the ODP 1012 SST forcing appears a outlier as the ice volume response is inconsistent with ice 797 

sheet reconstructions27. Excluding this outlier, the average time-lag is 360±213 yr (1σ).  Linear 798 

regression between ice volume and lagged temperature gives a sensitivity of an ice loss of 799 

1.2±0.2 (1σ) metre of sea level equivalent per 1oC of warming (Extended Data Fig. 10e).  800 

Based on the ice volume-temperature relationship in the sensitivity experiments, we estimated 801 

the CIS volume response had the GOA SST record been used as the temperature forcing 802 

(Extended Data Fig. 10f). The GOA SST record is scaled to have a glacial temperature anomaly 803 

of –6 oC consistent with the sensitivity experiments. We then predict the CIS response to GOA 804 

SST forcing using the time-lagged linear regression results from the sensitivity experiments 805 

(Extended Data Fig. 10e). We perform 10,000 Monte Carlo sampling to propagate errors 806 

including the errors of the SST calibration and the uncertainties of the time-lag and ice sheet 807 

response in the PISM sensitivity experiments (Fig. 3h, Extended Data Fig. 10f). 808 

Data Availability 809 

The geochemical datasets generated by this study and the data compilations are publicly 810 

available (https://doi.org/10.5281/zenodo.6770651). Source data are provided with this paper. 811 

Code availability 812 

Computer codes used in the study are publicly available 813 

(https://doi.org/10.5281/zenodo.6770651). 814 
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 1034 

Extended Data Legends 1035 

Extended Data Figure 1 | Modern biogeochemistry of the Gulf of Alaska. a, Net primary 1036 

production, based on the Vertically Generalised Production Model and the Moderate Resolution 1037 

Imaging Spectroradiometer satellite results119, and integrated over the euphotic zone and 1038 

averaged over the spring and summer months (April to September) from 2002 to 2020. b, 1039 

Surface water dissolved Fe concentrations, measured52–54,120–122 (triangle symbols, averaged over 1040 

0–100 m) and from a high resolution regional hind-cast model123 (background colour, averaged 1041 

over 0–100 m and the spring and summer months from 1980 to 2013). The colour bar is in log 1042 

scale. c, Surface NO3- climatology (μM, 1 degree grid) from the World Ocean Atlas (WOA) 1043 

2018124, averaged over 0–100 m and the spring and summer months. d, Surface salinity 1044 

climatology (0.25 degree grid) from the WOA 2018125, at 0 m and averaged over the summer 1045 

months. The three black lines in a–c are the isobaths of 300 m, indicating the depth of the shelf 1046 

break; 680 m, the depth of site 85JC/U1419; and 3680 m, the depth of site 87JC/U1418. The 1047 

three black lines in d are the isohalines of 30, 31 and 32. The white arrow in d indicates the 1048 

Alaska Coastal Current (ACC). 1049 

 1050 

Extended Data Figure 2 | Bchron61 Bayesian age models. a–f, Age model construction for the 1051 

intermediate-depth site4,17. a, Radiocarbon dates (points) calibrated using the Marine20 curve21 1052 

and the modelled depth-age relationship (median line with 1σ range). b, Sedimentation rate 1053 

(median line with 1σ range). c, The depth conversion used to align 85JC to U1419. d, The 1054 

normalised and weighted RMSE of GRA and MS misfits as a function of the deviation from the 1055 

depth conversion in c. e, Aligned magnetic susceptibility records. f, Aligned GRA density 1056 

records. g–k, Age model construction for the abyssal site20. Only MS was used for alignment in 1057 

this case. g, Radiocarbon dates (points) calibrated using the Marine20 curve21 and the modelled 1058 

depth-age relationship (median line with 1σ range). h, Sedimentation rate (median line with 1σ 1059 



range). i, The depth conversion used to align 87JC to U1418. j, The normalised RMSE of MS 1060 

misfit as a function of the deviation from the depth conversion in i. k, Aligned magnetic 1061 

susceptibility records. 1062 

 1063 

Extended Data Figure 3 | Geochemistry of the volcanic endmembers identified by cluster 1064 

analysis. a, Total Alkali Silica (TAS) diagram126. Each point represents a sample and the 1σ 1065 

confidence ellipses of the clusters are shown. b, Chondrite127 normalised REE patterns. c, 1066 

Primitive mantle127 normalised trace element patterns. The shaded intervals indicate the 1σ 1067 

ranges (geometric mean and standard deviation) of the endmembers. d, Locations of volcanic 1068 

samples. Unfilled circles indicate lava (whole rock) samples. Filled circles indicate tephra 1069 

(volcanic glass) samples. The locations of the tephra samples are the locations where they were 1070 

deposited. 1071 

 1072 

Extended Data Figure 4 | Geochemistry of the potential terrigenous sediment endmembers 1073 

compared with sediments at the intermediate-depth site. a-c, Bi-element plots showing the 1074 

relationships between GOA Holocene and LGM (H&L) sediments and the terrigenous 1075 

endmembers89–95. d, Aitchison distances among the GOA Holocene and LGM sediments, and 1076 

between them and the terrigenous endmembers89–95. Distances are calculated for all possible 1077 

sample pairs. The y-axis is sorted in the order of increasing median distance. The results are 1078 

summarised using violin plots. The first row in d indicates the internal differences among the 1079 

GOA Holocene and LGM samples, while the other rows indicate external differences between 1080 

the GOA samples and terrigenous endmembers.  1081 

 1082 

Extended Data Figure 5 | Geochemical data inversion at the intermediate-depth site. a, 1083 

Weight fractions of the volcanic endmembers, and the terrigenous fractions. b, Total volcanic 1084 

fraction versus total sediment MAR4. Lines and shaded intervals (95% CI) indicate linear 1085 

regression (p>0.5). c, Box plots of weighted residuals of the elements in the solution of the 1086 

geochemical inverse problem. Boxes indicate the interquartile range (IQR); thick lines indicate 1087 

the medians; whiskers extend to 1.5 IQR away from the boxes. 1088 



 1089 

Extended Data Figure 6 | Records of volcanism since the LGM compiled by this study 1090 

compared with that of ref5 (HL09). a, Eruption frequencies of volcanoes binned at 2-kyr 1091 

intervals. For glaciated volcanoes, the total frequency, as well as the frequency of regional 1092 

glaciated volcanoes from the Northeast Pacific margin and the rest of the world are shown. b, 1093 

The ratios of the eruption frequency of the glaciated volcanoes (global total, from the Northeast 1094 

Pacific margin, or elsewhere) to that of the global unglaciated volcanoes, normalised to the mean 1095 

ratios during the LGM, used as proxies for glacially induced volcanism. The ribbons indicate 1096 

interquartile ranges. The eruption frequency ratio increases between 12 and 6 ka in HL09, much 1097 

later than our new compilation (17–11 ka). However, this is because the eruptions of unglaciated 1098 

volcanoes were under-sampled in HL09 during the deglaciation because their database was 1099 

smaller (a). With greater data coverage, this issue of under-sampling appears resolved in our new 1100 

compilation. 1101 

 1102 

Extended Data Figure 7 | Northeast Pacific productivity proxies. a, CaCO3 content19,28. b, 1103 

Sediment Sr/Al ratio. c, Counts of coccolith per field of view (FoV)19. d, TOC content28. e, Opal 1104 

content28. f, Bulk sediment δ15N, corrected for terrestrial organic matter input28. g, Sediment 1105 

Ba/Al ratio. The y-axis scales are different between the intermediate-depth and abyssal sites. h, 1106 

Abundances of productivity-related benthic foraminifera species Islandiella norcrossi from the 1107 

intermediate-depth site and Elphidium batialis from the abyssal site12,23. The colour legends in a–1108 

h are the same. 1109 

 1110 

Extended Data Figure 8 | Records of Northeast Pacific deoxygenation compared with other 1111 

regional and global climate proxies. a, Re/Al ratios from the GOA sites. b, Benthic-planktonic 1112 

radiocarbon age difference (with 1σ uncertainty) at the intermediate-depth site4,17, a proxy for 1113 

intermediate water ventilation. c, δ18O  (with 1σ uncertainty) of surface seawater in the Northeast 1114 

Pacific after removing global ice volume effect29, a proxy for surface salinity. d, Relative sea 1115 

level in the northern GOA31 (points with smoothed lines and 95% CI). e, 231Pa/230Th  (with 1σ 1116 

uncertainty) from the North Alantic32, a proxy for the overturning strength of AMOC. e, 1117 



Terrestrial 4He flux (with 1σ uncertainty) from the subpolar North Pacific33, a proxy for mineral 1118 

dust flux that is not affected by volcanic ash input. 1119 

 1120 

Extended Data Figure 9 | Histories of the Cordilleran Ice Sheet. a, Radiocarbon based ice 1121 

sheet extent reconstruction from 20 ka to 12 ka41. b, Changes of ice thickness in the ICE-7G 1122 

model from 20 ka to 12 ka25. Red colour indicates ice loss while blue colour indicates ice 1123 

accumulation. 1124 

 1125 

Extended Data Figure 10 | Sensitivity of the Cordilleran Ice Sheet volume to the surface 1126 

temperature forcing in the PISM model27. a, Temperature forcing used in the sensitivity 1127 

experiments (relative to the modern mean) derived from the following temperature records: 1128 

EPICA116, GRIP114, NGRIP115, VOSTOK117, ODP 1012 and 1020118. b, Modelled CIS volume in 1129 

terms of sea-level equivalent. In the EPICA and GRIP experiments both 5 km and 10 km spatial 1130 

resolutions were used, while in other experiments only 10 km resolution was used27. c, Rate of 1131 

CIS volume change (500-year binned averages). d, Lead-lag between the ice volume response 1132 

and the temperature forcing. Estimated time-lags are indicated by the vertical lines according to 1133 

the highest negative cross-correlation, and the results are shown in the legends inside brackets. e, 1134 

Sensitivity of CIS volume to the temperature forcing. Linear regression (lines with 95% CI, r2 1135 

between 0.82 and 0.94, p<<0.05) were performed after shifting the temperature forcing by the 1136 

time-lags estimated in c. Estimated sensitivities in metre sea-level equivalent/oC are shown in the 1137 

legends inside brackets. f, Predicted rates of CIS volume change (median values) if the GOA 1138 

SST record is used as the temperature forcing. The results were estimated using the ice volume-1139 

temperature relationship in each sensitivity experiments. The final estimate in Fig. 3h 1140 

incorporates all the sensitivity experiments and uncertainties. 1141 
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