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Rapid coupling between solid
earth and ice volume
during the Quaternary
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The solid earth plays a major role in controlling Earth’s surface climate. Volcanic degassing of carbon
dioxide (CO,) and silicate chemical weathering are known to regulate the evolution of climate on a
geologic timescale (>10° yr), but the relationship between the solid earth and the shorter (<10° yr)
fluctuations of Quaternary glacial-interglacial cycles is still under debate. Here we show that the
seawater osmium isotope composition (3¥70s/*®0s), a proxy for the solid earth’s response to climate
change, has varied during the past 300,000 years in association with glacial-interglacial cycles.

Our marine Os isotope mass-balance simulation reveals that the observed ¥ 0s/*#0s fluctuation
cannot be explained solely by global chemical weathering rate changes corresponding to glacial-
interglacial climate changes, but the fluctuation can be reproduced by taking account of short-term
inputs of (1) radiogenic Os derived from intense weathering of glacial till during deglacial periods
and (2) unradiogenic Os derived from enhanced seafloor hydrothermalism triggered by sea-level falls
associated with increases of ice sheet volume. Our results constitute the first evidence that ice sheet
recession and expansion during the Quaternary systematically and repetitively caused short-term
(<10° yr) solid earth responses via chemical weathering of glacial till and seafloor magmatism. This
finding implies that climatic changes on <10° yr timescales can provoke rapid feedbacks from the solid
earth, a causal relationship that is the reverse of the longer-term (>10° yr) causality that has been
conventionally considered.

The solid earth has affected and responded to climate changes throughout Earth’s history. On a geological time-
scale, carbon cycling in Earth’s surficial (ocean, atmosphere, biosphere, and soils) and solid earth (continental
and mantle rocks) systems is driven primarily by volcanic degassing of CO, and chemical weathering of silicates.
These processes regulate long-term (> 10° yr) climatic trends and maintain the carbon balance in Earth’s surficial
system"?, keeping Earth a habitable planet. In contrast, on shorter (< 10° yr) timescales, the causality between the
solid earth and climate changes evinced by the Earth’s surficial systems has yet to be characterised.

The environmental changes during Quaternary glacial-interglacial cycles include changes in temperature, pre-
cipitation patterns, and the atmospheric partial pressure of CO, (pCO,)** that reflect the growth and regression
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Figure 1. Location of the Lau Basin and Ocean Drilling Program Site 834A. Global bathymetry is based
on 2-min gridded relief data (ETOPO2v2, https://www.ngdc.noaa.gov/mgg/global/etopo2.html). Detailed
bathymetric data in the right panel are from ETOPO1 (https://www.ngdc.noaa.gov/mgg/global/global.html).

of ice sheets in the northern high latitudes on timescales of 10*~10° yr. Until recently, only the carbon cycling
in Earth’s surficial system was believed to respond to these cyclic environmental changes, but recent studies
argue that the solid earth also responds to glacial-interglacial cycles and may affect atmospheric pCO, as well>~".

Radiogenic isotopes are useful tools for investigating solid earth responses to climate changes. Despite efforts
to reconstruct Quaternary records of various isotopes (e.g. St, Pb, Nd, and Be) in seawater®', however, at global
scale, few clear signatures of the glacial-interglacial variations of these proxies have been identified>?, at least
partly because the residence time of these isotopes in seawater is either too long or too short to capture global-
scale variations on a timescale of 10%-10° yr. Although seawater records of Pb and Li isotopes show distinct
fluctuations associated with glacial-interglacial cycles®!!, the signatures are local, not global.

Here we focus on the Os isotope ratio '¥Os/'®Os in seawater. This value reflects the relative intensity of two
dominant influxes to the ocean: riverine inputs from continents containing radiogenic Os (*¥Os/'#0s = ~1.4)
and mantle-like materials containing unradiogenic Os (*’Os/"*#Q0s = ~ 0.12) such as deep-sea hydrothermal
fluids and cosmic dust'? (Supplementary Fig. S1). Because the '8Os/'##Os values of these two influxes differ
by an order of magnitude, seawater '¥’Os/'*Os responds sensitively to fluctuations in the relative intensities of
continental (i.e. riverine) and hydrothermal Os fluxes to the ocean. The generally accepted residence time of
Os in the open ocean is 25-45 kyr'%; therefore, the seawater '¥Os/!®Qs can reflect variation on a timescale of
10*-10° yr'>!3. This residence time is sufficiently longer than the timescale of global ocean circulation (~ 1 kyr) for
seawater '¥7Os/1%0s to be globally homogeneous at any given observation time. In modern seawater, '¥Os/'#QOs
is generally uniform within analytical uncertainty; for example, mean values+2 SD are 1.066 +0.038 in the East
Pacific', 1.057 £0.038 in the south-western Indian Ocean'®, and 1.024+0.031 in the north Atlantic Ocean'®.
Hence, fluctuations of seawater '70Os/'#Os in the open ocean can be regarded as a global signal.

Even though the seawater Os isotope record is an excellent tool for reconstructing the solid earth response
to glacial-interglacial cycles and various studies have analysed the Os isotope ratios of marine sediments'’-"%,
the relationship between climatic cycles and the Quaternary seawater Os isotope record remains ambiguous
(Supplementary Fig. S2). The ambiguity of this relationship may be due to signal distortion, caused by con-
tamination with terrigenous detritus, or to the use of samples collected from a partly closed environment such
as a semi-enclosed basin, so that a local rather than a global signal was detected'®. Here, we analysed hydro-
thermal metalliferous carbonate sediments from a pelagic site to reconstruct the marine Os isotope record.
Such sediments contain large amounts of Fe-oxyhydroxide, which efficiently absorbs Os from seawater and is
rapidly deposited without significant contamination with continental detrital materials®. The Os isotope ratio
in hydrothermal metalliferous carbonates captures the signature of ambient seawater, and it does not reflect the
signal of the hydrothermal fluid®'. We reconstructed the seawater Os isotope record, together with the planktonic
foraminiferal radiocarbon (**C) and stable oxygen isotope (8'30) records, used to determine depositional age,
using samples collected from Ocean Drilling Program (ODP) Site 834A in the Lau Basin in the South Pacific
Ocean (Fig. 1), where the sedimentary sequence covers the past 300 kyr, from marine isotope stage (MIS) 8 to
the present (MIS 1) (Supplementary Fig. S3).

Figure 2 shows high-resolution records of §'%0 (Fig. 2a) and initial Os isotopic ratios (*¥Os/!'¥8QOs); (Fig. 2b,
red line) of sediments from ODP Site 834A. Note that our samples are young enough for the influence of radio-
genic '¥Os derived after sediment deposition from '¥Re (half-life, 4.16 x 10'° yr) to be ignored (Supplementary
Fig. S1). We determined the depositional ages of samples younger than 44 ka by radiocarbon dating (Sup-
plementary Data S1). The radiocarbon age of the core-top sample was ~ 6 ka. We determined the depositional
ages of samples older than 44 ka by correlating our §'0 record with a reference §'%0 curve?? (see “Methods”
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Figure 2. High-resolution geochemical records for the past 300 kyr from ODP Site 834A. (a) §'30 record of
planktonic foraminifera. VPDB refers to the Vienna Pee Dee Belemnite standard. Diamonds indicate §'*0
values of each sample, and the solid blue line is the 3-point moving average. Error bars indicate 2 standard
deviations (SD). The open diamond at 162 ka indicates the sample for which we could not calculate a standard
deviation; it is therefore used just for reference. (b) Seawater (**’Os/'*8Os); record based on the bulk sediment
analysis (red line). Red shading indicates the error range within 2 SD. The open diamonds at 171 and 182 ka
indicate samples collected from the reduction halo (see “Methods” section), which were not used in the
quantitative analysis. In panel (b), (*¥’Os/***Os); records from metalliferous sediments of the East Pacific Rise
(EPR) are also shown'”. The vertical blue bars indicate glacial intervals (MIS 2, 4, 6, and 8). MIS boundaries
are based on the LR04 benthic stack?. For the sample analysed in duplicate (18 ka), the result with the smaller
uncertainty is plotted as the (*¥Os/!®0s); datum. The age uncertainty (2 SD) of the samples younger than 44 ka
(depositional ages determined by radiocarbon dating) is within each symbol.

section; Supplementary Fig. S4; Supplementary Data S2). The measured (*¥Os/!'880Os); values for the past 300
kyr fluctuated between 0.976 and 1.035 (average, 1.006), and that of the core-top sample (1.026) is close to that
of modern seawater (*Os/!880s = ~1.06)'*"1°. A strong positive correlation was observed between Os/Al,05
and Fe,05*/Al,0; (Supplementary Fig. S5a), which suggests that the Os in our samples had been absorbed
by Fe-oxyhydroxides in the sediments. On the other hand, the age profiles of Fe,05*/Al,0; and MnO/Al, O,
throughout the past 300 kyr (Supplementary Fig. S6a, b) do not show any prominent peak except for the excur-
sion caused by the development of a “reduction halo” at ~ 170 ka*® (see “Methods” section). This result indicates
that the supply of hydrothermal components to the study site did not fluctuate greatly. In addition, no correlation
of ("¥70s/'®80s), with Fe or Mn abundance was observed in the sediment (Supplementary Fig. S5b, c). These
observations exclude the possibility that the (**’Os/'#0Os); values can be explained by a simple mixture of ambient
seawater ("7Os/'®0s = ~ 1.0) and hydrothermal fluid enriched in Fe and Mn (*¥’0s/'%0s = ~0.12). Therefore, Os
in the metalliferous carbonate sediments from the Lau Basin is not hydrothermal Os but seawater-derived Os,
and it has not been affected by local fluctuations in the abundances of hydrothermal components in the sediment.

During glacial periods (MISs 2, 4, 6, and 8; blue shading in Fig. 2), seawater Os isotopic ratios were systemati-
cally and significantly lower, (**’Os/"#0Os),= ~ 1.000 on average, than those during interglacial periods (MIS 1, 3,
5,and 7), (*¥’0s/"8Qs);= ~ 1.011 on average (p < 0.0001; two-sample Welchs test). Furthermore, the (*¥Os/!#0s);
record correlates negatively with the smoothed 8'30 record of planktonic foraminifera (r= - 0.69; Fig. 3) deter-
mined by using the same samples (see “Methods” section). These findings suggest that the seawater Os isotopic
composition has assuredly changed in response to the climate changes associated with glacial-interglacial cycles.

The (*¥0s/"80s); record of the Lau Basin fluctuates within the similar range (0.97-1.03) and with a similar
fluctuation pattern during MIS 1-3 as the Quaternary seawater Os record previously reconstructed from metal-
liferous sediments of the East Pacific Rise (EPR)"” (Fig. 2b). In addition, both records show a negative excursion
of '¥70s/'880s at ~ 145 ka. The similarity between the Lau Basin and the EPR records suggests that the decreases
of 10s/'%0s in MIS 2 and MIS 6 (especially at ~ 145 ka) may be widespread signals, at least in the South Pacific.
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Figure 3. Relationship between seawater (*0s/'%0s); based on the bulk sediment analysis and smoothed
8'80 data of planktonic foraminifera. The plotted §'®0 data have been smoothed by calculating the 3-point
moving average for each sample. For the sample analysed in duplicate, the (**Os/'®Os), value with the smaller
uncertainty is plotted. Green and blue diamonds indicate data for interglacial (MIS 1, 3, 5, and 7) and glacial
(MIS 2, 4, 6, and 8) intervals, respectively. The solid black line was fitted by linear regression to the data
(r=-0.69). VPDB refers to the Vienna Pee Dee Belemnite standard. The two open blue diamonds (samples
from the reduction halo; see “Methods” section) and the double square (the sample for which we could not
calculate the standard deviation of §'*0) were excluded from the regression analysis.

However, in the Lau Basin sediments (}¥’0s/!%Qs); shows an obvious decrease in MIS 4, whereas it does not in
the EPR sediments. Also, in the EPR records, values from before ~ 145 ka, especially in MIS 5, are higher (~ 1.02)
than those in the Lau Basin record. Possible reasons for these discrepancies include, for example, differences in
the time resolution of the samples. In particular, possible uncertainties in the age models might be responsible
for the presence or absence of the 1¥0s/!¥0s excursion value in MIS 4. On the other hand, the #’0s/!*¢Os differ-
ences in MIS 5 (typically 0.02 to 0.03) between the Lau and EPR records are comparable to the spatial variability
of 1870Qs/1%0s in the modern ocean (~0.05;'2).

To constrain various scenarios for explaining the measured seawater (*¥’0s/"¥80s); record, we employed a
one-box ocean Os isotope mass-balance model (see “Methods” section). Although it has been argued that the
isotopic composition (including '¥Os/!380s) of the radiogenic continental flux is not constant'?, our calcula-
tions show that riverine ¥70s/"¥Os fluctuations due to differences in the exposed lithology between glacial and
interglacial intervals range from 1.41 to 1.43. This variability of less than 1.6% with respect to the modern value
is too small to explain the observed seawater (’Os/!30s), fluctuations (see “Methods” section, Supplementary
Fig. S7). Moreover, even when we used 25 kyr or 45 kyr as the residence time of Os in the ocean, instead of the
default value of 35 kyr, in the simulation, the calculated results did not reproduce the observed result. Therefore,
the main explanation for the observed (*¥Os/'®0s); fluctuations must be changes in the relative intensities of
the two dominant Os fluxes.

It has also been argued that fluctuations of the seawater Os isotope ratio during the Quaternary reflect changes
in the silicate weathering rate'”'$, and that silicate chemical weathering on land would thus be enhanced by
warm, humid interglacial environments and reduced by cold, dry glacial environments. In that case, the seawater
(*¥0s/180s); record would be controlled by the riverine Os flux (i.e. the chemical weathering flux), which varies
in accordance with the atmospheric pCO, variation. However, in the model result, the amplitude of the riverine
Os variation is significantly smaller than, and its phase is inconsistent with, the observed (*¥’Os/'#8Qs); varia-
tion (see “Methods” section, Supplementary Fig. S8, solid red lines). Even when the widely accepted residence
time of Os in the ocean (25-45 kyr) is used (Supplementary Fig. S8a), the variation of pCO, between glacial
and interglacial periods (~ 100 ppm) cannot by itself generate the observed seawater (*Os/'®Os);, fluctuations.

Therefore, on the background fluctuation of the seawater Os isotopic record caused by the pCO, variation, we
superimposed two mechanisms, each of which rapidly modifies the seawater Os isotopic composition, making
it (1) more radiogenic during interglacials and (2) less radiogenic during glacials. The first mechanism involves
the chemical weathering of fresh, finely ground post-glacial sediments (glacial till) exposed during deglacial
periods, which can lead to an intensified input of terrigenous materials into the ocean on a geologically short
(~10° yr) timescale®?*?>. High-latitude Precambrian shield rocks (e.g. in Canada and Scandinavia), which have
a strongly radiogenic Os isotopic composition (**’Os/!%80s > 1.4), likely were eroded by ice sheets or glaciers
during glacial periods, and as a result a large amount of glacial till would have been produced beneath the ice
sheets. The glacial till exposed by deglaciation would be readily weathered because of the warmer climate and
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intensified hydrological cycle of the deglacial period, resulting in significant input of radiogenic Os to the ocean
via rivers®**25.

Regarding the second mechanism, by which unradiogenic Os is supplied to the ocean, it has been shown
that seafloor magmatism and hydrothermalism can be intensified by sea-level fluctuations caused by changes
in global ice volume”**-2%, When the sea level falls because of ice sheet expansion, hydrostatic pressure at the
seafloor is reduced, facilitating decompression melting and magma production beneath mid-ocean ridges”**-.
In turn, the intensified seafloor magmatism rapidly increases the unradiogenic hydrothermal Os flux, causing
the seawater '¥70s/!*0s to shift to less radiogenic values®.

We incorporated these two mechanisms generating Os flux pulses into our model and searched for the best
fit given the following two constraints: (1) riverine Os pulses should occur during deglaciations (11, 61, 132,
and 243 ka)*!, and (2) hydrothermal Os pulses should coincide with minimum values of relative sea level (RSL;
Fig. 4a) (>20 m drop compared to the previous condition; 20, 64, 88, 110, 154, 180, 205, 228, 273, and 300 ka)3L.
The magnitude of the total Os input in each pulse was set to match the observed seawater (**’Os/'80s); record
(see “Methods” section).

We obtained the best fit (Fig. 4b, solid blue line) when the riverine Os pulse magnitudes were 7 x 10, 6 x 10°,
3x10° and 1 x 10° kg (Fig. 4c, blue solid line) and the hydrothermal Os pulse magnitudes were 2 x 10°, 7 x 10°,
5x10%4x10° 2% 10%3x10% 6x10° 3% 10% 4x 10 and 1 x 10°kg, in order from younger to older ages (Fig. 4d,
solid blue line). The modelled seawater ('¥Os/!330s); record based on the default residence time of 35 kyr is
generally similar to the observed record (Fig. 4b). Moreover, the results of the simulations conducted using
Os residence times of 25 kyr and 45 kyr showed a pattern similar to the standard scenario (Fig. 4b, dotted and
dashed blue lines, respectively; see “Methods” section). Because we prioritized simulation of the overall trend
of the observed '¥0s/'®0s record over reproducing each short-term variation by inputs of arbitrary forcings,
there are some discrepancies between observed and modelled seawater (¥70Os/!'%0s); in MIS 3 (~40 ka) and MIS
8 (~270 ka) (see “Methods” section).

The modern riverine Os flux from two major rivers (St. Lawrence and Mackenzie rivers) draining the area
covered by the Laurentide ice sheet, which is regarded to have played a key role in Quaternary climatic cycles,
is estimated to be ~ 16 kg/yr*~ If the denudation rate of the Laurentide ice sheet area was about five times the
Holocene rate during the deglaciation®, then the riverine Os flux at that time might have been ~ 80 kg/yr. If the
deglaciation following the last glacial maximum (LGM) lasted 18 kyr, the supply capacity of glacial till from
the Laurentide ice sheet area can be estimated to be ~ 1.4 x 10° kg of Os. Therefore, the modelled riverine Os
injection pulse for the last deglaciation, ~ 7 x 10° kg, is about 50% of the estimated supply capacity of the entire
Laurentide ice sheet area.

The sediment transport rate from the European Alps to surrounding sea areas (North Sea, Black Sea, and
the Mediterranean) during the past 140 kyr rose significantly during deglaciations®* (Fig. 4c, orange line), and
the timing of these rises generally coincides with the timing of our calculated riverine Os pulses. In addition,
the Quaternary seawater Pb isotopic record (*”Pb/?*Pb) from the mid-latitude (39° N) Atlantic shows distinct
fluctuations associated with glacial-interglacial cycles (Fig. 4e, blue circles), whereas that from the low-latitude
Atlantic (16° N) shows much less variability® (Fig. 4e, green diamonds); this result suggests that significant ter-
rigenous input from high-latitude regions can critically affect the seawater isotopic composition. Furthermore,
the seawater uranium isotope ratio (§?**U) was lower during the last glacial period (20-50 ka) than the modern
value, and it systematically increased from the LGM to the Holocene®*3¢ (Fig. 4f). The variation in 64U can
also be explained, at least partly, by an increased **U flux into the ocean caused by deglacial environmental
changes®*=?’, similar to the mechanism causing radiogenic Os pulses. Considering these lines of geological
and geochemical evidence together with the modelled riverine Os flux pulses, the rapid increases in seawater
18705/1%0s during deglacial periods can be reasonably explained by rapid inputs of riverine Os derived from
the weathering of glacial till.

The weathering of glacial till may affect seawater '®”Os/'*¥Os not only through the excess supply of riverine
Os but also through an increase of the '¥’Os/!##Os value of riverine water draining the glacial area. Research on
the chemical weathering of glacial moraines and the dissolution of Os into riverine water suggests that minerals
with a high Re/Os ratio (Re/Os ~ 2000, with '8’Os/!®Os up to ~ 14) such as biotite preferentially undergo chemi-
cal weathering?; thus, at the initial stage of deglaciation, riverine water draining glacial areas might have higher
187Qs/180s values than the bedrock. However, even if such incongruent weathering is taken into account, our
fundamental argument that deglaciation accompanied by intense chemical weathering of glacial till may cause
an increase of seawater 87Qs/!¥80s remains valid, because both mechanisms affect seawater '87Qs/!%8Qs value
through the excess supply of radiogenic ¥’Os in riverine water.

The trend of the modelled hydrothermal Os flux was generally consistent with the modelled seafloor crustal
thickness based on RSLs and the magma decompression dynamics during the past 120 kyr*® (Fig. 4d, brown
line). The inferred cause of increased hydrothermal Os fluxes was intensified seafloor magmatism. The expansion
of ice sheets led to falling sea levels, which in turn enhanced magma production by reducing hydrostatic pres-
sure at the seafloor. The prominent peaks during the LGM in the mass accumulation rate of Fe in hydrothermal
sediments near the Mid-Atlantic Ridge and East Pacific Rise (Fig. 4g)*”*® supports this hypothesis, although the
relationship between the Fe content in hydrothermal sediments and the intensity of seafloor hydrothermalism
is still under debate?”-***-4_ The hydrothermal Os pulses calculated by the model represent global increases of
20-95% compared to the baseline flux (Fig. 4e). Given that a fall in RSL during glacial periods of ~ 120 m might
cause a~24% increase in the magma production rate?” and an increase of up to 200% in the amount of hydro-
thermal Fe released®, the calculated increases in the hydrothermal Os flux are within the possible range of the
glacial increase in seafloor hydrothermalism.

In this study, we have demonstrated that fluctuations of global seawater #’Os/!*#Qs can be explained by pulsed
inputs of Os, caused by intense chemical weathering of glacial till during deglacial periods®**** and by enhanced

Scientific Reports |

(2021) 11:5695 | https://doi.org/10.1038/s41598-021-84448-7 nature portfolio



www.nature.com/scientificreports/

(a) ' ERY Ny

1
1
)
1
1
1
1
1

[72]
]
40 =3
s =
(b) -80 § s
= -120
,9 Model results
;'!; © = 35 kyr (standard value)
7 L B VA WA ay A W 5 7R Y A U B T©=25kyr
!.? ------ T =45 kyr
- Observed data
4
© £c 7 1600 gg
g2 F 33 )
° c =
©3 Fo 3»8
Q T »n
88 "3
= a
_ - =
(d) — 100005 §
EIR ' [ g000 22
3ES 3 S 1
= K3
R i —_
= '§. ,,_;3' : L4000 3 g
28 : 0814,
(e) . ~ o 081898
: 1 .——0—0\.:_.,‘\._‘&.._. i . % ni)
f 2 160 : —e— Mid-atitude 39° N) | [~ 0822 &%
25 = 150 7 E —_—— Low-latitulde 16Ny Logs T~
5 E | 1 ? 1
-0 ! ! !
S 140 4 . ', 1 |
£ 1 | | I
130 - : : :
(@ 5= fg‘ : 14083 ! :
- N — | 1 =~ x 1 1
4 1 1 1
I; g 10 — \ [ 24 g (-;I 1 1
< _ : = I
=g ° ML |
MIS numbers 1.2 3 4 5 .6 7 o 8
I II 1 1 1 I II 1 1 1 I 1 1 II 1 I 1 1 1 1 I 1 1 1 II I 1 1 1 1 I 1 1
0 50 100 150 200 250 300
Age (ka)

Figure 4. Simulated seawater ("®’Os/'#0Os); curve compared to other geological records. (a) Relative sea level of
the Red Sea®!. Green shading indicates the 95% confidence interval. (b) Calculated seawater (*¥’Os/*##QOs); profile
based on the best-fit scenario and the observed seawater (**Os/'380s); profile from ODP Site 834A. Red shading
indicates 2 SD of the observed data. The two open diamonds indicate samples collected from the reduction

halo. (c) Modelled riverine Os flux (blue line) and the sediment transport rate in the European Alps* (orange
line, right axis, called the equivalent denudation rate for the Alpine region in ref.**). (d) Modelled hydrothermal
Os flux (blue line) and modelled seafloor crustal thickness?® (brown line). Seafloor crustal thickness was
calculated by using the sea level curve and a dynamic model of melt production beneath mid-ocean ridges®.

(e) Seawater 27Pb/*Pb record from high-latitude (39° N) (BM1969.05; blue circles) and low-latitude (16° N)
(TRO79 D-14; green diamonds) sites in the Atlantic®. (f) Seawater 2*U/*8U record®. (g) Hydrothermal Fe flux
records obtained from the Mid-Atlantic Ridge?®*® (MAR KN207-2-GGC3; red line), and East Pacific Rise?”*®
(EPR, Y71-09-106; blue line). In panels (b)-(d), the modelled results obtained with shorter (=25 kyr) or longer
(T=45 kyr) Os residence times compared with the standard scenario (=35 kyr) are also shown (dotted and
dashed blue lines, respectively). Vertical black dashed lines indicate the approximate timing of local maximum
sea level rise rates at glacial terminations®, and black arrows at the top of the figure indicate the timing of local
sea level minima.
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hydrothermal activity triggered by falling sea levels**-2%. We conclude that these two feedback mechanisms might
have caused the solid earth system to respond rapidly and systematically to continental ice sheet fluctuations
on a timescale of < 10° yr. These feedbacks indicate that, while solid earth processes regulate climate on a longer
(>10° yr) timescale as conventionally emphasized, the reverse is true for the shorter (< 10° yr) term processes
involving ice-volume fluctuations.

Methods

Study site and materials. The Lau Basin is about 3000 km east of the Australian continent and about
2000 km to the north-north-east of the North Island of New Zealand (Fig. 1). From a hydrological perspective,
the Lau Basin is strongly affected by the western boundary current, which flows into the basin through the Tonga
and Kermadec Passages; therefore, the water mass exchange [3-4 1 Sv (1 Sverdrup = 10° m®/s)] between the Lau
Basin and the South Pacific is sufficient to produce an open ocean environment in the basin**2. Because the
Tonga and Kermadec Passages have a water depth of 1000-2000 m, the water mass exchange through these pas-
sages should have been sufficient even during glacial periods, when the sea level was~ 120 m lower. Therefore,
the Lau Basin has been an open ocean environment throughout the Quaternary, and sediments in the basin
preserve the global seawater Os isotope signature.

The Lau Basin is an active back-arc basin where seafloor spreading, accompanied by continued hydrothermal
activity, is still progressing*~*°. Therefore, hydrothermal metalliferous sediments are widely distributed in the
basin. ODP Leg 135 Site 834A is located in the western part of the basin, ~ 100 km east of the Lau Ridge. The core
sediments have been divided into four units (Units L, II, II[, and IV) according to their lithology*.

Unit I, which was deposited during the Quaternary***” (Supplementary Fig. S3a), has a hemipelagite lithology
characterised by metalliferous carbonates. The unit consists mainly of nannofossil ooze containing foraminiferal
shells and a large quantity (~ 10 vol.%) of opaque, brownish-coloured grains inferred to be Fe-Mn-oxyhydroxides
(Supplementary Fig. S3b, ¢). In addition, Unit I includes interbedded turbiditic layers consisting of relatively
coarse foraminiferal sand*®*3. According to the onboard initial core description and our smear slide observations,
a tephra layer occurs at 11 m below the seafloor (mbsf), and the volcanic component increases to> 10 vol.% in
the core sediments adjacent to the tephra*®*® (Supplementary Fig. S3c, d).

Considering these observed characteristics, we collected 125 samples at 2 cm intervals from the uppermost
part (0-10.8 mbsf; from 135-834A-1H-1, 1-3 cm, to 2H-3, 16-18 cm) of Unit I. The turbiditic layers were
excluded from the sampling, however, because turbidite deposition is a geologically instantaneous event (Sup-
plementary Fig. S3a). All samples were analysed for oxygen isotopes, and the 115 samples from 0 to 10.4 mbsf
(from 135-834A-1H-1, 1-3 cm, to 2H-2, 132-134 cm) were analysed for bulk chemistry. Among these 115
samples, five (from 135-834A-2H-1, 99-101 cm, to 2H-1, 113-115 cm), collected from just below a turbidite
layer, were orange in colour and showed significant fluctuations in the contents of redox-sensitive elements,
such as Fe and Mn (Supplementary Fig. S6a). The redox-sensitive elements in this interval, which is referred to
as a reduction halo®, might have been secondarily mobilised under reductive conditions after deposition. We
therefore used the bulk chemistry and Re-Os isotope data collected from these five samples for reference only;
we did not include them in our quantitative analyses because the initial geochemical characteristics of these
samples may not have been preserved.

Bulk chemical analyses. The bulk chemistry of all sediment samples, except for the 10 samples above the
tephra containing large amounts of volcaniclastic materials, was analysed. The 115 samples were dried at 40 °C
and pulverised in an agate mortar. The powdered samples were further dried at 110 °C for ~ 12 h. Next, loss on
ignition (LOI) was determined as the weight loss during igniting at 950 °C for over 6 h. The major element con-
centrations were determined by X-ray fluorescence (XRF) on fused glass be