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Supplementary Text

Compilation of paleo-oxygenation reconstructions

Bottom water oxygenation reconstructions shown in the Figure 2 were drawn from previous
compilations (2, 3, 74), with the addition of recently published data (7, 74, 75-91) (Table S1). A
total of 229 records were included, covering a water depth range of 120 — 7118 m. The local
redox proxies used in the reconstructions included sedimentary laminations (preserved under
oxygen deficiency due to the lack of bioturbation by macrofauna) (92), foraminiferal
assemblages (93, 94), bulk sedimentary 8'°N (95), redox-sensitive trace metals (e.g., Mn, U, Re,
and Mo) (96), alkenone concentrations (97), foraminiferal §'°C (/7) and I/Ca (98), and the
foraminiferal porosity (99). Different proxies have different sensitivities to bottom water oxygen
and result in records providing both qualitative (e.g., lamination) and various degrees of
quantitative oceanic oxygenation reconstructions. Oxygenation changes between the Last Glacial
Maximum (LGM, 19-23 kyr BP) and the Holocene (0-11.7 kyr BP) were determined from the
original publications based on the proxy records generated. When multiple proxies were
measured on the same core that yielded different interpretations, the oxygenation difference was
determined as ‘ambiguous’. The age models in the original publications were not modified. Age
uncertainties are less of an issue when comparing the LGM and Holocene changes, as the two
climate states can be distinguished from oxygen isotope stratigraphy and are usually
accompanied by significant oxygen difference.

Ocean volume and seafloor area determination

The ocean volume and seafloor area below and above 1500 m was calculated using the ETOPO1
(10.7289/V5C8276M), a 1 arc-minute global relief model derived by NOAA National
Geophysical Data Center. The global relief model was first remapped onto the cylindrical equal
area projection in ArcGIS. The ocean volume and seafloor area by depth was then calculated
using the ‘Surface Volume’ tool. The ocean volume below 1500 m water depth was determined
to be 0.846x10° km?, or 63.3% of the total ocean volume; whereas the seafloor area below 1500
m was 3.12x10% km? (84.7% of the total seafloor area).

Modern TI mass balance model
A single one-box model that tracks sources and sinks of seawater TI can be written as:

dNgyw __ _
dt Fin - Fout - (Friver + thdrothermal + Faerosol + Fvolcanic) - (Foxic + Fcrust +

Flow—oxygen) (1)
where Ny denotes the amount of TI in the ocean reservoir. Fi, and Fou are input (source) and
output (sink) fluxes, respectively (see Table S3 for a summary). Riverine, hydrothermal, dust
aerosol, and volcanic emissions input fluxes are respectively denoted by Friver, Fhydrothermal,
Facrosol, and Fyolcanic (6, 100). The main output fluxes include Mn oxide burial (Foxic) and
alteration of oceanic crust Ferust. Another minor sink (Fiow-oxygen) usually occurs in low-oxygen
environments, with quantitative Tl removal at/near the sediment-water interface due to reducing
porewaters and thus no net T1 isotope fractionation from the overlying water column (10, 11).
This flux has recently been estimated using modern sediment core tops on the continental
margin at 0.40x10° mol/yr (11). The isotopic mass balance takes the form as
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where £2°Tlin, £2%Tlow, and €2 Tl represent Tl isotopic compositions of inputs, outputs, and
seawater, respectively. As the isotopic compositions of the input fluxes are all around -2,
seawater £2°T1 is modulated by oceanic TI sinks (6). Although TI input fluxes may be variable,
an increase in the input fluxes would need to be balanced by increasing output fluxes (either the
oceanic crust alteration and/or Mn oxide burial) to reach steady state. As both these sinks depend
on the size of the seawater T1 reservoir, it is expected that increased inputs would equally affect
the two major output fluxes, resulting in zero net Tl isotope change in seawater. As the oceanic
crust alteration sink is relatively stable on timescales shorter than 1 million years (6), Mn oxides
are the only likely vector of significant Tl isotope variation in seawater on such time scales.
Thus, Mn oxide burial should be the primary driver of €2 Tl perturbations over glacial
timescales.

Manganese oxide precipitation is a function of the overall dissolved Mn(II) reservoir and
dissolved oxygen in the water columns (/07). Dissolved Mn(II) concentrations is affected by
reductive dissolution of Mn oxides in the water columns and/or in sediment porewaters (37,
102), supply from organic carbon remineralization (/01), and/or lateral transport from the
reducing shelf (37). For the steady-state calculation, Tl sink associated with the Mn oxide burial
flux was perturbed and the marine T1 mass balance was given sufficient time to achieve the new
equilibrium. The Holocene and the LGM steady state 2 Tlsy values were set as -6 (modern
seawater value) and -5.1 (average of the LGM in our record), respectively. If we assume that T1
scavenged by Mn oxides has a linear response to the Mn oxide burial (or Mn oxide precipitation
rate) changes (e.g., 10% reduction of Mn oxide burial reduction corresponds to 10% reduction of
Tl sink through this pathway), the steady state calculation would yield an 18% lower Mn oxide
burial in the LGM relative to the Holocene. The long-term external reproducibility of TI isotope
measurements (0.3 £2°Tl-units) was used to estimate the error on the calculated Mn oxide burial
flux changes, which would result in a ~6% error bar. Although the deep ocean oxygen content is
lower than present, we do not expect to see extreme reduction in Mn oxide burial fluxes during
the LGM compared to the Holocene, because ample evidence has suggested that the majority of
the ocean still had oxygen in LGM bottom waters (/7). Lower oxygen content in the deep ocean
could have enhanced Mn reductive dissolution in the porewaters that allows Mn(II) diffusion
into the overlying bottom waters, and decreased the Mn oxide precipitation rates at the same
time. Both processes would have kept increasing the dissolved Mn(II) reservoir in the ocean until
a new equilibrium was reached, where the rates of Mn(II) oxidation and Mn oxide scavenging
balanced the Mn(II) supply.

During the last deglaciation, millennial changes in 2Tl suggest non-steady-state variations
that could have been caused by substantial short-term changes in T1 scavenging via Mn oxide
precipitation variability. To simulate the transient changes of €% Tl,y, the LOESS fit of
authigenic £2%TI was first interpolated evenly on 1000-year spacing (roughly the timescale of
ocean mixing), which was also used as the time step in the Monte Carlo forward isotope mass
balance modeling. The prior distribution of Mn oxide burial flux change was set as a uniform
distribution varying between 0% and 500% of the modern steady state with 100000 realizations.
Misfit of each realization was evaluated using the normalized L»*:
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where d, is the model simulated value and d; is the observation (LOESS fit of authigenic £2°°Tl).

o/ is the standard deviation of observed authigenic £2°5Tl values. The likelihood (L) of each

2
L

prediction is calculated by the Gaussian distribution (L = e s ). Realizations with the top 5% of
the likelihood were retained as the posterior distribution shown in Fig. S5.

Because of rapid Mn cycling in the global ocean, significant Mn oxide burial flux changes are
likely to occur on short timescales in response to ambient oxygen variations (15, 103, 104), which
would then trigger transient €2°°Tlsy changes on millennial timescales that can be recorded in the
sedimentary archives (Fig. S5). Re-oxygenation of the deep ocean during HS1 (from the
authigenic Tl isotope record) following the LGM would have increased Mn oxide precipitation
rates, leading to a pulse of Mn oxide burial that exceeded the modern mass balance owing to the
larger Mn(II) reservoir during the LGM. An abrupt transition from HS1 into B-A/ACR was
accompanied by AMOC resumption (42) and re-stratification of the Southern Ocean (27), which
could have triggered reductive dissolution of Mn oxides and Mn(II) supply from organic carbon
remineralization. It is likely that reorganization of ocean circulation and deep ocean oxygenation
effectively facilitated reduction of excessive Mn oxide burial during HS1 and reduced the Mn
oxide precipitation rates, resulting in short-term decline of Mn oxide burial fluxes and a high
Mn(II) reservoir in B-A/ACR. Additionally, oxygen minimum zone (OMZ) expansion and
intensification in the upper North Pacific during B-A (78, 105, 106) could also have increased the
deep ocean Mn(Il) reservoir via lateral transport from the reducing OMZ sediments. Following
the B-A/ACR with elevated Mn(II), a similar mechanism to HS1 that includes excess Mn oxide
burial due to deep ocean reoxygenation can be used to explain the short-term Mn oxide burial
changes in the YD.

It is also noted that manganese oxide precipitation rates could also be affected by Mn(II)
concentrations in the water column (/07), and hydrothermal Mn input may thus change Mn oxide
precipitation rates in addition to dissolved oxygen control. Elevated hydrothermal Mn fluxes have
been implied during the last deglaciation (peak at ~12-15 kyr BP), which was attributed to a
lagged response to the sea level fall during the LGM (108). However, the maximum
hydrothermal Mn influxes coincide with the low-oxygen interval during the B-A/ACR based on
the 2Tl record, suggesting that hydrothermal Mn input should not have controlled the Mn oxide
burial. Furthermore, Mn oxides precipitated proximally of hydrothermal vents are often
dominated by todorokite (/09), which does not exhibit strong Tl enrichments or any TI isotope
fractionation via oxidative sorption (8, 9).

The observed millennial changes are unlikely to be a local/basin-only signal. None of the local
oxygenation proxies, including redox-sensitive trace metals, foraminiferal I/Ca, and benthic
foraminiferal porosity (/4), show significant changes in the bottom water oxygenation/oxygen
minimum zone intensity until the Holocene (Fig. S1), contradicting with control of local Mn
oxide burial flux changes on £2°Tls, through the deglaciation. Additionally, NADW export to
the deep Indian Ocean has been shown to increase during the deglaciation, especially after the B-
A/ACR as AMOC resumed (41, 110, 111). A better communication between the Indian Ocean
and NADW during the deglaciation would then argue against the interpretation that the
authigenic £2TI record only represents Indian Ocean basin changes.



We also caution that there is no quantitative conversion from T1 burial flux scavenged by Mn
oxides to global oceanic oxygen concentration changes. We thus only limit our discussion on the
qualitative oceanic DO content variability (i.e., direction of the change) indicated by the seawater
£20°T1 reconstruction. More detailed research is still required to better understand the timescales

and magnitudes of Mn oxide burial flux variations in response to oceanic oxygenation and the
underlying mechanisms.
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Fig. S1.

Authigenic £2°T1 and bulk metal enrichment factors downcore. (a) Authigenic £2°T1 with the
LOESS fit (solid blue) and 2SD (dashed blue) from Fig. 2; (b) U enrichment factors with respect
to ref. (70). The enrichment factor data were used in the decision tree (//) to determine the
fidelity of the sediment archive in recording the seawater value. (c) Benthic foraminiferal
porosity that shows local bottom water oxygenation changes from the core TN041-8PG/JPC
(14). The decoupled responses of authigenic TI isotope records and local oxygenation changes in
the Arabian Sea oxygen minimum zone suggest that authigenic 23Tl is not affected by local
controlling mechanisms (e.g., ventilation and productivity).
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Fig. S2.
Bootstrapped sample distributions of Holocene and 18-32 kyr BP.
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Fig. S3.

Normalized cross correlation between atmospheric pCO; (52) and authigenic T1 isotopic
compositions, which shows the highest correlation when no time lag is applied.



Age (kyr BP)
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
) " L pudiati ittt bt ittt s

YDB-A HS1
an [\ A/ ACR
§ o\ V] |
{ | A 0 armer
/ 1 AV
704 AT ) a1 i I
Higher global . 4 | o1 ety J a
oxygenation ~ { ) I =
— -6.0
&
W -5.5 1
504L7
45
60
°
F52  Stronger
€ upwelling
43
(2]
3@
o
3
Antarctic Zone 2 =
of Southern Ocean 1‘<A
0.04+ c
0.054 Stronger
A AMOC
0.064
£0.074
)
50084
o
2 0.094 Production ratio
20 o
0.104 G
1 Atlantic Ocean d g2
0.11 ! 159 £ Higher dust
40 S
PO 102§
22304 33
22 | @ 3
020 [ 533
S5 4 I3
$ 210 =B
£ - 0o g
< 0 subantarctic Zone e ©
! of Southern Ocean
0
2; 4
© .
£ 24 Drake Higher
9] y
c Passage surface nitrate
© | Foraminifera
z 3 cora
1)
3 4] .
%} | Subantarctic Zone Tasmania f
of Southern Ocean coral
§ e
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Age (kyr BP)
Fig. S4.

Authigenic £2°T1 comparison with export productivity and temperature records. (a)
Reconstructed mean ocean temperature from ice core (22). (b)-(d) were from Fig. 2. (b)
authigenic sedimentary 2% Tl record with the LOESS fit (solid blue) and 2SD (dashed blue); (¢)
Opal fluxes in the Southern Ocean (27); (d) ?*'Pa/>*°Th from the Bermuda Rise (42, 43) with the
production ratio in the water columns shown in the horizontal dashed line. (¢) Dust fluxes from
the EPICA Dome C ice core (black curve) (/72) and alkenone fluxes from the core TN057-
6/0ODP 1090 (23) (red curve). (f) comparison of the Subantarctic Zone coral-bound mean 3'°N
records (39) (blue and red curve) with the ODP Site 1090 foraminifera-bound 8'°N record in
pink (23). The reduced export productivity and elevated (and relatively stable) surface nutrient
levels suggest that the Subantarctic Zone contributed less to the deep ocean export carbon, and
thus may not be the primary driver of the observed deglacial global DO changes.
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Fig. S5.

Forward transient (non-steady-state) mass balance model results starting from the LGM steady
state (32 kyr BP) to present. Upper panel: Best fit (red solid) with the upper and lower limit (red
dashed) of accepted T1 burial flux changes associated with Mn oxide burial. Lower panel:
Observed authigenic Tl isotopic compositions (purple circles) with the modeled values (solid red
as the best fit with the dashed red as the accepted envelope).

Table S1. (separate file)
Compilation of localized oceanic oxygenation reconstructions.

Table S2. (separate file)
Bulk elemental concentrations and authigenic T1 isotopic compositions.



Best estimate:
Sources

/Sinks modern g2°T1 References
(10% mol/yr)
Rivers 1.13 -2.5 (114, 115)
Hydrothermal fluids 0.83 -2.0 (116)
Subaerial volcanism 1.81 2.1 (7,115,117)
Mineral aerosols 0.25 -2.0 (115)
Total input flux 4.02 -2.2
Pelagic clays 1.52 10.0  (7,115)
Altered oceanic crust 2.10 -10.3  This study
Low-oxygen sediments with
no net Tl fractionation 0.40 6.0 (12)
Total output flux 4.02 -2.2
Total Steady-state residence time (ky)
Global oceans 88000 -6.0 21.9

Table S3.
Updated modern Tl mass balance.
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