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Supplementary Figure 1
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Supplementary Figure 1: Data-based estimate of the amplitude of the disconnect between
atmospheric CO, and temperature. Shown are changes in atmospheric CO; EDC
temperature change, global SST anomaly, and obliquity during (a) the MIS 5/4 transition and
(b) at the end of MIS Se. Data are the same as in Figure 1 (ASST, obliquity and the 7-kyr-
running mean in all other records). Vertical dashed lines denote the interval of decreasing
obliquity. Horizontal dashed lines mark an upper limit of the COs-offset (A1CO,) associated
with the decoupling of temperature and CO,.



Supplementary Figure 2

20000

(4 w/Br) xnip1snp 03

15000
10000
5000

L 40

(w) jons| BOS

0

0

0

0
-100
120
140

= O Y
——— T T T

100

500 400 300 200
Age (kyr BP)

600

700

w O RQPONMLKJI HGFEDCB A

100

120

1.0

O

@
o

@
S

<
IS

\

|

L
N o
s o
sollas aw} paziew.ou

60 40

80
Age (kyr BP)

140

220 200 180 160
Age (kyr BP)

240

260

@
=}

©
S

<
S

,
r.
2 0
s o
SolI8S aWIl Pazijew.ou

g obliquity

- COQ
—— EDC AT

sea level data based on:

--—— Bintanja et al. (2005)
----- Grant et al. (2014)

/

1.0

«©
IS

©
IS

<
S

SO1I8S aWI} PazZifew.iou

300 280
Age (kyr BP)

320

340



normalized time series

normalized time series

o
M)

normalized time series

Supplementary Figure 2 (continued)
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Supplementary Figure 2 (continued)
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Supplementary Figure 2: Changes in obliquity and different proxy-data records during the
last 800 kyr. (a) Records for Antarctic (EDC) temperature’, atmospheric COy*!, EDC dust
flux’ and two different estimates of sea level change (the 500 kyr-long Red Sea record of ref*
and model-based inversion of the LR04 benthic 5'°0 record of ref’ during the last 800 kyr.
The sea level reconstruction of ref.’ representing the model-based inversion of the LR04
benthic 6'°0, is shown as published, all others as 7 kyr running mean to reduce millennial-
scale variability. All EDC records are shown on the most recent age model AICC2012/%7.
The grey bars (labelled A-S) indicate periods with decreasing obliquity®, which is shown on
top of each panel without y-axis. Normalized versions of EDC temperature, CO; and sea level
are shown for the last eight glacial cycles in panels (b-i). Each panel starts with a glacial
maximum (minimum in EDC temperature) prior to a deglaciation and covers one glacial
cycle until the next glacial maximum prior to the following deglaciation containing
Termination II (b) up to Termination IX (i). In these panels the data for EDC temperature,
CO:; and sea level have been normalized by their total ranges contained in the respective
glacial cycle. The normalized records show that the characteristics at the MIS 5/4 transition
(cf. Fig. 1) are not unique. In contrast to the deglacial phases that show relatively
synchronous changes in CO; and EDC temperature, most of the intervals of decreasing
obliquity (A-S) with falling sea level show a disconnection between CQO, and EDC
temperature during the last eight glacial cycles (b-i). Notable exceptions are phases of
pronounced variations in EDC dust flux, e.g. at the end of interval B or interval D in panel
(a), which point to the importance of superposed dust alterations that can impact on
atmospheric CO; via iron fertilization in the Southern Ocean”"’.
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Supplementary Figure 3: Idealized representation of the causal structure describing the
influence of glaciation on atmospheric CO; and temperature in the context of solid earth-
climate interactions. An encircled plus denotes a positive effect of one quantity onto another,
a minus a negative one. In the negative feedback loop described in our study (red arrows), a
sea level decline during ice sheet growth causes enhanced volcanic degassing of CO..
Additionally two positive feedback loops associated with the blue and green arrows illustrate
links that can be summarised as classical ice albedo feedbacks due to temperature and ice
sheet changes (blue arrows), as well as the impact of volcanic degassing via subaerial
continental volcanoes (green arrows) according to ref"'. Our results imply that during
intervals of pronounced ice growth and sea level drop, the temporal evolution of temperature
is dominated by e.g. ice albedo feedbacks (blue arrows), while the negative feedback loop
described in our study (red arrows) counteracts the positive feedback loop (green arrows)
and favours a stabilisation of atmospheric CO; levels.
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Supplementary Figure 4: Temperature paths (solid red) of the upper mantle rising
adiabatically below a mid-ocean ridge (a, potential temperature of 1335 °C) and of a mantle
plume rising below a 90 km thick lithospheric plate (c, potential temperature is 1535 °C). Wet
and dry solidus functions are shown in dashed blue and dashed black, respectively, for both
scenarios. See Methods and Supplementary Table 4 for the definition of the solidus functions.
Panels (b) and (d) show melt production during upwelling (dF/dz, dashed red), the
cumulative degree of melting F (solid black) and the water content X in the residue relative to
the initial content Xy (solid blue). We assume Xy=100 ppm,, for the mid-ocean ridge model
and Xy=400 ppm,, for the mantle plume model.



Supplementary Figure 5
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Supplementary Figure 5: Melt production in the four-dimensional parameter space that was
constructed using 126 3-D model calculations. Melt production is shown as a function of
lithosphere thickness (columns), plate speed relative to the hotspot (rows), plume buoyancy
flux (x-axis in each panel), and plume excess temperature (y-axis in each panel). The 43
global hotspots are plotted as white dots within this parameter space and the attached
numbers refer to each hotspot in Supplementary Table 2. For this illustration, each hotspot is
plotted in the nearest row (plate speed) and column (lithosphere thickness) subplot. Note,
however, that the values for magma and CO; fluxes have been calculated for each hotspot by
a full interpolation in the four-dimensional parameter space. The best-studied and strongest
global hotspot Hawaii (number 19) has been used to calibrate the mantle composition for all
plumes (see Methods).



Sea level below present (m) Range of sea level change (m)
Reference 85ka | 80ka | 75ka | 70ka 85to70ka | 80to70ka | 75to 70 ka
Grant et Max. 67 67 79 94 -63 -62 -52
al, 2012" | Avg. | 50 52 63 81 31 -29 -18
95 % Min. 31 32 42 64 +3 +3 +15
Bintanja et | Max. 62 54 66 98 -70 -77 -65
al., 2005° Avg. 45 38 50 79 -34 -41 -29
2 sigma Min. 28 21 33 59 +3 -5 +7
Medina- Max. 21 14 48 101 -91 -97 -81
Elizalde, Avg. 16 9 34 74 -58 -65 -40
2013"% Min. | 10 4 20 47 -26 -33 +1
95 %

Supplementary Table 1: Analysis of the different published sea level curves as shown in Fig.
1f of the main manuscript. This table lists the sea level values at 85, 80, 75 and 70 ka BP (the
white columns in SI contain sea level in meters below present with positive values
representing a lower sea level; grey columns show the change in sea level for the
corresponding time intervals with negative implying a sea level drop). The respective min.
and max. values around the average values refer to the 95% probability envelopes. The
corresponding sea level changes are calculated according to the following example: In the
interval between 85-70 ka BP the average sea level change (-58 m) for Medina-Elizalde '* is
derived from the difference between the avg. sea level (74 m) at 70 ka and the avg. sea level
(16 m) at 85 ka BP. The maximum sea level change (-91 m) is derived from the difference
between the max. sea level (101 m) at 70 ka and the min. sea level (10 m) at 85 ka BP. Vice
versa the min. sea level change (-26 m) is derived from the difference between the min. sea
level (47 m) at 70 ka and the max. sea level (21 m) at 85 ka BP. Since this calculation
combines minimum and maximum values of different rows in the white columns, the two
examples have been marked by bold (maximum) and italics (minimum). For our baseline
scenario S2 (60 m sea level decline in 15 kyrs, with 4.0 m kyr"), 9 of the 27 realisations
shown in the table have a larger magnitude of sea level change (>60 m) and 13 realisations
have a larger associated rate of sea level change (>4 m kyr”). The other sensitivity runs in
our study (S1, 83, §4, shown in Supplementary Table 3) represent more pronounced scenarios
with the largest sea level change in S4 (100 m sea level decline in 10 kyr, with 10 m kyr”') and
the strongest rate of sea level change in S1 (60 m sea level decline in 5 kyr, with 12 m kyr™),
which exploit the potential towards extremer changes shown in this table (e.g. 97 m sea level
decline in 10 kyr, with 9.7 m kyr'; 81 m in 5 kyr sea level decline, with 16.2 m kyr™). It
should be noted that plausible realisations in the table also include smaller and slower sea
level drops than in our baseline scenario S2.



Excess Lithosphere Lithosphere Island
Buoyancy flux temperature Plate speed age thickness category

Hotspot ID Lat Long (kg/s) (K) (mm/yr) (Myr) (km)
Amsterdam 1 -38.0 77.5 500 130 9.7 5.4 27.2 S
Ascension 2 -8.0 -14.4 500 130 20.2 5.1 26.4 S
Azores 3 38.5 -28.4 1100 124 1.1 15.5 46.0 M
Balleny 4 -66.8 163.3 500 130 5.7 19.5 51.8 M
Bermuda 5 32.0 -65.0 1100 168 18.6 118.3 8.7 S
Bouvet| 6 -54.5 3.5 400 157 6.8 5.8 28.2 S
Bowie 7 53.5 -135.6 300 155 42.2 16.1 47.1 0
Canary 8 28.0 -18.0 1000 164 4.3 153.4 85.2 L
Cape Verde 9 15.0 -24.0 1600 114 7.4 129.8 85.0 L
Caroline 10 5.0 164.0 1600 150 89.3 152.4 85.2 S
Cobb 11 46.0 -130.0 300 155 44.7 0.5 6.0 g 0
Comores 12 -11.8 43.3 615 160 16.3 135.2 85.0 M
Crozet 13 -46.3 52.0 500 145 9.0 70.0 81.8 M
Discovery 14 -42.0 0.0 500 158 16.4 68.0 81.6 g 0
Easter 15 -27.1 -109.5 3300 204 60.6 6.0 28.7 S
Fernando| 16 -4.0 -32.5 500 176 20.0 99.1 84.1 S
Galapagos| 17 -0.4 -91.5 1000 130 47.6 12.0 40.5 L
Gough 18 -40.0 10.0 308 155 16.3 29.7 63.6 S
Hawaii 19 19.4  -155.3 8700 290 80.5 91.2 83.8 L
Heard Is 20 -53.0 73.0 1785 179 8.6 98.0 84.1 M
Iceland 21 65.0 -19.0 1400 186 15.9 8.6 34.4 L
Jan Mayen| 22 71.1 -8.2 600 74 29 14.6 44.7 M
Juan Fernandez 23 -33.5 -82.0 1600 185 61.8 28.8 62.7 S
Kerguelen 24 -49.6 69.5 500 209 8.9 84.5 83.3 L
Lord Howe 25 -32.0 159.0 900 165 63.7 77.2 82.7 S
Louisville 26 -51.0 -138.0 900 200 78.7 42.2 73.6 0
Macdonald 27 -29.0 -140.2 3300 204 88.5 40.2 72.4 S
Madeira 28 33.0 -17.0 677 161 3.2 133.3 85.0 M
Marion 29 -46.9 37.8 500 130 8.7 29.5 63.4 M
Marquesas 30 -11.0 -138.0 3300 167 89.0 48.9 76.8 M
Meteor 31 -52.0 1.0 500 158 16.3 22.8 55.9 0
New England 32 30.0 -28.0 500 158 3.4 87.6 83.5 0
Pitcairn 33 -24.5 -129.0 3300 189 89.8 235 56.8 S
Reunion 34 -21.2 55.7 1900 176 16.3 66.7 81.4 M
Samoa 35 -145  -168.0 1600 223 88.7 107.0 84.4 L
San Felix 36 -26.3 -80.0 1600 176 60.6 38.3 71.1 S
Socorro 37 18.7 -111.0 500 158 63.6 11 13.3 S
St. Helena 38 -16.0 -6.0 500 164 143 38.6 71.3 S
Tahiti 39 -17.9 -148.1 3300 185 89.7 65.8 81.2 M
Tasmanid 40 -39.0 156.0 900 165 65.4 53.1 78.3 0
Trindade| 41 -20.5 -28.8 500 242 19.8 76.4 82.6 S
Tristan 42 -37.0 -13.0 1700 176 16.2 19.8 52.1 S
Vema 43 -31.5 8.5 400 157 16.2 105.6 84.4 0

Supplementary Table 2: Parameters of global plume melting model. See Methods for
information on data sources and on how missing data (bold) was handled. Island categories
are S=small (radius less than 10 km), M=medium (radius less than 30 km) and L=large
(radius greater than 30 km). “0” indicates that the hotspot is submarine.



Mid-ocean ridges:

Baseline global magma flux: 22.8km? yr?

Baseline global CO; flux: 0.0961 Gt CO, yr™

CO, concentration mantle source: 140 ppmy

Asealevel Duration A magmaflux A magmaflux ACO;flux ACO; flux Total A magma Total A CO,
(m) (kyr) (km® yr?) (%) (Gt CO, yr?) (%) Gt CO,/10 m (km?) (Gt)
60 5 8.37 36.7 0.0376 39.3 314 41850 188
60 15 2.78 12.2 0.0125 13.1 314 41700 188
80 10 5.58 24.5 0.0251 26.2 314 55800 251
80 15 3.66 16.1 0.0168 17.5 315 54900 252
100 10 6.99 30.7 0.0314 329 314 69900 314
100 15 4.65 20.4 0.0210 21.9 31.5 69750 315

Oceanic mantle plumes:

Baseline global magma flux: 2.023 km?3 yr-1

Baseline global CO, flux: 0.1268 Gt CO, yr-1

CO; concentration mantle source: 950 ppmy

Asealevel Duration A magmaflux A magmaflux ACO;flux ACO; flux Total A magma Total A CO,
(m) (kyr) (km? yr) (%) (Gt Co, yr) (%) GtCO,/10m (km?) (Gt)
60 5 0.69 33.9 0.0423 334 35.3 3430 212
60 15 0.24 11.9 0.0172 13.6 43.0 3600 258
80 10 0.53 26.1 0.0328 259 41.0 5290 328
80 15 0.35 17.4 0.0233 18.4 43.7 5265 350
100 10 0.63 31.0 0.0383 30.2 38.3 6270 383
100 15 0.41 204 0.0264 20.8 39.6 6180 396

Analysed scenarios:

MOR MOR Plumes Plumes Total Total
Asea level Duration A magma flux ACO, A magma flux ACO; flux A magma A CO,
Scenario (m) (kyr) (km?yr?)  (Gtco,yr?)  (km®yr?) (Gt €Oz yr?) (km?) (Gt)
S1 60 5 8.37 0.0376 0.69 0.0423 45280 400
S2 60 15 2.78 0.0125 0.24 0.0172 45300 446
S3 80 15 3.66 0.0168 0.35 0.0233 60165 601
S4 100 10 6.99 0.0314 0.63 0.0383 76170 697

Supplementary Table 3: Summary of the geodynamic simulations. Scenarios 1-4 have been
used to assess the impact of sea level induced volcanic degassing on atmospheric CO; levels.



Variable Description Value(s) Unit
Y| Pre-exponential factor in viscosity law - 1

A ax Maximum viscosity increase during dehydration 5, 10, 50, 100 1

c, Specific heat capacity 1100 Tke' K
Dco; Partition coefficient for CO, 0.01 1
Do Partition coefficient for H,O 0.01 1

E, Activation energy 400,000 J mol™
e, Unit vector in vertical direction - 1

F Depletion (cumulative degree of melting) - 1

g Gravitational acceleration 9.81 m s>
G Shear modulus 25, 30, 35 GPa
AH (Latent) heat of fusion 660,000 Tke'!
Ahg, Amplitude of sea level drop 60, 80, 100 m

h; Thickness of lithospheric plate at hot spot 50, 70, 90 km
hig Island height above sea floor 7,10, 13 km
h, Water depth 4500 m

k Thermal conductivity 3 Wm'K!
p Pressure - Pa
Op Plume buoyancy flux > 026380?63880’ ke s
R Ideal gas constant 8.314472 T mol K!
AS Entropy of fusion AH/ T Jke' K
t Time - s
Aty Duration of sea level drop 5,10, 15 kyr
T Potential temperature - °C
I Reference potential temperature 1335 °C

T, Elastic thickness of lithosphere 15, 25,35 km
T... Plume excess temperature 100, 200, 300 °C
T Solidus temperature - °C
T, Solidus temperature at surface (upper mantle/plume) 1081 /1081 °C
a%p Solidus-pressure gradient (upper mantle/plume) 132/112 °C GPa’
BT% F Solidus-depletion gradient (upper mantle/plume) 350/250 °C

v, Activation volume 4-10° m® mol™
v, Velocity component - mm yr'
Vs Half-spreading rate of mid-ocean ridge 2,...,100 mm/yr
VL Speed of lithospheric plate relative to hot spot 10, 40, 80 mm/yr
X; Spatial coordinate - m
xtzo Water content of mantle rock - ppm,,
X ;’ 20 Initial water content of mantle rock - ppm,,
X 5”2,0 Initial water content of upper mantle 50, 100, 200 ppm,,
X;’ 20 Initial water content of mantle plumes 400 ppm,
o Thermal expansion coefficient 3-10° oC!

B Depletion-buoyancy parameter 3-102 1

n Dynamic viscosity - Pas
No Reference dynamic viscosity 10" Pas

P Density - ke m™>
Po Reference density 3300 ke m™>
P Density of oceanic lithosphere 3300 ke m?
P Density of sea water 1030 ke m’
Ty Viscous stress-strain rate tensor - Pa
){Hz © Weight fraction of water in mantle rock - 1

Supplementary Table 4: List of all symbols and model parameters.




X/;2° =50 ppm,, X2 =100 ppm,, X[/2° =200 ppm,,
baseline increase  increase (%)| baseline increase increase (%)] baseline increase increase (%)
A =100 |Melt wmiyry|  22.10 2.84 12.9 22.41 2.93 13.1 22.78 3.03 13.3
CO, (Gt yr'l) 0.0899 0.0121 13.5 0.0954 0.0134 14.0 0.1027 0.0150 14.6
A, =50 Melt (km3 yr'l) 22.52 2.70 12.0 22.80 2.78 12.2 23.17 2.85 12.3
CO, (Gt yr'l) 0.0907 0.0112 12.3 0.0961 0.0125 13.0 0.1033 0.0141 13.6
A, =10 Melt (km3 yr'l) 23.12 2.48 10.7 2341 2.55 10.9 23.78 2.65 11.1
CO, (Gt yr'l) 0.0918 0.0101 11.0 0.0970 0.0115 11.9 0.1042 0.0131 12.6
A =5 Melt (km3 yr'l) 23.24 2.44 10.5 23.53 2.51 10.7 23.90 2.59 10.8
CO, (Gt yr'l) 0.0919 0.0099 10.8 0.0971 0.0114 11.7 0.1043 0.0129 12.4

Supplementary Table 5: Sensitivity tests for the global MOR melting model. The predicted
global magma and CO; fluxes are shown for different initial water contents X,'2° of the
mantle source (columns) and different factors of viscosity increase Apmax during melting-

induced dehydration (rows). Bold values mark the parameter combination used for the model
runs presented in the main text.




Reference plume model presented in main text

baseline increase increase (%)
Melt production (km®yr")| ~ 2.023 0.240 11.9
€O, release (Gtyr")| 0.1268 0.0172 13.6

Predicted magma and CO, fluxes when varying one parameter

Model Parameter variation: -10% +10%
parameter baseline increase increase (%) baseline increase increase (%)
Buoyancy Melt (km>yrY)| 1.941 0.237 12.2 2.117 0.243 11.5
flux CO, (Gt yr'l) 0.1216 0.0170 14.0 0.1328 0.0174 13.1
Excess Melt (km>yrY)| 1.679 0.227 13.5 2.355 0.252 10.7
temperature co, (Gtyrh| 0.1173 0.0176 15.0 0.1347 0.0169 12.5
Plate speed Melt (km®yrh]  1.998 0.245 12.3 2.035 0.236 11.6
at hotspot co, (GtyrY)| 0.1253 0.0175 14.0 0.1279 0.0169 13.2
Lithosphere Melt (km® yrh] 2329 0.289 12.4 1.798 0.204 11.3
thickness CO, (Gt yr'l) 0.1349 0.0191 14.2 0.1211 0.0156 12.9

Change in predicted fluxes relative to reference model

Model Parameter variation: -10% +10%
parameter baseline increase increase (%) baseline increase increase (%)
Buoyancy Change in melt (%) -4.1 -1.3 29 4.6 13 -3.2
flux Change in CO, (% -4.1 -1.2 3.1 4.7 1.2 -3.4
Excess Change in melt (%) -17.0 -5.4 14.0 16.4 5.0 -9.8
temperature Change in CO, (% -7.5 2.3 10.6 6.2 -1.7 -7.5
Plate speed Change in melt (%) -1.2 2.1 3.4 0.6 -1.7 -2.2
at hotspot Change in CO, (% -1.2 1.7 3.0 0.9 -1.7 -2.6
Lithosphere Change in melt (%) 15.1 20.4 4.6 -11.1 -15.0 -4.4
thickness Change in CO, (% 6.4 11.0 4.4 -4.5 -9.3 -5.0

Supplementary Table 6: Sensitivity tests for the global plume melting model. The predicted
magma and CO, fluxes are most sensitive to changes in the plume excess temperature and the
lithosphere thickness at the hotspot location. The model results depend less on the plume
buoyancy fluxes and are rather insensitive to the plate speed at the hotspot location. Note that
these are the integrated global values and that individual hotspots might show stronger
variations.
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