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Supplementary Method: Opal and particulate scavenging controls on Atlantic 23'Pa/?3°Th time-
series

In order to examine a potential scavenging control on past 231Pa/?3°Th changes by opal and
particulate fluxes in the Atlantic Ocean for the last 25 thousand years (kyr), we have carried out
individual correlation analysis on each of the thirty-three available sedimentary 231Pa/?3°Th time-
series for this region (Supplementary Fig. 1 & 2) with the corresponding 23°Th-normalised (vertical)
opal flux and bulk sediment flux.

Strong positive correlations between 23'Pa/23°Th and opal flux with r values of 0.60 to 0.98 are
observed in fourteen cores, which include two cores from the South-East Atlantic’?, six cores from
the equatorial Atlantic3, one core from the Brazil margin®, two cores from southern Ceara Rise?,
one core from the Blake Ridge?, and two cores from the Rockall Basin® (Supplementary Fig. 3). The
two Rockall Basin cores that show r values of 0.63 and 0.69 for opal flux—23'Pa/?3°Th correlation
display persistent 23'Pa/?3Th values well above the production ratio (>0.093) during early
deglacial®. Although other processes have been suggested® to contribute to the high 23'1Pa/?3Th
observed, opal flux is generally higher during this period of preferential scavenging of the 231Pa
isotope>, suggesting a scavenging control by opal in these two cores. This observation supports our
approach of considering the influence of opal scavenging on past 23'Pa/?3°Th changes for cores
which show r>0.6 for the opal flux—?3'Pa/?3°Th correlation.

Among the strong positive opal flux—231Pa/?*°Th correlations (r>0.6) observed in the fourteen
cores, three have p-values of greater than 0.05 (Supplementary Fig. 3), suggesting the possibility of
the statistical correlation being caused by random chance for these three cores (two southern
Ceara Rise cores and one core from the South-East Atlantic). It should also be noted that post-
depositional opal dissolution is a source of uncertainty in 22°Th-normalised opal flux, which has
implications for the correlation between 23'Pa/?3°Th and opal flux3. This uncertainty remains
unconstrained, and might become more important when there is temporal change in opal
preservation? that could be driven by processes such as changes in Atlantic water mass
composition, given that Atlantic water masses have different dissolved silicon content. Despite the
uncertainties above, we decide to take a conservative approach to minimise the potential
overprint of opal scavenging. Based on the Rockall Basin observations explained above, the
fourteen cores that show r>0.6 for the opal flux—23'Pa/?3°Th correlation, including the three cores
that show p>0.05, are excluded from further interpretation of Atlantic circulation changes.

Thirteen cores from the West and deep (>2.5 km) East Atlantic, which include nine previously
published cores?3%10 and four new cores, exhibit lower correlations (r<0.6) between 231Pa/?3°Th
and opal flux/diatom flux/diatom abundance (Supplementary Fig. 4). In addition, none of these
cores show strong positive correlation (r<0.6) between 231Pa/?3°Th and bulk sediment flux.
Together, the correlation analyses suggest that opal and bulk sediment scavenging are not the
main controls of past 231Pa/?*°Th changes observed in these thirteen cores.
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There is no evidence of a strong positive correlation between 23'Pa/?3*°Th and both opal and bulk
sediment fluxes (r<0.04) in any of the six East Atlantic records from the intermediate depths (1-2.5
km)>211-13 (Supplementary Fig. 5). This result indicates that opal and bulk sediment fluxes is likely
not the most important influence on past 23'Pa/?3*°Th changes in these intermediate-depth East
Atlantic cores.

Some of the adjacent cores show substantial differences in the correlation between 23'Pa/?3°Th
and opal/diatom flux, such as those from off Namibia (25°S, 3.51 km, r=0.66 and 23°S, 1.97 km,
r=-0.38), Brazil margin (2°S, 1.37 km, r=0.71 and 2°S, 2.25 km, r=0.33), and the Rockall basin (53°
N, 4.05 km, r=0.63 and 50°N, 4.28 km, r=-0.17) (Supplementary Fig. 1-5). These cores are situated
at or proximal to the continental margins and oceanic plateau, and marine primary production
(including opal) could have significant local variations at these settings'®. Given that opal
effectively scavenges 23'Pa and can significantly reduce the residence time of 23'Pa in seawater?®,
231pa/23°Th could be modified by opal scavenging at a relatively local scale, which might give rise to
the observed differences in the correlation of 2>'1Pa/23°Th with opal at adjacent sites at margins
and over submarine plateau.
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Supplementary Figure 1. Site map of all sedimentary 23'Pa/23°Th records examined in this study. Star symbols
represent cores that are influenced by opal scavenging (Supplementary Fig. 3), and the other symbols indicate
cores that are not dominantly influenced by opal scavenging (Supplementary Fig. 4 & 5): squares are new
231pa/239Th reconstructions from this study, empty circles are intermediate-depth East Atlantic cores, filled
circles are West and deep East Atlantic cores. The bracketed numbers denote the identity of the sediment
records plotted in the subsequent supplementary figures, with references listed in Supplementary Table 1. Core
[1]-[13] are records selected for the interpretation of deep Atlantic circulation (main text Fig. 1). The map was
generated using the Ocean Data View program (Schlitzer, R., Ocean Data View, http://odv.awi.de, 2016).
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Supplementary Figure 2. Atlantic sedimentary 23'Pa/?3°Th time-series from the (a) west and deep (>2.5 km)
high-latitude (>50° N) north, (b) deep northern subtropical east and Mid-Atlantic Ridge (MAR), (c) deep low-
latitude east and MAR, and (d) intermediate-depth (1-2.5 km) east. Error bars represent 2 s.e.m. Triangle and
diamond symbols respectively signify *C and non-1%C chronological tie-points. Bracketed numbers denote the
core identities marked in Supplementary Fig. 1, with references listed in Supplementary Table 1. Bold characters
in the figure legend and the square symbols indicate 23'Pa/?3*°Th reconstructions from this study. Annotations of
key climate events: LGM — Last Glacial Maximum, HS1 — Heinrich Stadial 1 (purple shading), BA — Bglling-Allergd,
YD — Younger Dryas (purple shading).
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Supplementary Figure 3. Sedimentary 23!Pa/?3°Th versus 22°Th-normalised (a) opal flux and (b) bulk sediment
flux for Atlantic records that show r>0.6 for opal flux—3'Pa/?3°Th correlations. Error bars represent 2 s.e.m. The
correlations incorporate data solely from 0-25 thousand years ago (ka) core intervals. Bracketed numbers
denote the core identities marked in Supplementary Fig. 1, with references listed in Supplementary Table 1.



110
111

112
113
114
115
116
117
118
119

© 50°N,4.28km[1] © 42°N,4.11km[2] © 41°N,3.43km[3] © 38°N,3.14km[4] © 34°N, 4.55km [5]
® 34°N,4.58km[6] © 18°N,3.09km[7] @ 15°N,2.71km[8] ® 7°N,3.43km[9] @ 6°N, 4.06 km [10]
m5°N,3.29km[11] © 2°S,2.25km[12]  © 3°S,3.49 km [13]

(a)
0.10 o ©o [0 Production ratio = 0.093
< 0.08
3
S 006
0.04
0.02
Opal flux (g cm™ kyr?)
(b) 34°N diatom abundance
Scarce Rare Frequent Common Abundant
L | | 1 1 | |
38°N diatom abundance (%)
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.12
0.10 é L | s Production ratio = 0.093
E ’ s Y o
& o008 ¢ o -
© r=0.49
& ° @ p<0.05
& 006 he ® P
® )
0.04 r=0.03
p >0.05
0.02 + T T T
0.0 0.1 0.2
50°N, 42°N diatom flux (x10° #valves cm™2 kyr1)
(c) [r=049
0.2 {P<0.05 +
4 r=-0.50 r=-0.20
0.05
0.10 {1 P< Production ratio = 0.093
;}E 4
< 0.08 -1
S
© 4
a
% 0.06 4 I
| r=0.29 r=0.08 o r=-0.14 r=-0.25
0.04 A p>0.05 p>0.05 p > 0.05 p >0.05
* r= 0% p \ CQ
0.05 p > 0.05
0.02 = : : : : :
0 10 20 30

Bulk sediment flux (g cm™ kyr?)

Supplementary Figure 4. Sedimentary 23'Pa/?3°Th versus 22°Th-normalised (a) opal flux, (b) diatom flux, diatom
abundance, and (c) bulk sediment flux for West and deep (>2.5 km) East Atlantic records that show r<0.6 for
correlations between opal flux/diatom flux/diatom abundance and 23!Pa/?3°Th. Error bars represent 2 s.e.m. The
correlations incorporate data solely from 0-25 ka core intervals. Diatom fluxes (diatom is the main component
of opal) for the Bermuda Rise (34°N, 4.58 km) and Iberian margin (38°N, 3.14 km) cores were not calculated
because the diatom abundance data of the Bermuda Rise core is semi-quantitative and the diatom abundance
data for the Iberian margin core is from a nearby core'®. Bracketed numbers denote the core identities marked
in Supplementary Fig. 1, with references listed in Supplementary Table 1. Bold characters in the figure legend
and the square symbols indicate 2'Pa/?*°Th reconstructions from this study.
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Supplementary Figure 5. Sedimentary 23'Pa/?3°Th versus 2*°Th-normalised (a) opal flux, diatom flux, and (b) bulk
sediment flux for intermediate depth (1-2.5 km) East Atlantic records. Error bars represent 2 s.e.m. The
correlations incorporate data solely from 0-25 ka core intervals. Bracketed numbers denote the core identities

marked in Supplementary Fig. 1, with references listed in Supplementary Table 1.
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Supplementary Figure 6. Time-series of (a) North Atlantic ice-rafted debris (IRD) records'’*° and a proxy record
(BIT index) of Eurasian fluvial discharge?, (b) composite 23'Pa/?3°Th record, and (c) Northern Greenland ice core
temperature proxy (6'80) record?! from 21 to 10 ka. The composite 23'Pa/?3°Th record was developed to
represent the coherent trends observed in the western and deep high latitudinal cores at the North Atlantic
(main text Fig. 2), and to highlight the timing of inferred variations in AMOC strength. The composite does not
show the range of 23'Pa/?3°Th given the range of water depths, latitudes, and oceanic environment the cores sit
at, although this range does not undermine the millennial-scale signal associated with the variations in AMOC
strength. The composite was derived by computing 9-point moving averages, which integrates data over 500—
1,000 years. The choice of data integration is a suitable compromise for accounting sediment chronology
uncertainty and preserving changes on the millennial timescale. Given the reason above, the composite is not
expected to capture abrupt changes on the decadal or shorter timescale. Two other western cores (42°N, 4.11
km; 34°N, 4.58 km) do not have data over the Holocene and late deglacial (<13 ka) (main text Fig. 2), and so are
excluded from the composite. An alternative composite curve was developed using the data binning method
(Supplementary Fig. 7). Triangle and diamond symbols respectively signify **C and non-*C chronological tie-
points. Numbers and letters in brackets denote the identity of the sediment cores marked in main text Fig. 1,
with references listed in main text Table 1. Bold characters in the figure legend and the square symbols indicate
new 231Pa/?3°Th reconstructions from this study. Yellow shading — early HS1, blue shading — late HS1, green
shading — YD, grey shading mark the HS1-BA transition and the YD-early Holocene transition.
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Supplementary Figure 7. Alternative composite 23'Pa/?3°Th curve developed using the data binning method. The
231pa/230Th data was binned at equally spaced 500-year intervals from 20—-10 ka (data binned at 1,000-year
interval for 21-20 ka due to lower data resolution). The 1 standard deviation of the binned dataset represents
the range of 231Pa/?3°Th data given the range of water depths, latitudes, and oceanic environment the cores sit
at. The composite curve developed using the data binning method is very similar to the one developed using the
moving average method (Supplementary Fig. 6). Triangle and diamond symbols indicate respectively the **C and
non-*C chronological tie-points of the sediment core age models. Bracketed numbers denote the core identities
marked in Supplementary Fig. 1, with references listed in Supplementary Table 1. Bold characters in the figure
legend and the square symbols indicate 23'Pa/23°Th reconstructions from this study. Error bars represent 2 s.e.m.
of the individual 23'1Pa/?3°Th data points. Yellow shading — early HS1, blue shading — late HS1, green shading — YD.
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Supplementary Figure 8. Site maps of JC094-GVY14, JC094-GVY01, EW9209-1JPC and EW9209-3JPC sediment
cores. The maps were generated using the Ocean Data View program (Schlitzer, R., Ocean Data View,

http://odv.awi.de, 2016).
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160
161 Supplementary Figure 9. Planktonic 630 records of GVY14 and GVY01. The measurements were carried out on

162 10-12 specimens of the planktonic foraminifera, G. ruber, picked from the 250-355 um size fraction, and

163 analysed using a Thermo Delta V Plus mass spectrometer coupled with a Kiel IV automated carbonate-sample
164 preparation device, in the New Core Lab stable isotope laboratory at the Lamont-Doherty Earth Observatory.
165 Calibration of measurements to the Vienna Peedee belemnite (VPDB) isotope scale was carried out using NBS-19
166  and NBS-18 reference materials?2. The in-house standard 1 s.d. reproducibility for 6120 is £0.06 %o.
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Supplementary Figure 10. Sediment age-depth models for the four new #3'Pa/?3°Th records — (a) GVY14, (b)
GVYO01, (c) 1JPC, and (d) 3JPC developed using the OxCal Poisson deposition model?® based on chronological tie-
points derived from *C measurements and benthic foraminiferal §'0 record?*. The 4C ages were obtained by
dating planktonic foraminifera G. sacculifer picked from the >250 um size fraction. Blue shading represents 2 s.d.
uncertainties associated with the age models. For 1JPC, samples for the published *C ages?> were acquired from
the working half of core and were in stratigraphic order. In contrast, age inversions were observed in the new 4C
dates acquired from recent sampling in 2013 at 32—38 cm sediment depths of the archive half of core. The
231p3/23°Th data acquired from those potentially disturbed samples (32—38 cm sediment depths of archive half)
(Supplementary Fig. 12) are not included in the final result figures.
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180  Supplementary Figure 11. Average sedimentation rates of GVY14, GVY01, 1JPC and 3JPC. Sedimentation rates of
181 1JPC 32-38 cm were derived from the working half 1*C ages that were in stratigraphic order (Supplementary Fig.
182 10).
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Supplementary Figure 12. (a) Sedimentary 23'Pa/?3°Th, (b) 22°Th-normalised bulk sediment flux and (c) opal flux
reconstructions for GVY14, GVY01, 1JPC and 3JPC. Error bars represent 2 s.e.m. Triangle and diamond symbols
indicate respectively the *C and non-4C chronological tie-points of the sediment core age models. The
sedimentary 23'Pa/?3°Th data calculated by assuming a lithogenic 233U/232Th activity ratio of 0.6 (square symbols
with solid lines) and 0.5 (circle symbols with dashed lines) respectively are within analytical uncertainty. Grey
symbols mark the previously published 3JPC data?® that were re-calculated here using the new sediment age
model (Supplementary Fig. 10). Filled squares/circles indicate 23'Pa/%*°Th measurements made at the Woods
Hole Oceanographic Institution and at the Lamont-Doherty Earth Observatory, while empty squares/circles
indicate those made at the University of Bristol. Measurements of 1JPC 32.5 cm (15.0 ka) and 36 cm (16.6 ka)
sediment core depths were excluded from the final result figures because the samples were later determined to
be acquired from potentially disturbed sediment depths from 32—38 cm in the archive half of core
(Supplementary Fig. 10).
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Supplementary Figure 13. (a) OxCal Poisson method?3 versus (b) linear interpolation method for developing age
models of selected 23'Pa/?3°Th cores that have *C ages. Error bars represent 2 s.e.m. Triangle and diamond
symbols indicate respectively the *C and non-'*C chronological tie-points of the sediment core age models.
Bracketed numbers denote the core identities marked in Supplementary Fig. 1, with references listed in
Supplementary Table 1. Bold characters in the figure legend and the square symbols indicate 23'Pa/?3°Th
reconstructions from this study.
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203
204 Supplementary Figure 14. Sediment reservoir uncertainty in sediment core age models. Age models were

205 developed using several combinations of surface reservoir values derived for high latitudes (>45°N) and low

206 latitudes (<35°N/S) over the last 25 kyr?’: (a) maximum surface reservoir values at all sites, (b) minimum surface
207 reservoir values at all sites, (c) maximum values at eastern high latitudes, minimum values at western high

208 latitudes, and mean values at low latitudes. No changes was made to the age model for the Rockall basin core
209 (50°N, 4.28 km) which was developed using non-1*C chronological tie-points®. Triangle and diamond symbols
210 indicate respectively the *C and non-*C chronological tie-points of the sediment core age models. Bracketed
211 numbers denote the core identities marked in main text Fig. 1, with references listed in main text Table 1. Bold
212 characters in the figure legend and the square symbols indicate 23'Pa/?3°Th reconstructions from this study. Error
213 bars represent 2 s.e.m.



Supplementary Table 1. Summary of sedimentary 23'Pa/%°Th time-series examined in this study.

Site Core name Latitude Longitude | Water References Correlation to opal flux Chronological Notation on
(°N) (°E) depth (km) r>0.6? p<0.05? tie-points map/legend
Rockall basin SU90-44 50.02 -17.10 4.279 Gherardi et al., 2009° No No IRD, 880 [1]
Newfoundland margin MD95-2027 41.73 -47.73 4,112 Gherardi et al., 2009° No Yes IRD, &80 [2]
Mid-Atlantic Ridge 10DP U1313 41.00 -32.96 3.426 Lippold et al., 20162 No No XRD scan [3]
Iberian margin SU81-18 37.77 -10.18 3.135 Gherardi et al., 20057; Thomson et al., 2000*1¢ No No 14C, 8180 [4]
Bermuda Rise OCE326-GGC5 | 33.70 -57.58 4.550 McManus et al., 20046 No Yes uc [5]
Bermuda Rise ODP 1063 33.68 -57.62 4,584 Lippold et al., 20098 No Yes CaCOs3 [6]
African margin - off MD03-2705 | 18.08 21.15 3.085 Meckler et al., 201328 No No 14C, forams 7
Mauritania
Researchers Ridge JC094-GVY14 15.4643 -50.9915 2.714 This study No No e [8]
Sierra Leone Rise JC094-GVY01 7.435 -21.7963 3.426 This study No No 1c [9]
Ceara Rise (northern) EW9209-1JPC 5.907 -44.195 4.056 This study No No 1C [10]
Ceara Rise (northern) EW9209-3JPC 5.313 -44.26 3.288 This study No No 14c, 6180 [11]
Brazil margin GeoB16202-2 -1.9083 -41.5917 2.248 Mulitza et al., 201710 No No 14C [12]
Equatorial Atlantic RC24-12 -3.01 -11.417 3.486 Bradtmiller et al., 20073 No No 5180 [13]
Rockall basin BOFS 10K 54.7 -20.7 2.777 Roberts et al., 2014°> Yes Yes 14C, 232Th [14]
Rockall basin BOFS 8K 52.5 -22.1 4,045 Roberts et al., 2014 Yes Yes 14C, IRD, 680 [15]
Blake Ridge KNR140-12JPC | 29.075 -72.898 4.250 Lippold et al., 20162 Yes Yes 4C [16]
Ceara Rise (southern) GeoB1515-1 4.238 -43.7 3.129 Lippold et al., 20162 Yes No e [17]
Ceara Rise (southern) GeoB1523-1 3.832 -41.622 3.292 Lippold et al., 20162 Yes No 6180 [18]
Equatorial Atlantic RC13-189 1.87 -30 3.233 Bradtmiller et al., 20073 Yes Yes 14C, 880 [19]
Equatorial Atlantic RC16-66 0.75 -36.617 4.424 Bradtmiller et al., 20073 Yes Yes 5180 [20]
Equatorial Atlantic RC24-01 0.55 -13.65 3.837 Bradtmiller et al., 20073 Yes Yes 5180 [21]
Equatorial Atlantic V30-40 -0.2 -23.15 3.706 Bradtmiller et al., 20073 Yes Yes 14C, 880 [22]
Equatorial Atlantic V22-182 -0.53 -17.27 3.614 Bradtmiller et al., 20073 Yes Yes 14C [23]
Equatorial Atlantic RC24-07 -1.333 -11.917 3.899 Bradtmiller et al., 20073 Yes Yes 6120 [24]
Brazil margin GeoB16206-1 -1.5792 -43.0237 1.367 Voigt et al., 20174 Yes Yes 1c [25]
ﬁzr:ﬁiat:amarg'” - off GeoB3722-2 | -25.25 12.02 3.506 Christl et al., 2010 Yes No e [26]
Cape basin ODP 1089 -40.936 9.894 4.621 Lippold et al., 20162 Yes Yes 6120 [27]
Rockall basin DAPC2 58.968 -9.6125 1.709 Hall et al., 2006 No Yes 14C [28]
Rockall basin BOFS 17K 58.0 -16.5 1.150 Roberts et al., 20145 No No 1C, 6180 [29]
Mid-Atlantic Ridge MD95-2037 37.08 -32.02 2.150 Gherardi et al., 2009° No Yes uc [30]
?Z:Zagglmarg'n ~off GeoB9508-5 | 15.498 -17.948 | 2.384 Lippold et al., 201213 No No 1C, 6150 [31]
ﬁ';rr';?l;amarg'” ~off GeoB1711-4 | -23.32 1238 1.967 Lippold et al., 201213 No No ¢ [32]
Cape Basin MD02-2594 -34.72 17.33 2.440 Negre et al., 2010%%; Negre, 2009%° No No 14¢C, 6180 [33]

*References for diatom flux data from nearby cores.
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