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Supplementary Figure 1. Example of light microscope image of the 10-11 um size fractions. a 4.17
Ma. b 5.79 Ma. This fraction is enriched in large non-coccolith fragments like foraminifera fragments.

Supplementary Note 1. Negligible cold bias effect of Coccolithus pelagicus in coccolith A4
temperatures

In addition to reticulofenestrids, other species in the assemblages include C. pelagicus, Calcidiscus
sp., Helicosphaera sp., Sphenolithus sp., Discoaster sp., and Postosphaera sp. (Supplementary Fig. 2).
Sediment trap studies from the nearby North Atlantic Bloom Experiment 48 (NABE) have shown that
increased abundances of C. pelagicus are not observed when all other coccolithophore species have a
blooming peak during spring '. C. pelagicus is a dominant species in subpolar North Atlantic waters with
an optimum temperature range of 2-12 °C 23 and its increased abundance has been related to the
presence of cyclonic eddies in the area, most likely transporting them from higher to lower latitudes 4.
Therefore, they are unlikely to represent a large part of the in situ coccolithophore production in our ODP
Site 982. The presence of subpolar eddies in the area has been suggested to lead to cold biases in
alkenone temperatures 45. Therefore, the increased relative abundance of C. pelagicus in our samples
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at~2,4.2 and 14 Ma (4.2, 3.4, and 10.6%, respectively) could potentially result in a cold bias in our
clumped isotope temperatures as well, possibly related to a more frequent influence of subpolar eddies.

From these three samples, however, only at ~14 Ma are clumped isotope temperatures for the large
size fraction (8-10 um; 11.02 = 3.9 °C, 95% ClI) significantly colder than for the average of other size
fractions (3-5 and 5-8 ym; 21.58 £ 3.33 °C, 95% Cl), and is the relative abundance of C. pelagicus high
enough to produce a cold bias. Applying simple mass balance, and assuming all coccoliths in the 8-10
pm size fraction are C. pelagicus advected from colder latitudes (which is not the case), the temperature
underestimation of this sample would remain 1.1 °C, which is smaller than the analytical error of clumped
isotope measurements. Therefore, we can conclude that the presence of C. pelagicus cannot explain the
observed temperature differences between alkenone and clumped isotope temperatures.

B Reticulofenestra spp. <5 pm B Helicosphaera sp. Others

B Reticulofenestra spp. 5-8 um B Calcidiscus sp.

B Reticulofenestra spp. >8 pm Coccolithus pelagicus
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Supplementary Figure 2. Relative coccolith abundances (%) in the assemblages of sediments from
ODP Site 982. Coccolith counting was estimated from the 2-10 ym. Dominant coccolithophore species are
Reticulofenestra spp. <5 um, Reticulofenestra spp. 5-8 um, Reticulofenestra spp. >8 um, Helicosphaera
sp., Calcidiscus sp., and Coccolithus pelagicus. Other species include Sphenolithus sp., Discoaster sp.,
and Postosphaera sp., and are grouped together with the unidentifiable >2 ym carbonate fragments as
“others”.

Supplementary Note 2. Negligible cold biases in coccolith As; temperatures from diagenetic
processes

Clumped isotope thermometry is sensitive to the presence of diagenetically-altered carbonate . In
the case of coccolith calcite, carbonate overgrowth at the seafloor occur at colder temperatures than
primary biological calcification in the euphotic ocean. Therefore, diagenesis can potentially bias
reconstructed temperatures towards colder values. For our high latitude ODP 982 Site, where the
temperature gradient with water depth is smaller compared to warm and more stratified waters in the
tropics, diagenetic alteration is expected have a lower impact in A47 reconstructed temperatures.

SEM shows the generally good coccolith preservation in all samples (Supplementary Fig. 3). Yet,
regardless of the burial time, there is some carbonate overgrowth partially or completely covering the
central area (Supplementary Fig. 4), but in coccoliths of all ages, the rims are well defined. Overall,
authigenic carbonate comprises a low proportion of analyzed carbonate. Our upper estimate of authigenic
carbonate is always < 8.1% (5.8 Ma sample) and in some cases as low as 2.8% (11.8 Ma sample) (Table
S1).
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To understand the potential effect of post-burial alteration on A47 temperatures, we applied the
diagenesis model of Stolper et al. 7 to ODP Site 982. This model estimates quantitatively the effect of
diagenesis on A47 temperatures. To apply the model, we used the recrystallization rates estimated by
Schrag et al. 8 for bulk carbonates in the equatorial ODP Site 807, bottom water temperatures from Lear
et al. 9, average sedimentation rates of our ODP Site 982 core (36.1 meters per million years), a
geothermal gradient of 30 °C per km of sediment buried, and for initial temperatures (before alteration),
the alkenone derived SSTs. The results indicate larger cold offsets in older samples, with a trend of
increasing diagenetic alteration (%) over time (Supplementary Fig. 5a). The oldest sample (16 Ma) show
up to 55% diagenetic alteration, and the youngest sample (2 Ma) > 10%. These amounts are much larger
than the upper estimates of authigenic carbonate in our samples, and they are the direct result of using
recrystallization rates for bulk carbonates rather than for coccolith calcite. Since coccoliths are covered
with a protective polysaccharide organic matrix which makes them resistant to carbonate alteration 0, it is
expected that the high recrystallization rates observed by Schrag et al. & result mainly from non-coccolith
carbonate. Thus, the model overestimates the effects of authigenic contributions in our samples since
recrystallization rates specific to the pure coccolith fractions are expected to be significantly lower.

Although actual coccolith recrystallization rates are unknown, the model can be adjusted with lower
recrystallization rates, thus allowing it to predict diagenetic alteration consistent with our overgrowth
observations (e.g., < 8.1%). This was done using fractional amounts of the bulk carbonate
recrystallization rates from 0.1 to 0.25 times (in increments of 0.01). Results show that the cold bias
expected for the amounts of authigenic carbonate we observe is always < 2°C (Supplementary Fig. 5b).
Finally, as a third way to estimate the potential alteration effect, we calculate it using a simple mass
balance model. We use the alkenone SST as initial temperature and deep-water temperatures
(diagenesis temperature) as endmembers, and the maximum amount of overgrowth that we observe as
the fraction of diagenetic calcite in each sample (f=0.081). The results are very similar to the results of the
modified diagenesis model; expected offsets in A47 temperatures relative to the alkenone data are ~2°C
(Supplementary Fig. 5c¢).

Although some dissolution was observed in coccoliths of all samples, particularly in the smallest and
thinnest, to date, there is no evidence that dissolution can affect clumped isotope-derived temperatures.
Moreover, compared to other marine organisms like foraminifera, whose calcite is composed by several
nanometer-sized crystals ', a coccolith is a single calcite crystal characterized by its homogeneous
chemistry composition (e.g. ref. 2). In addition to being restricted to the relatively thermally-stable photic
zone and not showing vertical migration behavior like foraminifera, coccolithophores can produce single
coccaoliths intracellularly within one hour '3, highly restricting the possibility of clumped isotopes of a single
coccolith to register different temperatures during its formation. Therefore, it is highly unlikely that removal
of calcite from etching can affect clumped isotope-derived temperatures from coccoliths.

Smaller size fractions, especially the fragmented ones (like the <2 um) are expected to be more
prone to diagenetic alteration compared to whole coccoliths. This is not only because the surface area to
volume is higher and therefore there is more surface of interaction with water, but also because the
protective polysaccharides %' may have been removed from coccolith fragments. The lack of this
organic protective cover could also increase the probability of diagenetic processes affecting fragments
compared to whole coccoliths. Therefore, we would expect size fractions containing important amounts of
<2 um fragments (i.e. <11 pm size fraction) to be more affected by diagenesis. However, the similar
clumped isotope-derived temperatures of the <11 um size fractions and the pure coccolith (2-10 um) size
fractions (Fig. 2), which are <2 um free, suggest that at Site 982 most of the <2 um fragments are
composed of relatively well-preserved coccolith fragments. Moreover, the Sr/Ca ratios of the <2 ym
fractions (1.40-1.88 mmol/mol) are typical for coccoliths found in cultures, sediment traps and sediment
cores '%, are similar to those shown by pure coccolith size fractions in this study (2-10 um: 1.69-2.02
mmol/mol), and are higher than expected for abiogenic calcite precipitated from seawater or pore fluids 16
(Table S2). This suggests that the Mg and Al enrichment shown by trace element analysis in the <2 ym

3
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fraction is not mainly driven by diagenetic processes, but rather by an enrichment of clay. The presence
of clay minerals around small coccolith fragments could have contributed to a better preservation of this
size fraction.

The very low authigenic carbonate from our samples shows that the removal of <2 um fragments
from the pure coccolith 2-10 pm size fraction would have not been necessary. However, the removal of
this diagenetically susceptible fraction may be required in other sediments where this fraction is altered,
even if its removal increases separation time in at least ten times. This applies to old sediments, in which
diagenesis is expected to have had more time to affect pristine carbonate, but also to recent ones in
locations where detrital sediments in the small size fraction are important 7. Since in tropical, warm,
stratified locations and time intervals temperature differences between surface and bottom waters are
larger than in high latitudes like ODP Site 982, a special evaluation of the diagenetic component of these
sediments is required to ensure accurate temperature reconstructions using coccolith clumped isotopes.

a b

1.99 My 417 My 417 My

5.79 My 6.71 My 6.71 My

7.61 My 10.07 My 11.78 My

11.78 My 13.99 My 16.00 My

4



126  Supplementary Figure 3. Scanning Electron Microscope images of < 11 um coccolith fractions
127  from ODP Site 982. a 1.99 Ma. b 4.17 Ma. ¢ 5.79 Ma. d 6.71 Ma. e 7.61 Ma. f 10.07 Ma. g 11.78 Ma. h
128 13.99 Ma. i 16 Ma. Note that the < 11 pm size fraction contains the <2 ym and therefore some small
129 carbonate and clay fragments are deposited on top of coccoliths and coccospheres.

130

131
132
133
134
135
136
137

138

139

140

141 Supplementary Figure 4. Example of scanning Electron Microscope images of <11 ym coccolith
142  fractions used for estimating coccolith surface area affected by diagenesis. a 7.61 Ma. b 10.07 Ma.
143 Areas shaded in blue and red denote areas with well preserved and affected calcite, respectively. Note
144  that the < 11 pm size fraction contains the <2 ym and therefore some small carbonate and clay fragments
145  are deposited on top of coccoliths, but may not be authigenic calcite.
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147 Supplementary Table 1. Pristine and diagenetically altered carbonate in samples. Area of pristine
148  and diagenetically altered carbonate (%) from SEM imaging, and amount of pristine and diagenetically
149 altered carbonate (%), calculated following the geometrically-calculated coccolith volume plots of Young
150 and Ziveri '8, and assuming that maximum half of the calculated volume was affected by diagenesis.
151

Age % area SEM images % calcite in samples
(Ma)  pristine coccolith  Authigenic calcite  Pristine coccolith  Authigenic calcite
1.99 83.9 16.1 93.1 6.9
4.17 89.0 11.0 96.5 3.5
5.79 82.1 17.9 91.9 8.1
6.71 88.5 11.5 95.9 4.1
7.61 85.9 14.1 94.3 5.7
10.07 89.2 10.8 96.5 3.5
11.78 90.4 9.6 97.2 2.8
13.99 83.8 16.2 93.1 6.9
16 85.7 14.3 94.3 5.7

[152
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Supplementary Figure 5. Effect of recrystallization on coccolith clumped isotope temperatures. a
Offsets between alkenone SSTs and coccolith A47 temperatures estimated with the diagenesis model of
Stolper et al. 7 and the recrystallization rates of Schrag et al. & for bulk carbonate. b Offsets between
alkenone SSTs and coccolith A47 temperatures estimated with the diagenesis model of Stolper et al. 7
and with fractional amounts (10-25%) of the recrystallization rates of Schrag et al. & for bulk carbonate. ¢
Offsets between alkenone SSTs and coccolith A47 temperatures estimated with a mass balance model.
Colorbar in A and B is fraction carbonate recrystallized.
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Supplementary Table 2. Trace element analysis of the < 2 and the 2-10 ym size fractions from ODP
Site 982.

Age (Ma) Size fraction Sr/Ca Mg/Ca Al/Ca
(um) (mmol/mol) (mmol/mol) (mmol/mol)
1.99 1.84 4.54 3.01
417 1.46 11.35 2.83
5.79 1.40 5.69 1.70
6.71 1.57 4.84 1.97
7.61 <2 1.61 8.30 3.50
10.07 1.54 5.75 1.35
11.78 1.55 4.49 1.46
13.99 1.53 3.1 0.90
16.00 1.88 4.03 1.44
1.99 2.01 2.44 0.67
417 2.02 2.10 0.07
5.79 1.74 1.97 0.12
6.71 1.76 1.18 0.11
7.61 2-10 1.78 1.14 0.17
10.07 1.69 1.96 0.28
11.78 1.79 1.95 0.03
13.99 1.79 1.70 0.17
16.00 1.90 1.51 0.34

Supplementary Note 3. Differences in calibration approaches: “Depth of production effect”

For the North Atlantic, significantly high depth-integrated phytoplankton biomasses and chlorophyll
inventories have been observed using floats '° and by satellite and modelling studies during the cold
period of mixed layer deepening (December-February) 2°. A deeper production could contribute to
temperature differences between coccolith clumped isotope and alkenone proxies. This “depth of
production effect” is expected to be larger in lower latitudes like in the oligotrophic South Pacific and
North Pacific gyres, where peak production at depth (150-200 2! and 75-100 m 22, respectively) has been
described. The same is valid for warmer intervals, as more stratified waters are expected to increase this
“depth of production effect”, wherewith differences between absolute reconstructions using widely-used
alkenone calibrations 2324 (SSTs) vs. coccolith clumped isotopes (temperatures at depth of production)
are also expected to be larger.

To estimate the magnitude of the “depth of production effect” for the modern North Atlantic, we
calculated the differences of World Ocean Atlas (WOA) 2018 25 average monthly temperatures between
surface waters and those at 40 and 100 m for months when integrated depth and surface primary
production is expected to be significant (i.e. ~from December to May/June 2°; Table S3). Depths between
40 and 100 m were chosen, as 1984 cruise data for our study site from April, which is one of the months
with both the highest “surface” phytoplankton biomass and coccolithophore fluxes 1920 show significantly
larger chlorophyll values between 40 and 100 m, with a peak at 60 m 26. A maximum temperature
difference between surface and deeper waters of 1.6 °C was observed for June, assuming peak of
production at 100 m, with decreasing magnitudes for earlier months, when the mixed layer is deeper.



220 Supplementary Table 3. Average monthly temperatures from WOA between 1955 and 2012 for the
221 surface ocean (0 m), at 40 and 100 m depth, for the location of ODP Site 982. Average temperatures
222 at the same depths for the winter-spring production season 20, and differences of average monthly

223 temperatures between surface (0 m) and 40 m and surface and 100 m depth, also shown. These

224 differences show that for months when integrated depth and surface primary production is expected to be
225  significant (~from December to May/June; shown in italics), alkenone temperatures calculated using SST
226 could be up to 1.6 °C (italics, bold) higher than deeper temperatures at which alkenones may be actually
227 produced.

Temp. (°C); Temp. (°C); Temp. (°C); Temp. diff. (°C); Temp. diff. (°C);

0m 40 m 100 m 0-40 m 0-100 m

Jan 9.44 9.40 9.37 0.04 0.07

Feb 9.03 9.04 8.99 -0.01 0.04

Mar 8.95 8.89 8.91 0.06 0.04

Apr 9.21 9.02 8.93 0.19 0.28

May 9.96 9.52 9.18 0.44 0.78

Jun 10.84 10.16 9.24 0.68 1.60

Jul 12.47 10.95 9.34 1.52 3.13

Aug 13.20 11.69 9.51 1.51 3.69

Sep 12.51 12.06 9.75 0.45 2.76

Oct 11.47 11.33 10.09 0.14 1.38

Nov 10.20 10.11 10.00 0.09 0.20

Dec 9.51 9.49 9.45 0.02 0.06

Av. winter-spring 9.60 9.40 9.20 0.22 0.45
228
229

230 Supplementary Note 4. Differences in calibration approaches: “Season of production effect”

231 In places where alkenone production is seasonal, like in the North Atlantic, coretop calibrations using
232 annual 2 or warm season 24 SSTs, may introduce seasonal biases in UX, temperatures 27. Therefore, the
233 ideal calibration should use temperatures of periods when most of the alkenones that are preserved in the
234  sediment are produced. We calculated the temperature differences potentially caused by this “season of
235 production effect”. For this, we compared WOA average monthly SSTs between the months used by

236  alkenone calibrations (all year 23, August-October 24) and those of months reported to coincide with

237  maximum surface production in the North Atlantic 4192028 or significant depth-integrated primary

238 production 20 (winter-spring; Table S4). Flux peaks in sediment traps may lag maximum surface

239 chlorophyll by 1-2 months due to long settling times 2°. The maximum coccolith export in March-May

240 recorded by the 1 km trap at the nearby NABE-48 site ' and the slightly later alkenone flux peak in the
241 deeper 3.7 km trap (April-June #) are also consistent with winter-spring production 2°. This simple analysis
242 shows that the application of the Bayspline calibration 24, which uses significantly warmer temperatures
243 than those of actual alkenone production, can lead to up to 3°C overestimates in alkenone-calculated

244 temperatures. Smaller overestimates are estimated when the core top calibration 2% is used (up to 1.2 °C).
245
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Supplementary Table 4. Average monthly SSTs from WOA between 1955 and 2012 for the location of ODP Site 982 in the North Atlantic.
This includes average monthly SSTs used for the alkenone Bayspline 24 and the core top 23 calibrations; average monthly SSTs of periods of
surface coccolith peak export ', alkenone peak export 4, and phytoplankton surface blooms 92028 in the North Atlantic, and average monthly SSTs
of periods of significant depth-integrated and surface phytoplankton production in the North Atlantic 2°. Temperature differences between average
monthly SSTs of considered periods for alkenone calibrations and actual production periods, show that the maximum “season of production effect”
can reach up to 3.0 °C when comparing the Bayspline calibration and the Broerse et al. ' dataset (bold, italics).

Surface Depihs-r:f:?;ated
. Core to Filippova Mignot Broerse Rosell-Melé Behrenfeld Behrenfeld
V:](z»:tz;;ersasg_lt_e Bayspline ** 23 P etp;I). 28 et gl. 1 etal. ' etal. ¢ etal. 20 etal. 2
(°C) Aug-Oct M
ean Mar-Aug Apr-May Mar-May Apr-Aug Apr-Jul Dec-Jun
annual

Jan 9.44

Feb 9.03

Mar 8.95 9.6

Apr 9.21 9.6 9.4

May 9.9 10.8 | 10.6

Jun 10.84 106 11.1

Jul 12.47

Aug 13.20

Sep 12.51 12.4

Oct 11.47

Nov 10.20

Dec 9.51
Difference to Bayspline 1.6 2.8 3.0 1.3 1.8 2.8
Difference to core top -0.2 1.0 1.2 -0.6 -0.1 1.0
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Supplementary Figure 6. Alkenone SSTs as a function of coccolith clumped isotope temperatures
from ODP Site 982 samples. Positive correlations between proxies are significant and are calculated
using temperatures from the 2-10 um coccolith size fractions. Correlations obtained using the E. huxleyi
55a batch culture % (r = 0.82, p = 0.007), the core top 22 (r = 0.82, p = 0.007) and the Bayspline 2* (r =
0.80, p = 0.009) calibrations shown in light blue, green and orange, respectively.

Supplementary Table 5. Maximum and minimum temperatures derived from applying eleven
different Emiliania huxleyi and Gephyrocapsa oceanica batch culture calibrations 3! to our ODP
Site 982 UX, measurements. This includes the widely used E. huxleyi 55a batch culture calibration of
Prahl et al. %. Temperature differences between culture calibrations can reach up to 8 °C for a given UX,
value (bold, italics). Alkenone temperatures obtained using the Bayspline 24 and the core top 23
calibrations, and coccolith clumped isotope temperatures are shown for comparison.

U¥, cultur Max-Min Bayspline .
Age Ul cz\7libr. ts?,a? culture calibr. yz‘? 2?;:3 t?g) CZ?Z?(I:I;h
(Ma) 37 (°C) (30, 31) (°C) U3, (°C) 37

Max Min
1.99 0.5984 23.8 16.5 7.4 16.1 16.8 9.3
417 0.7377 27.7 20.5 7.2 20.3 21.0 15.2
5.79 0.7247 274 20.2 7.2 19.9 20.6 8.8
6.71 0.8410 30.6 23.4 7.2 23.6 24.2 12.2
7.61 09026 323 24.9 7.4 26.1 26.0 18.5
10.07 0.9342 332 255 7.7 27.7 27.0 17.5
11.78 09145 327 25.2 7.5 26.7 26.4 16.4
13.99 0.8908 320 24.7 74 255 25.7 18.3
16.00 0.9687 34.2 26.2 8.0 29.6 28.0 16.7

10
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275 Supplementary Figure 7. Coccolith clumped isotope, alkenone, and TEXgs temperature evolution
276 in ODP Site 982 and DSDP Site 608 (subtropical gyre). TEXss temperatures from DSDP Site 608 (pink
277 line) and from ODP Site 982 (purple line) from the study of Super et al.32, showing similar absolute values
278 despite the 14.7° difference in latitudes. We include temperatures from ODP Site 982 (this study) derived
279  from alkenones applying the core top 23 (orange dots) and a calibration that considers the season and
280  depth of production 33 (green dots), and coccolith A4z calcification temperatures (2-11 ym: blue dots).

281 TEXss temperatures were calculated using the BAYSPAR3* calibration. Coretop alkenone and coccolith
282  Asrtemperatures from the study of Mejia et al. 3% in our same Site are also included. Error bars in

283 coccolith A47 calcification temperatures record denote the 95% CI.
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296 Supplementary Figure 8. Coccolith clumped isotope temperature records obtained using different
297  biogenic A4; calibrations, and alkenone temperature evolution in ODP Site 982. A47 calcification
298  temperatures from the pure coccolith 2-10 um size fraction derived by applying the culture coccolith

299  calibration (35; blue dots), and the foraminifera calibration (3%; dark blue dots), showing the remarkable
300 similarities between both records. Alkenone temperatures from the same samples calculated using the
301  core top (%3 orange dots), Bayspline (?*; pale pink shade), E. huxleyi 55a batch culture (%; pale yellow
302 dots), and a calibration that considers the season and depth of production (33; green dots). Coretop

303 alkenone and coccolith A4z temperatures from the study of Mejia et al. 33 in our same site are also

304 included. Pale pink shaded area represents the 95% CI according to the Bayspline calibration. Error bars
305 in coccolith A47 calcification temperatures record denote the 95% CI.
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