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Fig. S1: Modern (1955-2012) mean annual temperature cross profile through all
study sites. Estimated paleodepth ranges (Table 1) are marked in yellow. We
analysed benthic foraminiferal material from Sites 1409, 1260 and 1263. At these
sites, mean annual bottom water temperatures in the modern Atlantic Ocean range
between around 2.5-3.5 °C, supporting our assumption of similar temperatures
during benthic foraminiferal calcification. This figure was created using Ocean Data

View (ODV) with temperature data from the World Ocean Atlas 2013 (Locarnini et al.,

2013).
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Fig. S2: Comparison of pore fluid Sr?* profiles at Sites 1050 (Norris et al., 1998),
1260 (Erbacher et al., 2004) and 1263 (Zachos et al., 2004). At Sites 1408, 1409 and
1410, pore fluid Sr?* concentrations were not measured. Pore fluid Sr?* is traditionally
used as an indicator of diagenetic alteration, as dissolution and reprecipitation
processes expel strontium in the coexisting pore fluids (e.g., Baker et al., 1982;
Schrag et al., 1995). Sites 1050, 1260 and 1263 all show increases in pore fluid [Sr?*]
with depth in the sampling intervals. The observed increases with depth may be
symptomatic for ongoing diagenetic alteration. However, this interpretation of Sr2*
profiles in terms of diagenetic alteration is complicated by upward Sr?* diffusion from
the basement, making it difficult to draw firm conclusions about the extent of
diagenetic alteration of foraminiferal calcites (e.g., Edgar et al., 2013). Sample depth
ranges at Sites 1050, 1260 and 1263 are shown by vertical lines. Our stable isotopic

compositions as well as pore fluid Sr?* values from Site 1050 were measured on the
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sediments of Hole A. Therefore, pore fluid Sr?* values are plotted against Hole A
depth (Norris et al., 1998), whereas the pore fluid Sr?* values at Sites 1260 and 1263
are plotted against the respective shipboard composite depths (Erbacher et al., 2004,

Zachos et al., 2004).

S4



< 2
o 5
o S
[
a —8. §
~ < u
S
o
=
£ o
o o
ﬂlo <
=
O
S -3
C
S
| © O
o9
o
| ©
1260 "'
1263
C20n C20r
I I I I | |
-0.3 -0.2 -0.1 0.0 0.1 0.2

Age (Myr relative to 20n-20r boundary)

Fig. S3: (a) Eccentricity of orbital solution La2010d (Laskar et al., 2011) as well as
benthic foraminiferal (b) 380 and (c) '3C. In case of Site 1260, the semitransparent
curves represent the age model of Westerhold and R6hl (2013), whereas the
nontransparent curves the age model of this study. The agreement in both 580 and
O13C between Site 1260 and 1263 as well as between Site 1260 and eccentricity is
significantly improved by shifting the Site 1260-age model of Westerhold and Rohl

(2013) 40 kyr forward in time. Lines are based on one measurement at each depth.
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Fig. S4: Tuned age points used for linear interpolation at Site 1409 (blue) in
comparison to the magnetochron boundary-based age model using GTS2012 (black)
(Ogg, 2012; Vandenberghe et al., 2012). 5'3C increases and decreases at Site 1409
were tuned to those at Site 1263, using the software AnalySeries 2.0 (Paillard et al.,

1996). Tuning depths can be found in Table S1.
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Preservation classes for benthic foraminifera

poor: moderate to extensive recrystallization visible, abundant
overgrowth of large inorganic calcite crystals and/or signs of
major dissolution

moderate: no to minor recrystallization, increased inorganic
calcite overgrowth and/or signs of dissolution

good: no visible recrystallization, limited inorganic calcite
overgrowth and/or dissolution

very good: no visible recrystallization, very limited amount of

inorganic calcite overgrowth, no to very minor effects of dissolution

visible
Fig. S5: Benthic 880 (a) and A47 (b) values of poorly, moderately, well and very well
preserved foraminiferal tests. We rely on these qualitative classification classes in the
current absence of a tool to quantify the amount of diagenetic calcite in a
foraminiferal test. For each site, the number of observations per preservation class
are listed at the bottom of the plots. Benthic foraminifera were first roughly classified
under the light microscope based on test surface texture (preservation of microscale
features such as pores), degree of translucence and test fragmentation. Then, a
number of representative specimens from each site were further examined under the
SEM to confirm and visualize potential dissolution, inorganic calcite overgrowths and

recrystallization, and make the final classification. Note that we did the classification
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in categories based on overall preservation of N. truempyi tests in each sample,
although every sample typically includes a range of preservation states. SEM images
documenting benthic foraminiferal preservation ranges at Sites 1409, 1260 and 1263
(including examples of poorly, moderately, well and very well preserved surface

textures) are shown in Fig S6.
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Fig. S6: Additional SEM images illustrating preservation states and preservation
ranges of benthic foraminifera N. truempyi at Sites 1263 (a-f), 1260 (g-1) and 1409
(m-r). For each site, a number of different representative specimens are shown. As
an example, the benthic foraminiferal wall texture shown in (e) appears poorly
preserved. Here, pores are largely obscured by abundant overgrowths of inorganic
calcite crystals. In comparison to (e), inorganic calcite crystals on the moderately
preserved specimen shown in (d) are slightly smaller, overgrowths less extensive
and pores mostly visible. The comparably well preserved wall texture shown in (k) is
characterized by limited inorganic calcite overgrowth with only small crystallites. The
very well preserved texture shown in (r) appears smooth without visible crystal faces
or pore etching. The foraminifera were picked from samples 208-1263B-11H-4,91-93

(a-f), 207-1260B-10R-6,94-96 (g-I) and 342-U1409C-7H-4,110-112 (m-r).
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very good: no visible recrystallization, no to very minor signs of
inorganic calcite overgrowths, no effects of dissolution visible

Fig. S7: Planktic 5'80 (a) and As7 (b) values of poorly, moderately, well and very well
preserved foraminiferal tests. For each site, the number of measurement values per
preservation class are listed at the bottom of the plots. Similar to the classification of
benthic foraminiferal preservation, the classification of planktic foraminiferal
preservation states was done based on light microscopy in combination with SEM
images of selected representative planktic foraminiferal tests. Note that planktic and
benthic foraminiferal preservation classes are not identical. SEM images
documenting planktic foraminiferal preservation ranges at each site are shown in
Figs. S8 and S9. These figures include examples of poorly, moderately, well and very

well preserved surface textures.
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Fig. S8: Additional SEM images illustrating preservation states and preservation
ranges of planktic foraminifera A. bullbrooki and M. coronatus at Sites 1263 (a-f),
1260 (g-1) and 1050 (m-r). For each site, a number of different representative
specimens are shown. (d) and (e) display examples of poorly preserved planktic
foraminiferal wall textures with ubiquitous overgrowths of massive calcite crystals,
whereas calcite crystals covering the moderately preserved primary textures shown
in (f) and (l) are smaller. Examples of well and very well preserved wall textures are
presented in Fig. S9. The foraminifera were picked from samples 208-1263B-11H-
6,51-53 (a, c, f), 208-1263B-11H-3,106-108 (b, d, €), 207-1260A-14R-5,146-148 (g-I),

171B-1050A-7H-5,102-104 (m, g, r) and 171B-1050A-7H-6,11-13 (n, 0, p).
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Fig. S9: Additional SEM images illustrating preservation states and preservation
ranges of planktic foraminifera A. bullbrooki at Sites 1409 (a-f), 1410 (g-l) and 1408
(m-r). For each site, a number of different representative specimens are shown.
Examples of well preserved wall textures are illustrated in (d) and (I). These wall
textures appear slightly uneven (e.g., caused by dissolution) but exhibit only very
small, hardly identifiable inorganic calcite crystals. For comparison, (0) and (p) show
examples of very good preservation with purely biogenic surfaces and no visible
signs of post-depositional alteration. The foraminifera were picked from samples 342-
U1409C-7H-2,136-138 (a, ¢, d), 342-U1409C-7H-2,123-125 (b, e, f), 342-U1410C-
17X-4,46-48 (g, h), 342-U1410C-17X-3,147-149 (i, j, k), 342-U1410C-17X-3,73-75

(1), 342-U1408C-17H-3,37-39 (m, n, 0, g, r) and 342-U1408B-18H-2,109-111 (p).
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Fig. S10: Boxplots for benthic 580 (a) and A47 (b) values from -0.17 Myr to +0.21
Myr around the 20n/20r boundary. Boxes indicate lower and upper quartiles. Bold
horizontal lines represent the median, whereas the lines extending vertically from the
boxes (whiskers) illustrate the value ranges excluding outliers (circles). The boxplots

were created using R with standard settings. Colors as defined in Fig. 1.
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Fig. S11: Boxplots for benthic (a) and planktic (b) 3'3C values. Benthic and planktic

data cover -0.17 Myr to +0.21 Myr and -0.15 Myr to +0.21 Myr around the 20n/20r

boundary, respectively. The boxplots were created using R with standard settings.

Colors as defined in Fig. 1.
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Fig. S12: Boxplots for planktic 5180 (a) and A4z (b) covering -0.15 Myr to +0.21 Myr

around the 20n/20r boundary. The boxplots were created using R with standard

settings. Colors as defined in Fig. 1.
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Fig. S13: Sensitivities of foraminiferal 380 and &'3C values to diagenesis. Initial
biogenic 580 (a) and d3*3C (b) signatures were modeled for different fractions of
inorganic calcite. For this modeling, we utilized the 180 fractionation factor of Watkins
et al. (2013). Similar to 380, planktic 3'3C seems to be more susceptible to

diagenetic alteration than benthic 8'3C. Colors as defined in Fig. 1.
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gradient during the middle Eocene and define two scenarios of late (deep)

Fig. S14: Effects of late diagenesis near final sediment burial depths on modeled
biogenic calcification temperatures (50 and A47). Similar to Sexton et al. (2006),

two different geothermal gradient estimates were used to approach the geothermal

diagenesis: (1) 30 °C/km (a, b) and (2) 60 °C/km (c, d) (Zwart et al., 1996; Rao et al.,

2001; Stolper et al., 2018). In addition, we utilized a pore fluid 380 gradient of -2.5



%o/km (Lawrence and Gieskes, 1981; Sexton and Wilson, 2009) and our site-specific
clumped isotope DSTs averaged over the relevant interval (temperatures at 0 m
below sea floor) to calculate pore fluid 380 and temperatures at final sediment burial
depths in both scenarios of deep diagenesis. Constant gradients in pore fluid 380
and temperature were assumed, due to a lack of better constraint for Sites 1260 and
1263 during the middle Eocene. For the same reason, pore fluid 5130 gradients in
these high carbonate, low organic matter sediments were assumed to be 0 %o/km.
Sediments from Site 1260 were taken from around 117 m to 129 m burial depth and
sediments from Site 1263 were taken from around 170 m to 174 m burial depth
(Table 1). In both scenarios, deep diagenesis at Sites 1260 and 1263 is assumed to
occur in depths of 117 m and 170 m, respectively (approximate locations of
uppermost samples at each site). For the modeling of DSTs at Site 1260, calculated
temperatures of diagenetic calcite precipitation are 16.1 °C and 19.7 °C in Scenarios
1 and 2, respectively. Furthermore, diagenetic calcite 380 compositions in Scenarios
1 and 2 are 0.62 %o and -0.12 %o, respectively, when assuming the 80 fractionation
factor of Watkins et al. (2013), and -1.04 %o and -1.79 %o, respectively, when
assuming the 180 fractionation factor of Kim and O’Neil (1997). At Site 1263,
diagenetic calcite precipitation temperatures are 17.3 °C and 22.4 °C in Scenarios 1
and 2, whereas diagenetic calcite 50 compositions are 0.28 %o and -0.78 %o for 180
fractionation according to Watkins et al. (2013), and -1.39 %o and -2.46 %o for 20
fractionation according to Kim and O’Neil (1997). Similar to the scenario of early
burial diagenesis described in Table 2, inorganic calcite precipitation temperature
and 680 values used for SST modeling are very similar to the values used for DST
modeling, and thus not listed explicitly. Deep and shallow diagenesis values are

compared in Fig. S15.
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Fig. S15: Comparison of deep (nontransparent) and shallow (semitransparent)
diagenetic effects on modeled biogenic calcification temperatures (320 and As7).
0'80-based temperature values are shown in (a) and (c), whereas As7-based
temperatures are shown in (b) and (d). The deep diagenesis values are identical to
the values shown in Figs. S14a and S14b (geothermal gradient of 30 °C/km),

whereas the shallow diagenesis values are identical to the values shown in Fig. 8. In
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comparison to shallow diagenesis, deeper diagenesis would imply a smaller cool bias
in SSTs reconstructed from the 5'80- and As47-signatures of planktic foraminiferal

tests and benthic foraminiferal DSTs that are potentially too high.
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Fig. S16: Effects of non-linear mixing on modeled As7-based temperatures.

Temperatures of initial biogenic calcification are plotted for (a) non-linear and (b)

linear A47 mixing. Panel (c) shows non-linear (nontransparent) vs. linear

(semitransparent) mixing of A47. (@) is identical to Fig. 8b. We used the 180

fractionation factors of Watkins et al. (2013) (filled circles) and Kim and O’Neil (1997)

(open circles) for our non-linear mixing calculations. The curves in (b) visualizing

linear mixing have been calculated based on the assumption that the A4z values of

frosty foraminiferal tests represent weighted averages (linear mixing) of the A7
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values of glassy biogenic calcite and inorganic calcite formed during post-
depositional diagenesis. Therefore, these values are independent of the 20
fractionation factor. The comparison of non-linear and linear mixing of A4z (c) shows a
reduced susceptibility of planktic foraminiferal A47 to diagenesis when considering

non-linear mixing effects. Colors as defined in Fig. 1.
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difficult to estimate without direct measurements. Therefore, inorganic calcite 580
values of (a) -2 %o, (b) -1 %o, () 0 %o, (d) +1 %o, (€) +2 %o and (f) +3 %o, spanning the
range of published values (e.g., Pearson et al., 2001; Tripati et al., 2003; Kozdon et
al., 2013; Voigt et al., 2016), were used to test the effect of inorganic calcite 320 on
diagenetic alteration. Temperature values are based on planktic (crosses) and
benthic (plus signs) foraminiferal 5380 as well as on planktic (circles) and benthic
(squares) foraminiferal A47. For this sensitivity test, the 180 fractionation factor does

not matter, as inorganic calcite 580 is prescribed. Colors as defined in Fig. 1.
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Fig. S18: Sensitivity of modeled biogenic calcification temperatures (A47) to different

inorganic d'3C compositions. The approximation of inorganic calcite 3*3C by bulk
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O13C (Table 2) may be complicated by local effects. Furthermore, bulk 3*3C values for
Site 1260 (Edgar et al., 2007) were taken from a slightly different time interval during
the middle Eocene (roughly 42 Ma). Using the 80 fractionation factors of Watkins et
al. (2013) (filled circles) and Kim and O’Neil (1997) (open circles), we performed a
sensitivity study to test the effect of different assumptions for inorganic calcite 53C
on the susceptibility of clumped isotope temperatures to diagenesis. For that, we
assumed inorganic calcite 5'3C values that are (a) 1.0 %o lower than bulk 33C, (b)
0.5 %o lower than bulk *3C and (d) 0.5 %o higher than bulk d'3C. In addition, we used
(e) site-specific planktic 33C averaged over the overlapping time interval to
approximate inorganic calcite 5'3C as well as (f) absolute inorganic calcite 53C
equals 3.0 %o, similar to Pearson et al. (2001). (c) is identical to Fig. 8b. Temperature
values are based on planktic (circles) and benthic (squares) foraminiferal As47. Colors

as defined in Fig. 1.
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