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Supplementary Information 

1. Samples 

Table 1 contains an overview of specimen information. 

Specimen 
ID 

Genus and 
Species 

Collection site Collection 
latitude 

Collection 
Longitude 

Collection 
year 

Stratigraphic 
level 

Size 
(mm) 

SG105 Pygocardia 
rustica 

Verrebroekdok, 
Antwerp (BE) 

51°16’16”N 4°12’53”E 1999 - 2000 Ex situ 
Oorderen 
Member 

69 

SG107 Arctica 
islandica 

Verrebroekdok, 
Antwerp (BE) 

51°16’16”N 4°12’53”E 1999 - 2000 Ex situ 
Oorderen 
Member 

67 

SG113 Ostrea edulis Verrebroekdok, 
Antwerp (BE) 

51°16’16”N 4°12’53”E 1999 - 2000 Ex situ 
Oorderen 
Member 

92 

SG115 Pecten 
complanatus 

Deurganckdok, 
Antwerp (BE) 

51°17'24"N 4°15'37"E Feb 2nd, 
2001 

Cultellus level, 
Oorderen 
Member 

111 

SG116 Glycymeris 
radiolyrata 

Deurganckdok, 
Antwerp (BE) 

51°17'24"N  4°15'37"E Feb 2nd, 
2001 

Cultellus level, 
Oorderen 
Member 

56 

SG126 Angulus 
benedeni 
benedeni 

Deurganckdoksluis, 
Antwerp (BE) 

51°16’49”N 4°14’56”E 2013 Benedeni level, 
Oorderen 
Member 

31 

SG127 Angulus 
benedeni 
benedeni 

Deurganckdoksluis, 
Antwerp (BE) 

51°16’49”N 4°14’56”E 2013 Benedeni level, 
Oorderen 
Member 

37 

Table S1: Specimen and sampling information. 

 



 

Fig S1: Overview pictures of all specimens prior to sample preparation. A) Pygocardia rustica specimen 
SG105. B) Arctica islandica specimen SG107. C) Ostrea edulis specimen SG113 (inside view). D) Pecten 
complanatus specimen SG115. E) Glycymeris radiolyrata specimen SG116. F) Angulus benedeni benedeni 
specimen SG126. G) Angulus benedeni benedeni specimen SG127. Shell heights of all specimens are 
indicated with white bars and are measured along the axis of maximum growth from the umbo to the 
ventral margin. 



 

Fig S2: Location of the Oorderen Member within the Lillo Formation and global climate context. (a) 
PlioMIP2 multi-model mean surface air temperature anomaly of mPWP relative to PI control model 
experiments(9). The white box indicates the location of the map in (b). Maps of northwestern Europe (b) 
and northern Belgium (c) indicating the locality of fossil shells and the spatial extent within Belgium of the 
Lillo Formation (after(35, 37, 67)). (d) Age bracket of the Oorderen Member (red box) in the Antwerp area 
containing the mollusc specimens relative to the global benthic foraminifera oxygen isotope stack(83) 
with relative temperature change indicated on the right. 

  



1.1 Sample preparation 

The Oorderen Member is loosely consolidated; fossil shells thus only required minimal cleaning with a 
soft brush to remove remaining parts of the sediment. Prior to further treatment, small fragments were 
carefully broken off from a selection of aragonitic specimens (Arctica islandica, Pygocardia rustica and 
Angulus benedeni benedeni) to check for preservation of the aragonite (see below). 

All specimens were then (partially) embedded in epoxy resin (Araldite 2020, Huntsman Corp., The 
Woodlands, TX, USA). In a first step, the concave inner side of the shell valve was filled with resin and left 
to harden overnight. In a second step, the specimen was placed onto a flat block of hardened epoxy and 
glued to it by submerging the specimen in more resin, while leaving the upper outer surface of the shell 
exposed (see Fig. S3). This procedure helped support the shells during sawing while leaving the outer shell 
surface exposed, allowing sampling on the outer surface when needed. Outside sampling was done for 
the two A. benedeni benedeni specimens (SG126 and SG127; see (67)) and for the Pecten complanatus 
shell (SG115). After these embedding steps, all shells were cut longitudinally through their axis of 
maximum growth (following (68)) to expose a cross section through all growth layers that allows precise 
sampling and counting of growth increments. 

 

Fig. S3: Schematic overview of the result of the embedding procedure for specimen SG127 (Angulus 
benedeni benedeni). This workflow resulted in partial embedding of the shells in epoxy (translucent 
yellow), allowing the production of cross sections through the axis of maximum growth which can be 
sampled along track A (blue; within the outer shell layer) while leaving room on the outside of the shell 
for sampling along the growth increments visible on the outer shell layer (transect B, in red). Modified 
after (67). 

  



2. Preservation screening 

A combination of Reflected light microscopy, Scanning Electron Microscopy (SEM), cathodoluminescence 
microscopy (CL), Electron Backscatter Diffraction microscopy (EBSD), micro-X-ray fluorescence (μXRF) and 
X-ray Diffraction (XRD) were used to perform diagenetic screening. In the following, a selection of 
screening results is presented for each technique to demonstrate the high-quality state of preservation 
of the material from the Oorderen Member overall. 

2.1 Reflected light microscopy 

Entire cross sections through all shells were imaged in detail using a Keyence VHX digital microscope 
model VH-Z250R (Keyence Corp, Osaka, Japan) with magnification factors of 100-250x. Microscope images 
were stitched together using a combination of image-processing routines for automatic image stitching 
(ImageJ Grid Stitching(81) and Adobe Photoshop Photomerge algorithms; Adobe, San Jose, CA, USA) and 
hand-stitching of images for which algorithms did not perform well using Inkscape (GNU General Public 
License) and Adobe Illustrator (Adobe, San Jose, CA, USA). The aim was to create high-resolution cross-
section images through the shells on which growth increments could be identified, serving as a guideline 
for sampling on the cross sections (see examples in Fig. S4). Some shells contained cracks (Fig. S4A) while 
others showed clear signs of bioerosion (dwelling burrows in the shell; see Fig. S4B). Areas affected by 
these disturbances were avoided during sampling. 

  



 

Fig. S4: High-resolution scans of cross sections through the shells of Arctica islandica (specimen SG107; 
A) and Glycymeris radiolyrata (specimen SG116; B). Red boxes in A highlight the two different sections 
of the shell of A.islandica that were sampled separately to avoid the crack in the middle of the specimen 
(white arrow). In G. radiolyrata (B), bioerosion is visible close to the ventral margin. Straight red arrows in 
B indicate how samples were referenced relative to their distance from the umbo, and the curved arrow 
in both panels highlights the direction of growth. 

2.2 Scanning electron microscopy 

Before SEM analysis, fragments of the ventral margin of fossil shells were prepared on round metal stubs 
and coated with a few-nanometer-thick carbon coating to prevent charging of the sample (following (84)). 
Micrographs at magnifications ranging from 70x to 650x were made using SEM of cross sections through 
the shells to study the texture and microstructure of the aragonite and check for signs of dissolution or 
reprecipitation of carbonate phases. The polished side of samples was studied along the growth direction, 
to assess the preservation of the internal shell structure. Fresh fracture surfaces were targeted to image 
the mineral structure in the shells. SEM was carried out on a JEOL JCM-6000 Versatile Benchtop SEM 
system (JEOL, Tokyo, Japan) operated under low-vacuum conditions at the Utrecht University GeoLab 
(following (85)). 

An example of the SEM results of Glycymeris radiolyrata (SG116) is shown in Fig. S5. A location near the 
ventral margin of G. radiolyrata is examined more closely in three different areas: near the outer surface 



(Fig. S5a,d,g), within the outer part of the outer shell layer (Fig. S5b,e,h) and within the inner part of the 
outer shell layer of the shell (S5c,f,i). The outer part of the outer shell layer is noticeably more massive 
than the inner outer shell layer. Noteworthy is the porosity of the inner growth lines in Fig. S5i. Porous 
spots are visible in the area just below the outer part of the outer shell layer (Fig. S5b), however not in a 
specific growth-line pattern. 

SEM micrographs reveal that the inner outer shell layer of G. radiolyrata most likely contains a well-
preserved crossed lamellar microstructure with original porosity and clear growth lamination (Fig. S5c,f,i). 
The outer outer shell layer is more massive, but equally well-preserved with shell microstructures closely 
resembling those observed in modern Glycymeris specimens (e.g. (86); see Fig. S5d,e,g,h). In Fig. S5f, the 
crystals seem to have a perpendicular orientation relative to each other, indicative of crossed-lamellar 
microstructure, as in modern Glycymeris species (e.g. (87)). No signs of recrystallization, evident from 
disruption of the regular shell microstructure by euhedral secondary calcite crystals (a.k.a. ”blocky 
calcite”; see e.g. (88)), were encountered in any of the studied specimens, attesting to their good 
preservation. 

  



 

Figure S5: Overview of SEM images collected from specimen SG115 (Glycymeris radiolyrata) showing 
preservation of growth lines (a-c), original shell porosity (d-i) and variations in microstructure between 
inner and outer parts of the outer shell layer (g-i).  



0.160 Cathodoluminescence microscopy 

Fossil shell fragments were imaged using a Technosyn CL 8200 MK II cold-cathodoluminescence device 
(Cambridge Image Technology Ltd, Hatfield, UK) coupled to a Nikon D810 microscope and camera (Nikon 
Corp., Tokyo, Japan). Samples were excited using a cathode ray tube operated at 150-230 μA and 12-15 
kV. In the process, areas on the sample with elevated concentrations of Mn2+ in the carbonate lattice 
exhibit luminescence, while higher concentrations of Fe2+ in the carbonate inhibit luminescence(89, 90). 
This method therefore detects areas with higher concentrations of these trace metals, which are 
indicative of carbonates deposited under burial conditions and should be avoided in sampling for 
paleoclimate reconstructions(91, 92). 

Fig. S6a shows a composite of microscopy images in the hinge plate of Arctica islandica specimen SG107 
under normal light circumstances, while Fig. S6b shows a CL-microscopy composite of the same sample 
area, revealing an absence of luminescence in the shell, material generally attesting to good preservation 
conditions. To make the different colored bands in Fig. S6b more noticeable, Fig. S6c was created using 
Adobe Photoshop (Adobe Inc., CA, USA) by enhancing the brightness by 80% and decreasing the contrast 
by 20%. 

The clear green color in CL-microscopy images of A. islandica corresponds with the CL color signature of 
preserved aragonite(90). The subtle variability in CL-luminescence thus visualized follows the growth 
banding in the shell and is therefore interpreted to reflect small differences in the original trace element 
composition of the preserved aragonite of A. islandica. This variability was also observed in other studies 
of well-preserved aragonitic biomineral samples(93, 94) and explained as oscillating zonation caused by 
differences between more porous and more compact zones(94). Notice that some detrital grains in the 
sediment surrounding the A. islandica specimen do show distinct luminescence, illustrating the CL 
signature of luminescent material contrasting with the overall poorly luminescent shell material (Fig. 
S6b,c). 



 

Fig. S6: Micrograph composite of a cross section through the hinge of Arctica islandica (specimen 
SG107). (A) A composite of the hinge plate with micrographs taken under normal light circumstances and 
the camera at 0.5 s shutter speed. (B) The untreated CL-microscopy composite of images created with the 
camera at 30s shutter speed. (C) The Photoshop-adjusted CL-microscopy view with brightness of +80% 
and contrast of -20%. A beam energy of 150 to 230 μA current and 12 to 15 kV was used to produce images 
B and C. 

  



2.5 Electron Backscatter Diffraction microscopy 

EBSD was used to map the mineral orientation in cross sections through fossil specimens and detect 
disturbances which highlight diagenetic alteration of the shell material. EBSD was carried out using an 
Oxford Instruments Symmetry EBSD detector (Oxford Instruments plc, Abingdon, UK) coupled to a Zeiss 
Gemini 450 SEM (Carl Zeiss AG, Jena, Germany) at the Utrecht University GeoLab (following methodology 
and instrument setup in (67)). Data handling was carried out in the Oxford Instruments AZtecCrystal 
software following (67) and maps of mineral orientation in selected shell sections are provided in Figure 
S7-S11. 

In the EBSD maps, 0 to 0.2% of the area in Angulus benedeni benedeni specimens (SG126 & SG127) was 
classified as calcite. Upon inspection, these ‘calcite’ grains are actually wild spikes that were subsequently 
removed in the data clean-up (Fig. S7). There was no local secondary mineral growth visible in any map, 
which would have presented itself as larger crystals (‘blocky calcite’) that do not follow the surrounding 
structures(95, 96). These results confirm the absence of diagenetic alteration of aragonite to calcite in A. 
benedeni benedeni. In some maps, there are shadows of specks of dust present, which locally prevent 
classification (Fig. S7). These ‘dust shadows’ are caused by dust that was present on the sample surface 
during analysis. Due to the high-angle orientation (70°) of the sample relative to the SEM electron beam, 
the specks cast relatively large shadows. In these areas, no diffraction can take place and thus no 
information is obtained there. 

The aragonite in A. benedeni benedeni is very fine grained, with most crystals having an area of a few μm2 
or smaller (Fig S8; see also (67)). The crystals in A. benedeni benedeni exhibit a rotation around one axis. 
In SG-127, this is a rotation of the 001 and 010 axes around the 100 axis (Fig. S8). This results in two main 
crystal orientations parallel to two directions (X0 and Z0), and less variation parallel to the remaining 
direction (Y0). 

The absence of ‘blocky calcite’ alone does not preclude diagenetic alteration, as calcite is not formed in 
the earliest stages of diagenesis(84, 97, 98) and there is not necessarily a difference in grain size (due to 
the presence of larger, secondary grains) between pristine and altered aragonite(96). However, none of 
the EBSD maps showed any evidence for diagenetic alteration. Microstructures that are similar to those 
found in other Tellinidae were observed in the EBSD maps of Angulus benedeni benedeni(99), suggesting 
that these are in fact original structures. Similarly, EBSD results from calcitic shells of Ostrea edulis (SG113; 
Fig. S9) and Pecten complanatus (SG110; Fig. S10) from the same strata reveal highly ordered crystal 
orientations resembling those observed in closely related modern relatives of these species (e.g. (100, 
101)). 

In altered aragonitic bivalves, the structures as observed from EBSD maps are more homogeneous and 
have a less uniform density (as measured by the MUD score in EBSD; Fig. S7-10) compared to pristine 
material(96).The maps of altered shell material in (96) are much more homogeneous and ‘randomized’ 
than those in this study, which all exhibit a pattern. Based on the EBSD analysis, it is therefore assumed 
that no diagenetic alteration took place, and that the isotopic signal presented above is original and 
represents the formation temperature of the biogenic aragonite. 

  



Fig. S7: EBSD map of Angulus benedeni 
benedeni showing the band contrast 
overlain by the classified pixels, which are 
either aragonite (blue) or calcite (red). The 
numbers 1, 2, and 3 correspond to the 
outer-outer shell layer, inner-outer shell 
layer and inner shell layer, respectively 
(see (67)). No data clean-up was done on 
this map. The pixels identified as calcite do 
not show any of the characteristics of 
actual secondary calcite (large crystals of 
“blocky calcite” compared to the very fine-
grained aragonite, breaking up the 
aragonitic structure). They are always 
single pixels, and are removed through 
AztecCrystal’s wild spike removal 
algorithm. Several dust shadows are also 
seen in this image; these areas are 
unclassified. There are also several 
scratches on the surface. 

Map acquisition specifics: 10kV voltage, 1 
μm step size. Measured at low vacuum due 
to excessive charging. 

Classification: 54.6% aragonite, 45.2% 
unclassified, 0.2% calcite. Modified after 
(67). 

  



 

Fig. S8: EBSD map of specimen SG-127. Map acquisition specifics: 20 kV, high vacuum, 0.2 μm step size. 
(a) Band contrast map with scale, orientation, growth lines, direction of growth (dog), and outer-outer, 
inner-outer and inner shell layers separated by dashed lines. (b) EBSD inverse pole figure (IPF) X map, 
showing grain orientations parallel to the X0 axis. Unit cells of aragonite with the most common 
orientations are shown, the colour of which corresponds to the colour coding of the map. (c) EBSD IPF Y 
map showing grain orientations parallel to the Y 0 axis, with unit cells. (d) EBSD IPF Z map showing grain 
orientations parallel to the Z0 axis, with unit cells. I Inverse pole figure (IPF) colour key for the EBSD 
orientation maps. (f) Contoured pole figures for the three main crystallographic directions and the MUD, 



for the different shell layers. (g) Grain size distribution chart for the entire map and the different shell 
layers. Note the logarithmic y axis. (h) Schematic figure indicating the approximate location of the map on 
the shell. (i) Shell layers from map IPF Z zoomed in and with added grain (black) and twinning (yellow) 
boundaries. Modified after (67). 

 

Fig. S9: Results of EBSD analysis on the hinge of Ostrea edulis specimen SG113. A) Scan of the thin section 
through the hinge prepared for EBSD analysis, with the black box showing the location of the EBSD map 
on the interface between a regular foliated calcite growth layer and the more disorganized structures near 
the hinge ligament. B) Forescatter image of the target area, highlighting sub-micrometer scale differences 
in shell density and relief (pixel size = 0.41 µm). C) EBSD map with structural boundaries identified by black 
lines. Different colors represent variability in the crystal orientation of the calcite within the target area. 
Notice the transition of regular, foliated calcite shell laminae (top of the image) to the unlaminated calcite 
in the ligament area close to the inner edge of the shell hinge. D) Density pole figures showing the 
orientation of major groups of crystals in the target area. Notice the regular clustering of crystallites 
indicating the regular orientation of originally preserved calcite crystals within the shell. 



 

Fig. S10: Results of EBSD analysis of Pecten maximus from the Oorderen Member. A) Scan of the thin 
section through the shell prepared for EBSD analysis, with the black boxes showing the locations of the 
EBSD maps. B) Forescatter image of the left area, highlighting sub-micrometer scale differences in shell 
density and relief (pixel size = 0.5 µm). C) Forescatter image of the right area, showing regular banding of 
the calcite crystals in the outer shell layer. D) EBSD crystal orientations reflecting the regular banding of 
calcite crystals, hinting at well-preserved original shell material. Note that the crystallites are much smaller 
in this specimen than in Fig. S7-9, resulting in less complete identification of the pixels in the map and 
explaining the white spots in the EBSD figure. E) Density pole figures of crystal orientation in D confirm 
the regular orientation of crystals in three dimensions. 

2.6 Micro-X-ray fluorescence trace element analysis 

The trace element composition of a selection of fossil shells used in this study was determined using a 
Bruker M4 Tornado μXRF scanner (Bruker nano GmbH, Berlin, Germany) at the AMGC XRF platform of the 
Vrije Universiteit Brussel on polished shell cross sections. The M4 X-ray tube was operated at 50 kV and 
600 μA under vacuum conditions following (92). Semi-quantitative XRF maps and quantitative XRF point 
measurements and line scans were used to locate areas in the shells with lower Sr concentrations and 
elevated Mn and Fe concentrations, which are indicative of diagenetic alteration. Quantitative 
measurements were carried out using longer X-ray beam integration times following recommendations 
in (102) and calibrated using matrix-matched carbonate standards following (103). The result of semi-
quantitative XRF mapping of two specimens of Glycymeris radiolyrata (of which only one, SG116, is used 
in this study) and three specimens of Angulus benedeni benedeni (two of which were used for seasonality 
reconstructions) is presented in Fig. S11, while Fig. S12b gives an overview of the concentrations of Fe, 



Mn and Sr measured in quantitative line scans through A. benedeni benedeni (specimens SG126 and 
SG127). 

Quantitative micro-X-ray fluorescence (μXRF) point analysis supports the interpretation that no diagenetic 
recrystallization occurred in the specimens considered in this study. The sampled aragonite is high in Sr 
while low in Fe and Mn (Fig. S12b). Higher concentrations of Fe and Mn and lower concentrations of Sr in 
fossil carbonates are generally associated with pore water interaction during diagenetic alteration (e.g. 
partial recrystallisation) of the carbonate(91, 104, 105). The absence of high (>100 μg/g) Fe and Mn 
concentrations and presence of Sr concentrations similar to those observed in modern mollusk shell 
aragonite (e.g. (105, 106)) suggest that this process did not take place in the specimens from the Oorderen 
Member. 

  



 

Fig. S11: XRF maps of Glycymeris radiolyrata (from top to bottom: specimens SG116 and SG117; A, C, E 
and G) and Angulus benedeni benedeni (from top to bottom: specimen SG125, SG126 and SG127; B, D, F 
and H). A and B show black and white images of cross sections through the specimens. C-H show semi-
quantitative maps of Fe (C & D), Mn (E & F) and Sr (G & H) abundance through the shells. Color intensity 
in maps C-F shows the relative abundance of Fe (red) and Mn (green), while Sr concentration is indicated 



in rainbow scale (see scale below). Note the absence of Fe and Mn and the high abundance of Sr in the 
outer shell layers as an indication of good preservation. 

 

Fig. S12: X-ray diffraction (a) and X-ray fluorescence (b) analysis results from shell material of Angulus 
benedeni benedeni. XRD spectra are compared with patterns of pure aragonite and calcite, indicating an 
aragonitic composition of the shell (a). Violin plots in (b) show the results of the X-ray fluorescence analysis 
on A. benedeni benedeni for the elements Fe, Mn, and Sr. The “violin” shape depicts the kernel density 
function for the elemental concentration, plotted vertically and mirrored. The specimen is high in Sr and 
shows a broad distribution within these higher values. While there are some data points with high Fe and 
Mn values, the distribution is strongly skewed towards low values, showing overall low Fe and Mn values. 

2.7 X-ray diffraction crystallography analysis 

To check whether any aragonite in the fossil shells was converted to calcite during diagenesis, the 
mineralogy of bulk samples from aragonitic shells was analyzed using XRD. XRD analyses were carried out 
using a Bruker D8 Advance diffractometer at the Utrecht University GeoLab which was calibrated with a 
corundum crystal. The samples were ground to < 10μm in a Retsch McCrone mill with zirconium oxide 
grinding elements prior to front-loading it into a PMMA sample holder (diameter: 25 mm; depth: 1 mm). 
After removing the Cu Kα2 radiation component, results were compared to reference spectra for both 
calcite and aragonite from the RRUFF database(107). Instrument setup and data processing was done 
following (67). XRD analysis revealed that the shell of Angulus benedeni benedeni consists of 100% original 
aragonite, as its spectrum is identical to that of pure aragonite (Fig. S12b). This is strong evidence for the 
lack of diagenetic alteration of the specimens in this work, since aragonite is metastable under diagenetic 
conditions and transforms into calcite when these conditions affect the mineral composition of the 
shell(105).  



3. Isotope analysis 

3.1 Oxygen, carbon and clumped isotope analysis 

In total, 663 aliquots of carbonate microsampled from fossil bivalves were analyzed for clumped isotope 
composition on two isotope ratio-mass spectrometers (Thermo MAT253 and MAT253 Plus, Thermo Fisher 
Scientific Inc., Waltham, MA, USA) coupled to Kiel IV carbonate preparation devices between June 2021 
and December 2022. As a function of the varying stability of the instruments over the analytical period, 
between 70 μg and 160 μg of carbonate powder was required per analysis. Both instruments were 
operated in LIDI workflow(69, 70) and samples were run in an approximately one-to-one ratio with ETH-
1, ETH-2 and ETH-3 standards during analytical sessions(73). A small subset of 53 aliquots from Pygocardia 
rustica (SG105) was measured using sample-standard measurement cycles (“click-clack” mode; e.g. (71)) 
on the Thermo MAT253 to improve measurement stability during a short period of fluctuating lab 
environmental conditions (November-December 2022). 

Carbonates were digested with 105% phosphoric acid (H3PO4 + H4P2O7) at 70°C to produce CO2, which was 
purified through two cryogenic (-170°C) traps and a Porapak trap(69) kept at -40°C to -50°C before being 
led into the mass spectrometer to analyze abundances of masses 44-49 against an in-house reference gas 
(δ18O = -4.67 ‰VPDB; δ13C = -2.82 ‰VPDB). Mass spectrometry intensity ratios were corrected for 
pressure baseline non-linearity using background scans before each analytical session(72), and the 
calculated δ values were corrected for 17O concentration following (74). Clumped isotope (Δ47) values were 
calculated as the abundance ratios of CO2 masses 47 and 44 relative to the theoretical stochastic 
abundance given the isotopic composition of the sample following the formula: 

𝛥𝛥47 = �𝑅𝑅
47
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑅𝑅47𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
− 1� ∗ 1000‰(108, 109) 

In which R47 represents the ratio between the intensities of masses 47 and 44 in either the sample or the 
stochastic distribution. The ETH standards measured in the same analytical session as the samples as well 
as those measured during periods of roughly 2 weeks before and after the analysis were used to bring 
clumped isotope data into the I-CDES reference frame(72), accumulating a total of 6082 analyses (samples 
+ standards) for the project. In some analytical sessions, a correlation was found between the intensity of 
the sample gas (measured on mass 44) and the Δ47 value. Therefore, samples were corrected with 
standards whose intensities where within 1 V from the intensity of the sample to prevent the corrected 
Δ47 value to be biased in case standards in the analytical window had on average lower or higher intensities 
than the sample. 

Within each analytical session, IAEA-C2 (International Atomic Energy Agency, Vienna, Austria(110)) and 
Merck (Merck & CO., Rahway, NJ, USA; Catalog No. 1.02059.0050; lot no. B1164559 515(111, 112)) 
reference materials were treated as samples to assess long-term measurement uncertainty. The δ18Oc 
values for each sample were reported relative to the VPDB scale and calibrated using standards in the 
same analytical session to eliminate long-term trends in isotopic composition caused by instrument drift. 
Values from the InterCarb multi-lab comparison study were assumed as true values for all standards used 
in the (clumped) isotope calibration(112). 

Clumped isotope analyses from specimens SG107, SG116, SG126 and SG127 were supplemented by a 
total of 237 previously measured δ18O and δ13C values from these specimens. These isotope analyses were 
measured using a Thermo Scientific GasBench II gas preparation system coupled to a Thermo Scientific 



Delta V isotope ratio mass spectrometer (see description in (67)). The measurements have an external 
reproducibility (1 standard deviation) of 0.05 ‰ for δ13C and 0.07 ‰ for δ18O based on the in-house Naxos 
standard. Since this mass spectrometry setup did not allow us to analyze Δ47 values, these analyses only 
yielded δ18O and δ13C values. In cases where sufficient sample material was left Δ47, δ18O and δ13C values 
were analyzed using the Kiel carbonate preparation device coupled to the Thermo MAT253 setup 
described above. In all other cases, δ18O and δ13C values which were not paired with Δ47 values from the 
same measurement were only used to refine the ShellChron age model (see below), and did not 
contribute to the reconstructions described in this work. 

3.2 Data processing 

Outliers were removed from the dataset if they met one of the following criteria: 

1. The intensity of the sample gas in the mass spectrometer was outside the 10 – 25 V range. 
2. The intensity on mass 49 (which is rare in natural CO2 gases), measured as the 49/44 mass ratio 

relative to the working gas, exceeded 0.01‰, indicating contamination in the sample. 
3. The standard deviation between Δ47 values calculated from different CO2 pulses from the same 

sample (internal standard deviation) exceeded 0.15‰. 
4. The Δ47, δ18Oc or δ13C values measured in standard reference materials deviated significantly (>3 

standard deviations) from their accepted values. 

Standards and samples meeting these criteria were not considered for further analysis. Datasets from 
different instruments (MAT253 vs MAT253 Plus) and using different methods (LIDI vs “click-clack”) were 
separately corrected for long-term drift by plotting the offset of standard measurements from their 
accepted values over time and applying a loess filter to identify trends (see step 1 in supplement). After 
correction, the external standard deviation on Δ47, δ18Oc or δ13C values was calculated separately per 
instrument dataset from the independent IAEA-C2 and Merck standards (see Table S2) before merging 
the datasets from both instruments (see step 2 in online supplement).



Reference material Instrument Method N 
Δ47 δ18Oc δ13C 

μ σ μ σ μ σ 
ETH-1 MAT2“3 "click-cl”ck" 71 0.206 0.033 -2.24 0.14 2.01 0.05 
ETH-2 MAT2“3 "click-cl”ck" 72 0.227 0.042 -18.64 0.07 -10.11 0.04 
ETH-3 MAT2“3 "click-cl”ck" 226 0.607 0.038 -1.78 0.15 1.69 0.07 

IAEA-C2 MAT2“3 "click-cl”ck" 22 0.650 0.041 -8.95 0.06 -8.12 0.03 
Merck MAT2“3 "click-cl”ck" 21 0.543 0.041 -15.57 0.06 -41.66 0.22 
ETH-1 MAT253 LIDI 265 0.230 0.048 -2.24 0.10 2.03 0.06 
ETH-2 MAT253 LIDI 302 0.217 0.047 -18.78 0.09 -10.18 0.05 
ETH-3 MAT253 LIDI 1001 0.604 0.046 -1.74 0.08 1.71 0.06 

IAEA-C2 MAT253 LIDI 84 0.641 0.050 -9.03 0.09 -8.17 0.14 
Merck MAT253 LIDI 70 0.525 0.069 -15.72 0.14 -42.00 0.13 
ETH-1 MAT253 Plus LIDI 337 0.221 0.042 -2.28 0.16 2.02 0.06 
ETH-2 MAT253 Plus LIDI 367 0.226 0.044 -18.83 0.17 -10.17 0.06 
ETH-3 MAT253 Plus LIDI 1998 0.607 0.040 -1.78 0.13 1.71 0.06 

IAEA-C2 MAT253 Plus LIDI 123 0.627 0.036 -9.05 0.17 -8.15 0.09 
Merck MAT253 Plus LIDI 96 0.516 0.044 -15.72 0.19 -41.95 0.16 

Table S2: Mean values and external standard deviations of oxygen, carbon and clumped isotope measurements on standards ETH-1, ETH-2, 
ETH-3, IAEA-C2 and Merck calculated per instrument and per method.



The resulting corrected δ18Oc or δ13C values were plotted against shell height to inspect seasonal variability 
in shell composition (see step 3 in online supplement). Based on periodic variability in the δ18Oc values 
and the presence of visual growth breaks in the shells, annual cycles in shell growth were identified and 
marked to form a starting point for isotope-based age modelling. The resulting plots are provided in 
Figures S13-S19. 

 

Fig. S13: Stable and clumped isotope results for Pygocardia rustica specimen SG105 Stable carbon 
isotope results (δ13C values; in red),  oxygen isotope results (δ18O values; in blue) and clumped isotope 
values (Δ47; in green) for Pygocardia rustica specimen SG105 plotted against shell height (Distance) along 
the axis of maximum growth in the direction of ontogeny (samples with low shell heights deposited early 
in the life of the animal). Lines in the same color show 3-point moving averages through the δ18O and δ13C 
records. Vertical lines through the datapoints represent measurement uncertainties (+/- 2 standard 
deviations) on individual aliquots based on the check standard IAEA-C2. Note that the external standard 
deviation on individual Δ47 values is too high to prevent interpreting these individual aliquots in terms of 



temperature. This issue is overcome by statistically pooling all aliquots within a given season and 
propagating the measurement uncertainties into confidence intervals (see explanation below). 

 

Fig. S14: Stable and clumped isotope results for Actica islandica specimen SG107. Stable carbon isotope 
results (δ13C values; in red),  oxygen isotope results (δ18O values; in blue) and clumped isotope values (Δ47; 
in green) for Arctica islandica specimen SG107 plotted against she height (Distance) along the axis of 
maximum growth. Lines in the same color show 3-point moving averages through the isotope 
measurements. Note that the hiatus around 25-30 mm was caused by a crack in the shell (see Fig. S4) 
around which sampling was avoided to prevent the risk of including diagenetically altered material in the 
analyses. Sample locations with δ18O and δ13C values without Δ47 values represent samples analyzed using 
the GasBench routine described above (see section 3.1) and were only used for age modelling. Vertical 
lines through the datapoints represent measurement uncertainties (+/- 2 standard deviations) on 
individual aliquots based on the check standard IAEA-C2. Note that the external standard deviation on 
individual Δ47 values is too high to prevent interpreting these individual aliquots in terms of temperature. 



This issue is overcome by statistically pooling all aliquots within a given season and propagating the 
measurement uncertainties into confidence intervals (see explanation below). 

 

Fig. S15: Stable and clumped isotope results for Ostrea edulis specimen SG113. Stable carbon isotope 
results (δ13C values; in red),  oxygen isotope results (δ18O values; in blue) and clumped isotope values (Δ47; 
in green for Ostrea edulis specimen SG113 plotted against shell height (Distance) along the axis of 
maximum growth through the shell hinge plate. Lines in the same color show 3-point moving averages 
through the isotope measurements. Vertical lines through the datapoints represent measurement 
uncertainties (+/- 2 standard deviations) on individual aliquots based on the check standard IAEA-C2. Note 
that the external standard deviation on individual Δ47 values is too high to prevent interpreting these 
individual aliquots in terms of temperature. This issue is overcome by statistically pooling all aliquots 
within a given season and propagating the measurement uncertainties into confidence intervals (see 
explanation below). 



 

Fig. S16: Stable and clumped isotope results for Pecten complanatus specimen SG115. Stable carbon 
isotope results (δ13C values; in red),  oxygen isotope results (δ18O values; in blue) and clumped isotope 
values (Δ47; in green) for Pecten complanatus specimen SG115 plotted against shell height (Distance) 
along the axis of maximum growth in the shell. Lines in the same color show 3-point moving averages 
through the isotope measurements. Note the two negative outliers at ~40 mm and ~95 mm, which were 
removed for further analysis. Vertical lines through the datapoints represent measurement uncertainties 
(+/- 2 standard deviations) on individual aliquots based on the check standard IAEA-C2. Note that the 
external standard deviation on individual Δ47 values is too high to prevent interpreting these individual 
aliquots in terms of temperature. This issue is overcome by statistically pooling all aliquots within a given 
season and propagating the measurement uncertainties into confidence intervals (see explanation 
below). 



 

Fig. S17: Stable and clumped isotope results for Glycymeris radiolyrata specimen SG116. Stable carbon 
isotope results (δ13C values; in red),  oxygen isotope results (δ18O values; in blue) and clumped isotope 
values (Δ47; in green) for Glycymeric radiolyrata specimen SG116 plotted against shell height (Distance) 
along the axis of maximum growth in the shell. Lines in the same color show 3-point moving averages 
through the isotope measurements. Sample locations with δ18O and δ13C values without Δ47 values 
represent samples analyzed using the GasBench routine described above and were only used for age 
modelling. Vertical lines through the datapoints represent measurement uncertainties (+/- 2 standard 
deviations) on individual aliquots based on the check standard IAEA-C2. Note that the external standard 
deviation on individual Δ47 values is too high to prevent interpreting these individual aliquots in terms of 
temperature. This issue is overcome by statistically pooling all aliquots within a given season and 
propagating the measurement uncertainties into confidence intervals (see explanation below). 



 

Fig. S18: Stable and clumped isotope results for Angulus benedeni benedeni specimen SG126. Stable 
carbon isotope results (δ13C values; in red),  oxygen isotope results (δ18O values; in blue) and clumped 
isotope values (Δ47; in green)  for Angulus benedeni benedeni specimen SG126 plotted against shell height 
(Distance) along the axis of maximum growth in the shell. Lines in the same color show 3-point moving 
averages through the isotope measurements. Sample locations with δ18O and δ13C values without Δ47 
values represent samples analyzed using the GasBench routine described above and were only used for 
age modelling. Vertical lines through the datapoints represent measurement uncertainties (+/- 2 standard 
deviations) on individual aliquots based on the check standard IAEA-C2. Note that the external standard 
deviation on individual Δ47 values is too high to prevent interpreting these individual aliquots in terms of 
temperature. This issue is overcome by statistically pooling all aliquots within a given season and 
propagating the measurement uncertainties into confidence intervals (see explanation below). 



 

Fig. S19: Stable and clumped isotope results for Angulus benedeni benedeni specimen SG127. Stable 
carbon isotope results (δ13C values; in red),  oxygen isotope results (δ18O values; in blue) and clumped 
isotope values (Δ47; in green)  for Angulus benedeni benedeni specimen SG127 plotted against shell height 
(Distance) along the axis of maximum growth in the shell. Lines in the same color show 3-point moving 
averages through the isotope measurements. Sample locations with δ18O and δ13C values without Δ47 
values represent samples analyzed using the GasBench routine described above and were only used for 
age modelling. Vertical lines through the datapoints represent measurement uncertainties (+/- 2 standard 
deviations) on individual aliquots based on the check standard IAEA-C2. Note that the external standard 
deviation on individual Δ47 values is too high to prevent interpreting these individual aliquots in terms of 
temperature. This issue is overcome by statistically pooling all aliquots within a given season and 
propagating the measurement uncertainties into confidence intervals (see explanation below). 

3.3 Internal chronologies 



Samples were dated relative to the seasonal cycle by applying the ShellChron algorithm(75) on δ18Oc 
profiles through the shells (see step 4 in online supplement). The results of age modelling are plotted in 
Figures S20-S26 and provided in the online supplement. 

 

Fig. S20: ShellChron oxygen isotope-based age modelling result for Pygocardia rustica specimen SG105. 
Original oxygen isotope data are shown as black dots with vertical and horizontal lines denoting two 
standard deviations of uncertainty. Data is averaged per sample where multiple aliquots were measured 
for the same sampling distance. Modelled δ18Oc profile is plotted as a thick grey line with lighter grey 95% 
CL error envelope. Thinner lines in shaded red colors highlight the results of overlapping modelling 
windows fitting simulated δ18Oc data to the measurements (see (75)). Background colors highlight the 
season assigned to each datapoint based on the original ShellChron result, assuming days 46 – 136 (1/8 – 
3/8 of the year) represent spring, days 137 – 228 (3/8 – 5/8 of the year) represent summer, days 229 – 
319 (5/8 – 7/8 of the year) represent autumn and days 1 – 45 and 320 – 365 (0 – 1/8 and 7/8 – end of the 
year) represent winter. Note that this is the original age assignment before shifting the seasonal 
assignment according to the clumped isotope results (see section 3.3). 



 

Fig. S21: ShellChron oxygen isotope-based age modelling result for Arctica islandica specimen SG107. 
Colors and symbols as in Fig. S20. Note the gap in the data due to the crack in the shell (see caption of Fig. 
S14). 

  



 

Fig. S22: ShellChron oxygen isotope-based age modelling result for Ostrea edulis specimen SG113. 
Colors and symbols as in Fig. S20. 

  



 

Fig. S23: ShellChron oxygen isotope-based age modelling result for Pecten complanatus specimen 
SG115. Colors and symbols as in Fig. S20. Note that the outliers at ~43 mm and ~97 mm did not affect the 
age assignment. 

  



 

Fig. S24: ShellChron oxygen isotope-based age modelling result for Glycymeris radiolyrata specimen 
SG116. Colors and symbols as in Fig. S20. 



 

Fig. S25: ShellChron oxygen isotope-based age modelling result for Angulus benedeni benedeni 
specimen SG126. Colors and symbols as in Fig. S20. 



 

Fig. S26: ShellChron oxygen isotope-based age modelling result for Angulus benedeni benedeni 
specimen SG127. Colors and symbols as in Fig. S20. 



 

Fig. S27: Schematic representation of the steps taken to group data relative to the four seasons, with 
summer and winter season defined as the coldest and warmest three-month periods. Step 1: Mollusk 
shells were sampled incrementally to produce sub-seasonal scale carbonate powder samples (60-160 μg). 
Step 2: Carbonate powders were analyzed to produce records of carbon, oxygen and clumped isotopic 
composition. Step 3: The ShellChron(75) algorithm was used to create age models for each specimen 
based on seasonal patterns in oxygen isotope composition. Step 4: Samples were assigned to three-
monthly sample bins. Step 5: The position of these three-monthly bins was moved along the newly defined 
time axis until the optimal warmest clumped isotope-based summer and winter temperatures were 



found, establishing the lag between temperature seasonality and oxygen isotope seasonality (see section 
3.4). Step 6: Means and confidence levels of three-monthly sample bins were calculated from the 
variability within groups of measurements, and weighted averages of summer and winter temperatures 
were aggregated. In this procedure, samples were weighted using the inverse of the variance associated 
with the uncertainty in the sample bin (see below). 

3.4 Binning seasonal data and calculating seasonal temperature averages and uncertainties 

Based on the age models, results were grouped in three-monthly bins per specimen, one bin for each of 
the four seasons (“winter”, “spring”, “summer” and “autumn”). Note that, through this procedure, results 
from the same season but deposited during different growth years are grouped in the same time bin (see 
step 5 in the online supplement). 

The disadvantage of this grouping procedure is that it assumes that the phase of the seasonal δ18Oc cycle 
is equal to that of the temperature seasonality. This assumption does not hold in each case (see discussion 
in (113)). To consider the effect of a potential out-of-phase seasonal variability in the δ18O composition of 
the seawater (δ18Ow) on the seasonal δ18Oc cycle, this assignment of samples to three-monthly bins based 
on shell chronologies was repeated 90 times. During each iteration, the boundaries between the four 
seasonal time bins were shifted by one day, thus shifting the seasons around the annual cycle (see step 7 
in the online supplement). Note that, during this exercise of shifting the seasons, the number of days 
within each season, according to the age model determined by ShellChron, remains constant, but the 
number of measurements per season does not. This can happen because, due to a shift in the boundaries 
between the seasonal bins by one day, one or more datapoints can shift from one season to the next, 
changing the division of measurements over the four seasons while the total number of measurements in 
a given specimen remains the same. 

For each iteration mean temperatures and their uncertainties (expressed as 95% confidence levels) were 
reconstructed for all seasons. Uncertainty on the clumped isotope temperature calibration was 
propagated into the uncertainty of paleotemperature reconstructions by applying a Monte Carlo 
simulation on paired slope and intercept values sampled from the uncertainty distribution around the 
calibration parameters reported by (77), taking into account the covariance between slope and intercept. 
A Student’s t-test was applied to find the seasonal configuration that resulted in the most significant 
temperature difference between the warmest and coldest non-adjacent seasons. In this configuration, 
the warmest temperature bin was defined as the summer season and the coldest non-adjactent 
temperature bin as the winter. The bins of samples in between the summer and winter were defined as 
spring and autumn. 

Note that this binning approach results in large variations in sample size between seasonal bins within 
and between specimens. As a consequence, some seasonal estimates (e.g. the summer temperature of 
Angulus benedeni benedeni specimen SG127; see Table S3) are considerably more uncertain than 
estimates for other specimens and other seasons. In addition, variability in the number of measurements 
within seasonal bins during this approach may result in the situation where the optimal binning solution 
(according to the Student’s T-test) is not the solution in which the difference between mean summer and 
winter clumped isotope value is highest. This can occur because the uncertainty on the summer and 
winter average may be higher in this maximum-difference scenario because the sample size within the 
summer and winter bins is smaller. This causes the result of the T-test to be less significant (higher p-



value) than that of a scenario where summer and winter means are more similar, but with a higher sample 
size per seasonal bin. 

After experimenting with the method for binning the seasons in each specimen, we concluded that low 
sample sizes could not be avoided in all cases while keeping the binning strategy uniform between 
specimens (which is necessary for the seasonal estimates to be comparable). The weighting of seasonal 
means while averaging between specimens (see below) ensured that these more uncertain bins do not 
bias the average seasonal temperatures. Some seasonal bins, such as the spring and autumn of Angulus 
benedni benedeni specimen SG127 and the autumn bin of Ostrea edulis contained too few datapoints (< 
5) to calculate a reliable mean and uncertainty range. Hence, these seasons were excluded from further 
analysis. 

Finally, the weighted mean temperature and uncertainty for each of the four seasons was calculated by 
combining the means and standard deviations of temperature reconstructions of the same season from 
the individual shells. To calculate mean summer and winter sea surface temperature (SST) based on all 
specimens, an average was calculated from the three-monthly summer and winter averages of the 
specimens weighted by the inverse of the variance of uncertainty on the reconstruction. Uncertainties on 
this pooled average summer and winter reconstruction were determined by propagating the uncertainty 
on the summer and winter data per specimen through a weighted standard deviation, following the 
statistical routine worked out in (34). This procedure considers both the variability within the seasonal 
temperature bins and the variability between the temperature bins from the same season but from 
different specimens (see step 8 in the online supplement). A schematic overview of the full sampling and 
data processing workflow is provided in Fig. S27. An overview of median seasonal temperature results for 
all specimens and their uncertainties is provided in Table S3 and plots of all clumped data arranged by age 
in the specimen and colored by their final seasonal bin are provided in S28-S34. 

  



Specimen Species Season N Temperature 
(°C) 

Minimum 
temperature 
(°C; 95% CL) 

Maximum 
temperature 
(°C; 95% CL) 

SG105 Pygocardia rustica autumn 43 10.0 8.4 11.3 
SG105 Pygocardia rustica spring 37 13.1 10.8 14.6 
SG105 Pygocardia rustica winter 9 6.3 2.8 10.4 
SG105 Pygocardia rustica summer 6 21.4 19.2 26.9 
SG107 Arctica islandica spring 8 13.9 12.5 15.8 
SG107 Arctica islandica autumn 28 11.0 9.7 13.6 
SG107 Arctica islandica summer 10 22.0 19.2 23.8 
SG107 Arctica islandica winter 7 7.5 6.2 8.8 
SG113 Ostrea edulis winter 27 9.5 7.1 21.9 
SG113 Ostrea edulis summer 13 21.6 18.5 24.5 
SG113 Ostrea edulis autumn 29 11.6 8.0 14.0 
SG115 Pecten complanatus summer 30 19.3 18.7 22.4 
SG115 Pecten complanatus autumn 30 16.2 14.0 22.4 
SG115 Pecten complanatus spring 16 17.8 15.3 23.7 
SG115 Pecten complanatus winter 8 12.3 6.9 15.6 
SG116 Glycymeris radiolyrata spring 24 16.8 11.0 19.5 
SG116 Glycymeris radiolyrata summer 29 17.9 14.9 20.8 
SG116 Glycymeris radiolyrata winter 37 10.4 7.6 13.3 
SG116 Glycymeris radiolyrata autumn 41 15.1 12.9 19.4 

SG126 Angulus benedeni 
benedeni 

autumn 18 5.8 2.6 8.6 

SG126 Angulus benedeni 
benedeni 

spring 18 7.3 5.7 9.4 

SG126 Angulus benedeni 
benedeni 

summer 9 10.6 9.8 15.4 

SG126 Angulus benedeni 
benedeni 

winter 22 1.9 -0.2 9.7 

SG127 Angulus benedeni 
benedeni 

summer 13 15.5 12.5 21.0 

SG127 Angulus benedeni 
benedeni 

winter 28 8.8 7.9 10.8 

Table S3: Median and 95% confidence level boundaries of seasonal temperature reconstructions from 
each specimen. 



 

Figure S28: Overview of Δ47 values of individual measurements in specimen SG105 plotted against age 
according to the ShellChron age model. The colors represent seasonal bins to which the measurements 
were assigned after shifting the seasonal binning (see explanation above).  



 

Figure S29: Overview of Δ47 values of individual measurements in specimen SG107 plotted against age 
according to the ShellChron age model. The colors represent seasonal bins to which the measurements 
were assigned after shifting the seasonal binning (see explanation above). 

  



 

Figure S30: Overview of Δ47 values of individual measurements in specimen SG113 plotted against age 
according to the ShellChron age model. The colors represent seasonal bins to which the measurements 
were assigned after shifting the seasonal binning (see explanation above). Note that values assigned to 
the spring bin are omitted from the analyses. 

  



 

Figure S31: Overview of Δ47 values of individual measurements in specimen SG115 plotted against age 
according to the ShellChron age model. The colors represent seasonal bins to which the measurements 
were assigned after shifting the seasonal binning (see explanation above). 

  



 

Figure S32: Overview of Δ47 values of individual measurements in specimen SG116 plotted against age 
according to the ShellChron age model. The colors represent seasonal bins to which the measurements 
were assigned after shifting the seasonal binning (see explanation above). 

  



 

Figure S33: Overview of Δ47 values of individual measurements in specimen SG126 plotted against age 
according to the ShellChron age model. The colors represent seasonal bins to which the measurements 
were assigned after shifting the seasonal binning (see explanation above). 

  



 

Figure S34: Overview of Δ47 values of individual measurements in specimen SG127 plotted against age 
according to the ShellChron age model. The colors represent seasonal bins to which the measurements 
were assigned after shifting the seasonal binning (see explanation above). Note that values belonging to 
the spring and autumn bin are omitted. 

  



4. PlioMIP2 model output 

4.1 The Pliocene Model Intercomparison Project 

In order to compare our reconstructions with model results from the Pliocene Model Intercomparison 
Project 2(40), maps of SST outcomes of nine General Circulation Models (GCMs) were obtained from the 
PlioMIP2 consortium (see (40) and references within, and contributions from individual model results in 
the PlioMIP2 special issue in Climate of the Past: 
https://cp.copernicus.org/articles/special_issue642.html). For the temperature comparison in this study, 
outcomes of the models CCSM4-UoT (CESM 1.0.5; University of Toronto, CA(114)), CCSM4-Utr (CESM 
1.0.5; Institute for Marine and Atmospheric Research Utrecht, NL(115)), COSMOS (COSMOS-landveg 
r2413; Alfred Wegener Institute, DE(116)), EC-Earth3.3 (Stockholm University, SW(117)), GISS2.1G 
(Goddard Institute for Space Studies, USA(118)), HadCM3 (University of Leeds, UK(119)), IPSLCM6A 
(Laboratoire des Sciences du Climat et de l’Environment, FR(120)), MIROC4m (University of Tokyo, 
National Institute for Environmental Studies, Frontier Research Center for Global Change, JAMSTEC, 
JP(121)) and NorESM1-F (NORCE Norwegian Research Centre, Bjerknes Centre for Climate Research, 
Bergen, NO(122)) were used. In Figures S43-S44 and in the main text, these nine models were used 
exclusively to produce the multi-model mean, while Figures S35-S40 show the multi-model mean for the 
full PlioMIP model ensemble. For all models, results for two types of simulations were used: PlioCore runs 
with Pliocene conditions (atmospheric CO2 concentrations set at 400 ppmV) and PICtrl runs with pre-
industrial conditions (atmospheric CO2 concentrations set at 280 ppmV). For Pliocene runs, boundary 
conditions (e.g. land-sea mask and bathymetry of the oceans) were applied based on the PRISM4 mPWP 
reconstructions(82). PlioMIP2 models used in this study were run for between 500 and 4000 years (see 
details in supplementary information to (40)), and SST values for the resulting state of the modelled 
climate were used for the data-model comparison. Full details on the experimental design of PlioMIP2 are 
provided in (40) and in the papers describing the contributions of individual models cited above. NetCDF 
files containing SST values for all sea grid cells in all models are provided in the online supplement 
(“E280_SST” and “EOI_400_SST” in “PlioMIP_export”). 

4.2 Processing PlioMIP2 results to enable comparison with reconstructions 

After identifying the latitude and longitude values and parameter names in the netCDF files, we extracted 
regional SST data from each model outcome for the southern North Sea Basin (51-55°N, 2-4°E) and 
summarized this data per month. For each month, a regional SST map was plotted per model outcome. 
These plots can be found in the online supplement (“PI_SST_monthplots” and “PWP_SST_monthplots” in 
“9_PWP_process_NetCDF”). Regional (southern North Sea Basin) monthly SST data for each model run (PI 
and PWP) are provided in the online supplement (“North_Sea_PI_SST_modeldata” and 
“North_Sea_PWP_SST_modeldata” in “9_PWP_process_NetCDF”) and were used to plot PLIOMIP 
modelled mPWP seasonality in Fig. 2b of the main text. The script detailing the processing of the PLIOMIP 
data is provided in the online supplement (step 9). The monthly modelling results of North Sea SST were 
plotted together with the reconstruction data (see section 3) to produce Fig. 1a & b in the main text (step 
10 in online supplement). To compare seasonal averages, the monthly data from the PLIOMIP models was 
aggregated into three-monthly SST averages, propagating uncertainties estimated from variability 
between the model results into a 95% confidence interval to allow direct comparison with the 
reconstruction data. In this procedure, winter is defined by the months January to March, spring as April 
to June, summer as July to September and autumn as October to December. 

https://cp.copernicus.org/articles/special_issue642.html


In addition to summarizing the multi-model mean sea surface temperatures at the sampling location, we 
also mapped seasonal contrast in SAT (Figs. S35-S36), SST (Figs. S37-S39), sea ice cover (Fig. 40), fraction 
of cloud cover (Figs. S41-S42) and prevailing wind patterns (Figs. S43-S44) for pre-industrial and mPWP 
model runs across the North Atlantic region. Note that cloud fraction data was only available for models 
HadCM3, IPSLCM6A and MIROC4m. These maps helped to visualize the structure of seasonality and 
warming under the mPWP scenario and formed the basis for the discussion of the effect of Polar 
Amplification on seasonal temperature variability during the mPWP (see Discussion in the main 
manuscript text). 

In short, the figures below highlight a strong increase in seasonal SAT contrast over sea ice regions (Fig. 
S35), while SST seasonality is reduced in the high latitudes (Fig. S37-S39). This seasonal effect of mPWP-
scale warming is related to a loss in winter sea ice over in several high-latitude regions such as the 
Labrador and Barentz Sea (Fig. S40). In the mid-latitudes, westerly wind speed is reduced in summer (Fig. 
S43) resulting in a reduction in summer cloud cover over Europe (Fig. S41-S42), which drives enhanced 
summer warming in this region under mPWP conditions. Finally, Fig. S44 shows how the mollusc-based 
reconstructions compare with SNS SAT outcomes in the PlioMIP ensemble. 

  



 

Figure S35: Multi-model mean surface air temperature anomaly between pre-industrial and mPWP 
PlioMIP2 model simulations for January (A & C) and July (B & D). Note that absolute winter and summer 
temperatures are always higher in mPWP runs than in in pre-industrial runs. 

  



 

Figure S36: Multi-model mean seasonal contrast in surface air temperature anomaly between pre-
industrial and mPWP PlioMIP2 model simulations. Positive values (red colors) indicate higher seasonal 
contrast in SAT in mPWP simulations than in pre-industrial simulations, while negative values (blue) 
indicate reduced seasonal SAT contrast in mPWP runs. Note that absolute winter and summer 
temperatures are always higher in mPWP runs than in in pre-industrial runs (Fig. S28), meaning that 
enhanced seasonal contrast indicates summer warming. 

  



 

Figure S37: Multi-model mean sea surface temperature anomaly in the northern hemisphere oceans 
between mPWP and PI simulations of PlioMIP2 models for January and July.  

  



 

Figure S38: Multi-model mean sea surface temperature anomaly in the North Atlantic between mPWP 
and PI simulations of PlioMIP2 models for January and July. 

  



 

Figure S39: Multi-model mean seasonal sea surface temperature contrast for mPWP (A & C) and pre-
industrial (B & D) PlioMIP2 model simulations, showing enhanced seasonal SST contrast in shelf seas in 
the mid-latitudes.  



 

Figure S40: Multi-model mean sea ice cover in the North Atlantic in mPWP PlioMIP2 simulations (“MP”; 
A January, B July) and pre-industrial PlioMIP2 simulations (“PI”; C January, D July). Color scale indicates 
the mean fraction of the grid cell covered by sea ice: A value of 1.0 means all models simulate full sea ice 
cover in that location during that month, while a value of 0.0 indicates no sea ice cover is simulated in 
that location during the month. 

  



 

Figure S41: Mean cloud cover fraction (in percentage) from models HadCM3, IPSLCM6A and MIROC4m 
over the North Atlantic for mPWP PlioMIP2 simulations (“MP”; A & B), pre-industrial simulations (“PI”; 
C & D) and anomalies between mPWP and PI simulations (E & F). Model outcomes are compared for the 
coldest month (January; A, C & E) and the warmest month (July; B, D & F). 

  



 

Figure S42: Mean anomaly (mPWP minus PI) of seasonal cloud fraction over the North Atlantic from 
models HadCM3, IPSLCM6A and MIROC4m. Here, negative values (blue) indicate a reduction in cloud 
cover in the summer during the mPWP, while positive values (red) indicate an increase in cloud cover 
during the summer in mPWP PlioMIP2 simulations. Note the strong reduction in summer cloud cover 
over Europe under mPWP conditions. 

  



 

Figure S43: Multi-model mean outcomes of prevailing wind direction and speed at 850 mb in January 
(A, C and E) and July (B, D and F) under pre-industrial (“PI”; A & B) and mPWP (“MP”; C & D) conditions 
and plotted as a difference between mPWP and PI simulations (E & F). Notice how westerly winds are 
reduced over Europe in summer under mPWP conditions. 

  



 

Figure S44: Reconstructed seasonal temperature estimates compared with modelled Surface Air 
Temperatures. (Top left) Weighted mean seasonal temperatures per specimen (filled circles with solid 
and dotted vertical lines indicating 68% and 95% confidence levels, respectively) and summer and winter 
temperatures based on the complete dataset (horizontal shaded bars in red and blue, respectively) with 
propagated uncertainties (68% and 95% confidence level; see Methods). (Top right) Local monthly SAT 
outcomes of individual PlioMIP2 models with winter (Jan-Mar; blue) and summer (Jul-Sep; red) 
temperature estimates (horizontal shaded bars showing 68% and 95% CL). Dashed lines in the same 
colours indicate mean SAT outcomes (with uncertainty; 95% CL(9)) from pre-industrial control 
simulations using the same models. (Bottom left) Clumped isotope sample sizes and seasonal 
representation of samples per specimen.  



5. Modern temperature data 

5.1 Local and regional records of sea surface temperature since the Industrial Revolution 

Recent (1854-2023) SST data for the southern North Sea basin was obtained from two sources: Firstly, 
regional averages of SST from the North Sea region (51-55°N, 2-4°E) were extracted from the Extended 
Reconstructed Sea Surface Temperature product (erSST) curated by the National Oceanic and 
Atmospheric Administration (NOAA; Washington D.C., USA)(41). Secondly, local SST records were 
obtained from the long-term coastal monitoring station at the Royal Dutch Institute for Sea Research 
(NIOZ)(42). The two different sources were included to allow differentiation between the southern North 
Sea average SST (including deeper parts of the basin) and very shallow and coastal SST measurements 
close to the tidal flats of the Wadden Sea. Based on the paleontological and sedimentological work done 
at the site from which the mPWP fossil shells were obtained, the latter setting is likely to be a closer 
analogue to the living environment of the animals used for the presented seasonality reconstructions(35–
37). 

5.2 Regional SST data from the NOAA erSST dataset 

Data from the NOAA erSST v5 dataset were downloaded as 169 individual ASCII files (one per year 
between 1852 and 2023) containing SST values for each 1° by 1° grid cell at monthly resolution. SST data 
was aggregated in long format before extracting monthly averages and standard deviations of SST values 
within the target region of the southern North Sea basin (51-55°N, 2-4°E). During data processing, plots 
of SST variability within the southern North Sea region were made for each month of each year. These 
plots are provided in the online supplement (“NOAA_ERSST_monthplots” in 
“11_process_comparison_data”). Finally, monthly southern North Sea SST values were aggregated into 
seasonal bins, assigning winter, spring, summer, and autumn seasons using the same criteria as used for 
PlioMIP2 data (see section 4.2). Uncertainties on seasonal SST values from erSST were calculated at the 
95% confidence level by propagating the variability within the target region (as measured by the standard 
deviation of SST values between grid cells) as well as variability between months belonging to the same 
season. The full data processing procedure is recorded in the online supplement (step 11a). The resulting 
mean seasonal SST values for each year with their uncertainties were smoothed using a Locally Estimated 
Scatterplot Smoothing (LOESS) procedure (123) with a span of 10% of the length of the record for plotting 
in Figure 3 of the main manuscript (Fig. S45; see the online supplement step 11b). 



 

Figure S45: Seasonal sea surface temperature records from the NOAA ERSST v5 dataset. Thin lines 
indicate mean temperatures per season, while thicker lines show loess smoothed temperature records 
with a smoothing span of 10% of the record. 

5.3 Local SST data from the NIOZ jetty dataset 

Local SST data were obtained from the Marsdiep tidal inlet south of the island of Texel (NW Netherlands; 
53°00'06.5"N 4°47'20.5"E). This inlet serves the Marsdiep basin, with a surface area of ~600 km2 and an 
average depth of ~4.5m (124). Daily SST measurements have been carried out since 1861 CE in the 
Marsdiep inlet at 08:00 AM local time. Over this time period, the location and method of these 
measurements has been modernized, and since 2000 CE SST measurements have been taken by 
continuous, electronic (10 second resolution) recorders using a temperature sensor placed approximately 
1 meter below the low tide water level (total depth: 2 m at low spring tide(42)). From this high resolution 
data the 08:00 AM values (10 minute median) are used to continue the long-term time series, using 
monthly means to avoid tidal phase bias. Previous studies have reconciled differences in methodology 
and measurement location over the period 1861 CE until present, making available a continuous monthly 
SST record of this shallow marine locality(42, 125, 126). This monthly dataset was provided in the online 
supplement (“NIOZ_jetty_T_S_dat2.csv” in “North_Sea_records”). The SST data was aggregated into 
three-monthly time bins, following seasonal definitions in section 4.2, and smoothed using a LOESS filter 
with a span of 10% for plotting (see section 5.2). All calculations used to process the local SST data from 
the NIOZ jetty are provided in the online supplement (step 11a and 11b). Plots of the entire dataset and 
smoothing results are provided in Figure. S46. 



 

Figure S46: Local seasonal sea surface temperature records from the NIOZ jetty dataset. Thin lines 
indicate mean temperatures per season, while thicker lines show loess smoothed temperature records 
with a smoothing span of 10% of the record. 

6. CMIP6 model output 

Outcomes of SST projections from GCMs in the Coupled Model Intercomparison Project 6 (CMIP6) run 
using Shared Socioeconomic Pathway (SSP) 2-4.5 were obtained from the Interactive Atlas provided by 
Working Group I of the Intergovernmental Panel on Climate Change (IPCC(128)). Both historical (1850-
2014 CE) control runs and climate projections between 2015 and 2100 CE from CMIP6 models were used 
to create a continuous time series of projected regional temperature data from 1850 CE to 2100 CE. This 
enabled comparison of the historical model data with observed regional and local SST data (see section 
5) while at the same time allowing comparison of the projected future climate data under the SSP2-4.5 
scenario with the PlioMIP model outcomes and reconstructions for the mPWP. Table S4 lists the GCM 
models within the CMIP6 ensemble which provided SST data for the southern North Sea region (51-55°N, 
2-4°E) under the SSP2-4.5 scenario and were used in this study. Details of the boundary conditions for the 
CMIP6 model experiments and the specifics of all 34 models involved in the model intercomparison 
project can be found in (48) and references within. Details of the specifics of the SSP2-4.5 scenario for 
which these models were run are described in (4). Comma delimited data files containing the SST output 
for all models involved are provided in the online supplement (“CMIP6” in “CMIP_data/IPCC Atlas”). Multi-
model mean SSTs based on an average of all CMIP6 models were calculated by aggregating monthly data 
from each model and then binning the SST data into three-monthly seasonal SST bins, following the 
seasonal definition as presented in section 4.2. The Northern Europe Reference Region, as defined in (127) 
was chosen as a target region for comparison with the other model outcomes and observations in this 
study. The resulting multi-model mean seasonal SST estimates from the CMIP6 models are provided in 



the online supplement (“CMIP6_seasonal_stats.csv” in “11_process_comparison_data”) and calculations 
used to process CMIP6 data and produce Figure 3 from this data are provided in the online supplement 
(step 11a and 11b). An overview of the seasonal SST outcomes of several key time slices from the transient 
CMIP6 model runs is presented in Table S5. 

ACCESS-CM2 CNRM-CM6-1 HadGEM3-GC31-LL MPI-ESM1-2-HR 
ACCESS-ESM1-5 CNRM-CM6-1-HR IITM-ESM MPI-ESM1-2-LR 
AWI-CM-1-1-MR CNRM-ESM2-1 INM-CM4-8 MRI-ESM2-0 
BCC-CSM2-MR EC-Earth3 INM-CM5-0 NESM3 
CAMS-CSM1-0 EC-Earth3-Veg IPSL-CM6A-LR NorESM2-LM 
CanESM5 EC-Earth3-Veg-LR KACE-1-0-G NorESM2-MM 
CESM2 FGOALS-g3 KIOST-ESM UKESM1-0-LL 
CESM2-WACCM GFDL-CM4 MIROC6  
CMCC-CM2-SR5 GFDL-ESM4 MIROC-ES2L  

Table S4: List of GCM models from the CMIP6 ensemble whose SST outcomes were used for both 
historical and future SSP2-4.5 based SST projections in the southern North Sea. 

  



  
Time period Season mean Sea Surface 

Temperature (degr. C) 
95% confidence level 

on mean SST 

Past 

1850-1900  

winter 5.5 0.3 
spring 9.3 0.5 
summer 15.7 0.7 
autumn 11.1 0.2 

1961-1990  

winter 5.6 0.2 
spring 9.2 0.5 
summer 15.5 0.8 
autumn 11.1 0.2 

1981-2010  

winter 6.1 0.2 
spring 9.7 0.6 
summer 16.1 0.8 
autumn 11.7 0.2 

1986-2005  

winter 6.1 0.2 
spring 9.7 0.5 
summer 16.1 0.8 
autumn 11.7 0.2 

1995-2014  

winter 6.4 0.2 
spring 10.1 0.5 
summer 16.5 0.8 
autumn 12.0 0.2 

Future 

Near Term (2021-2040) SSP2-4.5 

winter 6.9 0.3 
spring 11.0 0.4 
summer 17.9 0.5 
autumn 12.7 0.3 

Medium Term (2041-2060) SSP2-
4.5 

winter 7.2 0.3 
spring 11.3 0.4 
summer 18.3 0.5 
autumn 13.0 0.3 

Long Term (2081-2100) SSP2-4.5 

winter 7.7 0.3 
spring 11.9 0.4 
summer 19.1 0.5 
autumn 13.8 0.3 

Table S5: Overview of CMIP6 mean winter, spring, summer and autumn SSTs with 95% confidence 
intervals in the southern North Sea Basin for key time slices in the past and future. 
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